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Abstract

Nickel-based superalloys are broadly used in the aerospace industry for applications
at elevated service temperatures. Haynes 282 is a recently developed, gamma-prime
(7') strengthened, nickel-based superalloy that can be manufactured in different
ways, such as wrought methods, powder methods, and castings. An important
difference between these methods is the lower mechanical performance found in the
cast version of the alloy. A way to improve the mechanical properties of cast Haynes
282 is through a tailored heat treatment that considers the different properties of
the material and the microstructural changes required.

The objective of this thesis work was to define alternative heat treatments to im-
prove the ductility and strength of cast Haynes 282. These proposals were based
on different studies found in literature, simulations, and microstructural analysis
performed at GKN Aerospace. The heat treatments were tested and compared with
reference values from the standard heat treatment recommended by Haynes Inter-
national, and with a standard heat treatment developed by GKN. The tensile tests
were carried out at room and elevated temperature, and their results, in combination
with the microstructural analysis of the secondary phases performed in the different
heat treated samples, showed an improvement in mechanical properties from a cou-
ple of heat treatment proposals. A proposed heat treatment, labeled HT10, showed
a potential improvement of tensile strength, ductility and containment properties
at an elevated temperature of 750 °C. Haynes standard heat treatment also showed
improved properties between the two temperatures, when compared to the standard
GKN heat treatment.

Keywords: Nickel superalloy, Haynes 282, heat treatment, mechanical properties,
microstructure, ductility, containment, cast material, precipitation, gamma prime,
carbides.
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1

Introduction

Nickel-based superalloys have been broadly used in the aerospace industry for dif-
ferent components in turbine engines due to their good performance at elevated
temperatures. Along the years, one of the main objectives of the industry has been
the increase in operation temperature of the aeroengines in order to increase their
efficiency. Because of this increase in service temperature, new alloys have been
developed to fulfill new requirements.

The increasing temperatures have demanded to increase even further the mechanical
properties at elevated temperatures, such as the yield strength, ductility, contain-
ment (absorption of energy from impacts caused by detached components), and high
temperature creep. Additionally, the materials must also present good properties on
formability and weldability, which usually counteracts the desired mechanical prop-
erties. A way to measure the improvements in mechanical properties of the material,
the containment factor (CF) has been used to describe the variation in them. This
factor has been used in the industry to describe the containment properties in case
of an engine failure [15].

One option that fulfills these requirements is the recent developed Haynes 282 alloy.
Haynes 282 is a gamma-prime (7') strengthened Nickel-based superalloy with good
mechanical properties at elevated temperature and excellent formability, compared
to other existing alloys, such as Waspaloy or R-41 alloy. Since the development of
Haynes 282 alloy, different heat treatments have been studied in order to increase
the mechanical properties at high temperatures. A limiting aspect of the results
obtained is the lower ductility and strength for cast versions of the material, in
comparison to wrought components.

The importance of improving the ductility, containment, and strength at both high
and room temperatures for castings has defined the main purpose of this master
thesis in which new heat treatment alternatives will be studied and selected to
increase the desired properties.
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Theory

The process in which a commercial aeroengines works consist in four main steps
that take place in different parts of the engine. The process begins with air being
suctioned by turbo-fans at the front side of the engine. The airflow is then directed
to a compressor in the mid-section of the engine, in which it is compressed by rotors
and stators, increasing the temperature of the system. The next step occurs in the
combustion chamber, where the compressed air is mixed with fuel and ignited, to
later use its combustion and expansion for thrust. The last section of the engine
consists in turbines that use the expanded gases coming from the combustion cham-
ber for rotation. The turbines rotation is then translated by a shaft to the front
of the engine, resulting in the rotation of the front turbo-fans, allowing the process
to continue. These process can be observed in Figure 2.1, in which the four main
sections are shown.

‘ l Combustion chamber I

Figure 2.1: Sections of turbine engine. GKN Aerospace Webpage:
www.gknaerospace.com/en/our — solutions/engines/

Something important to note is the increasing temperature that occurs from the
beginning to the end of the process, resulting in a division of the engine depending
on this temperature. Because of this, the engines are commonly divided in a cold
section and a hot section, with different requirements, and hence materials, in each
section.

Constant improvement and development in the design of turbine engines is one of the
key elements of the aerospace industry, due to the effect it has on the performance
of the whole craft. An important factor in the development of these engines is the
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service temperature of the hot section in which it operates, since this section is the
one that defines the efficiency of the engine [1]. The service temperature of this
section is inversely proportional to the fuel consumption of the engine, resulting in
a constant effort from the industry to increase that temperature. The action of
increasing the service temperature in the turbine engine redefines the requirements
each component must fulfill when operating, including the mechanical properties,
corrosion resistance, and thermal stability.

In order to meet these requirements, different materials have been developed and
applied in the industry, such as nickel-based superalloys. These alloys are character-
ized by their good performance at high temperatures and resistance to detrimental
effects of working in those conditions. Also, they are known by the challenges their
manufacturing processes present, in order to reach the final component design. A
balance between the desired properties and the ability to manufacture the compo-
nent is needed for these alloys, which leaves few room for the alloys to improve.

2.1 Nickel-based superalloys

Nickel-based superalloys refers to a group of alloys that stand out due to the high
stability of their mechanical properties present at elevated temperatures, above 540
°C, in comparison to other type of materials such as Titanium-alloys. The reason
of the good performance is due to a stable FCC matrix during heating and the
low mismatch it has with its secondary phases. One way to classify nickel-based
superalloys is by the type they are strengthened, which can be in two ways: gamma-
double-prime (v") precipitation strengthened, or gamma-prime (v') precipitation
strengthened, plus a solid solution strengthening contribution which both have.[2, 1]

The ~"-strengthened superalloys are characterized by the precipitation of a ~'-phase
Nig(Ti,Al) and the precipitation of a 7”-phase Niz(Nb), in which the latter is the
principal strength contributor. Due to the stability temperature range of +”, the
operating temperatures these superalloys possess are limited to an upper limit of
650 °C approximately in which a detrimental  phase forms. In these group, it is
possible to find alloys such as IN-718 and IN-706, which are commonly used in the
aerospace industry in certain components.

On the other hand, the «/-strengthened superalloys present excellent mechanical
properties resulting from a low lattice mismatch of 4= 0-0.2 % between y-matrix and
~', allowing their operation at higher temperatures, up to approximately 900 °C,
depending on the alloy [3, 4] . In this group it is possible to find alloys such as Was-
paloy, René-41, and Haynes 282, in which the latter has stood out in the aerospace
industry due to a combination of good mechanical properties and formability.

In addition to the precipitation strengthening phases found, there is a second strength-
ening mechanism caused by solid solution strengthening. This mechanism consists
in the presence of solute atoms in the lattice causing a mismatch with the matrix.
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2.1.1 Haynes 282

Haynes 282 is a Nickel-based gamma-prime-strengthened superalloy developed by
Haynes international [3]. Its chemical composition is characterized by the alloying of
Al and Ti for precipitation strengthening, high content of Cr for corrosion resistance
properties, high content of Mo for solution strengthening, among other elements to
fine tune its properties [5, 6] . The main phases Haynes 282 present in both wrought
and cast version are principally a ~-matrix, a Ti-rich and Al-rich ~" precipitant
phase, Ti-rich and Mo-rich MC primary carbide phase, and Cr-rich M53Cs and Mo
rich MsC' secondary carbide phases.

The temperature in which these phases are present can be observed in below, repre-
sented in a Scheill solidification simulation obtained using JMat Pro for a standard
Haynes 282 composition. It is possible to see the solvus lines for the secondary
phases mentioned above, in which My3Cy has a solvus temperature of 950 °C, 1150
°C for MgC', and 1003 °C approximately for 4'. The ranges in which these phases
are present will play a key role for the design of the manufacturing process the alloy
will go through.

|LoUD
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Figure 2.2: JMat Pro solidification simulation for Haynes 282

It is important to note that the presence, morphology, and volume fraction of these
phases depends on the manufacturing process conditions and any heat treatment
the alloy have gone through.

Haynes 282 received the attention of the aerospace industry due to the excellent
thermal stability of its mechanical properties and good formability. In compari-
son with other similar superalloys available in the industry, Haynes 282 shows a
higher creep strength than Haynes 263, Waspaloy, and René-41, while having better
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formability and weldability than the last two. It also shows a lower thermal expan-
sion, in addition to a positive increase in yield strength after thermal exposure, in
comparison to the other above mentioned alloys [3].

There are different ways to process Haynes 282, including wrought or a cast prod-
ucts, each one with a characteristic microstructure and their respective mechanical
properties depending on it. An important characteristic of Haynes 282 is that it
can be processed as a wrought product and go through different thermo-mechanical
processes, but also it can go through a casting process for the production of more
complex and cost-effective products. As expected, there is a clear difference in
the properties each version of Haynes present and in the following sections, these
differences will be described in detail.

2.1.1.1 Wrought Haynes 282

The manufacturing process required to produce any wrought product consist in
the heating and deformation of an ingot until the final shape of the product is
achieved [1]. This process also apply to Haynes 282, resulting in a specific and
unique microstructure, in comparison to its cast version.

Wrought Haynes 282 possess a microstructure defined by a equiaxed grains in the
range of 20 um to 100 um. In certain conditions, depending on the process, e.g.
forged or hot rolled, the grains may present a preferred orientation parallel to the
deformation axis. After the wrought manufacturing process, the alloy is usually
treated to obtain an initial condition in a mill-annealed state, through a heating
process in the range of 1121-1149 °C during 30-60 minutes, usually air cooled to
room temperature [3, 7, 8]. The grains present in a mill-annealed wrought Haynes
282 consist of an ordered FCC y-matrix with dispersed primary MC carbides, in the
inter-granular and intra-granular regions, formed since the solidification process.

In order to meet the mechanical requirements for an aeroengine application, the
material has to go through a heat treatment to reach the precipitation-strengthened
state. The recommended heat treatment by Haynes International consist in a
solution-annealing step in the range of 1121-1149 °C, followed by a two-step treat-
ment, first at 1010 °C for 2 hours and then at 788 °C for 8 hours [3]. After the
recommended standard heat treatment, the resulting microstructure in wrought
Haynes 282 consist of fine equiaxed grains with a fine dispersion of 4/ precipitants,
usually in spherical shape and size of 20 nm approximately [9].

The mechanical properties obtained from this heat treatment are a yield strength
(YS) value in the range of 650-720 M Pa approximately, an ultimate tensile strength
(UTS) of 845-1100 M Pa approximately, and an elongation in the range of 16-30 %
[2, 5]. Finally, the hardness levels found in these products present a value of 310-370
HV approximately [7, 5]. The reason of the range the mechanical properties has
been reported in literature for wrought Haynes 282 is the effect of the initial form
and geometry the alloy has before the heat treatment is applied. All these properties
can be modified by changing the parameters in the different heat treatment steps.

6
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2.1.1.2 Cast Haynes 282

A cast product is formed by melting the metal and pouring it into a mold, in which
the material solidifies and then taken out. There are different casting processes in
which materials can go through, but for Haynes 282 and nickel-based superalloys,
one of the most common way to cast them is through investment casting. This
process consists on first producing a wax pattern resembling the final casting, which
is dipped in a ceramic slurry to form a mold. The disposable pattern is then removed,
leaving a hollow ceramic shell which is then filled with the alloy. After solidification,
the ceramic mold is removed, leaving the component ready for post-process. [1]

The as-cast microstructure of Haynes 282 differs from its wrought version mainly
due to the dendritic structure it presents. The phases present in this state is gen-
erally a y-matrix, 4" formed during the solidification, primary Mo-rich and Ti-
rich MC carbide, and in some cases there has been evidence of TiN primary ni-
trides, o TCP phases, carbosulphides, and borides [10, 11]. An interesting point by
Matysiak et. Al, is a difference in +' size and morphology between dendrite and
interdendrite regions of the as-cast Haynes 282, with a spherical morphology and
size of 74 nm in dendritic regions and a cubic morphology and size of 113 nm in
interdendritic regions [10]. The main cause of the difference in the phases found
between each region is the micro-segregation of solute in the interdendritic region.
This segregation comes from the solidification process and the high solute content
found in the material. Micro-segregation not only result in different precipitation
of 7/, but also in a concentrated presence of primary carbide in the interdendritic
region, due to segregation of C, Ti and Mo, which are carbide formers [10].

In addition to the micro-segregation and the dendritic structure found in the as-cast
state of Haynes 282, cast products does not present a 100% density, with pores
distributed along the cast. Because of this, material homogenization has become a
required step in the processing of the material. In order to reach a full dense state,
the cast goes through a Hot isostatic pressing (HIP) step, in order to homogenize
and remove the porosity of the material. The process consists in taking the cast
material through a period of elevated temperature and pressure during a period of
time.

Generally, cast products after HIP and heat treatment have larger grains, 100-300
pm, compared to wrought products, 20-100 um, leading to different mechanical
properties . In comparison with wrought Haynes 282, casts show lower elongation
and strength [11]. For creep strength at high temperature, cast nickel-based super-
alloys are expected to perform equal or better than wrought products, something
confirmed in literature, in which cast Haynes 282 had a similar performance [1, 11].

One advantage cast version of any material has over wrought processes are the
reduced cost it has in the industry, since near-net shape products can be produced
with this method, including the possibility of complex internal features [1]. Because
of this, tailored heat treatments for cast products have been studied in order to
adjust the mechanical properties required.
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2.2 Heat treatment for Haynes 282

The heat treatment of an alloy is a process in which the material goes through a
sequence of steps at different temperatures during different periods of time for the
purpose of improving its mechanical properties by modification of its microstructure.
This sequence is usually tailored to the composition and state of the alloy, and the
desired properties and microstructure.

1400

Solution ‘
treatment

Temperature

Time

Figure 2.3: Common heat treatment for Nickel-based superalloys

Nickel-based superalloys generally receive a heat treatment based in three main
stages, a solution heat treatment at a high temperature followed by a rapid cooling,
and an ageing heat treatment at medium temperature in which precipitation of
strengthening phases occurs [1]. This process can be observed in Figure 2.3, in
which it is possible to see the different steps described previously, and the usual
change in temperature and time.

The microstructure of the material will change in each of the heat treatment steps,
and its characteristics after the whole sequence, e.g. phases distribution and size,
will determine the mechanical properties that are present. The purpose of the
solution heat treatment step is to dissolve the secondary phases found in the initial
condition, due to their formation during the solidification process; these secondary
phases can be secondary carbides My3Cy or even fine 4/, The solution treatment is
done at temperatures above the solvus temperature of the secondary phases. As
mentioned, it is followed by a rapid cooling, usually quenched, which main purpose
is to obtain a supersaturated solid solution that will allow the desired precipitation
during the ageing step. Finally, the ageing step has as an objective the precipitation
of secondary phases that will be in charge in strengthening the material, with an
acceptable level of ductility. An important factor during the whole heat treatment
are the cooling rates used between each step, since these affect the nucleation and

8
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growth of the different phases that are present.

Something important to note is that it does not necessarily have to include just
one ageing step, since it is common to combine different steps in order to lead the
precipitants to an optimal combination of size and volume fraction, resulting in the
desired final properties. In the case of Haynes 282, the recommended heat treatment
consists on a solution treatment followed by a two-step ageing, which are usually
called carbide stabilization step and precipitation step, respectively.

For Haynes 282, the standard and recommended heat treatment consists in a solution
treatment step above the solvus temperature of the secondary phases at 1121-1149
°C approximately. In this step only primary MC carbides will be found in the mi-
crostructure, while secondary carbides and +' precipitates will be dissolved. The
next step is called a carbide stabilization step, done at 1010°C for two hours, to
form secondary carbides at grain boundaries, while avoiding the formation of 7/ pre-
cipitates. The third and last step has the objective to precipitate the strengthening
secondary phases, through an ageing step of 788 °C for 8 hours [3]. The complete
heat treatment scheme can be seen in Fig. 2.4.

1400

Solution
treatment

Carbide
stabilization

Precipitation

Temperature [C°]

Time

Figure 2.4: Recommended standard heat treatment by Haynes International

Based on the standard heat treatment recommended by Haynes International, sev-
eral investigations have taken place to understand the effect of varying time and
temperature along the process. The investigations have mostly been focused in the
wrought version of Haynes 282, while the cast products have been studied, but not
as frequent. These studies have been used as a reference to tailor the mechanical
properties of the alloy as requested by GKN Aerospace. In the following sections,
the specific changes due to the variation of parameters in each heat treatment step
will be explained for the main secondary phases of the material.
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2.2.1 Gamma prime evolution

In order to understand the changes that Haynes 282’s mechanical properties go
through during heat treatment, it is necessary to analyze the characteristics of its
main strengthening phase, /.

The first important characteristic of 4" phase is its solvus temperature, which repre-
sents the temperature at which +' starts to form while decreasing the temperature.
Based in the Scheill simulation done for the standard composition of Haynes 282,
Fig. 2.2, it is possible to see that the solvus temperature of 4’ is found at 1003 °C.
In addition to this, literature has stated that the temperature is 997 °C [12].Another
solvus temperature for 4/ has been reported by Joseph, based on experimental data,
showing presence of 7/ above 1010 °C, but a lack of it below 1024 °C [5].

By taking as a reference the solvus temperature of 7" at 997 °C, according to Pike, it
is possible to understand why the standard heat treatment recommends a solutioniz-
ing step at 1010 °C for 2 hours. An important factor to consider is the experimental
evidence showing that this temperature may not assure the complete dissolution of
~', specially in cases where coarse 7' already exists in the material.

Once the solution treatment step is over and most of 4/ is dissolved,the precipitation
stage of the heat treatment begins, and the shape, size and amount of the phase will
depend on the time and temperature this step consist on. As mentioned before, the
morphology of 7 can variate from cubic shape to spherical shape, and it is possible
to find bi-modal 4’ in the same microstructure [5, 10]. The same thing occurs with
~" size and volume fraction, since nucleation can occur in different steps, and its
growth will variate the final size of the precipitants, resulting in a bi-modal +'.

In order to characterize the change in volume fraction and size of 7/, JMat Pro
precipitation simulations were performed for standard composition of Haynes 282.
The results of those simulations estimated the amount and size of 7/ formed in
each step of the heat treatment. As a starting point, the standard heat treatment
was simulated and compared to observations done in literature. The data obtained
presented a close match between the simulation and literature. The simulation
results can be observed in section 4.

From the simulations, a general idea of how the main strengthening precipitate is
obtained and how it is affected by the heat treatment modifications. This informa-
tion served as a basis for the selection of alternative heat treatments for cast Haynes
282, which will be further explained in section 3.
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2.2.2 Carbides evolution

In addition to the main 4’ phase of Haynes 282, there are other important phases
which contribute to both strength and, mostly, ductility of the material. These
phases are the Cr-rich My3Cs and Mo-rich MgC' secondary carbide phases, which
are formed from primary M C' carbides found in the material before heat treatment.

MC + v = My3Cs and/or MC + ~' [10]

As previously mentioned, the secondary carbides My3Cs and MgC' begins to form
in the temperature range of 760-980 °C and 815-980 °C, respectively [10]. This was
also confirmed with the JMat Pro Scheill simulation from Figure 2.2.

From studies performed by Joseph, it is possible to conclude that the main effect
of the secondary carbides in Haynes 282 is reflected in its ductility performance
[5]. The main factors that affects it are the amount of secondary carbides, their
size, and specially the morphology they present. In Haynes 282, there are two main
morphologies that secondary carbides can present, a continuous film along the grain
boundaries, or a discrete brick-like form, as seen in Fig. 2.5.

(a) Continous film (b) Discrete distribution

Figure 2.5: Grain boundary carbides distribution

From Fig. 2.5, it is possible to see the both main morphologies of secondary carbides,
in which the continuous film morphology results in a decrease in ductility. On
the other hand, the discrete distribution of the carbides along the grain boundary
generally results in a better ductility performance, when compared to the first case.
Based on literature, it is possible to predict the carbides morphology to either side,
depending on the temperature of the carbide stabilization step [5]. According to
Joseph, the main factor to define the secondary carbide distribution is the ageing
temperature during heat treatment, where a low temperature below 750 °C results
in a continuous film distribution, while a higher temperature would results in a
discrete distribution.

A third case regarding grain boundary carbides is described by Haynes Interna-
tional’s patent, W(02019125637A2, which claims that a combination of secondary
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carbides and ' precipitants along the grain boundary is the main reason of the duc-
tility and mechanical strength improvement that is described in it [15]. According
to this patent, the combined distribution along the grain boundary resulted in a
ductility improvement of 14% to 100% in wrought Haynes samples; regarding the
yield strength, all cases increased this property, although not as high as the increase
in ductility. The main factor to achieve this distribution can be attributed to having
a carbide stabilization step, during the heat treatment, below the 4’ solvus temper-
ature, which results in a bimodal distribution of the precipitate, with presence in
the grain boundary. The second factor is a suitable temperature to form a discrete
carbide distribution along the grain boundary, as discussed before. Both of these
factors were considered for the alternatives proposed in this thesis for cast Haynes
282.

2.2.3 Heat treatment optimization

Based in the different changes in the microstructure mentioned in the last sections,
GKN Aerospace designed their own heat treatment for wrought Haynes 282. In
this thesis, this will now be mentioned as GKN standard heat treatment. The heat
treatment consists in a multi-step heat treatment with similar objectives as the
carbide stabilization and precipitation steps from Haynes standard heat treatment.
GKN standard heat treatment was considered as a second reference point.

The main concern with the GKN standard heat treatment is that its design was
focused in wrought version of Haynes 282. As discussed in the previous sections,
there are relevant difference in the microstructure between wrought and cast Haynes
282 that variates the effect of the heat treatment, such as the dendritic structure,
difference in grain size and micro-segregation, to mentioned a few. After applying the
standard heat treatment in cast materials, the effects in the mechanical properties
obtained by heat treatment are less relevant than the ones obtained in wrought
material. The difference in ductility and strength values for cast Hayes 282 confirm
the necessity of adapting the heat treatment to the cast material.

To do this, some studies have proposed different ways to improve the properties
of the alloy, focusing in different steps of the heat treatment to achieve this. It is
possible to categorize these methods in two main groups, the first one consists in
improving the homogenization step of heat treatment, the second one focused on
variation of the carbide stabilization and precipitation step of the heat treatment.
The majority of these methods were designed and tested in wrought Haynes 282,
but they can be translated and applied into the cast material to a certain point.

The homogenization improvement method focused on analyzing the incipient melt-
ing point of the interdendritic region of the alloy and adjusting the homogenization
step temperature, usually increasing it, to reduce the segregation of Mo in this
region. For this, a JMat Pro and ThermoCalc analysis must be performed to cal-
culate the change in concentration of each element [8]. This method was studied
by Adegoke, resulting in a hardness increase of 3% to 18%, compared to the one
shown at as-cast version. The increase in hardness observed was due to the variation
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of homogenization time and temperature, from 1 to 15 hours and 1050 up to 1200
°C [16]. It is important to mention that this method can be further improved by
applying a multi-step treatment in the homogenization stage that may improve the
mechanical properties of the alloy, as stated by Jablonski et. Al..

The second method to optimize the heat treatment of Haynes 282 was the variation
of time and temperature in both the carbide stabilization and precipitation steps of
the heat treatment. By modifying both of these steps, the different secondary phases
would present changes in their size, morphology and volume fraction, when compared
to GKN and Haynes heat treatment, as mentioned in section 2.2.1. Research in
literature have found that it is possible to modify the heat treatment to increase
the hardness in wrought Haynes 282, as proved by Polkowska et. Al., with carbide
stabilization steps between 900 °C to 1100 °C combined with precipitation steps
of 680 °C to 880 °C, resulting in hardness 7% higher than the one obtained with
Haynes standard heat treatment [7].

There is also the case of Haynes International patent, where different time and tem-
perature combinations were tested to improve the ductility and strength of wrought
Haynes 282. This was based on three different aspects, first the modification of the
carbide stabilization and precipitation temperatures, using a range of 843 - 954 °C
and 704 - 843 °C, respectively; second, a time increase in carbide stabilization step
from 2 hours to 4 or 6 hours; and finally, an optional step 0, consisting in the usual
carbide stabilization treatment of 1010°C for 2 hours, before the alternative heat
treatments proposed by the patent [15]. The purpose of these modifications is to
obtain a discrete distribution of the grain boundary carbides with the addition of ~/
along the same grain boundary between the secondary carbides, in order to improve
both elongation and strength of the material at elevated temperatures.

Related to this study, literature also mentions the effects of single-step heat treat-
ments in wrought Haynes 282, which has been characterized by a decrease in elon-
gation and strength [5, 15]. The reason of the detrimental effect in mechanical
properties is due to the formation of a grain boundary carbide layer and a coarser
~', in comparison to GKN and Haynes standard heat treatments. There are also
studies that states the possibility of increasing the hardness of the alloy by decreas-
ing the temperature and time of exposure in a single-step heat treatment, when

ductility improvement is not the main objective [17, 18].

In this thesis, the principal way the improvement of mechanical properties are mea-
sured is through the containment factor (CF). This factor consists in the following
formula: CF = 1/2 % (Y.S + UTS) * (Elongation). The reason of using the CF
to measure the improvement of the mechanical properties is its high dependence to
ductility, confirming its relevance as the main objective of this study.
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Methods

In this section it is possible to find the methodology of the different tests and anal-
ysis performed in cast Haynes 282 samples, provided by GKN Aerospace, and the
conditions in which these experiments were performed.

3.1 Cast Haynes 282 samples

The cast Haynes 282 material, provided by GKN Aerospace, consisted of two cast
plates produced by investment casting, each one with different dimensions. The
dimensions of the first plate were 300 mm x 130 mm x 20 mm, while the second
plate presented dimensions of 300 mm x 60 mm x 13.5 mm. These plates were
used for three sample batches, each one for different purposes. One batch was heat
treated and used for hardness testing, followed by microstructure analysis. A second
batch was heat treated at GKN facilities and sent for machining to an external lab,
for tensile testing. The third batch consisted in samples used for an additional study
regarding the microstructural changes during the carbide stabilization step.

3.1.1 Sample preparation

The process to obtain the batch of samples that were used for hardness and mi-
crostructure characterization consisted first in cutting out 16 cubes of each plate, 32
in total. The cubes had the dimensions of 20 mm x 20 mm x 20 mm from the first
plate and 13.5 mm x 13.5 mm x 13.5 mm from the second. For this, the plate went
through an electrical discharge machining (EDM) process. Studies were performed
before and after mounting, grinding and polishing of the material for comparison
purposes.

The samples used for tensile test were prepared differently, in which 6 blocks were
cut from each cast plate via EDM. The dimensions of the blocks variated depending
if they came from the 20 mm thickness plate or the 13.5 mm thickness plate, having
dimensions of 78 mm x 56 mm x 20 mm and 78 mm x 19 mm x 13.5 mm, re-
spectively. After the blocks were heat treated with their corresponding parameters,
they were machined and tested according to ASTM ES for tensile test specimens.
The machining of the tensile test samples was performed at an external laboratory,
where the tensile tests were also performed.

For the carbide stabilization step study, 3 cube samples were machined out of the
20 mm thick plate, with dimensions of 20 mm x 20 mm x 20 mm, via EDM. Similar
to the other cube sample batch, studies were performed before and after mounting,
grinding and polishing.
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3.2 Heat treatment selection

For the heat treatment selection, the different studies from literature mentioned in
section 2.2.3 were analyzed and adapted to the sample availability at GKN. The
selected heat treatment consisted in 15 options, presenting variations in time, tem-
perature, and number of precipitation steps. The main modifications of the heat
treatment parameters are described for each of them, taking as a reference the stan-
dard heat treatment recommended by Haynes International. The cast plates were
received after HIP and solution treatment. Considering the as-received conditions of
the plates, the samples were heat treated with carbide stabilization and precipitation
steps only.

Heat treatments proposals:

16

Haynes standard: Reference heat treatment - 1010 °C / 2 hrs + 788°C / 8 hrs

GKN standard: Multi-step heat treatment with carbide stabilization and pre-
cipitation steps

1-step: Single step with higher temperature in precipitation step
HT1: Increased time in carbide stabilization step

HT2: Decreased time in precipitation step

HT3: Increased temperature in carbide stabilization step

HT4: Increased temperature in carbide stabilization step, decreased tempera-
ture in precipitation step

HT5: 3-step heat treatment based in René-41 alloy
HT6: Increased time and decreased temperature in carbide stabilization step

HT7: Increased time and decreased temperature in carbide stabilization step,
decreased time in precipitation step

HTS8: Addition of Step 0, increased time and decreased temperature in carbide
stabilization step

HT9: Increased time and decreased temperature in carbide stabilization step,
decreased temperature in precipitation step

HT10: Increased time and decreased temperature in carbide stabilization step

HT11: Increased time and decreased temperature in carbide stabilization step,
decreased temperature in precipitation step

HT12: Addition of Step 0, increased time and decreased temperature in car-
bide stabilization step
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These heat treatments were applied to the 32 cube samples described in 3.1.1 using
a laboratory muffle furnace. The furnace used for this did not possess controlled
cooling, all samples were air cooled (AC) after each step of the heat treatment.

The purpose of these heat treatments was to analyze and compare the different
variations of each step and their effect in the microstructure, having as a reference
Haynes standard heat treatment, followed by GKN standard heat treatment. In
different heat treatments, such as HT6 and HT10, the objective was to see the
effect of varying temperature in the carbide stabilization step. On the other hand,
heat treatments HT9, HT10 and HT11, had as a main objective the analysis of the
microstructural changes by modifying time and temperature in the precipitation
step. Heat treatments HT2 and HT'7 were included to analyze the effect of reducing
the time during the precipitation step. Lastly, heat treatments HT8 and HT12 were
used to see the changes by adding a Step 0 before the alternative heat treatment.

3.2.1 Cooling rate

As mentioned in the previous section, the heat treatments performed in the cubic
samples, as well as in the carbide study samples, did not present a controlled cooling
rate between steps. Instead, the samples were taken out and cooled via air cooling
until room temperature was reached.

In order to measure the cooling process the samples were subjected to, two K-type
thermocouples were instrumented into additional cubic samples for the purpose of
recording the temperature after being taken out of the furnace. The embedded
thermocouples can be observed in Fig. 3.1, with a thickness of 20 mm and 13.5 mm
each one, containing the thermocouple at the center of the sample.

Figure 3.1: Instrumented sample with thermocouple
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Both sensors were subjected to a heat treatment of 30 minutes at different tem-
peratures. The first cycle the thermocouples were subjected to was at 1065 °C,
while a second cycle of 30 minutes was performed at 650 °C. A 1 Hz sampling was
performed, which was the highest frequency allowed by the thermocouple. With
the values obtained, a general cooling rate was calculated using the required time
to reach a temperature of 590 °C, which is a parameter that is commonly used in
production processes.

The results obtained were compared with the cooling rates measured from the pro-
duction furnace, which were used for the tensile test specimens. In addition to
this, they were compared to the cooling rate from the solutionizing process that the
as-received material went through before the heat treatment.

3.3 Hardness test

For the hardness analysis, the experiments were divided into three phases, one for
the cubic samples that received the 16 different heat treatments, a second phase
focused on the heat treated blocks that were used for tensile testing, and a third
phase for the carbide stabilization study samples. This division was due to the
different conditions and purpose each sample presented.

The first phase of experiments was also divided into two steps, one focused on the
cube samples in conditions just after heat treatment, and the second step focused
on selected samples that were mounted, ground, and polished. Besides the cubic
samples that were analyzed for each heat treatment alternative, an additional as-
received solutionized sample was included for reference comparison. In the first step,
a Rockwell C indentation was decided to be used, based in the expected hardness
values of the samples. After the first test, the most representative heat treatments
were selected based in the hardness values they presented. The selected heat treat-
ments (Haynes standard, GKN standard, HT1, HT5, HT6, HT10, HT11, HT12)
were mounted for the second hardness analysis. Simultaneously, the hardness values
were found to be in the lower end of the Rockwell C scale, leading to a change in
methodology for the second analysis, now using macro-Vickers in the mounted sam-
ples. The values recorded in Rockwell C scale were converted to HV units according
to the ASTM E140-12b standard for hardness conversion. A comparison between
the two analysis were done, for the purpose of analyzing the change in hardness
between the cube sample surface and its center. This was done for samples with
both 20 mm and 13.5 mm thickness.

The second phase of the hardness tests was performed in the blocks that were heat
treated for tensile tests. As mentioned before, these blocks were cut and heat treated
before being machined for tensile testing, which limited the hardness test that could
be performed. The blocks could only be tested with Rockwell C indentation at
their surface, with no macro-Vickers measurement at the center. Due to furnace
availability, it was possible to measure the hardness before and after heat treatment,
which allowed the calculation of hardness increase percentage post-heat treatment.
Similar to the first phase hardness analysis, this was done in blocks with both
thicknesses.
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The third phase’s objective was to analyze the hardness change in the samples
subjected to different carbide stabilization temperatures. The purpose of this test
was to confirm the variation of 4/ precipitates at different temperatures above its
theoretical solvus temperature of 997 °C. The hardness analysis was similar to the
cube samples mentioned before, with a first step using Rockwell C indentation in the
cube surface, followed by a macro-Vickers test after mounting. The values recorded
in Rockwell C scale were also converted to HV units according to the ASTM E140-
12b standard for hardness conversion for comparison between each region.

3.4 Microstructure analysis

The plan for the microstructure analysis consisted of first analyzing the hardness
values found in the 32 cube samples and based on that select the samples that pre-
sented maximum, minimum and relevant results for the analysis. Besides that, it
was decided to have the as-received sample, the Haynes and GKN standard heat
treated samples as reference for comparison with the other heat treatment alter-
natives. As mentioned in section 3.1.1, the selected samples and references were
mounted, ground, and polished accordingly to Buehler SUM-MET guide for sam-
ples preparation. This step was followed by an iterative etching process until the best
condition was achieved. The samples that were prepared for microstructure analysis
were: As-received, Haynes standard, GKN standard, HT1, HT5, HT6, HT10, HT11,
and HT12. Additional to the selected samples based in hardness results, the same
preparation process was used for the 3 carbide stabilization samples.

The samples were first analyzed in an optical microscope in a pre-etched condition
for defects analysis. After etching, the samples were analyzed in the same microscope
for general analysis at low magnification, from x25 to x500. For high magnification
analysis, two SEM analysis were performed, one using an EVO-HD25 SEM for low
magnifications, and an Zeiss Ultra-55 for high magnification. These were used to
identify the main secondary phases present in the material. Special interest was
aimed towards the grain boundary morphology and +' precipitates size and fraction,
for their characterization.

3.4.1 Etching

The etching process for the samples that were selected for microstructure analy-
sis, including the carbide stabilization study samples, received an iterative etching
process until the ideal conditions were met for both optical microscopy and SEM.
In total, the process consisted in three iterations with a microstructure review be-
tween them, in which the main objective was to improve the resolution of 4" at high
magnification.

The first trial that was performed consisted in an electrolytic etching of 100 ml HC'l
+ 0.5 ml HyOy with 5V for 6 seconds. The results obtained with it did not match
the expected resolution in SEM, so a different etchant was selected. For the second
iteration, an electrolytic etching with oxalic acid 10 gr + 100 ml H,O with 3 V for
20 seconds was selected . In this iteration the quality of the image was improved.
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A third trial was done using the same oxalic acid etchant, this time using 2.5 V
for 20 seconds. The images obtained were substantially improved for SEM analysis,
concluding the etching iterations.

3.5 Tensile test

In order to confirm the improvement in ductility, yield, and tensile strength prop-
erties of cast Haynes 282, a tensile test was performed in selected heat treatments,
including 2 heat treatment references and 4 alternative ones. The testing was per-
formed at both room temperature (RT) and at elevated temperature, 750 °C.

3.5.1 Heat treatment for tensile test

The heat treatment selection for tensile test was based in several factors that consid-
ered literature studies, JMat Pro and Thermo-Calc simulations, and hardness values
from the cube samples. The heat treatments selected were: Haynes standard, GKN
standard, HT'1, HT10, HT11, and HT12, with the first two working as a reference
for the proposed alternative heat treatments.

3.5.2 Tensile test

The mechanical tensile test was performed at an external laboratory, where the
heat treated blocks were machined and tested. The machining process followed the
standard drawing for tensile specimens. The applied heat treatment per block and
the test environment conditions can be observed in Table 3.1. It is important to
specify that from the 3 samples tested at RT, two are from the 20 mm thick block,
and one comes from the 13.5 mm block; both samples tested at elevated temperature
come from the 20 mm block.

Table 3.1: Tensile test conditions and specifications

Heat treatment ID | No. of Samples @ RT | No. of Samples @ 750 °C

Haynes standard 3 2
GKN standard 3 2
HT1 3 2
HT10 3 2
HT11 3 2
HT12 3 2

Total 18 samples 12 samples

Testing was carried out following the ASTM ES8 standard for tension testing, and
ASTM E21 standard for elevated temperature tension testing. In both cases, the
test was carried on in air environment, and consisted in a strain control tensile test,
which strain rate was 0.005 mm/mm gage length per minute up to yield stress, then
0.05 mm/mm gage length per minute. The tests were carried out until rupture.
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3.6 Carbide stabilization study

Regarding the carbide stabilization step study mentioned previously, 3 samples were
subjected to different temperatures for a period of 2 hours. The purpose of this
experiment was to analyze the microstructural effects the first step of the heat

treatment has on the material. The different parameters used can be observed in
Table 3.2.

Table 3.2: Heat treatments for carbide stabilization study

Heat treatment ID | Carbide stabilization
CS1 1065 °C - 2 hrs.
CS2 1010 °C - 2 hr.
CS3 900 °C - 2 hr.

The three different temperatures were selected in order to test the main stages in
which secondary carbides present in the material. The temperature for CS1, 1065°C,
was chosen to analyze the degree of solutionizing that is achieved at this tempera-
ture, with the solvus temperature of both 7’ and secondary carbides below it. The
temperature chosen for the second sample, 1010 °C, is the usual carbide stabilization
step used for the standard heat treatment recommended by Haynes International.
The purpose of this sample is to confirm the dissolution of 7/ at this temperature,
due to some studies in literature claiming its solvus temperature is above 997 °C.
The temperature chosen for the third sample, 900 °C, was chosen to analyze the be-
havior of 7" while precipitating since the carbide stabilization step; something that
is expected for several heat treatments considered. Similar to the heat treatment of
the cube samples, the heat treatments were performed in a laboratory furnace with
no controlled cooling rate, going through AC after the process.

The analysis performed in these samples consisted in hardness test, SEM and image
analysis through MIPAR software.
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Results

In this section it is possible to find the results of the different tests described in
section 3. The section is divided into simulations, cooling rate experiments, hardness
tests in different conditions, microstructure analysis results, tensile tests results, and
the additional carbide stabilization study results.

4.1 ~' Simulations

As mention in section 2, the results obtained from the simulation presented similar
values observed in literature. In the simulations, 7 had a size of 27.4 nm and a
volume fraction of 17% , while the experimental data presented an approximated
size of 20 nm and a volume fraction of 20 % for wrought Haynes 282 [13, 14]. For
cast versions of the material, the experimental data from Matysiak et. Al. showed
bi-modal precipitants with spherical 74 nm +" with a volume fraction of 9.6 % in the
dendritic structure, and a cubic 113 nm +/ with a volume fraction of 8.5 % in the
interdendritic region.

After the base simulation, different simulations were performed with variations of the
precipitation step during the heat treatment. The reason the carbide stabilization
step was not modified is that a state of complete 7’ dissolution was assumed. The
results obtained from these JMat Pro simulations can be observed in Table 4.1.

Table 4.1: Simulations for precipitation time variation - Constant carbide stabiliza-
tion step

Carbide stabilization step | Precipitation step | 7 size [nm] | 4" volume fraction [%]]
1010 °C - 2 hours 788 °C - 2 hours 21.99 17
1010 °C - 2 hours 788 °C - 4 hours 24.08 17
1010 °C - 2 hours 788 °C - 8 hours 27.41 17
1010 °C - 2 hours 788 °C - 16 hours 32.18 17

From Table 4.1, it is possible to see that the main +/ characteristic that is being
affected is its size, in which more time represents more 7' growth. By taking the
example of reducing the precipitation time at 788 °C, from 8 hours to 4 hours,
the size of ' goes from 27.43 nm to 24.08 nm. The same effect occurs for all the
temperatures simulated, below 4" solvus temperature, where time is changed.

23



4. Results

Table 4.2: Simulations for precipitation temperature variation - Constant carbide
stabilization step

Carbide stabilization step | Precipitation step | 7/ size [nm] | 4" volume fraction [%]]
1010 °C - 2 hours 730 °C - 8 hours 21.92 19
1010 °C - 2 hours 760 °C - 8 hours 23.62 18
1010 °C - 2 hours 788 °C - 8 hours 27.41 17
1010 °C - 2 hours 850 °C - 8 hours 45.67 14

In Table 4.2, the parameter that was now studied was the variation of temperature
in the precipitation step of the heat treatment. The selected values were based on
a Haynes International patent, W (02019125637 A2, where different heat treatments
were selected to improve mechanical properties of wrought Haynes 282 [15]. The
results obtained from the JMat Pro simulations indicate that the variation of the
precipitation step temperature affects both size and volume fraction of 4/ precipitate,
unlike just the variation of the time. In this case, the increase of temperature from
730 °C to 850 °C is reflected in the increase in 7/ size and simultaneously the decrease
of its volume fraction in the microstructure, from 19 % to 14 %.

Table 4.3: Simulations for carbide stabilization temperature variation - Constant
precipitation step

Carbide stabilization step | Precipitation step | 7 size [nm] | 4" volume fraction [%]]
850 °C - 2 hours 788 °C - 8 hours 35.93 17
900 °C - 2 hours 788 °C - 8 hours 55.17 17
930 °C - 2 hours 788 °C - 8 hours 78.09 17
950 °C - 2 hours 788 °C - 8 hours 102.17 17

Finally, the last set of simulations performed focused in the variation of temperature
of the carbide stabilization step, assuming it is below the 4" solvus temperature. The
results obtained can be observed in Table 4.3. As in the previous simulation, the
temperatures used in the simulation were based in Haynes International’s patent [15].
The results obtained show that 4’ volume fraction is not affected by the variation of
the carbide stabilization step temperature, but its size does change drastically, with
a range of almost 100 nm when variating the temperature from 850 °C to 950 °C.
The complete set of simulations are presented in Appendix 1, with results of size
and volume fraction of 4/ for different combinations of time and temperature.

24



4. Results

4.2 Cooling rate

As mentioned in section 3.2.1, the cooling rates were obtained for the different
processes the material went through. These rates were obtained directly from the
furnace records. For the solution treatment process that the material went through
before arriving to GKN, the cooling rate was 0.866 °C/sec. On the other hand,
the samples that went through heat treatment in a production furnace, presented
a cooling rate of 0.35 °C/sec at the highest temperatures present in the carbide
stabilization step, and a cooling rate of 0.37°C/sec in the precipitation step, at
lower temperatures.

The cooling rate for the heat treatments applied in the cube samples were measured
using a thermocouple embedded sample at two temperatures, 1065 °C and 650 °C,
resulting in the cooling curves shown in Fig. 4.1. As expected, the cooling process for
the 13.5 mm thick samples occurs at a higher rate than the 20 mm thick samples
in both cases. In order to compare the measured rates with the ones mentioned
previously, the rate between the highest temperature, either 1065 °C or 650 °C, and
590 °C was calculated. For the 1065 °C case, the sample reached 590 °C degrees in
150 seconds for the thick sample and 102 seconds for the thin sample, resulting in
a cooling rate of 3.11 °C/sec and 4.58 °C/sec respectively. For the 650 °C case, the
samples presented a cooling rate of 1.29 °C/sec in the 20 mm thick sample, and 3
°C/sec in the 13.5 mm thick sample. The importance of these values was expected
to be reflected in the precipitation of secondary phases in the material, which will
be analyzed in the following sections.
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4.3 Hardness test

As mentioned in the previous section, the hardness evaluation of the heat treated
samples were divided in two categories due to the different conditions during heat
treatment, one analysis for the cubic samples and one for the blocks that were used
in the tensile test.

4.3.1 Hardness - Cube samples

Hardness values were measured from the cube samples in two phases, the first one
consisted of measuring the values at the surface, followed by a measurement in the
center of the samples. The results obtained can be observed in Fig. 4.2, for both
thicknesses. In these figures it is possible to see the change in hardness compared
to the as-received solutionized sample. In the as-received sample, the hardness
observed presented values similar to a heat treated material, which may indicate
the presence of 74/ since this step. Another effect that was observed is the lack of
hardening in some heat treatments, which occurred in both 13.5 mm and 20 mm
thick samples.

There is a difference in hardness between the sample surface and its center region,
with a higher value present in the later one. The increase in hardness between
surface and center varies from 4 % to 14 % depending on the heat treatment. The
reason of the difference between the regions is attributed to: cooling rate change
between center and surface, solute segregation effect that is reflected in a difference
in + distribution, or variation in test methods between regions. This phenomena
was studied further in the carbide stabilization step study.

It is important to note that the values shown in Fig. 4.2 are only the heat treatments
that were tested for tensile test, in addition to the maximum and minimum hardness
values observed. The complete set of hardness values can be found in Fig. A.1, in
the Appendix of this report.
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Figure 4.2: Hardness comparison in selected samples
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4.3.2 Hardness - Block samples for tensile test

The heat treated blocks that were sent for tensile test went through a hardness
measurement, before and after heat treatment, for both the 13.5 mm and 20 mm
thick blocks. The hardness values obtained can be observed in Fig. 4.3. Unlike the
previous section, these values come exclusively from the block surfaces.

-Pre Heat treatment
-Post Heat treatment

L

Haynes HT10 HTI11 HTI12
Heat treatment

(a) Hardness comparison - 20 mm thick

Hardness [HV]

IllPre — Heat treatment
IPost — Heat treatment

I

GKN Haynes HT10 HT11 HT12
Heat treatment

(b) Hardness comparison - 13.5 mm thick

Hardness [HV]

Figure 4.3: Hardness - Before and after heat treatment
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In order to analyze the change of hardness due to the heat treatment, Fig. 4.4 shows
the change in percentage for each block. GKN standard heat treatment shows the
highest increase, while other alternatives, such as HT10 and HT11, show a slight
increase or even decrease in hardness.

20 mm thick
B 13.5 mm thick

Hardness increase

! ! \ ! 1 I
GKN Haynes HT1 HT10 HT11 HT12
Heat treatment

Figure 4.4: Hardness increase - Block samples

30



4. Results

4.4 Microstructure analysis

The microstructure analysis of the different samples after heat treatment was carried
out in two main studies. The first study consisted of using optical microscopy with
the main objective of analyzing the grain boundaries and presence of secondary
carbides. The second study was an SEM analysis of the samples, with special
attention on identifying secondary carbides and analyzing ~ in order to characterize
its size and distribution in the different samples.

4.4.1 Optical microscopy

The initial results of the optical microscopy analysis showed differences in the mi-
crostructure caused by each heat treatment. In these results a dendritic structure
was observed in all the samples, with difference in its size depending on the heat
treatment they went through. In Fig. 4.5 it is possible to see some general differences
between the samples at low magnification. It is important to note how the etching
also changed between samples, causing a difference in how the grain boundaries and
the dendritic structure looks.

(a) GKN standard - x2.5 (b) HT12 - x2.5

Figure 4.5: Optical microscopy of heat treated samples - Low magnification com-
parison

When analyzing the microstructure at high magnification, as shown in Fig. 4.6,
a clearer difference between heat treatments can be observed. Not only the grain
size changes between the sample, but also the remaining solute segregation in the
inter-dendritic regions. Some samples, such as HT11 and HT12, show a cleaner
microstructure inside the grains, while others show a more pronounced dendritic
structure, which is the case of GKN standard and HT1 heat treatments. These
initial observations had to be confirmed with the SEM analysis, but served as an
initial point for the microstructure analysis.
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(a) Haynes standard - x10 (b) GKN standard - x10

(¢c) HT1 - x10 (d) HT10 - x10

(¢) HT11 - x10 (d) HT12 - x10

Figure 4.6: Optical microscopy of heat treated samples
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4.4.2 Scanning Electron Microscopy - SEM

After completion of the optical microscopy analysis, the samples were analyzed
through SEM in order to identify the carbides that were present in their microstruc-
ture. Simultaneously, the 7/ precipitates were analyzed for the purpose of charac-
terizing their size and distribution.

The first sample to be analyzed was the as-received condition, in which an initial
solution treatment had taken place and was not modified by the activities that were
carried out in this project. The microstructure in this condition shows an almost
fully precipitated material, as seen in Fig. 4.7. There is evidence of secondary
carbides and blocky grain boundary carbides in it. Fig. 4.7b clearly shows the ~/
precipitated in the matrix.

EHT =20.00 kv Signal A= SE1 Date 11 May 2021 EHT = Signal A = SE2 Date :18 May 2021 ]
WD = 85mm Mag= 1.00KX Time :16:08:53 L{ WD = 67 mm Mag= 20.00KX  Solutionized -

a ralmm boundary carbildes + carbides
(a) Grain boundary carbid (b) + bid

Figure 4.7: SEM analysis - As-received sample

The SEM analysis of Haynes standard heat treatment showed a fine 4" dispersion in
the matrix, with low variation of size within its microstructure. It is also possible
to observe in Fig. 4.8a secondary carbides present in the sample, and a continuous
grain boundary layer that was present.

10 EHT =20.00 kv ignal A = 2 2y EHT = 2.00 kV Signal A = InLens te a
By e e e ER [ S SR S e
(a) Grain boundary carbides (b) ~" + carbides

Figure 4.8: SEM analysis - Haynes standard heat treatment sample
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For the GKN standard heat treatment sample, the microstructure observed is shown
in Fig. 4.9. There, it is possible to see the distribution of secondary carbides both
at the grain boundaries and inside the grain. The «' observed in 4.9b shows a
bimodal size distribution, in which fine precipitates are spread in the matrix, and
bigger 7" with clear spherical morphology are found within them. Regarding its
grain boundary morphology, a mostly continuous carbide layer was observed in the
sample.

10 um =204 - E - “ EHT = 2,00 kv ignal A= InLens e 18 Ma
PRy e e wd R FRONI e s R
(a) Grain boundary carbides (b) Bimodal v/ (High mag.)

Figure 4.9: SEM analysis -GKN standard heat treatment sample

The microstructure observed in HT1 sample, Fig. 4.10, presented similarities with
Haynes standard sample. In these samples, the secondary carbides and + size and
distribution was similar to Haynes standard, with bimodal size and a continuous
grain boundary.

2pm =20. ignal A= e = ignal A = InLens ) ate a
B o i ey A
(a) Grain boundary carbides (b) v (High mag.)

Figure 4.10: SEM analysis - HT1 sample
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For HT'10 microstructure, a bigger difference can be observed compared to the previ-
ous samples. In Fig. 4.11, it is still possible to see a continuous grain boundary layer,
but now the precipitation of 4" resulted in bigger particles. The high magnification
images in this sample show clearly this result.

s s8'y ,'-‘ 9,2:02:% o'
3 a0 e
AT

0%

EHT = 2,00 kv Signal A = SE2 Date :18 May 2021 EHT = 2.00 kv Signal A = SE2 Date :18 May 2021 [—
WD = 81mm Mag= 20.03K X HT10 WD = 81mm Mag = 50.00 K X HT10

(a) 4 + carbides (b) +' (High mag.)

Figure 4.11: SEM analysis - HT10 sample

In Fig. 4.12, HT'11 microstructure shows also a bigger 4/ distribution in its matrix,
similar to HT10. The main difference between these two is in the volume fraction,
in which HT11 shows less precipitation of 4/. It is important to note that the grain
boundaries has also a continuous morphology.

EHT = 2,00 kV Signal A = SE2 Date :18 May 2021 EHT = 2.00 kv Signal A = SE2 Date :18 May 2021
M WD = 83mm Mag= 10.00 K X HT11 L{ WD = 83 mm Mag = 20.00K X HT11
/ : ! 3
(a) +' + carbides (b) 4’ (High mag.)

Figure 4.12: SEM analysis - HT11 sample
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The final samples analyzed was HT12, in which microstructure is showed in Fig.
4.13. As seen in the last two heat treatment alternatives, the 7/ present in the
sample is bigger than the reference heat treatments, Haynes and GKN standard,
but secondary carbides distribution is still similar.

m = ignal A = = kv i = ate a)
el i et — B i e semkx e
(a) Grain boundary carbides (b) 4" (High mag.)

Figure 4.13: SEM analysis - HT12 sample

4.4.2.1 Gamma prime 7/ analysis

After the SEM study, image analysis for «' characterization took place based on
the images obtained. The first sample to be studied was the as-received solutionized
sample, in which main objective was to confirm the full precipitation of the material.
In Fig. 4.14, the size distribution of +' is shown, with a size well above 20 nm.
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Figure 4.14: Gamma prime ~' size distribution - As-received condition
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The size distribution for the rest of the samples, including the reference Haynes and
GKN standard heat treatment, can be observed in Fig. 4.15. In it, the effects of
each heat treatment on the precipitation of " are shown.
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Figure 4.15: Gamma prime 7/ size distribution
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In order to have a better understanding of the distribution of each heat treatments,
in Fig. 4.16 is possible to see each size distribution together for comparison reasons.
It is important to note the addition of the as-received solutionized condition, that

serves as a common initial point for all heat treatments.
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Figure 4.16: ~' size distribution for all heat treatments

each heat

treatment, including the as-received condition, are showed in Table 4.4.

38

Table 4.4: 4/ analysis summary

Heat treatment 7 size [nm] v vol.%
As-received (Solutionized) 43.84 21.57
Haynes standard 24.46 22.79
GKN standard 14.48 & 105.10 21.13
HT1 23.36 23.55
HT10 69.36 20.97
HT11 66.76 17.14
HT12 68.40 23.77
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4.4.3 EDS

One of the objectives of the SEM analysis was the identification and classification
of secondary carbides in the microstructure. This was carried out with an energy
dispersive X-ray spectroscopy (EDS) analysis. This study was performed in selected
areas, and the results obtained, Fig. 4.17, show the element distribution in the
analyzed region. Based in the concentration observed, a confirmation of Cr-rich

My3Cs and Mo-rich MgC' carbides was possible.
-
(b) Ni
-
(d) Mo
-
(d) C

Figure 4.17: EDS carbide identification

(a) Secondary carbides

(c) Ti
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4.5 Tensile test

The results obtained from the tensile tests are presented in this section, for room
temperature (RT) and elevated temperature at 750 °C.

In Fig. 4.18, the yield strength for each sample is plotted for both temperatures.
It is possible to see that the highest performance at RT was observed in the GKN
standard heat treatment, closely followed by Haynes standard and HT1. The lowest
values were in HT'10, HT11, and HT12 samples. At 750 °C, the difference in yield
strength between the samples decreased, but GKN heat treatment remained the
highest in average, while the rest of the heat treated samples show similar perfor-
mance between them.

Yield Strength @ RT
T T

L]
I

| | i | | |
GKN Haynes HTI1 HTI10 HTI11 HTI12
Heat treatment

(a) Room Temperature

Yield Strength @ 750 °C
T

MPa

| | | | |
GKN Haynes HT1 HT10 HT11 HTI12
Heat treatment

(b) 750°C

Figure 4.18: Tensile test results - Yield strength
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Regarding the tensile strength of the samples, the results obtained can be observed in
Fig. 4.19. At room temperature, GKN standard heat treatment sample still shows
the highest average value, but when temperature was increased, the performance
shifted. At 750 °C, HT12 showed the highest value, followed by HT10, Haynes
standard and HT11; the lowest UTS at elevated temperature was found in the GKN
standard sample.

Ultimate Tensile Strength @ RT
T

1
»ﬂ

GKN Haynes HT1 HT10 HT11 HT12
Heat treatment

(a) Room Temperature

Ultimate Tensile Strength @ 750 °C

MPa

GKN Haynes HT1 HT10 HTI11 HT12
Heat treatment

(b) 750°C

Figure 4.19: Tensile test results - Ultimate tensile strength
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For ductility performance at room temperature, Fig. 4.20a, a higher elongation
was observed in HT10, closely followed by Haynes standard heat treatment, and by
HT12. At elevated temperatures, Fig. 4.20b, the increase in elongation was clearly
seen in HT10 sample, now followed by Haynes standard, HT11 and HT12, while
GKN standard heat treatment showed the lowest average value. Area reduction
properties were also obtained, and the graphs can be observed in the Appendix of
this report.

Elongation @ RT
T I

[ -

[ ]

1 | | | | |
GKN Haynes HT1 HT10 HT11 HT12
Heat treatment

a) Room Temperature
(a) p

Elongation @ 750 °C
T

——

| 1 I
GKN Haynes HT1 HT10 HT11 HT12
Heat treatment
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Figure 4.20: Tensile test results - Elongation
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In Table 4.5 it is possible to see a summary of the values obtained from the tensile
test at room temperature. In it, Haynes standard heat treatment values were taken
as a reference point, while the rest show the difference in percentage against them,
for each mechanical property. At room temperature, GKN standard sample shows
the highest values in yield strength and tensile strength, while HT10 sample show
the highest elongation and area reduction.

Table 4.5: Tensile test results at room temperature

Heat treatment | Yield strength | UTS | Elongation | Area reduction

Haynes standard Ref. Ref. Ref. Ref.

GKN standard + 7.5% +3.0% | -17.8% + 0.0%
HT1 + 0.0% - 3.5% - 22.3% - 19.1%
HT10 - 71% - 3.5% + 5.5% + 20.3%
HT11 - 12.5% -12.6% | - 17.8% - 10.9%
HT12 - 3.6% - 2.8% - 13.3% - 17.2%

Table 4.6 presents the values for the tensile test at 750 °C, in which Haynes standard
values were taken as reference points for comparison against the rest. At this tem-
perature, GKN standard shows the highest yield strength, but for tensile strength
is now HT'12, while HT10 remains the highest in elongation and area reduction.

Table 4.6: Tensile test results at 750 °C

Heat treatment | Yield strength | UTS | Elongation | Area reduction

Haynes standard Ref. Ref. Ref. Ref.

GKN standard + 2.5% - 8.7% - 37.8% - 21.1%
HT1 + 0.1% - 5.0% - 29.7% + 34.2%
HT10 + 0.5% +2.0% | + 37.8% + 34.2%
HT11 - 3.7% - 1.3% - 24.3% - 18.4%
HT12 + 1.7% + 4.0% - 2.7% + 15.8%

The values obtained in the tensile tests saw an increase in most of the cases between
room temperature and elevated temperature conditions. In order to analyze the
change, the variation for each heat treatment can be observed in Table 4.7.

Table 4.7: Mechanical properties variation between RT and 750 °C

Heat treatment | YS variation | UTS variation | EL variation | AR variation
Haynes standard | - 12.6 % +51% + 153.4 % + 781 %
GKN standard -16.7 % -6.8% +91.7 % -+ 40.6 %
HT1 -125 % +35% + 1293 % + 1954 %
HT10 -5.4 % +11.1 % + 2312 % + 98.7 %
HT11 -3.8% + 18.7 % + 1333 % + 63.2 %
HT12 -7.8% + 125 % + 184.4 % + 149.1 %
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4.5.1 Containment factor

As mentioned previously, a direct way to measure the improvement of the mechanical
properties after heat treatment is through the containment factor. This is measured
with the formula CF = 1/2 % (Y'S + UTS) * (Elongation). This parameter was
calculated with the data obtained from the tensile test for both room and elevated
temperatures, obtaining the graphs presented in Fig. 4.21.

Containment Factor @ RT

GKN Haynes HT1 HT10 HT11 HT12
Heat Treatment

(a) Room Temperature

Containment Factor @ 750 °C

GKN Haynes HT1 HTI10 HTI11 HT12
Heat Treatment

(b) 750 °C

Figure 4.21: Containment factor analysis
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Based in the previous results, the change in percentage between temperatures for
the containment factor of each heat treatment can be observed in Table 4.8.

Table 4.8: Containment factor variation between RT and 750 °C

Heat treatment

CF variation

Haynes standard | + 246 %
GKN standard + 170 %
HT1 + 221 %
HT10 + 346 %
HT11 + 254 %
HT12 + 295 %
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4.6 Carbide stabilization study

The carbide stabilization step analysis consisted in different tests, including hardness
measurement, optical microscopy, and SEM analysis.

The hardness properties of the samples were obtained as described in section 3.3,
resulting in the values shown in Table 4.9, where the Vickers hardness of the sample
center region is represented. In this table, the 1065 °C treatment is represented with
the T1 label, 1010 °C treatment with T2, and finally the 900 °C treatment with T'3.

Table 4.9: Hardness - Carbide stabilization step analysis

Carbide stabilization step | Hardness [HV]
T1 181
T2 195
T3 241

Similar to the previous sections, a comparison was made between the surface and
the center of the cast. The hardness measured in this comparison can be observed
in Fig. 4.22. The same labels as the previous table were used.

280

\
Il Sample surface
I Center

Hardness [HV]

T2
Carbide stabilization step

Figure 4.22: Hardness comparison - Carbide stabilization step analysis
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The SEM analysis showed the different characteristics the microstructure presented
during the different carbide stabilization processes. These characteristics can be
observed in Fig. 4.23 for each carbide stabilization treatment. The analysis focused
in the grain boundary carbides morphology.

(a) 1065 °C / 2 hrs (b) 1010 °C / 2 hrs

(c) 900 °C / 2 hrs

Figure 4.23: SEM of carbide stabilization step study

The final analysis of this additional study consisted in analyzing the characteristics
of 4/ found in the CS3 sample (900 °C / 2 hrs). From images obtained with SEM
at high magnification, a distribution of the +' size was obtained. In Fig. 4.24 it is
possible to see the precipitation obtained from this carbide stabilization step, while
on Fig. 4.25, the size distribution is shown, obtaining an average size of 47.39 nm.

EHT =20.00 kV/ Signal A = SE1 Date :12 May 2021

1 um i
F——  wo-85mm Mag= 15.00 KX Time :18:19:13

Figure 4.24: CS3 - 4 at high magnification
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Discussion

After all the information presented in section 4 was gathered, it was possible to com-
pare the different results obtained. This sections explains in detail such comparison,
in which the different properties observed are related to the heat treatments and
their performance.

5.1 Tensile test - Heat treatment relation

One of the main relations that could be obtained from the tensile test and each heat
treatment that was tested was the influence of 4/ in the mechanical performance.
There is evidence to state a relationship between the size and volume fraction of 7/,
with the yield strength (YS), tensile strength (UTS), and ductility properties of the
material.

From the tensile test results, there were interesting changes in the material reflected
in the different properties that were tested. For the yield strength results, there
is a clear difference between the values obtained from the Haynes standard, GKN
standard, and HT1 heat treatment, in comparison to the ones observed in HT10,
HT11, and HT12, at room temperature. When comparing these values to the mi-
crostructure analysis results, it is possible to see a similar pattern in the samples
when analyzing the 7' size they present. For the first three heat treatments, they
all show an average size around 20 nm, while the latter three heat treatment alter-
natives show a bigger average size of approximately 68 nm. This points out to a
direct effect from 7' size, in which a growth of 40 nm, approximately, is reflected in
a decrease of the yield strength of 10 % in average. By analyzing each heat treat-
ment individually, it was also concluded that a decrease in volume fraction of 4" also
results in a decrease in yield strength. In HT'11, it presented 17 vol.% of 4/, and an
8% decrease in strength when compared to HT10 and HT12, which had similar ~'
size and a higher fraction of 20.97 vol.% and 23.77 vol.%, respectively.

Similar to yield strength, the tensile strength observed follows the same pattern at
room temperature, with the same implications of 7 size and fraction, and the effect
they had in the tensile test results. There, the effect of lower volume fraction of
~" is seen more clearly for HT11. Additionally, now is possible to see a tendency
of different strength values between HT10 and HT12, which parameters are the
same except the application of step 0 in the latter one. The difference observed
follows the expected performance observed in Haynes International patent, where
the addition of that step resulted in an increase of strength, when compared to the
same treatment without it.

Regarding the elongation values observed at room temperature, the effect of ' size
between the heat treatments is not fully reflected in the results, since the elongation
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difference between the highest and the lowest values observed is only of 2%. It is
important to note that the highest elongation in average is inclined towards HT10,
HT11, HT12, which all present a bigger " in their microstructure, including the
highest elongation that corresponds to HT10.

For the tensile tests results observed at high temperature, there are also important
relationships that can be mentioned between the heat treatments. When the tem-
perature was increased, in general there was an improvement of ductility, tensile
strength, and containment properties for the proposed alternative heat treatments,
and also in Haynes standard heat treatment.

For yield strength, GKN standard heat treatment remained the highest, but pre-
sented the largest decrease between room temperature and 750 °C, which can be
expected due to its high initial value. It is also important to note that all the heat
treatments presented average yield strength values not far from each other, with
only 30 M Pa between the highest value from GKN standard, and the lowest value
from HT11. Similar to their performance at room temperature, Haynes standard
and HT1 showed almost the same results between them, which is explained due to
their similar heat treatment parameters, with a modified carbide stabilization step.

Inversely from the results observed at room temperature, the tensile strength values
that were present at high temperature stated a similar difference, but now HT10,
HT11 and HT12 were at the top, with HT12 being the highest. These last three
heat treatments showed the largest strength increase between RT and 750 °C, in
which HT11 increased the most, with 18.7% stronger than its performance at room
temperature. Also, GKN standard heat treatment was the only one to decreased
between room temperature and elevated, with a decrease of 6.8 %. One last impor-
tant note in this aspect is the good performance of Haynes standard heat treatment,
which did not increased much compared to its RT values, but still managed to have
the third highest tensile strength.

The elongation observed at high temperature is the mechanical property with the
highest difference from the tensile test performed. At 750 °C, the highest value,
from HT10, presented more than twice the elongation of the lowest value, from
GKN standard heat treatment. Another good performance was observed in Haynes
standard and HT12 heat treatments, in which both increased more than 150 %
from their initial RT value. By comparing the results observed at this temperature
with the RT results, it is possible to say that the highest improvement between the
temperatures are found in the heat treatment alternatives that showed the biggest
~' size at room temperature.

The relation of the mechanical properties observed at elevated temperature and the
characteristics of 7 for each heat treatment could not by further studied due to
limits in time. Due to this, an important next step is to analyze and understand
the microstructure changes that occurred during the test, and how they relate to
the mechanical properties improvements that were described.
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5.2 Heat treatment parameters effects

Based in the observations described in the previous section, it was possible to deter-
mine the effects in the microstructure and mechanical performance, caused by the
modifications done in each heat treatment.

Since the solution treatment step was not modified for any heat treatment, this step
did not play a significant role in a specific heat treatment, and served as a common
initial step for all the tested treatments. Despite there was no changes in this step,
an important remark is that there was evidence of 7/ precipitation already since this
step. The consequences this may have is a variation in the final 4’ size and volume
fraction, depending on the target characteristics that are desired and the parameters
used in the steps that followed.

The changes in time and temperature performed in the carbide stabilization step
demonstrated the possibility to tailor the strength and ductility of the alloy. When
the step temperature decreased from the recommended temperature of 1010 °C, it
was possible to see an increase of ductility, as seen in HT10, HT11 and HT12, which
was reflected in the containment factor afterwards. An important fact to consider is
the precipitation step that follows it, since its parameters will also affect the precip-
itation of secondary phases. The analysis of HT10 and HT11, which had the same
carbide stabilization step but different precipitation temperatures, showed that even
if the carbide stabilization step is common, a different precipitation step can result
in lower precipitation of 4/, with the respective effect in the mechanical properties.
Also, the decrease in carbide stabilization temperature is the most probable cause
for an increase in 7/, causing it to precipitate at this step, since it is below the solvus
limit.

Regarding the time variation in the carbide stabilization step, it was possible to
see two cases, depending if its temperature was above or below 7/ solvus limit. As
seen in the HT1 and Haynes comparison, if the temperature was above ~' limit,
997 °C according to literature, the increase in time did not affect significantly its
precipitation, which was defined by the precipitation step that followed it. On the
other hand, if the temperature was below it, a longer carbide stabilization step will
be reflected in the growth of 4/, with longer times resulting in a higher + size after
the heat treatment.

For the precipitation step parameters, the relationship the temperature and time
parameters had with 4 size and volume fraction was observed. As mentioned before,
the previous steps of the heat treatment affected the microstructure obtained from
the precipitation step, but it was possible to get an idea of the effects it had in the
material. As seen in the simulations and in the SEM, an increase of temperature
during precipitation results in lower volume fraction, while the size of 7/ did not
change much. This points out that the main effect temperature has in this step is
reflected in a variation in strength, due to lower precipitation frequency of 7/, based
in the tensile tests results and ' distribution. The variation of time in this step was
not studied, and it was not possible to relate experimentally its variation with any
specific change.
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The additional optional step, called Step 0, before the carbide stabilization step was
studied in HT'12 and compared directly with HT10, which presented the same heat
treatment without the additional step. From the results obtained, it was confirmed
that ductility is improved, but not as much as the heat treatment without the
Step 0. HT10 presented higher ductility than Haynes and GKN standard heat
treatments at both RT and elevated temperature, while HT12 only was higher at
elevated temperatures. This is later balanced with less decrease in yield and tensile
strength, in which both showed lower yield and tensile strength than the reference
heat treatments at room temperature, but at elevated temperature, HT'12 presented
the highest tensile strength.

In general. the parameters variation in these two steps, carbide stabilization and
precipitation, confirms the possibility to increase ductility, specially at high temper-
atures, with an expected decrease in strength. Based in the results observed in this
thesis, it is possible to arrive to an ideal combination of heat treatment parameters
that results in improved ductility and minimize the decrease in strength, with an
adequate v’ size and volume fraction.

5.2.1 Containment factor improvement

When the results obtained were translated into containment factor terms, it was
possible to see a relevant increase in some heat treatments, confirming the potential
they have for improving mechanical properties, specially at elevated temperatures.

A good way to summarize and compare the performance of each heat treatment, as
mentioned before, is with the containment factor described in the previous sections.
Firstly, it was possible to see the high importance ductility properties have in the
containment properties measurement. This was observed with the Haynes standard
and HT10 heat treatments at room temperature, in which both did not present the
highest value for yield nor tensile strength, but balanced it with medium strength
values and good elongation results. Related to this, the low elongation values pre-
sented by GKN standard heat treatment directly affected its CF value, locating it
in a middle position, when compared to the other heat treatments.

At high temperature, these differences were stated more clearly, due to the fact that
UTS and elongation values showed a significant increase for certain heat treatments.
As mentioned in the previous section, the difference between the highest elongation
of HT10 and the lowest of GKN standard heat treatment was significant. This
was reflected in the CF values, where HT'10 containment factor was 235% more
than what GKN presented. It is also important to note that the difference in yield
strength also decreased between the heat treatments, which also contributed to
this change. Another important phenomena observed at elevated temperature is
the good performance of both Haynes standard and HT12 heat treatment, which
improvements were also reflected in the containment factor, almost twice the value
of GKN standard heat treatment.
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5. Discussion

In order to confirm the containment properties improvement at elevated temper-
atures, it is possible to perform more specialized test. These tests can vary in
their methods, for example they can use a special specimen geometry or a modified
strain rate condition, but have a common objective to obtain more refined stress
data. This information can eventually be used in simulation models for a specific
component. Still, the formula that was used for this thesis is an accepted method
to measure containment properties in the industry, reaffirming the importance of
material’s ductility.

5.3 Carbide stabilization study analysis

Based on the hardness values measured and the images observed through SEM, it
is possible to state the main changes cast Haynes 282 microstructure goes through
after the carbide stabilization step of the heat treatment.

From the hardness tests, an increase in hardness was recorded when a lower temper-
ature was applied. A difference of 33 % was observed between the highest tempera-
ture tested, 1065°C, and the lowest temperature, 900 °C. The increase in hardness is
explained with the SEM analysis at high magnification, where 4’ could be observed
in this sample, and not in the others. When considering the average size of 47.39
nm from the observed ~' , it can be concluded that the samples treated at this
temperature have started the precipitation and growth of 4 since this step, and a
further precipitation step will contribute in their growth.

In addition to this, the increase of hardness in the center region showed up during this
step only in the lowest temperature treatment. The fact that the hardness difference
is only observed in those conditions increases the possibility that it is caused because
of the solute segregation within the sample, resulting in a distribution difference of
~" during its precipitation. The reason of this is that the other two samples treated
at higher temperatures went through similar cooling rates and did not showed a
difference in hardness between the surface and the center region, highlighting the
lack of o in them.

Finally, it was possible to see some secondary carbides in the sample treated at
1065°C but with lower frequency, compared to the samples treated at lower temper-
atures. Related to this, the microstructure observed at the highest temperature pre-
sented blocky discrete grain boundary carbides and, as the temperature decreased,
they adopted a more continuous morphology until a continuous film was reached at
900 °C.
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Conclusion

In this thesis several heat treatment alternatives for cast Haynes 282 were proposed,
tested and evaluated with the purpose of improving its mechanical properties at
room and elevated temperature. Based in the results and analysis obtained in this
work, the following conclusions can be made:

e Simulation tools were a good initial approach for heat treatment design, al-
though final values deviated with results obtained experimentally.

o The casting conditions before heat treatment have effect on the results ob-
tained, as seen in the hardness and +' characteristics observed.

e The heat treatments proposed that showed potential in improving ductility
and containment properties at room temperature is HT'10, compared to GKN
and Haynes standard.

o At elevated temperature, the heat treatments alternative that presented im-
provement in ductility, tensile strength and containment properties are HT10
and HT12, in comparison to GKN and Haynes standard heat treatments.

o Haynes standard heat treatment showed an acceptable performance consider-
ing strength, ductility and containment at both temperatures, in comparison
with GKN standard and alternative heat treatments.

o The relation of 7' size and distribution with tensile test results was confirmed,
in which bigger size and/or lower fraction resulted in lower yield and tensile
strength at room temperature.

e A higher 7/ size after heat treatment resulted in an increase in elongation,
specially at elevated temperatures.

e The importance of mechanical and containment properties at elevated temper-
ature in aerospace applications supports further studies in the proposed heat
treatments H10 and HT12.

e Specialized containment tests can be performed to confirm the improvement
in HT10 and HT12, with a specific component requirements approach.

o Further studies on untested heat treatments alternatives mentioned in this the-
sis are encouraged, to continue the analysis of the relation between mechanical
properties and microstructural changes due to heat treatment.
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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 JMat Pro complete 7' simulations

In the following tables, A.1 - A.6, it is possible to observe the complete set of
simulations done to analyze the changes in size and volume fraction of ' with
different combinations of heat treatment parameters.

Table A.1: JMat Pro simulations for precipitation time variation - Constant carbide

stabilization step

Carbide stabilization step | Precipitation step | 7/ size [nm] | 4" volume fraction [%]]
1010 °C - 2 hours 788 °C - 2 hours 21.99 17
1010 °C - 2 hours 788 °C - 4 hours 24.08 17
1010 °C - 2 hours 788 °C - 8 hours 27.41 17
1010 °C - 2 hours 788 °C - 16 hours 32.18 17

Table A.2: JMat Pro simulations for precipitation temperature variation - Constant

carbide stabilization step

Carbide stabilization step | Precipitation step | 7/ size [nm] | 4" volume fraction [%]]
1010 °C - 2 hours 730 °C - 8 hours 21.92 19
1010 °C - 2 hours 760 °C - 8 hours 23.62 18
1010 °C - 2 hours 788 °C - 8 hours 27.41 17
1010 °C - 2 hours 850 °C - 8 hours 45.67 14

Table A.3: JMat Pro simulations for carbide stabilization temperature variation -
Constant precipitation step (8 hours)

Carbide stabilization step | Precipitation step | 7/ size [nm] | 4" volume fraction [%]]
850 °C - 2 hours 788 °C - 8 hours 35.93 17
900 °C - 2 hours 788 °C - 8 hours 55.17 17
930 °C - 2 hours 788 °C - 8 hours 78.09 17
950 °C - 2 hours 788 °C - 8 hours 102.17 17
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Table A.4: JMat Pro simulations for carbide stabilization temperature variation -
Constant precipitation step (4 hours)

Carbide stabilization step | Precipitation step | 7/ size [nm] | 4" volume fraction [%]]
850 °C - 2 hours 788 °C - 4 hours 34.13 17
900 °C - 2 hours 788 °C - 4 hours 54.41 17
930 °C - 2 hours 788 °C - 4 hours 77.23 17
950 °C - 2 hours 788 °C - 4 hours 101.93 17

Table A.5: JMat Pro simulations for carbide stabilization and precipitation step
with time and temperature variation

Carbide stabilization step | Precipitation step | 7 size [nm] | 4" volume fraction [%]]
900 °C - 4 hours 730 °C - 8 hours 69.81 19
900 °C - 4 hours 760 °C - 8 hours 69.18 18
900 °C - 4 hours 788 °C - 8 hours 68.07 17
900 °C - 4 hours 850 °C - 8 hours 70.12 14

Table A.6: JMat Pro simulations for carbide stabilization and precipitation step
with time and temperature variation

Carbide stabilization step | Precipitation step | 7/ size [nm] | 4" volume fraction [%]]
900 °C - 2 hours 730 °C - 8 hours 56.01 19
900 °C - 2 hours 760 °C - 8 hours 55.21 18
900 °C - 2 hours 788 °C - 8 hours 55.17 17
900 °C - 2 hours 850 °C - 8 hours 60.17 14
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A.2 Hardness complementary graph
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Figure A.1: Hardness comparison - Thick and thin cube samples at surface
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A.3 Optical microscopy complementary images

The following images function as a complementary representation of aditional heat
treatments, which were not used for tensile testing.

(a) As-received conditions - x50 (b) As-received conditions - x200

(c) HT5 - x50 (d) HT5 - x200

(c) HT6 - x50 (d) HT6 - x200

Figure A.2: Additional optical microscopy for non-tensile tested samples
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The following figure compares the different etchants used for optical microscopy,
where the second etchant, oxalic acid, was the one selected for SEM analysis.

e

(¢) GKN - x50 - Oxalic acid etching (d) GKN - x100 - Oxalic acid etching

Figure A.3: Etchants comparison for optical microscopy
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In the following images, it is possible to observe the heat treated samples during the
optical microscopy analysis using the oxalic acid etching.

(¢c) HT1 - x50 (d) HT10 - x50

(¢) HT11 - x50 (d) HT12 - x50

Figure A.4: Optical microscopy of oxalic acid etched samples
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A4

Tensile test complementary graphs
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Figure A.5: Tensile test results - Area reduction
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