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ABSTRACT

Haynes 230 and Inconel 617 are austenitic nickel based superalloys, which are
candidate structural materials for next generation high temperature nuclear reactors.
High temperature deformation behavior of Haynes 230 and Inconel 617 have been
investigated at the microstructural level in order to gain a better understanding of
mechanical properties. Tensile tests were performed at strain rates ranging from 10°3-10°
s at room temperature, 600 °C, 800 °C and 950 °C. Subsequent microstructural
analysis, including Scanning Electron Microscopy, Transmission Electron Microscopy,
Energy-Dispersive X-ray Spectroscopy, and X-Ray Diffraction were used to relate the
microstructural evolution at high temperatures to that of room temperature samples.
Grain sizes and precipitate morphologies were used to determine high temperature
behavior and fracture mechanics.

Serrated flow was observed at intermediate and high temperatures as a result of
discontinuous slip and dynamic recrystallization. The amplitude of serration increased
with a decrease in the strain rate and increase in the temperature. Dynamic strain ageing
was responsible for serrations at intermediate temperatures by means of a locking and
unlocking phenomenon between dislocations and solute atoms. Dynamic
recrystallization nucleated by grain and twin bulging resulting in a refinement of grain
size. Existing models found in the literature were discussed to explain both of these

phenomena.
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CHAPTER 1

Introduction

Researchers in nuclear energy are putting every effort into developing the
economical use of Very-High Temperature Reactors (VHTR). Material limitations are
one of the biggest obstacles engineers face in advancing these next generation designs.
Due to the extreme temperatures faced in these reactors, many materials cannot withstand
the heat for extended periods of time. With outlet gas temperatures as high as 900-1000
°C, current steels and alloys simply cannot withstand the reactor environment. The
necessary material requires creep resistance, oxidation resistance, microstructural
stability, and excellent mechanical properties.

Several studies have focused on INCONEL 617 as a possible choice for the
intermediate heat exchanger (IHX) in the VHTR. However, there are other alloys which
need to be studied as a possibility for the heat exchanger. Haynes 230 is a solid-solution
nickel-based alloy with excellent oxidation resistance, superior creep-rupture strength,
thermal stability, and fatigue resistance [1]. Fewer studies have been carried out on the
microstructure of Haynes 230, and therefore these two alloys will be the focus of this
research.

Both of these alloys are austenitic superalloys having a face-centered cubic (FCC)
crystal structure. Their outstanding strength at high temperatures has widely been
attributed to solid solution strengthening and the formation of secondary M,3Cg carbides
along grain boundaries [2]. Because creep is a diffusion controlled phenomenon, Haynes

1
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230 has superior creep resistance over alloys containing cobalt because tungsten diffuses
slower in nickel than cobalt [1]. Grain boundary carbides provide impediments to
dislocations, which enhances creep strength [3]. Also, a protective oxide layer is formed
by the addition of chromium and aluminum, offering oxidation and carburization

resistance.

1.1 Research Objectives

The research presented in this thesis used Inconel 617 and Haynes 230 to
investigate five primary objectives, listed below:

1. Examine the dependence of mechanical properties on deformation
conditions, including temperature and strain rate.

2. Examine the tensile stress-strain curves of Haynes 230 and Inconel 617 as
a function of temperature and strain rate.

3. Evaluate the mechanisms causing stress oscillations during high
temperature tensile testing.

4. Compare the microstructural behavior of Haynes 230 and Inconel 617 and
determine the relationship between microstructure changes and

mechanical behavior.
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1.2 Thesis Overview

In this investigation, microstructure behavior of Inconel 617 and Haynes 230
during hot tension were investigated at the expected temperatures of operation in the
VHTR. Elevated temperature uniaxial tension was performed at varying temperatures,
environments, and strain rates. Resulting behavior was related to corresponding
microstructural development. Multiple microscopy techniques, such as scanning electron
microscopy (SEM), energy-dispersive x-ray spectroscopy (EDX), x-ray diffraction
(XRD) and transmission electron microscopy (TEM) were used to investigate
microstructural evolution, grain morphology, carbide evolution, dislocation motion, and
possible recrystallization mechanisms. The deformation and recrystallization behavior
was compared to the similar superalloy Inconel 617 to determine the effect of alloying
and initial microstructure on hot deformation behavior.

Chapter 1 contains the background section on hot deformation and
recrystallization behavior. The background describes the effects of grain sizes,
deformation conditions, precipitates and stacking fault energies on the microstructural
evolution and behavior. The mechanisms for dynamic and static recrystallization
described in the literature are discussed as a prelude to the work on Inconel 617 and
Haynes 230. Previously proposed models for recrystallization during hot deformation
have shown tremendous differences, so understanding the limitations of such models is
essential for applying them to new materials and deformation conditions. The background
in Chapter 1 discusses some of these limitations, proposes reasons for some of the

controversy in the literature, and describes recrystallization behavior. The effects of
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initial microstructures and stacking fault energies on texture evolution and
recrystallization mechanisms are also described. Chapter 1 also explores the
phenomenon of dynamic strain ageing (DSA) and the associated macroscopic effect of
known as Portevin-Le Chatelier (PLC) effect. Different theories are presented explaining
the mechanisms behind DSA and the resulting effect these have on mechanical
properties.

The experimental procedures are described in Chapter 2, including the methods
used for hot tension testing and subsequent microstructural analysis. Specific operating
conditions for scanning electron microscopy, x-ray diffraction, and transmission electron
microscopy are provided. The design of the experimental procedures is also discussed
and related to some of the discrepancies in recrystallization mechanisms and modeling,
which are discussed in Chapter 1.

The results and discussion, presented in Chapters 3 and 4, use Haynes 230 as a
model material for further understanding deformation behavior and microstructure of
austenitic materials at high temperatures. Regions of the stress-strain curves are analyzed
and compared to Inconel 617, proposing possible mechanisms driving the shape of the
curves. Precipitate and grain evolution assist in understanding characteristics in the
stress-strain curves and describing the modes of deformation and recrystallization at
varying temperatures, strains, and strain rates. Mechanisms causing stress oscillations are
also explored as they vary by temperature and strain rate. Models for steady state flow
behavior and recrystallized grain size are presented for Haynes 230 and Inconel 617 with

a detailed description on their development and limitations.
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Finally, a summary of conclusions and future work are detailed in Chapters 5 and
6. Important aspects such as redistribution of precipitates, grain changes,
recrystallization modes, and their relation to the stress-strain curves are all concisely

summarized.

1.3 Literature Review

The following section goes into detail about the possible deformation mechanisms
which may be encountered during tensile testing of Inconel 617 and Haynes 230. A
literature review of the high temperature phenomena of recrystallization, grain boundary
serration (GBS), and DSA is conducted. The effects of annealing twins and the resulting

deformation behavior are also explored.

1.3.1 Dynamic Recrystallization

During hot deformation of a crystalline metal two competing processes may
occur: strain-hardening and softening [4]. Strain-hardening is due to an increase in the
dislocation density acting under external forces. On the other hand, softening consists of
a decrease in dislocation density by a redistribution of dislocations into more
energetically stable configurations. The mechanisms related to softening are time
dependent and strongly relate to temperature, the amount and rate of deformation,

stacking fault energy, initial structural state and the phase composition of the material [5].
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Dynamic recovery and dynamic recrystallization are the two softening processes which
work against strain hardening when a crystalline material is deformed at high
temperatures. Generally dynamic recovery is the dominant mechanism which leads to
the annihilation of pairs of dislocations. It also tends to occur at temperatures below 0.5
that of the melting point. However, materials with a moderate to low stacking fault
energy more generally exhibit dynamic recrystallization. Each dislocation has a small
strain field around it which adds to the material’s stored energy. Recovery occurs when
two dislocations with opposite strain fields meet and annihilate each other. This is true of
several metals including silver, copper, and nickel [4]. Nickel, of interest in this study,
has a stacking fault energy around 90 mJ/m? [6, 7]. Unlike dynamic recovery, dynamic
recrystallization is less well understood and will thus be a topic of study in this research.
Recrystallization is a collective term applied to stages in which crystal orientation
is altered by the passage of high-angle grain boundaries through the material [8]. At high
temperatures, when dynamic recrystallization takes place during tension of the material it
has a softening effect reflected in the stress-strain curve. This is a mechanism in which
dislocations are eliminated by the migration of high angle boundaries. Due to a higher
density of dislocations at higher temperatures, dynamic recovery cannot completely
eliminate all of the dislocations, which leads to localized areas of high dislocation density
as the material is stressed. This process can have a significant effect on the stress-strain
curve of the material at high temperatures. Should the strain at which recrystallization
begins, ., become greater than the strain caused by recrystallization, &, then the
recrystallization occurs periodically [4, 5]. The macroscopic effect of this event is a

serration in stress flow as the material alternates between softening and hardening cycles.
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Strain rate plays the largest factor in dynamic recrystallization [5, 9-11]. Generally, a
high strain rate will produce a single peak recrystallization, while a lower strain rate will
produce cyclic recrystallization consistent with the periodicity of softening and
hardening.

In one of the first studies conducted on dynamic recrystallization, Luton et. al
analyzed the mechanical aspects of the process. They showed that the transition from
periodic to continuous behavior is associated with different strain rate. By conducting a
torsion test on nickel they showed at low strain rate, recrystallization is cyclic (see Figure
1.1a) and conversely at relatively high strain rates recrystallization is continuous (see
Figure 1.1b) [12]. In a study conducted by Coryell et. al, the flow behavior of Incoloy
alloy 945 was characterized in the high temperature range of 950-1150 °C. By varying
the strain rates between 0.001-1.0 s, the researchers could observe the extent of
recrystallization. The microstructure of a specimen deformed at 1.0 s™ is more
recrystallized than that deformed at 0.1 s, indicating that there is a transition from static
to dynamic recrystallization in this fast strain regime. However, at even slower strain
rates the extent of recrystallization again increases, suggesting that both static and

dynamic recrystallization are taking place [13].
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Figure 1.1. Predicted stress-strain curves for dynamic recrystallization a) critical strain to
initiate recrystallization, e.>¢ex b) g.<ex [12]

Temperature is also an important parameter as dynamic recrystallization is a hot
deformation mechanism [5, 13, 14]. The degree of recrystallization is closely related to
temperature of the experiment. In a 2010 study, Li et. al, conducted compression tests on
Inconel 625 in the temperature range 900-1200 °C. They observed that with increasing
deformation temperature, the volume fraction of recrystallized grains increases as well.
Full recrystallization occurred at a deformation of 0.7 at 1150 °C. As can be seen in
Figure 1.2, grain refinement occurred as the grains continued to recrystallize [14]. The
degree of recrystallization has a direct correlation to the oscillations seen in the flow
curves. As evidenced in Figure 1.3, Petkovic et. al observed an increased occurrence of

serration with increasing temperature [15].
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Figure 1.2 Optical micrograph of Inconel 625 superalloy deformed to 0.7 true strain at
different temperatures with a strain rate of 0.1 s™: a) 900 °C, b) 950 °C, c) 1000 °C,
d) 1050 °C, e) 1100 °C, f) 1150 °C, g) 1200 °C [14]

However, in a more recent investigation on Inconel 617, Rahman et. al found
evidence suggesting that different deformation mechanisms occur at different
temperatures and different strain rates. The study conducted tensile tests on specimens at
600 °C and 800 °C with straining rates between 10°and 102 s™. Interestingly, at 600 °C
the amplitude of the stress oscillation was as high as 25 MPa, compared to only 5 MPa at
800 °C (Figure 1.4). Researchers also observed a significant increase in yield strength,
ultimate tensile strength, and elongation with faster straining rates. The study has
suggested two different deformation mechanisms at the different temperatures. At 600

°C, the serrated flow was attributed to carbon insterstitial atoms locking and releasing
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mobile dislocations. On the other hand, a thermally assisted climb mechanism released

the dislocations causing a lower amplitude serrated flow at 800 °C [11].
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Figure 1.3 Effect of temperature on the flow curves determined in axisymmetric
compression on 0.68% C steel at a strain rate of 1.3 x 107 s
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Figure 1.4 Engineering stress vs strain curve of alloy 617 at different strain rates at a) 600

°C, and b) 800 °C [11]

Several aspects of dynamic recrystallization have yet to be fully understood [5].

Grain size of the newly recrystallized grains still requires a more thorough investigation.

Studies have shown both grain refinement and grain coarsening following

recrystallization. Another puzzling matter is grain morphology as some grains have an
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elongated structure while others remain equiaxed. There are still contradicting studies on
the effect of temperature and its role in flow serration. Some suggest that serrations
increase indefinitely with temperature while other studies have observed a maximum
intermediate temperature. Finally, evidence of the mechanisms leading to the serrations
observed in the flow curves have yet to be elucidated. Some studies have suggested that
the amplitude of serrations simply increases with temperatures while others have seen a
maximum amplitude at intermediate temperatures with a decrease in size at higher
temperatures. This study will examine all of these aspects as microstructural

characteristics and mechanical properties are explored.

1.3.2 Grain Boundary Serration

Grain boundary serration is a phenomenon observed when materials are aged or
deformed at high temperatures. This is one mechanism by which many superalloys draw
their superior strength. By transforming from a straight edge to one with a wave-like
structure, the serrations resist grain boundary sliding [16-18]. During deformation grain
boundary serration can also enhance dynamic recrystallization as the bulged area
surrounded by the serrated boundaries act as a nucleus for the recrystallization of a new
grain [18]. The mechanism is still not well understood and will be a focus of the present
research.

GBS has been linked to the diffusivity of carbon in an austenitic matrix [16]. Ina
study conducted by Kim et. al, the authors subjected austenitic stainless steel to several

aging temperatures without stress. By calculating the activation energy for GBS and
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comparing this value to the activation energy for lattice diffusion of carbon in y-iron, the
authors concluded that the two were directly linked. As seen in Figure 1.5 the grain
boundary experiences serrations of greater depth with a longer aging treatment, offering a

direct correlation to the diffusivity of carbon [17].

trajght G.B. ; )
Py
|/

=

Aging treatme

>

More aging treament

Figure 1.5 Schematic model of the grain boundary serration [17]

In a more recent study Jiang et. al, examined the effects of the M»3Cg carbide on
the formation of GBS in Haynes 230. Again, by way of ageing processes the authors
could study the effect that carbon plays as well as the role of temperature. They
discovered that the amplitude of serrations and the proportion of serrated boundaries
increase with the rise of the solution heat treatment applied to the alloy. More
importantly they found that initial M¢C carbides dissolve at high temperature and the
carbon atoms then diffuse to grain boundaries to participate in the nucleation and growth

of My3Cq carbides. These planar M,3Cg carbides result in the formation of GBS at some
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grain boundaries preferentially, but then expands to nearly all boundaries during cooling
[16].

As stated before GBS is effective in improving the creep life and creep ductility in
a material. Tanaka performed a study in which he aged cobalt-base superalloys to
transform some grain boundaries into serrated grain boundaries while leaving others with
straight grain boundaries [19]. Following the heat treatments creep-rupture tests were
performed on the samples. He found that those with serrated edges were more ductile
and reached a greater elongation than those with straight edges. He proposed that
serrated grain boundaries are effective in retarding the initiation and growth of grain

boundary cracks.

1.3.3 Twinning

Twinning is a phenomenon by which the interior crystal lattice within the same
grain transforms into a mirror image of the exterior lattice [20-22]. Most metallic
crystals exhibit some amount of twinning in one form or another. However, twins can be
broken down into two categories: those induced by mechanical deformation, and those
induced by annealing. Generally, body-centered cubic (BCC) metals will exhibit
deformation twinning while face-centered cubic (FCC) metals display annealing twins
[22].

In a BCC metal, the crystal lattice will deform through slip or twins. As a metal
is stressed uniaxially the crystal lattice may slip one atomic distance causing a

heterogeneous deformation in a localized area. As a means to save energy that same
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metal may also deform homogeneously in shear by the formation of twins [7]. Not only
does this phenomenon conserve energy, but strain is also reduced as atoms move less
than a full atomic distance, as is seen in slipping [22, 23]. Shown in Figure 1.6, the
twinned structure only moves a fraction of an atomic distance compared to the original
structure. Because twinning is a strain hardening process, some studies have suggested

that the mechanism causes serrations in stress-strain curves during tensile tests [22, 23].
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Figure 1.6 a) Untwinned structure showing direction of [113] twinning shear and b) final
twinned structure showing mirror symmetry across twin-matrix surface

FCC metals are far more likely to develop twins during annealing than
deformation. Annealing twins can be obtained by annealing cold-worked metals at high
temperatures for relatively short times [21]. Because twinning is a stacking fault
deformation, another requirement is that the material has a low stacking fault energy [24].
Nickel meets both of these conditions and twinning has been observed extensively in
nearly every nickel superalloy. Other factors affecting the frequency of annealing twins
are: grain size, the temperature and time of annealing, grain boundary velocity, texture,

and the degree of prior deformation [25, 26].
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Annealing twins occur in FCC metals so frequently because the crystal lattice
shifts an even lesser amount than is required for BCC metals. An ideal FCC crystal
structure is stacked ABCABCABC. However, when a stacking fault is introduced in the
form of a twin, the structure may be transformed into ABCABACBA, where the middle
B is the twinning plane [22]. This concept is more easily illustrated in Figure 1.7. The
stacking faults lie on consecutive (111) planes in the [11-2] direction, and are produced
by the glide of Shockley partial dislocations [26].

One of the more puzzling aspects of twinning is how they nucleate in the absence
of an applied stress. Out of the several models that have been proposed over the years,
two have gained traction in the scientific community: growth accidents [24, 25] and the
nucleation of twins by fault packets [27, 28]. The early studies of growth accidents
lacked some of the mechanistic details for all of the different types of annealing twins.
Pande et al. carried out a study on nickel in which they found that the change in twin
density, AN, has a direct correlation to the change in grain size, AD, and the driving force
for boundary migration, F:

AN o ADF
They applied this model to their results for nickel as well as previous studies carried out
by Meyers and Murr which showed that stacking fault packets pop out from ledges on the
grain boundaries [27]. Mahajan et. al continued work in developing models of twin
nucleation. They determined that the nucleation of Shockley partials on consecutive
(111) planes by growth accidents are associated with the velocity of a migrating grain

boundary. Thus, they concluded the higher the velocity of the grain boundary, the higher
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the probability of a growth accident [26]. Combining these models it is possible to
predict twin morphologies in several different FCC materials, including nickel alloys.
Twins play a major role in the strength of an alloy as they act as impediments to
the normal movement of dislocations [23]. The strength of metals generally decreases as
temperature increases due to the thermally assisted movement of dislocations. However,
many superalloys draw superior strength at intermediate temperatures due to their high
propensity to develop annealing twins. In a study conducted by Kim et. al the formation
of microtwins prevailed over slip and climb of dislocations causing a minimum
elongation at intermediate temperatures. The graphical results of YS, UTS, and
elongation for the alloys CM247LC, Alloy 263, Haynes 230, and Hastelloy X are shown
below in Figure 1.7 [29]. Anincrease in YS and UTS also accompanied the minimum
elongation for alloy CM247LC at 800° C. Such a decrease in ductility coincided with an

increase in YS, as dislocation motion was impeded by twin formation.
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Figure 1.7 Tensile properties of the superalloys at various temperatures: a) CM247LC, b)
Alloys 263, c) Haynes 230, and d) Hastelloy X [29]

1.3.

4 Dynamic Strain Ageing (DSA)

The phenomenon of dynamic strain ageing (DSA) is common in alloys containing

interstitial and substitutional atoms which can slow dislocation motion. Strain ageing can

occur simultaneously with deformation if the deformation temperature is sufficiently

high. DSA manifests itself as serrations in the stress-strain curve which is known as the

Portevin-Le Chatelier (PLC) effect and will be examined in more detail in the following

section.

There are two more prevalent models explaining the finer mechanisms of how

DSA occurs. In the dislocation-solute interaction (DSI) model, proposed by Beukel et.
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al, solute atoms interact with mobile dislocations which are pinned by obstacles causing
an increase in the flow stress [30]. During the ageing time the diffusing solute atoms pin
the dislocations in place [31]. Due to the lack of mobility of the dislocations no further
plastic deformation can take place until a sufficiently high stress has been reached. In the
dislocation-dislocation interaction (DDI) model, Kocks et. al suggested that mobile
dislocations interact with forest dislocations resulting in DSA [32]. In this case mobile
solute atoms move from immobile forest dislocations to mobile dislocations. This
mobility results in the redistribution of solutes and affects the interaction of mobile

dislocations with forest dislocations.

1.3.5 Portevin-Le Chatelier (PLC) Effect

The PLC effect describes the serrated flow in the stress-strain curve which is
observed due DSA. Generally PLC takes effect when the strain rate sensitivity becomes
negative and when inhomogeneous deformation begins. Oftentimes there are also
macroscopic bands which form and propagate along the gauge length. Temperature,
strain rate and precipitates all have an effect on the onset of serrations and the magnitude
of serrations.

Temperature affects the diffusion of solute atoms through the matrix. An
increased temperature will aid in solute diffusion to mobile dislocations moving due to
deformation. Strain rate determines the time it takes for dislocations to overcome
obstacles. Generally an increase in strain rate will cause a decrease in the critical strain

necessary for serrations to begin. Finally, the presence of precipitates complicates the
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motion of dislocations and the diffusion of solutes. Precipitates add another obstacle to
impede the motion of dislocations and also provide a place for solute atoms to form a
secondary phase. These three factors all effect the types of serrations which will be
observed in the stress strain curve. The five types of serrations are shown below in

Figure 1.8.

I - ._.._._s_t_.minl h me
Figure 1.8 Schematic representation of five types of serration

Type A serrations show a rise and fall in stress above the general level of the
stress-strain curve. They are associated with the repeated initiation and continuous
propagation of deformation bands along the specimen gauge length. The initiation of
each band corresponds to a yield point on the stress-strain curve which is followed by a
smooth curve corresponding to band propagation. Type A serrations are usually

observed at low temperatures or high strain rates and can occur alone or associated with

B serrations with A predominating.
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Type B serrations show a rise and fall in stress around the general level of the
stress-strain curve. They are associated with discontinuous band propagation, each hop
or jump of the band resulting in a serration on the stress-strain curve. Type B serrations
are usually observed at intermediate temperatures and strain rates. They are usually
accompanied by type A or type D.

Type C serrations show a fall and rise in stress below the general level of the
stress-strain curve and are referred to as unlocking serrations. They are associated with
discontinuous band propagation and are observed at high temperatures or low strain rates.

Type D serrations are observed in alloys with high stacking fault energies and
consist of more or less flat plateaus separated by stress jumps. Each plateau corresponds
to a deformation band propagating through the specimen from one end to the other. The
bands are called plateau bands. These serrations occur alone or accompanied by those of
type B, and are usually observed at high temperatures or low strain rates.

Type E serrations are irregular serrations and are observed at high strains. Type E
serrations cancel type A serrations if type A comes before type E. Type E serrations can
also be associated with type B and C serrations and usually occur at low temperatures or

high strain rates.
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CHAPTER 2

Materials and Experimental Methods
This chapter outlines the methods used to characterize the microstructure
including testing procedures, sample preparation, and microscopy techniques. The

composition and processing of the as received material is also presented.

2.1 Materials

Solid-solutioned strengthened Inconel 617 and Haynes 230 sheets were provided
by California Metal & Supply Inc. Inconel 617 came in the form of a 0.063” (0.060”-
0.066”) x 48 x 18” sheet. This sheet was then cut by EDM to provide for samples with a
thickness of 0.025”. Haynes 230 was provided in a 0.020” (0.0197-0.022”") x 36” x

16.50” sheet.

2.1.1 Chemical Composition

The chemical composition of Haynes 230 and Inconel 617 sheets are provided

below in Table 2.1. All values are listed in weight percent.
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Table 2.1 Weight percent chemical compositions of nickel superalloys

Haynes 230 | Inconel 617

Al 0.45 1.13

B 0.003 0.005

C 0.11 0.09
Co 0.29 11.49
Cr 21.84 22.29
Cu 0.04 0.04

Fe 1.75 2.17

La 0.022 -
Mn 0.49 0.09
Mo 1.50 9.72

Ni Bal Bal

P 0.005 0.003

S 0.005 0.001 max
Si 0.35 0.05

Ti 0.01 max 0.32

W 13.87 -

Zr 0.01 max -

2.1.2 Microstructure

A large emphasis was placed on the microstructural analysis of the as-received
sheets of Inconel 617 and Haynes 230 in order to provide a benchmark to compare with
deformed samples.

Figure 2.1 shows a low magnification SEM micrographs of the grains of Inconel
617 in solution annealed condition. Using ImageJ software the average grain size of the
undeformed alloy was determined to be about 30 pm. The solution annealed
microstructure showed equiaxed grains with precipitates located primarily along grain
boundaries, but also with some small precipitates located intragranularly as seen in

Figure 2.1a. Also, some of the larger precipitates were seen to be deformed due to
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mechanical working of the sheet so that the precipitate extends in the rolling direction.

There is also evidence of twins of some of the grains as seen in Figure 2.1d.

EHT = 5.00 k' Signal A= SE2 Date :8 Dec 2011 EHT = 5,00 kv Signal A= SE2 Date :8 Dec 2011
WD = 8.4 mm Mag= 193KX Time :15:18:40 — WD = 85mm Mag= 160KX Time :16:26:48

EHT = 500 kv Signal A= SE2 Date :16 Dec 2011 EHT = 15.00 kv Date :18 Jan 2012

WD = 8.7 mm Mag= 126KX Time :15:11:44 ﬁ — WD= 27 mm Time :10:37:31

Figure 2.1 Low magnification SEM micrographs of Inconel 617 showing a) inter and
intra-granular precipitates b) deformed precipitates in the rolling direction c) equiaxed
grains and d) the presence of twins in some grains

The precipitates present in the microstructure were primarily carbides found on
grain boundaries, with fewer appearing intra-granularly. The primary carbides were
MgC, with smaller, secondary M,3Cg carbides [11]. Shown in Figure 2.2 are typical
precipitates with corresponding EDX analysis revealing that the precipitates in Inconel
617 are Cr and Mo-rich. Notice in all of the figures the morphology of the carbides

which are heavily faceted. The size of the carbides varied anywhere between 400 nm-

1000 nm.
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Ni

EHT = 5.00 kv Signal A = InLens Date :8 Dec 2011
WD = 92mm Mag = 183.76 K X Time :14:33:44

Ni

wn 1w v

EHT = 5.00 kv Signal A = SE2 Date :16 Dec 2011
WD = 98mm Mag = 66.03 K X Time :14:44:18

1212

Labe B: Precipitate

Date :8 Dec 2011
Time :16:14:24

EHT = 5.00 kV Signal A= SE2

WD = 85mm Mag= 1016 KX

Figure 2.2 a) Cr and Mo rich carbide present in Inconel 617 with b) EDX analysis
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Signal A = SE2 Date 16 Dec 2011
Mag= 2B74 K X Time 14:14:20

e ERATY &

Figure 2.2 a) Cr and Mo rich carbide present in Inconel 617 with b) EDX analysis

Further evidence of the nature of the carbides can be seen in the elemental maps
shown in Figure 2.3. These maps again show that the carbides are rich in chromium and

molybdenum while the matrix is primarily made up of nickel.

Figure 2.3 Elemental maps of carbide precipitates of Inconel 617
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Figure 2.3 Elemental maps of carbide precipitates of Inconel 617
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The as-received Haynes 230 showed similar microstructural features to those of
Inconel 617. Haynes 230 showed the same large, equiaxed grains as Inconel 617 and
these were measured to be an average of 46 um. Appendix A shows the images of
Inconel 617 and Haynes 230 used to calculate grain sizes. The solution annealed Haynes
230 had several annealing twins present throughout the matrix as can be seen in Figure
2.4b, to a greater extent than those observed in Inconel 617. Finally, strings of large,
deformed precipitates were present along the rolling axis as seen in Figure 2.4a. These
were the MgC type carbides, while smaller M,3Cg type carbides were found
intragranularly as can be seen in Figures 2.4d. Both types of carbides were rich in

tungsten and molybdenum as is evidenced in the EDX analysis of Figure 2.5.
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EHT =20.00 kv Signal A = AsB Date :25 Jan 2012 & Signal A= AsB Date -4 Oct 2012

WD = 30mm Mag = 887 X Time :16:00:41 = Mag= 1.00KX Time :12:04:47

EHT = 5.00 kv Signal A= SE2 Date :7 Feb 2012 EHT = 25.00 kv Signal A = AsB Date 9 Feb 2012
WD = 8.7 mm Mag= 375KX Time :10:23:28 WD = 34mm Mag= 1.00KX Time 1222.07

Figure 2.4 Low magnification SEM micrographs of Haynes 230 showing a) the deformed
precipitates in the rolling direction b) the high density of annealing twins c) the
morphology of the deformed precipitates and d) the equiaxed grains
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EHT = 5.00 kv Signal A = SE2 Date :19 Dec 2011
WD = 88mm Mag = 1299 K X Time :9:05:38

|||||

EHT = 5.00 kv Signal A = SE2 Date :19 Dec 2011
WD = 86mm Mag = 150.49 K X Time :10:33:50

wn 1w v

Figure 2.5 W and Mo rich carbide present in Haynes 230 with EDX analysis

Elemental mapping was again performed on Haynes 230, further exposing the
composition of the carbides. Figure 2.6 shows these elemental maps which reinforce that
the precipitates are rich in tungsten and molybdenum. Tungsten was chosen as the
primary alloying element due to its larger atomic size and lower diffusivity in nickel than
molybdenum. Tungsten also reduces the stacking fault energy of nickel which in turn

reduces the cross slip of dislocations [33].
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Figure 2.6 Elemental maps of carbide precipitates of Haynes 230
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Figure 2.6 Elemental maps of carbide precipitates of Haynes 230
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2.2 Tensile Testing

Uniaxial tensile testing was performed on Inconel 617 and Haynes 230 to
determine mechanical properties at various temperatures. This section explains the

specimen design, the machine setup, and the testing conditions.

2.2.1 Specimen Design

Samples were cut from the Inconel 617 and Haynes 230 sheets by way of wire
Electrical Discharge Machining (EDM). The specimens were machined with the dog
bone geometry shown in Figure 2.7. The samples had dimensions of 0.02” thickness,
0.25” gage width, and a 1.25” gage length. The total length of the sample measured
4.72”. The geometry is a subsize specimen and is a scaled down version of the standard

ASTM pin-loaded tension test specimen [34].
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Figure 2.7 Geometry of tensile specimen

2.2.2 Machine Setup

Hot tensile tests were performed by a 5980 Instron® machine with a Materials
Research Furnace® (MRF) which took specimens up to temperatures as high as 950 °C.
The Instron® load frame is comprised of a base, two columns, a moving crosshead, and a
top plate. A 30 kN load cell is mounted on the crosshead and rotation of a ballscrew
drives the crosshead up or down while the guide column provides stability. The
specimen is held in place by pin-and-clevis grips with a %" pin on either side of the gage
length. Strain is registered by an Epsilon strain gage held taut against the specimen by
way of cords looped around the opposite side of the specimen. The strain gage uses

pointed ceramic tips directly touching the thin edge of the specimen. Instron Bluehill®
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software was provided by Instron® which controlled the testing system, ran tests, and
analyzed test data to produce results.

The MRF® furnace housed several components necessary to control the hot
tensile tests. Water coolant lines are simply connected to the main water inlet valve and
run throughout the furnace to remove heat. The controller can be used to adjust pressure
and temperature setpoints, monitor process variables, and shut down the furnace. Two
thermocouples are placed in the hot zone: the primary thermocouple is located close to
the specimen to monitor the temperature of the metal, the secondary thermocouple is
located farther from the specimen and automatically shuts down the furnace should the

temperature increase beyond the maximum of 980 °C.

2.2.3 Hot Tensile Procedures

Prior to testing, the samples were loaded into the Instron machine and held in
place with pin-and-clevis grips. The strain gage was then attached by placing the tips 1”
apart along the gage length. To prevent fraying of the cords holding the strain gage in
place, two small steel clamps were placed on one side of the specimen. At this point the
furnace was sealed shut and a vacuum was pulled to prevent oxidation of the sample.
Once a pressure of 0.1 torr had been reached, the furnace was refilled with high purity
air.

Both elongation and load were zeroed at this point (assuming that the sample had
returned to its original position before the vacuum was pulled). A preload of 20 N was

also placed on the sample at this point, and held throughout the heating process in order
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to prevent a buckling action as the metal parts expanded during heating. The test sample
was then heated at a rate of 25 °C/min to the temperature of interest. Upon reaching this
temperature the specimen was held for a duration of 30 minutes in order to allow thermal
equilibrium between the sample, the grips, and the pulling rods.

Tests were conducted at room temperature, 800 °C, and 950 °C. All tests were
strain controlled and held constant at a strain rate of either 10° s™, 10* s, or -10° s,
These strain rates correspond to an extension rate of 0.000461 mm/s, 0.00461 mm/s, and
0.0461 mm/s, respectively. Strains were relayed from the strain gage and strain rate was
controlled by the Bluehill software. Specimens were taken to fracture, after which the
Instron machine was cooled by flowing water to room temperature. To determine yield, a
0.2% offset was used and the Ultimate Tensile Strength (UTS) was taken from the

maximum stress on the flow curve.

2.2.4 Tensile Test Matrix

A series of tensile tests were run at the temperatures of 25 °C, 600 °C, 800 °C,
and 950 °C, at strain rates of 10° s, 10 s, and 10° s™. At each test temperature and

strain rate, up to three trials were run to provide statistical accuracy as seen in Table 2.2.
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Table 2.2 Experimental test matrix

Trial Temp(afé)ature Strain Rate (s™') | Atmosphere | #1617 | #H230
1 25 10° Air 2 1
2 25 10" Air 2 0
3 25 10° Air 1 0
4 300 10° HP Air 1 0
5 400 10° HP Air 1 0
6 600 10° HP Air 2 1
7 600 10" HP Air 2 0
8 600 10” HP Air 2 0
9 800 10° HP Air 3 1
10 800 10 HP Air 3 1
11 800 10° HP Air 2 1
12 850 10° HP Air 1 0
13 900 10° HP Air 1 0
14 950 10° HP Air 2 1
15 950 10" HP Air 2 1
16 950 10° HP Air 2 1

2.3 Electron Microscopy

Several electron microscopy techniques, including SEM, EDX, and TEM were
used to inspect the microstructure of the as-received material as well as the specimens
fractured at high temperature. They were used to inspect precipitate morphology, grain
sizes, and grain boundaries. In addition they were used to relate recrystallization
mechanisms to microstructural deformation during hot deformation. This section

provides an overview of the procedures used for each technique.

36

www.manaraa.com



2.3.1 Sample Preparation

Sample preparation started by sectioning tensile specimens longitudinally using a
low speed diamond saw. The sectioned samples were then mounted on aluminum stubs
with the adhesive Crystalbond and ground on silicon carbide paper with a water lubricant
to remove burrs and ensure a flat surface. Initial grinding started with 400 grit paper,
followed by 600 grit, 800 grit, and finally 1200 grit paper. Samples were ground to a
thickness of roughly 100 pm.

Following the polishing, 3 mm foils were punched and subsequently
electropolished in a solution of 5% HCIO, and 95% methanol. Foils for electron
microscopy were prepared in a twin-jet Struers electropolisher at -40 °C using a potential
of 18 V d.c. and a current of 116 mA. After electropolishing samples were placed in a
series of cold baths: methanol, ethanol, and a final methanol bath before drying on a

paper towel.

2.3.2 Scanning Electron Microscopy (SEM)

A Zeiss Ultra plus Field Emission SEM (FESEM) was used to obtain high
resolution images of the microstructures of the as-received and deformed specimens of
both alloys. The high resolution allowed for close inspection of grain morphology,
precipitation location, precipitation morphology, annealing twins, and other features

which contribute to recrystallization mechanisms. The optimum imaging voltage was
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determined to be 5 kV and allowed for clear images of particles as small as 100 nm.
Backscattered electrons were also used to gain clearer images of grain boundaries and
these were operated at 20 kV. The working distance for all samples was held constant at

3 mm.

2.3.3 Energy-Dispersive X-Ray Spectroscopy (EDX)

In order to compare the composition of precipitates to the surrounding matrix,
EDX spectra and maps were created. Imaging conditions were changed to an operating
voltage of 15 kV to obtain a higher number of counted electrons. EDX provided
information on the chemical evolution of precipitates present in the nickel-rich matrix.
The software identified peaks of high intensity elements which gave a simple
composition of the alloy. Also, elemental maps could be generated which show a visual

representation of areas rich in certain elements (precipitates compared to matrix).

2.3.4 Transmission Electron Microscopy (TEM)

All TEM experiments were conducted at Argonne National Lab (ANL) using an
Intermediate Voltage Hitachi H-9000NAR TEM. Higher resolution than the SEM
showed grain boundary serrations, carbide diffusion, and most importantly dislocation
motion. The TEM could also more clearly identify grain boundaries at higher

temperatures. In-situ tensile tests at elevated temperatures could be viewed in order to
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see dislocation motion during deformation. An illustration of TEM can be seen in Figure

2.8.

Figure 2.8 TEM setup at Argonne National Laboratory

24 X-Ray Diffraction (XRD)

In order to determine the stoichiometric composition of the carbides present in the
as-received and deformed material, XRD analysis was employed. XRD was performed
on both the bulk material as well as precipitates extracted by way of dissolution. To
perform the extraction 2-4 g samples of Haynes® 230 and Inconel 617 were disassociated
in the highly acidic solution, aqua regia, in order to separate the carbides from the matrix.
The solution was a 3:1 mixture of 15 M nitric acid added to 12 M hydrochloric acid [35].

The complete dissolution of the metallic matrix took roughly three days. Once the matrix
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had dissolved in the solution, the solution was neutralized by slowly pouring it into
sodium bicarbonate and then further diluting it with deionized water. The precipitates
were left at the bottom of the solution and water was slowly added to dilute the remaining
acid. After this the remaining solution was filtered with 0.02 pum filter paper and the
particles were left to dry.

At this point XRD analysis was carried out on the remaining particles to observe
carbide evolution and to determine the metals present in the precipitates. XRD was
carried out by focusing an x-ray beam on the precipitates and observing the scattering
angles of the diffracted beam. The scattering angle can be related to the distance between
planes by Bragg’s Law:

nA = 2dsinf (2.1)
where n is an integer, A is the wavelength of the incident x-ray beam, d is the atomic
distance between the layers in the crystal, and 0 is the scattering angle. The distance
between the atomic planes in the crystal is then used to identify the elements which make

up each precipitate.

2.6 Grain Size Characterization

The size of undeformed grains as well as recrystallized grains was determined by
using ImageJ software. Low magnification SEM images of the grains were outlined in
dark ink and then scanned into the software. The software determined the area of each

grain, from which an equivalent radius could be derived to calculate the average grain
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size. The average grain size was measured using three different areas of the same

magnification in order to minimize statistical error.
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CHAPTER 3

Results
This chapter presents the experimental results obtained from tensile testing and
the subsequent microstructural analysis. This chapter is divided into two sections: hot
tensile flow behavior and microstructural examination. The results are presented first

allowing for a lead-in to the discussion in the following chapter.

3.1 Hot Tensile Flow Behavior

Tensile tests were performed on Inconel 617 and Haynes 230 alloys at several
different temperatures and strain rates. The resulting mechanical properties, stress-strain

behavior and microstructure are examined in this section.

3.1.1 Mechanical Properties

The effects of temperature exposure on the tensile properties of Inconel 617 and
Haynes 230 have been investigated by carrying out tensile tests at room temperature, 300
°C, 400 °C, 600 °C, 800 °C, and 950 °C and comparing those with tensile tests conducted
at room temperature. Details about the procedure and the specimens were described in
sections 2.2.1 and 2.2.3. Samples were tested at different temperatures, at different strain
rates, and in different environments in order to examine the effect that each variable had
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on the mechanical properties. Table 3.1 gives average values of the results of the 0.2%

Yield Strength (YS), the Ultimate Tensile Strength (UTS), and the total elongation at

fracture.

Table 3.1 Testing Matrix of Inconel 617 and Haynes 230

Temperature | Strain Rate YS uTsS % #
Material (°C) (s'l) Atmosphere (MPa) (MPa) | Elongation | Samples
Inconel 617 25 10° Air 426.5 857.4 52.1 2
Inconel 617 25 10" Air 425.1 860.3 61.9 2
Inconel 617 25 10° Air 412.4 850.1 64.0 1
Inconel 617 300 10° HP Air 318.8 741.6 58.46 1
Inconel 617 400 10° HP Air 294.2 734.9 54.28 1
Inconel 617 600 10° HP Air 270.9 696.1 54.7 2
Inconel 617 600 10" HP Air 279.0 758.6 62.7 2
Inconel 617 600 10° HP Air 297.5 739.6 51.7 2
Inconel 617 800 10° HP Air 277.9 387.7 72.4 3
Inconel 617 800 10" HP Air 301.3 301.3 71.1 3
Inconel 617 800 10” HP Air 198.4 201.8 64.4 2
Inconel 617 950 10° HP Air 181.1 182.7 44.5 2
Inconel 617 950 10" HP Air 111.4 112.9 34.6 2
Inconel 617 950 10° HP Air 72.6 75.9 25.3 2
Haynes230 25 10° Air 370.4 823.9 55.1 1
Haynes230 600 10° HP Air 262.1 682.1 53.0 1
Haynes230 800 10° HP Air 275.2 405.4 44.1 1
Haynes230 800 10" HP Air 302.5 303.9 34.5 1
Haynes230 800 10” HP Air 187.6 191.8 29.9 1
Haynes230 950 10° HP Air 177.6 179.7 33.3 1
Haynes230 950 10" HP Air 116.4 120.8 24.3 1
Haynes230 950 10° HP Air 76.0 79.9 20.7 1
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3.1.1.1 Inconel 617

The results indicate that both temperature and strain rate play an important role in
the mechanical behavior of these alloys.

a) Strain Rate Dependence at Each Temperature:

At room temperature the YS and UTS stay nearly constant (430 MPa and 850
MPa respectively) at each strain rate. The elongation increases with a decrease in strain
rate. Samples fracture at about 50% strain at a strain rate of 10 s, but the figure
increases to about 64% at a strain rate of 10° s,

Strain rate plays a larger factor at 600 °C. Yield strength increases roughly 11%
from 270 MPa at a strain rate of 10° s™ to 300 MPa at a strain rate of 10°s™. The UTS
has a maximum of 760 MPa at a strain rate of 10 s and decreases to 735 MPa at a
strain rate of 10° s as seen in Figure 3.1. Significant strain hardening takes place at
both room temperature and 600 °C. The YS is reached quickly and dislocations continue
to build up, acting as obstacles to further dislocation movement. The elongation also
reaches a peak of 64% at a strain rate of 10 s™. At strain rates of 10° s* and 10° s,

elongation at fracture only reaches about 50%.
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Mechanical Properties vs Strain Rate at 600
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Figure 3.1 Mechanical properties of Inconel 617 at 600 °C

At 800 °C the mechanical properties have a marked difference for each different
strain rate. Although the strain rate of 10 s™* has slightly higher yield strength than the
sample tested at strain rate of 10 s, the latter sample experiences significant strain
hardening upon reaching yield. The sample tested at a faster strain rate has a UTS over
90 MPa higher than the sample tested at a strain rate of 10“s™. Meanwhile the sample
tested at a strain rate of 10™ s™* experiences minimum YS, UTS, and final elongation
shown in Figure 3.2. The values for YS and UTS at this speed are 198 MPa and 201

MPa, respectively, about 100 MPa less than the sample tested at a strain rate of 10 s™.
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Mechanical Properties vs Strain Rate at 800
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Figure 3.2 Mechanical properties of Inconel 617 at 800 °C

Finally at 950 °C each mechanical property shows a clear dependence on the
strain rate. As seen in Figure 3.3 values for YS, UTS, and elongation all decrease as the
strain rate is slowed. The YS decreases from 181 MPa to 111 MPa to 74 MPa at strain
rates of 103 s, 10* s, and 10° s, respectively. UTS decreases from 183 MPa to 113
MPato 77 MPa. Regardless of strain rate, there is little work hardening, as each sample
quickly reaches its UTS and the strength declines quickly from that point. Final
elongation takes a steady drop as well, decreasing from 44.5% to 34.5%, and then

ultimately dropping to 22.6% at the slowest strain rate.
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Mechanical Properties vs Strain Rate at 950
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Figure 3.3 Mechanical properties of Inconel 617 at 950 °C

b) Temperature Dependence at Each Strain Rate:

Some interesting observations can be made about the mechanical properties’
dependence on temperature. Yield strength shows a gradual decrease from its maximum
value at room temperature to its minimum value at 950 °C. However, at strain rates
10° st and 10 s, there is a slight increase in YS from 600 °C to 800 °C. This s a
phenomenon known as yield strength anomaly (YSA) and will be discussed in
subsequent chapters. YS increases about 5% and 8% for strain rates of 10> s™* and 10
s respectively. At a strain rate of 10 s, this same trend does not hold true as seen in
Figure 3.4. The trend lines below are simply guides but most likely do not reflect the true
behavior at strain rates of 10 and 10°s™ in the temperature range of 300-400 °C because

there is not the same inflection point seen at a strain rate of 102 s™.
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Yield Strength vs Temperature Inconel 617
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Figure 3.4 Yield Strength Temperature Dependence of Inconel 617

Inconel 617 holds its strength very well as temperature increases. As seen in
Figure 3.5 the UTS only decreases a small amount from room temperature to 600 °C. In
fact, Inconel only loses about 14% of its strength in this temperature range. At higher

temperatures the UTS drops off quickly, losing nearly 65% its strength by the time it

reaches 800 °C.
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Ultimate Tensile Strength vs Temperature
Inconel 617
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Figure 3.5 Ultimate Tensile Strength of Inconel 617 at various temperatures

At a strain rate of 10° s, the mechanical properties of Inconel 617 are seen in
Figure 3.6. There is a slight increase in YS from 600 to 800 °C. Also, there is a plateau
in UTS from 300 to 400 °C. Eventually the YS and UTS values unite at about 850 °C.
Total elongation also shows a large increase from 600 to 800 °C, followed by a severe
decrease at higher temperatures. At each strain rate there is an initial peak similar to that
seen at 800 °C. At 10°s™, itis a single peak followed by a smooth plastic curve which is
an indication of grain refinement. However at strain rates of 10 and 10° s, the initial

peak is followed by successive oscillations which signal recrystallization and grain

coarsening.
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Figure 3.6 Mechanical properties of Inconel 617 as a function of temperature at a strain
rate of 107 s

The mechanical properties of this study compare pretty similarly to those
provided by the manufacturer, Special Metals. Tensile properties at high temperatures of
solution annealed, cold-rolled rods are shown in Figure 3.7. The test specimens were
from rod of 0.50-in (13-mm) or 0.62-in (16-mm) diameter. The tests were performed in
the transverse direction on sheet of 0.187-in. (4.75-mm) thickness [36]. Much like our
study there is a peak in YS around 800 °C, there is a plateau in UTS from 300-600 °C,
and the elongation shows a dip in the intermediate temperatures before reaching its peak
at temperatures around 800-900 °C. Due to the similarities in results it can be assumed

that these tests were conducted at a strain rate of roughly 10 s™.
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Figure 3.7 Mechanical Properties of Inconel 617 provided by Special Metals

c) Curve Behavior:

The stress-strain curve behavior also experiences marked differences based on
temperature and strain rate. As stated before mechanical properties are largely affected
by temperature and strain rate; but the stress-strain curve between the YS, the UTS, and
the fracture point offers significant insight to the behavior of the alloys. Often, the stress-
strain curve behavior can be even more telling about the underlying mechanisms than the
mechanical properties.

First, we will examine the effect that strain rate has on Inconel 617 at 600 °C as
shown in Figure 3.8. Mentioned in the previous section, the biggest difference in these
curves is the point of fracture. Samples strained at a rate of 10 s had a longer
elongation than those strained at 10 s™ and 10®° s™. Another significant observation that
can be made in these curves is the large amount of oscillations in the plastic region. The

next section will thoroughly cover these oscillations seen at different temperatures.
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Stress vs Strain of Inconel 617 at 600 °C
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Figure 3.8 Stress-strain curves of Inconel 617 at 600 °C

At 800 °C, strain rate plays a more important role in the curve behavior of Inconel
617. As can be seen in Figure 3.9, each strain rate has a unique stress-strain curve. Ata
strain rate of 10 s there is significant strain hardening once yield has been reached.
Accompanying the strain hardening there are also significant oscillations in the curve.
Upon reaching UTS at about 4% strain, the curve becomes smooth and gradually the
alloys loses strength. The slower strain rates of 10 s and 10° s produce curves with
no strain hardening, indicating that a different microstructural mechanism has become
dominant in mechanical behavior. The alloy reaches its yield strength and proceeds to
slowly lose strength until fracture. The curve at a strain rate of 10° s™ is similar in
appearance to that strained at 10 s*. The YS, UTS, and elongation at fracture are all

proportionally lower to the samples strained at a faster rate.
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Stress vs Strain of Inconel 617 at 800 °C
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Figure 3.9 Stress strain curves of Inconel 617 at 800 °C

Again at 950 °C the samples strained at 10 s show the most unique curve

behavior. Seen in Figure 3.10, the alloy reaches yield, has a quick drop in strength,

followed by a gradual, smooth loss in strength until failure. Meanwhile, the samples

tested at the slower strain rates do not have the sharp peak seen at yield. Rather, they

reach yield and then have small oscillations until reaching fracture. As seen at 800° C,

the curve of the slowest strain rate has a similar appearance to that tested at 10™ s, but

with lower values. YS, UTS, and final elongation are all smaller at a strain rate of 10° s™

than at a strain rate of 10 s™. Also seen at the slower strain rates is a single large peak

reached at yield followed by cyclic serrations. Such cyclic behavior is an indication of

recrystallization and signals the beginning of grain coarsening [5].
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Stress vs Strain of Inconel 617 at 950 °C
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Figure 3.10 Stress-strain curve of Inconel 617 at 950 °C

3.1.1.2 Haynes 230

Haynes 230 shows very similar mechanical properties to Inconel 617 at all
temperatures (the full results can be seen in Table 3.1 and in Figure 3.11), but reached
failure at a lesser elongation. At 800 °C, YS and UTS values are within 5% of those of
Inconel 617. Regardless of strain rate, Haynes 230 follows a similar curve to alloy 617.
However, Haynes constantly fractures at a much earlier point than Inconel. At a strain
rate of 10 s Haynes reaches a final elongation of only 44%, compared to 72% reached
by Inconel. When tested at the slower strain rate of 10 s™, the difference is even more
pronounced as Haynes fractures at 34% compared to 71% elongation by Inconel. While

Haynes showed the same strength seen by Inconel, it fails to match the total elongation at
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800 °C. This decline in total elongation is illustrated by the plot of total elongation in

Figure 3.12, along with other mechanical properties of Haynes 230.
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Figure 3.11 Comparison of stress-strain curve between Inconel 617 and Haynes 230

At 950 °C Haynes again shows the same behavior as Inconel. The values of YS

and UTS are within percentage points of each other for every strain rate. At a strain rate

of 10 s the YS of Haynes and Inconel are 178 MPa and 181 MPa, respectively. The

UTS of the two alloys are 180 and 183 MPa. Again the elongation at fracture of Haynes

230 is less than that of Inconel 617, although the difference is not as apparent as at 800

°C. The elongation of 230 only reaches 33%, while 617 hits 44% elongation before

fracture.
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Mechanical Properties vs Temperature of
Haynes 230
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Figure 3.12 Mechanical properties of Haynes 230 as a function of temperature at 10° s
Listed below in Table 3.2 are the mechanical properties given by Haynes
International [37]. The gentle decrease in UTS until 760 °C agrees with the results in our
study. Haynes International also found a plateau in YS between 540-760 °C, followed by
a quick decrease in YS. However, the values in final elongation continually increase
from those tested at room temperature all the way up to 1205 °C. Our results showed a

general decrease with an increase in temperature.
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Table 3.2 Mechanical properties of Haynes 230 provided by Haynes International

Test Ultimate 0.2% Yield Elongation in

Temperature Tensile Strength Strength 2 in (51mm)
°F °c) Ksi (MPa) Ksi (MPa) %
Room (Room) 125 (860) 57 (395) 50
1000 (540) 103 (705) 40 (275) 53
1200 (650) 98 (675) 40 (275) 55
1400 (760) 88 (605) 42 (275) 53
1600 (870) 63 (435) 37 (255) 65
1800 (980) 35 (240) 21 (145) 83
2000 (1095) 20 (140) 11 (76) 83
2100 (1150) 13 (91) 7 (47) 106
2200 (1205) 9 (65) 4 (30) 109

Haynes 230 exhibits similar stress-strain curve behavior to Inconel 617. At room
temperature Haynes exhibits continuous plastic flow. Upon reaching the intermediate
temperature of 600 °C, the same large oscillations observed in Inconel are again seen in

Haynes. Figure 3.13 shows the curve behavior as the temperature increases for Haynes

230.
Stress vs Strain of Haynes 230 at 103 s!
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Figure 3.13 Stress-strain curve of Haynes 230 at various temperatures
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At 800 °C and a strain rate of 10° s, Haynes undergoes the same strain
hardening as Inconel up until about 5% strain. After this point the material softens until
fracture. At higher temperatures and slower strain rates Haynes displays the same strain
softening phenomena as observed in Inconel. The main effect that strain rate has is to
decrease the YS, the UTS, and the final elongation. However, Haynes tends to fracture at

a much earlier point than Inconel, as can be seen in Figure 3.11.

3.1.2 Stress Serrations

Several samples tested at different temperatures and strain rates experience stress
serrations. These serrations occur over numerous sections of the flow stress curve and
differ in magnitude and periodicity. Also worth noting is the shape of the serrations
which vary between saw tooth and sinusoidal. It is expected that the deformation
mechanisms at play during testing correlate with microstructure evolution, resulting in
the serration types observed in the curves. Shown below in Table 3.3 are the amplitude,

period, and type of serration at each testing condition that serrations were observed.
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Table 3.3 Stress serration information for Inconel 617 at elevated temperatures

Temperature Strain Rate(s™) Amplitude (N) Amplitude (MPa) Period (s) Type
600 107 95 22 0.25 Sawtooth
600 10 97 23 4 Sawtooth
600 10° 100 23 35 Sawtooth
800 10° 60 15 0.25 Sawtooth
800 10 7 2 35 Sinusoidal
800 10° 13 3 45 Sinusoidal
950 10° N/A N/A N/A N/A
950 10 8 2 40 Sinusoidal
950 10° 13 3 45 Sinusoidal

At 600 °C, every strain rate exhibits serrations upon reaching yield. The
serrations remain fairly constant along the length of the curve and fluctuate anywhere
between 22 MPa and 25 MPa in amplitude. The period of these serrations is about 0.25 s
at a strain rate of 102 s, and increases to roughly 35 s at a strain rate of 10°s™. All of
the curves also have sharp serrations, rising and falling with discrete peaks as seen in
inset of Figure 3.12. For a comparison of the period at different strain rates, all three
plots are presented with the same time scale in Figure 3.14. The time scales on these
plots are arbitrary but all strain takes place between 10-20%. The biggest difference
between the three strain rates is that the oscillations remain steady along the curve at a
strain rate of 102 s, but they ultimately disappear after roughly 30% strain for strain
rates of 10 and 10 s™. However, the strain rates all show a similarity in size and shape

of the flow serrations.
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Figure 3.14 Plots of stress vs time of Inconel 617 at 600 °C over an arbitrary 100 second
span for strain rates of a) 10° s b) 10*s™ and c) 10° s*
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At 800 °C, each strain rate has its own unique serration behavior. A strain rate of
10 s™ produces serrations similar to those seen at 600 °C. Although smaller in
magnitude (roughly 15 MPa), they have a similar period of 0.25 s and a shape consistent
with that seen in Figure 3.15. However, they only occur over a small portion of the curve
from 2-5% strain, in which the sample is experiencing strain hardening, there are no
serrations in the softening region. The slower strain rates of 10 and 10 s produce
oscillations with a more sinusoidal wave character. As seen in Figure 3.15 there is also
an underlying region of sharp peaks; however, these have been determined to be
background noise, with an amplitude less than 0.5 MPa. Again the three different strain
rates are presented together in Figure 3.15 to compare the periods. The time scale is
arbitrary but oscillations at 10° s™ occur early between 2-5% while the oscillations
shown at slower strain rates of 10 and 10” s™* occur in the softening portion of the curve
between 10-20% strain. The slower strain rates produce sinusoidal oscillations more

consistent with those observed at higher temperatures.
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Figure 3.15 Plots of stress vs time of Inconel 617 at 800 °C over an arbitrary 100 second
span for strain rates of @) 102 s b) 10*s™, and ¢) 10° s*
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At 950 °C, the stress oscillations definitely become less visible. In fact,
the fastest strain rate of 10 s™* doesn’t show any oscillations, but they become more
apparent at 10 and 10° s™. As seen in Figure, these oscillations have the same shape as
those seen in the above Figure 3.15. Again small, sharp oscillations underlie the more
dominant sinusoidal oscillations, caused by a similar background noise as seen at 800 °C.
Although the amplitude doesn’t change between the two strain rates, the oscillations
occur much more frequently at 10 s, suggesting that the underlying deformation
mechanism is occurring at a greater rate. Lastly, the three strain rates are all shown
together in Figure 3.16 to gain perspective on the period of the serrations. Again, the
time scale is ambiguous but all of the serrations occur in the softening region between 10-

20% strain.
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1031

[uny
~N
o

_-‘K-h-‘._

[any
)]
(2}

———

160 *\‘
150 T T T T T T T T T 1
0 10 20 30 40 50 60 70 80 90 100

Time (s)

Tensile Stress (MPa)

b)  Stress vs Time of Inconel 617 at 950 °C and 10*%
s-1

107

T
o O
a o
|
}

0 20 40 60 80 100
Time (s)

Tensile Stress (MPa)
=
o
D

¢)  Stress vs Time of Inconel 617 at 950 °C and

10> s1
__ 67
6.“ 66 \\\ /Nv\

P48
g— 22 \‘/V\'. / \v/ ~— P
§ 63 \v/ W
5-; 62
o 61 T T T T T T T T T )
% 0 10 20 30 40 50 60 70 80 90 100
E) Time (s)

Figure 3.16 Plots of stress vs time of Inconel 617 at 950 °C over an arbitrary 100 second
span for strain rates of @) 10° s b) 10*s™ and c) 10° s*
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3.2 Microstructure Examination

The following section details the microstructural features of Inconel 617 and
Haynes 230 after tensile deformation. Microstructural analysis was carried out using
SEM, EDX, XRD and TEM. Characteristics investigated include grain size, precipitate

redistribution, and dislocation movement.

3.2.1 Inconel 617

Specimens of Inconel 617 were observed under SEM and TEM in order to
identify precipitates, grain boundaries, and grain morphology. Samples deformed at
temperatures of 600 °C, 800 °C and 950 °C and strain rates of 10° and 10° s were
examined, and each temperature and strain rate possessed a unique microstructure. As
mentioned in Chapter 2, three mm discs were punched at the area of fracture to ensure

that all microstructure observations are as near to the fractured region as possible.

a) 600 °C/10°%s™

The grain size of those samples tested at 600 °C remained largely undisturbed.
As seen in Figure 3.17 the grains near the fracture area exhibit slight deformation along
the tensile axis but not enough to cause any change in the grain size. Also noticeable in

these SEM images is the presence of the MgC carbides, which are still littered throughout
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the surface. Further evidence of these large carbides will be seen below in TEM

micrographs.

EHT = 5,00 kV Signal A= SE2 Date :12 Mar 2013 EHT = 5.00 kv Signal A= SE2 Date :12 Mar 2013

WD = 85mm Mag= 501X Time 9:14:26 H WD = 86 mm Mag= 1.00KX Time :8:22:38 ﬁ

Figure 3.17 SEM images of the grain size of Inconel 617 deformed at 600 °C and 1035
The specimens tested at 600 °C and 107 s™ showed some dissolution of large
carbides. But the dissolution was not extensive as the average size of precipitates
remained close to the initial size as seen in Figure 3.18. As can be seen in Figure 3.19
many smaller M23Cg carbides have reprecipitated from the larger M¢C carbides. In such
precipitates the carbon atoms have yet to diffuse throughout the matrix. At the same time
these original carbides have decreased in size indicating that the diffusion process has

begun but requires a higher temperature for full dissolution.
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Figure 3.19 TEM micrographs of reprecipitated M,3Cg carbides at of Inconel 617 after
tensile testing at 600 °C and 103 s

b) 800 °C/10°s™

Inconel samples tested at 800 °C and 10 s™ possessed an elongated grain
structure when observed close to the fracture area. The average size of grains actually
increased to 39 um as the grains were stretched along the deformation axis as can be seen

in Figure 3.20. Distinct slip bands were also observed under both TEM and SEM. Such
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slip bands form during the initial plastic deformation when strain hardening takes place.
Two types of precipitates were observed under these conditions. Large, faceted
precipitates similar to the as-received material were found throughout the grains. These
precipitates were anywhere in size from 1-3 pum, a severe reduction in size from the 4-10
pm precipitates seen in the as-received material. However, smaller precipitates were also
present, covering a large portion of the surface as can be seen in Figure 3.21. These
smaller precipitates were anywhere from 20-200 nm in size. In some cases these smaller
carbides were found on top of the larger carbides. Both types were chromium and
molybdenum rich carbides, with the smaller ones most likely being the M,3Cg type [38].
There was also some evidence of the original locations of the MgC carbides along the

grain boundaries.

EHT = 15.00 kv Signal A= AsB Date :4 Oct 2012 Signal A = SE2 Date :27 Sep 2012
WD = 33mm Mag= 301X Time :9:40:25 | — Mag= 352X Time :9:36:35
: i 7

Date :27 Sep 2012 i Signal A = SE2 Date :28 Sep 2012
Time :9:19:41 | Mag= 503X Time :11:02:06
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EHT = 15.00 kv Signal A= AsB Date -4 Oct 2012
WD = 33mm Mag= 503X Time 9:41:15

Signal A= SE2 Date :27 Sep 201
Mag = 7221 KX Time :9:40:17
- ¢, T

Date :27 Sep 2012
Time :9:18.08

Figure 3.21 Precipitates present in Inconel 617 deformed at 800 °C and 10 s™
c) 800 °C/10°s™
When the strain rate was slowed to 10” s, posttest examinations showed grains

near the fracture area with some elongation but recrystallization had also occurred. Grain
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boundaries were less distinct so grain size measurements weren’t possible, but grain

refinement seems to have occurred as seen in Figure 3.22. Recrystallized grains appeared

to nucleate on grain boundaries and deformation twins. The same types of carbides

existed as at 10° s™, but the M,3Cs type completely covered the surface and to a larger

extent they laid on top of the MgC carbides.

Signal A= SE2 Date :28 Sep 2012 ZEISS EHT = 15.00 kW'
Mag= 301X Time :12:20:06 WD = 3.1 mm

20pm Date 27 Sep 2012
H WD = 88mm Time :9:54:14

Signal A = AsB Date 4 Oct 2012
Mag= 503X Time 10:35:147

Signal A= SE2 Date :28 Sep 2012

Mag= 1.00KX Time :12:23:51

Figure 3.22 Recrystallized grains of Inconel 617 deformed at 800 °C and 10° s
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EHT = 15.00 kv Signal A= AsB Date -4 Oct 2012
WD = 31 mm Mag= 1.00KX Time :10:40:36

Figure 3.22 Recrystallized grains of Inconel 617 deformed at 800 °C and 10° s™

d) 950 °C/10° s*

At higher temperatures of 950 °C, complete recrystallization ensued near the
fracture region. Again, it was difficult to discern each grain boundary but the large,
equiaxed grains present in the as-received material had completely disappeared.
Comparing Figures 3.22 and 3.23 it is evident that recrystallization occurred to a greater
extent at 950 °C than at 800 °C. TEM micrographs also clearly show these smaller
grains, with some recrystallized grains as small as 500 nm as seen in Figure 3.25. Also
notice in Figure 3.25 that the reprecipitated carbides tend to aggregate along the subgrain
boundaries. As can be seen in Figure 3.26, TEM micrographs of the smaller M,3Cs
carbides are a predominant feature of the microstructure now as nearly all of the initial
MgC carbides have dissolved, leading to reprecipitation. The M23Cg type carbides are
sometimes found along subgrain and grain boundaries as seen in Figure 3.25. They also
covered a large portion of the matrix surface as evidenced in Figure 3.26. This may be a
result of electropolishing as electrostatic forces cause the precipitates to stick to the
surface of the sample. Both types of precipitates were again found to be rich in

chromium and molybdenum.
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EHT = 15.00 kv Signal A = AsB Date 4 Oct 2012 ﬁ 100 pm EHT = 15.00 kv Signal A = AsB Date 4 Oct 2012 ﬁ

EHT = 500 kv Signal A= SE2 Date :28 Sep 2012 EHT =15.00 k¥ Signal A= AsB Date :4 Oct 2012
WD = 83mm Mag= 503X Time :11:2559 — WD = 3.0mm Mag= 2.00KX Time :10:01:55

>
Signal A= SE2 EHT = 500k Signal A= SE2 Date :28 Sep 2012
WD = 9.3 mm Mag = 20.00 KX Time :11:34:49 WD = 9.3 mm Mag = 100,00 K X Time :11:36:22

> e

Figure 3.24 Small M,3Cq¢ carbides which have reprecipitated in Inconel 617 deformed at
950 °C and 107 s
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Figure 3.25 TEM micrographs of Inconel 617 deformed at 950 °C and 10 s™ showing
small recrystallized grain structure and carbides forming along subgrain boundaries

Figure 3.26 TEM micrographs of Inconel 617 deformed at 950 °C and 10" s with M3Cs
carbides precipitated throughout matrix

Further evidence of the reprecipitated M,3Cg carbides can be found from XRD
analysis. As can be seen in Figure 3.27a the five main matrix peaks are located at two
theta values of 43.60°, 50.79°, 74.68°, and 90.63°, and 95.90°. These peaks are some

mixture of nickel, chromium, and iron which make up a large part of the matrix. The
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relative intensity of these five peaks changes from the as-received material to those tested
at elevated temperatures of 800 °C and 950 °C, indicating that there is a change in texture
of matrix which may be caused by recrystallization. However, a zoomed-in look of the
same spectrum seen in Figure 3.27b shows that the secondary peaks also evolve with
temperature. Especially evident are the three peaks at two theta values of 19.04°, 21.08°,
and 22.76°. In the as-received material there are no secondary peaks in these locations
however they are quite distinct at 800 °C, and become even more so at 950 °C. This is
indicative of carbide evolution taking place at higher temperatures. The same is true of
the peaks located at two theta values of 35.81°, 39.23°, 72.83°, 77.04°, 81.43°, and
83.65°. Due to the complexity of Inconel 617 these peaks could not be distinctively
identified. But previous studies have identified these metals by extracting the carbides
from the matrix. They were identified as M,3Cg carbides with the metals being a

combination of molybdenum and chromium [38].

a) Full XRD Spectrum Inconel 617
12000
10000
111 220
8000 200 311
§ 6000 _— As Received
- 4000 y —8oo¢
A/ w e AJLA A 950 °C
|
2000 l l
O T ‘Ai T 1 l 1
30 40 50 60 70 80 90 100

2 Theta (deg.)

Figure 3.27 XRD spectrums of bulk samples of Inconel 617 with a) showing full peaks
and b) showing the zoomed-in peaks
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b) Reduced XRD Spectrum Inconel 617
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Figure 3.27 XRD spectrums of bulk samples of Inconel 617 with a) showing full peaks
and b) showing the zoomed-in peaks

3.2.2 Haynes 230

Specimens of Haynes 230 were observed under SEM and TEM in order to
identify precipitates, grain boundaries, and grain morphology. Samples deformed at
temperatures of 600 °C, 800 °C and 950 °C and strain rates of 10° and 10° s™ were
examined, and each temperature and strain rate possessed a unique microstructure.

a) 600 °C/10° s

When deformed at 600 °C, Haynes 230 retains a very similar grain structure to the
as received material. Figure 3.28 shows the grains near the fracture region which are still
mostly equiaxed, with a slight elongation in the tensile direction. Also noticeable are

traces of slip bands in some of the grains. This sample is also characterized by large
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carbides with sporadically placed smaller precipitates seen in Figure 3.29. Many of these
smaller precipitates seem to align along slip bands as seen in Figure 3.30. The rows may
be areas where slip bands have formed, where diffusing carbon atoms migrate to and
reprecipitate into the smaller carbides. They also congregate around the larger
precipitates where the carbon appears to diffuse and reprecipitate into the smaller M,3Cs
carbide. Forests of dislocations appear throughout the matrix which further pin other
dislocations into immobile locations, shown in Figure 3.31. The pinning of dislocations
may be responsible for the serrated flow observed at 600 °C, as dislocations build up in

one area until there are enough to break free of the immobile dislocation and continue

smooth plastic flow. This will be discussed further in Chapter 4.

Signal A= SE2 Date :12 Mar 2013 EHT = 5.00 kv Signal A= SE2 Date :12 Mar 2013
Mag= 501X Time :10:31:16 H WD = 85mm Mag= 1.00KX Time :10:15:47

Figure 3.28 Grain structure of Haynes 230 deformed at 600 °C and 103 s™
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EHT = 5,00 kV Signal A= SE2 Date :12 Mar 2013 EHT = 5.00 kv Signal A= SE2 Date :12 Mar 2013
WD = 86 mm Mag= 1.00KX Time :10:32:03 WD = 86 mm Mag= S00KX Time :10:62:13

Figure 3.29 Many large carbides continue to exist in Haynes 230 microstructure
deformed at 600 °C and 10 s*

Figure 3.30 Rows of smaller carbides aligning into grain boundaries in Haynes 230
deformed at 600 °C and 10 s
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b) 800 °C/103s™

Alloy 230 displayed a similar microstructure to that of alloy 617 at 800 °C and
10 s, Grain elongation took place near the fractured area; however grain size was only
reduced to 38 um as shown in Figure 3.32. The images used to analyze grain size data
are presented in Appendix A. M3Cg type carbides were observed to a lesser extent than
Inconel 617, as they were sparsely interspersed through the matrix. More common were
the M¢C type carbides which were anywhere in size from 4-9 um in size and can be seen
in Figure 3.33. These carbides exhibited much less dissolution as the initial carbides
were no larger than 11 um. Both of these carbides were rich in tungsten.

TEM micrographs again confirm large amounts of small reprecipitated carbides
littered throughout the matrix. In many cases the carbides are aligned into parallel lines
forming small bands as seen in Figure 3.34. These bands often form in parallel and
terminate at grain boundaries. In some areas it is also possible to observe the diffusion
process as large MgC carbides are seen shrinking and have a more globular appearance
(Figure 3.36). Along with these carbides there are large tangles of dislocations. Such a
high dislocation density probably improves the strength of the alloy and gives it the

region of work hardening observed at 10 s,
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EHT =15.00 k¥ Signal A= AsB Date :4 Oct 2012 EHT =15.00 k¥ Signal A= AsB Date :4 Oct 2012
WD = 37 mm Mag= 301X Time :11:18:46 | — WD = 3.6mm Mag= 300X Time :11:22:37

EHT =15.00 k¥ Signal A= AsB Date :4 Oct 2012 EHT =15.00 k¥ Signal A= AsB Date :4 Oct 2012

WD = 37 mm Mag= 1.00KX Time :11:19:53 H WD = 36mm Mag= 1.00KX Time :11:24:18

Mag= 2001 KX Time :11:21:25 WD = 9.6 mm Mag = 10001 KX Time :11:23:15

Signal A = SE2 Date 2 Oct 2012 EHT = 5,00 kv Signal A= SE2 Dete :2 Oct 2012 W

Figure 3.33 Haynes 230 carbides after deformation at 800 °C and 103 s
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Figure 3.34 Bands of small reformed carbides in Haynes 230 after deformation at 800 °C
and 10°s™

Figure 3.35 Aggregations of tiny secondary precipitates in Haynes 230 after deformation
at 800 °C and 107 s™

Figure 3.36 Large MgC carbides start to lose their shape as solute atoms diffuse into the
matrix at 800 °C and 102 s in Haynes 230
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c) 800 °C/10°s™

At a strain rate of 10° s, grain boundaries were easier to locate than Inconel 617
as seen in Figure 3.37. Also, near the fracture region Haynes retained more of the
original carbide structure than Inconel, as deformed carbides could still be seen in the
rolling direction. However the size of the large precipitates decreased when compared to
initial microstructure partial dissolution which is clearly visible in Figure 3.38.
Recrystallization had taken place to some extent and the grains were more equiaxed than
elongated. Reprecipitation of the M3Cg carbides also took place with the presence of
numerous small precipitates as shown in Figure 3.38. In addition to amassing on
subgrain boundaries, the M,3Cg carbides also appeared preferentially on slip bands. These
also were tungsten rich and ranged in size from 50-100 nm. TEM micrographs show
bands of these precipitates as seen in Figure 3.39. In some cases these bands were

observed to cross which could impede plastic deformation of the material (Figure 3.40).

EHT = 15.00 kv Signal A= AsB Date :4 Oct 2012 EHT = 15.00 kv Signal A= AsB Date :4 Oct 2012
WD = 28mm Mag= 301X Time :12:22:18 H WD = 28mm Mag= 503X Time :12:26:28

Figure 3.37 Grain Structure of Haynes 230 after deformation at 800 °C and 10 s*
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Signal A = AsB ct 2012 Signal A = AsB Dat
Mag= 503X Time :12:15:00 Mag= 1.00KX Time :12:18:04

Signal A= SE2 Date :12 Oct 2012
mm Mag = 5001 KX Time :10:51:12

00 kV Signal A= SE2 Date 12 Qct 2012
WD = 8.1 mm Mag = 5001 KX Time :10:28.08

EHT = 5,00 kv Signal A= SE2 Date 12 Qct 2012
WD = 8.2mm Mag = 5001 KX Time :10:37.07

Figure 3.38 Surface of Haynes 230 after deformation at 800 °C and 10 s*
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Figure 23519 Bands of precipitates aligned in Haynes 230 following deformation at 800 °C
and 10™ s

Figure 3.40 Crossing bands of precipitates formed in Haynes 230 following deformation
at 800 °C and 10° s™

d) 950 °C/103 5™

Recrystallization is even more apparent in Haynes 230 than Inconel 617 at
950 °C. Low magnification SEM photos show a texture of refined grains much smaller
than the as-received material as shown in Figure 3.41. Such grain refinement is due to
recrystallization. Similar to lower temperatures, the alloy again maintained much of its
original carbide structure with deformed carbides observed in the rolling direction.
However the size of these large precipitates decreased indicating partial dissolution. Also
reprecipitation of small carbides happened along grain boundaries as shown in Figure

3.42. A higher magnification micrograph shows that reprecipitation also occurs
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intragranularly (Figure 3.42). Unlike alloy 617, the original carbides changed

morphology and seemed to form a more globular shape.

Signal A= SE2 Date :2 Oct 2012 Signal A= SE2 Date :2 Oct 2012
Mag= 503X Time :12:1546 1 Mag= 501KX Time :12:19:35

% R E g 2 >
EHT = 15.00 k¥ Signal A = AsB Date :4 Oct 2012 EHT = 15.00 k¥ Signal A = AsB Date :4 Oct 2012
WD = 35mm Mag= 503X Time :11:2843 |_| WD = 36mm Mag= 301X Time :11:44:56

EHT = 15.00 kv Signal A= AsB Date -4 Oct 2012
WD = 36mm Mag= 1.00KX Time :11:46:51

Figure 3.41 Grain structure of Haynes 230 after deformation at 950 °C and 10 s*
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EHT = 5.00 kv Signal A= SE2 Date :2 Oct 2012
WD = 84 mm Mag = 20.01 KX Time :12:21:26

Figure 3.42 Carbide morphology of Haynes 230 after deformation at 950 °C and 103 s™
XRD analysis of Haynes 230 was very similar to that of Inconel 617. The matrix
peaks were located at two theta values of 43.60°, 50.79°, 74.67°, and 90.63° and 95.90°.
Again this identified with some variation of nickel chromium iron mixture which formed
the matrix. The relative intensity of these five peaks changes from the as-received
material to those tested at elevated temperatures of 800 °C and 950 °C, indicating that
there is a change in texture of matrix possibly caused by recrystallization. More
interesting are the secondary peaks which can be seen in Figure 3.43b. As stated before,
Haynes 230 retains more of its original microstructure at elevated temperatures than does
Inconel 617. The secondary peaks show less relative growth at higher temperatures than
those in Inconel 617. This agrees with previous SEM and TEM observations in which
fewer secondary carbides were observed forming at higher temperatures. Again, the
peaks could not be explicitly identified as several phases interfere with each other and the
peaks are convoluted. Extractions were performed on Haynes 230 using aqua regia
however many of these peaks were obscured by chlorides which were formed with

tungsten. These spectra are presented in Appendix B. Comparisons of Inconel 617 and
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Haynes 230 can also be seen in Appendix B, in which the carbide evolutions can clearly

be distinguished between the two.

a) Full XRD Spectrum Haynes 230
12000
10000
111
8000 ' 200 220 311
E 6000 Al e ‘A* A As Received
C 4000 —s0orc
A L L A ———950°C
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0 _Q_M-J : . . “A~ - —IJ A-N.—I
30 40 50 60 70 80 90 100
2 Theta (deg.)
b) Reduced XRD Spectrum Haynes 230
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——800
——950
2 Theta (deg.)

Figure 3.43 XRD spectrums of bulk samples of Haynes 230 with a) showing full peaks
and b) showing the zoomed-in peaks
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CHAPTER 4

Discussion

This chapter discusses the experimental results presented in chapter 3. Results are
compared to previous studies and deformation mechanisms are discussed, with the
overall goal to explain the effects of strain rate and temperature on the mechanical

properties as well as the observed serrated yielding.

4.1 Mechanical Properties

This section explores the shifts observed in yield strength, ultimate tensile
strength, and total elongation as the temperature and strain rate change. Competing
processes take place as the materials are deformed: hardening processes such as dynamic
strain ageing (DSA), and softening processes such as dynamic recrystallization (DRX).
The following subsections explore the dominant mechanism at each temperature and

strain rate.
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4.1.1 Yield Strength

a) Temperature Effect:

Yield Strength vs Temperature
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Figure 4.1 Yield strength as a function of temperature of Inconel 617

The yield strength tends to decrease with an increase in temperature. Especially
at a strain rate of 10® s, the yield strength quickly decreases above temperatures of
600 °C (Figure 4.1). However, there are some interesting irregularities at the faster strain
rates. At strain rates of 102 and 10 s there is an increase in yield strength from 600-
800 °C before decreasing to the value recorded at 950 °C. As mentioned in Chapter 3
this is a phenomenon known as Yield Strength Anomaly (YSA) in which the yield
strength actually increases at elevated temperatures. YSA is generally found in ordered,
intermetallic L1, alloys at about one half of the melting point [39]. The melting point of
Inconel 617 is in the range of 1332-1380 °C [36], so that YSA occurs at 45-60% of the

melting temperature in this study. Roy et. al observed the phenomena when testing
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Inconel alloys 617 and 718 in the temperature ranges 800-900 °C and 700-800 °C,
respectively [40, 41]. The mechanism behind YSA is not fully understood yet, but may
be due to the phase transformation of precipitates formed at 800 °C, as indicated in
previous micrographs. The dissolution of the original carbides, reported in our study
above 600 °C, works in two manners to harden the alloys. First it adds a significant
amount of solute atoms into the matrix which act as barriers to dislocation motion. At
800 °C, the initial large MgC carbides have significantly dissolved and reprecipitated into
small M»3Cg carbides as can be seen in Figure 4.2. Figure 4.3 also shows dislocation
pile-ups at grain boundaries which would cause further hardening. The same could be
said at 950 °C, however at this higher temperature the thermal energy is great enough for
dislocations to move by barriers more easily. And more importantly, at 950 °C the
strengthening provided by the precipitates must also compete with the softening process

of recrystallization which was observed to be more extensive at 950 °C.

Figure 4.2 TEM micrograph of reprecipitated M,3Cg carbides in Haynes 230 deformed at
800 °C and 107 s
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Figure 4.3 TEM micrograph showing dislocation pile-ups at grain boundaries in Haynes
230 deformed at 800 °C and 10 s*

b) Strain Rate Effect:

In our experiments, strain rate had a noticeable effect on the yield strength of the
material depending on the temperatures. At room temperature, there was a minimal

change in the yield stress due to strain rate.
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Yield Strength vs Strain Rate Inconel 617
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Figure 4.4 Yield strength as a function of strain rate of Inconel 617

At 600 °C, there is a slight increase in yield stress with decreasing strain rate
from 270.9 MPa at 10° s t0279.0 MPa at 10* s and 297.5Mpa at 10° s™ as seen in
Figure 4.4. This increase may be due to the onset of the dissolution of the large carbides
which puts a certain amount of solute atoms in solution followed by reprecipitation of
smaller intra and inter granular carbides. TEM evidence of the smaller secondary
precipitates is shown in Figure 4.5. Electron microscopy of the test samples showed that
this process is limited at 600 °C compared to 800 °C and 950 °C. When decreasing the
strain rate, the time necessary to reach yield is increased and the process of dissolution
may be enhanced during that time frame. Indeed, the dissolution of the large precipitates
and the formation of small M,3Cs carbides may occur to a great extent in the time frame
needed to reach yield at lower strain rates as shown in table 4.1. The difference in time it
takes to reach yield at a given temperature increases with decreasing strain rate, while the
yield stress value reached decreases. Increasing times necessary to reach yield allow for

the dissolution of the larger precipitates to occur to a greater extent. The solute atoms act
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as obstacles to dislocation motion which is known as solute drag. But once these solutes
have reached a certain concentration they begin to form the secondary M,3Cg carbides
mentioned above. Again these larger formations inhibit the movement of dislocations.
Dislocations may have the ability to cut through some precipitates with enough applied

energy, or they may have to bow around other precipitates.

Figure 4.5 TEM micrograph of secondary precipitate formation in Inconel 617 deformed
at 600 °C and 10°s™

At 800 °C, the yield stress increases when going from 102 s to 10 s* and then a
noticeable decrease in yield stress occurs from 10 s to 10° s*. The shape of the stress-
strain curve is affected by the transition in strain rate from 10 s™ to 10 s™ as seen in
figure 4.4. The yield point is followed by a short strain hardening section at 10° s
which is suppressed at 10 s™as the material is subject to a softening mechanism. Indeed,
at 10* st and 10° s, the stress-strain curve decreased after yielding, probably due to
dislocations escaping from Cotrell atmospheres, followed by a slight increase which

leaves the values of stress below the yield stress value; quickly thereafter the stress-strain

92

www.manaraa.com



monotonically decreases showing that the material deformation is controlled essentially
by a softening mechanism (dynamic recrystallization).

Similarly to 600 °C, the small increase in yield stress from 10° s to 10 s™* may
be attributed to the dissolution of the large precipitates and the formation of small M33Cs
carbides as the dissolution of the original large M¢C carbides may occur to a greater
extent in the time frame needed to reach yield at lower strain rates as shown in table 4.1.
But at this temperature the process of dynamic recrystallization is noticeable and plays a
big part in the microstructure evolution, which could explain the elimination of the strain
hardening section of the stress-strain curve at 10 s™ and the decrease in yield strength
when going from 10* s to 10° s™.

Table 4.1 Time to reach yield stress of Inconel 617

1.00E-03 1.00E-04 1.00E-05
Time(s) YS(MPa) Time(s) YS(MPa) Time (s) YS (MPa)
25 7.4 426.5 69 425.1 643 412.4
600 5.2 270.9 54 279.0 518 297.5
800 5 277.9 66 301.3 476 198.4
950 4.8 181.1 38 111.4 311 72.6

At 950 °C, the yield strength decreased monotonically with decreasing strain rate
as seen in Figure 4.4. The yield stress follows the power law developed by Alder and
Philips:

gy, =Cé¢
in which C is a constant and m is the strain rate sensitivity [42]. When applied to the
values plotted in Figure 4.5 at 950 °C, the strain rate sensitivity is 0.1918. While the
process of dissolution of initial large carbides and reprecipitation is even more extensive

as shown in Figure 4.6, it is also likely to happen much more quickly in the first few
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minutes at this temperature (samples were held at each test temperature for 30 minutes to
allow for thermal equilibrium). The dominant mechanism under deformation is dynamic
recrystallization which should explain the trend of yield stress with strain rate: slower
rates allow for more extensive recovery, recrystallization, and grain growth, than higher

strain rates (i.e. shorter tests).

o

EHT = 5.00 kv Signal A= SE2 Date :28 Sep 2012
WD = 9.3 mm Mag = 20.00 KX Time :11:34:49

e

Figure 4.6 SEM image showing extensive reprecipitation in Inconel 617 deformed at
950 °C and 107 s

4.1.2 Ultimate Tensile Strength

a) Temperature Effect:

Following yield, the alloys either undergo strain hardening or softening.
Temperature is an important factor in determining whether hardening or softening occurs.
The hardening process is caused by DSA, in which dislocations interact with solutes and
their motion is impeded. On the other hand, the softening is caused by either recovery or

recrystallization. Recovery occurs at intermediate temperatures when pairs of
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dislocations annihilate each other, decreasing the dislocation density. As mentioned in
section 1.3, recrystallization is a process by which deformed grains with high density of
dislocations are replaced by a new set of “undeformed” grains that nucleate and grow
until the original grains have been entirely consumed. Recrystallization is usually
accompanied by a reduction in the strength and hardness of a material and a simultaneous
increase in the ductility. These hardening and softening processes at play in our alloys

are all competing mechanisms which influence the tensile strength of the alloys.

Ultimate Tensile Strength vs Temperature of
Inconel 617
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Figure 4.7 Tensile strength as a function of temperature of Inconel 617

As seen above in Figure 4.7 there is a gradual decrease in UTS up until about
600 °C. At room temperature until 600 °C, the material continually work hardens and the
UTS is met just before fracture. Following this temperature there is a sharper decline in

UTS up to the temperature of 950 °C. At higher temperatures the YS and UTS converge
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so that the UTS is met very early in the stress-strain curve. This is due to the softening
caused by recovery and recrystallization. It is in the transition temperature regime from
600 °C to 800 °C when the dominant mechanism changes from hardening to softening.
At temperatures below 600 °C, the dislocations caused by work hardening accumulate
and interact with each other and DSA plays a critical role in deformation. The gradual
decrease in UTS is a result of recovery as dislocations of opposite sign meet, cross-slip
and annihilate each other. At temperatures above 600 °C, recrystallization begins to
come into effect. As new grains nucleate, dislocations are annihilated, leading to a
crystal structure with new, strain-free grains.

b) Strain Rate Effect:

Strain rate does not play as large of a role in the UTS of a material. As seen in
Figure 4.7, the UTS is fairly constant from room temperature to 600 °C. The stress-strain
curves of these materials shown in Chapter 3 show similar curve behavior at every strain
rate. At the highest temperature of 950 °C, the UTS converges to meet the YS which was
discussed in the previous section.

800 °C is a temperature of interest as different curve behavior occurs at different
strain rates. As seen in Figure 4.8, the UTS at 800 °C increases following a logarithmic
trend line. When strained at 102 s, there is a significant hardening region before the
alloy begins to soften after 5% strain. This is an indication that the DSA is the dominant
mechanism to a point, before recrystallization begins to govern the deformation.
However, at the slower strain rate the alloy reaches its yield strength and immediately
begins to soften, indicating that DRX becomes the dominant mechanism. At the slower

strain rates of 10 and 10” s, softening ensues throughout deformation due to the
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recrystallization. The further discussion of this process is presented in subsequent

sections.
Ultimate Tensile Strength vs Strain Rate
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Figure 4.8 Ultimate tensile strength as a function of strain rate of Inconel 617

4.1.3 Total Elongation

a) Temperature Effect:

Ductility of a material is strongly influenced by the deformation temperature.
Again ductility is highly dependent on the dislocation density because dislocations allow
crystal planes to slip rather than fracture when undergoing an external stress. Dislocations
carry the plastic deformation and in an FCC metal dislocation motion requires much less

energy than to fracture the material, which requires the simultaneous breaking of bonds

of an atomic plane.
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Oddly there is no simple relationship between temperature and the elongation of
the two alloys. Regardless of strain rate elongation is nearly uniform from room
temperature up to 600 °C, as seen in Figure 4.9. Between 800 to 950 °C there is a drop in
total elongation. In this temperature regime recrystallization is the dominant mechanism.
Because recrystallization is a local process the strain is concentrated in a particular area
of the material. The localized strain results in a soft spot in the material which will
eventually be the point of fracture.

Interestingly, there is a significant increase in total elongation between 600 to
800 °C. This increase in total elongation somehow coincides with the YSA. 800 °C is a
transition temperature when the softening and work hardening begin to balance each
other, as suggested by the stress-strain curve at 10> s™*. At this temperature the large
amount of dissolution and reprecipitation provides obstacles for dislocations. At the
same time grains are beginning to recrystallize which would annihilate dislocations. It
may be that thermally assisted climb is occurring at this temperature, allowing
dislocations to continue their motion and for the alloy to deform plastically. The
temperature dependence of the total elongation in Inconel 617 and Haynes 230 deserves
further analysis. In the literature, trends reported for 617 are not consistent with each
other.

In a study carried out by Chomette et al. they found similar values for YS and
UTS in Inconel 617 [43]. YSA was observed in the same temperature regime; however
the total elongation reached a minimum at this point, followed by a significant increase at
temperatures above 900 °C. Abd El-Azim reported values total elongation in Inconel 617

at 800-950 °C. At slower strain rates the total elongation decreased as the temperature
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increased, while faster strain rates produced a larger elongation with increasing
temperature [44]. Finally, Rahman et. al reported both a decrease in YS, as well as a
decrease in total elongation between the temperatures of 600-800 °C [11]. None of the
studies mentioned above offered an explanation to what controlled the ductility of alloy
617.

Also, in their study of nickel superalloys, Kim et. al found that their alloys
displayed the same YSA phenomena as seen in this study, however this coincided with a
decrease in elongation [29]. They reported that the formation of microtwins impeded
dislocation motion in the temperature of interest, which hardened the material, but at the
same time reduced the ductility as slip could not occur. Zhao et al. observed the same
phenomena when working with fine-grained copper [45]. They suggested that the high
twin density and high density of high angle grain boundaries effectively block the
dislocations and prevented them from annihilating. Evidence of extensive twinning was

not found in the TEM and SEM analysis of our samples.

Total Elongation vs Temperature of Inconel
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Figure 4.9 Elongation as a function of temperature of Inconel 617
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b) Strain Rate Effect:

As seen in Figure 4.10 the elongation decreased with a slower strain rate at the
high temperatures of 800 °C and 950 °C. At the higher temperatures the increased
thermal energy aids even more in dislocation motion by causing dislocation climb, and

could explain why the total elongation increases.

Total Elongation vs Strain Rate Inconel 617
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Figure 4.10 Elongation as a function of strain rate for Inconel 617

4.2 Microstructure

Overall, Haynes 230 retains much more of its initial microstructure than Inconel
617. Even after deformation at high temperatures, several large carbides still remain and
can be seen oriented along the rolling direction as seen in Figure 4.11a, as opposed to
Inconel 617 seen in Figure 4.11b. Such differences can be explained by the major
alloying elements in each material. Haynes 230 primarily contains tungsten and

molybdenum rich carbides while Inconel 617 forms chromium and molybdenum rich
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carbides. In the temperature range of interest (600-950 °C) tungsten has a solubility limit
of 11-12 at% in nickel compared to chromium which has a solubility limit of 32-43 at%
in nickel [46, 47]. As noted in section 3.2 the makeup of both alloys is some form of a
nickel-iron matrix. Because of the much lower solubility limit of tungsten in nickel it is
less likely for the original carbides to dissolve into the nickel solution and diffuse to form
new carbides. Another factor is the diffusivity of the two metals in nickel. At1.4 cm?/s,
tungsten has a lower diffusion coefficient through nickel than chromium whose value is
1.9 cm?/s [48, 49]. Thus chromium atoms can migrate more freely throughout the matrix
and interact to form more new carbides. Chromium atoms also have the ability to move
farther away from the original carbide causing precipitates to be spaced more evenly
throughout the alloy. The last factor which may come into play is the melting
temperatures of tungsten carbide and chromium carbide. Because tungsten carbide melts
at a much higher temperature (2870 °C) than chromium carbide (1895 °C) the
diffusion/dissolution process should begin at a higher temperature. Combined with
tungsten carbides extreme hardness it suggests that these carbides would remain in their
original state at lower temperatures. A combination of these three factors leads to less

dissolution and reprecipitation of M,3Cg carbides in Haynes 230.
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Figure 4.11 SEM micrograph of a) Haynes 230 and b) Inconel 617 after deformation at
800 °C and 10° s

It is interesting to note that while Haynes seems to retain more of its initial
microstructure, especially at lower temperatures regarding the precipitates, the
mechanical properties of the alloy are very close to those of Inconel 617 at every test
condition, as reported in previous sections; the main difference being the inferior

elongation of Haynes 230 at each temperature.

4.3 Serrated Yielding

Deformation behavior of Inconel 617 and Haynes 230 at elevated temperatures
showed the onset of serrated flow at a critical temperature of 300 °C. Serrations reached
a maximum amplitude at 600 °C. Different deformation processes are generally
associated with stress serrations depending on both temperature and strain rate. Two
mechanisms associated with these serrations in the stress curve are dynamic strain ageing

(DSA) and recrystallization and they will both be explored in the following sections.
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4.3.1 Serration Type

Hong et. al observed similar oscillations in tensile tests conducted on Inconel 600
in the temperature range of 150-700 °C. In their study they identified four different types
of oscillations as seen below in Figure 4.12 [50]. The Al type of oscillation consisted of
a periodic rise and drop of stress with small amplitude. The A2 type of serration had a
more continuous rise and drop in serration with a larger amplitude. The B type serration
was a successive oscillation of stress while the C type was characterized by irregular
stress drops. Each oscillation corresponded to a different temperature range, and

accordingly was reached at different activation energies.
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Figure 4.12 The four different types of oscillations observed by Hong in Inconel 600

In this study two types of serrations were observed in the intermediate
temperatures: type B and type C. Type B serrations occurred at higher strain rates and
continued throughout the entirety of the tensile test. The stress oscillations hovered
around the general level of the curve and were as large as 25 MPa. However, at slower

strain rates type B and type C serrations were observed. At the beginning of the test until
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roughly 25% strain type B serrations existed which were then followed by type C
serrations until the end of the test. Both types were roughly 25 MPa but the type C
serrations were characterized by sudden drops from the existing curve. Accompanying
all serrations there was an audible clicking sound which coincided with each drop in the
curve. Many studies have observed macroscopic deformation bands linked with the PLC
which propagate along the gauge length in a continuous manner [51]. However, no such
bands were observed in this study. Digital Imaging Correlation experiments may help
visualize such bands if they actually happen during testing of Inconel 617 and Haynes
230.

Previous studies have been conducted which reported similar curve behavior and
oscillation characteristics to the current study [40, 43, 52]. These studies report the
mechanical properties and the presence of serrations but do not fully explain the
mechanisms causing the serrations.In contrast to these previous studies, Rahman et. al
reported jerky flow in Inconel 617 at the temperatures of 600 °C and 800 °C [11].
However, the flow curve lacked the regularity of serrations observed in this study as can
be seen in Figure 4.13. Also, at 800 °C all of the curves have a hardening region
(regardless of strain rate), unlike the flow stress curves in this study which showed a
continuous softening at strain rates of 10 and 10 s™. While the temperatures and strain
rates between the two studies are the same, Rahman et al. used a bulk sample for tensile

tests while this study used Inconel 617 in the form of a sheet.
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Figure 4.13 Stress-strain curves of Inconel 617 reported by Rahman at a) 600 °C and b)

800 °C

4.3.2 Dynamic Strain Ageing

The temperature and the strain rate dependence of serrated yielding as observed in

both alloys indicate that the DSA mechanism is controlled by a thermally activated

process. In other words it is a diffusion controlled process as suggested by Kocks and

van den Beukel [30, 32, 53].

Tensile tests conducted at intermediate temperatures showed a saw tooth shape

and occurred during the strain hardening process; serrations were linked to discontinuous

slip as diffusing solute atoms pin dislocations in place, a mechanism supported in the

literature [11, 53, 54]. As described in section 1.3.4 the two most widespread models

explaining DSA are DSI and DDI. Both of these models can be evidenced in this study

as TEM micrographs reveal precipitates surrounded by dislocations as well as dislocation

forests seen in Figure 4.14. Based on the DDI model, solute atoms form on forest

dislocations and then drain by pipe diffusion to the mobile dislocations which are

temporarily arrested at the forest locations. Eventually enough stress is applied for
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dislocations to break free from these obstacles, only to be locked by further solute atoms.
This locking and unlocking process manifests itself as serrations in the stress-strain
curve. Features of DSA include serrated yielding, negative strain rate sensitivity, peaks
in the UTS-temperature curves, and plateaus in the elongation-temperature curves [55,
56]. Serrated yielding has been mentioned throughout this study, and as noted in the
previous section there is a plateau in the elongation-temperature curve at temperatures

below 600 °C.

Figure 4.14 TEM micrograph of forest dislocations surrounding fine carbide precipitates
in Haynes 230 after deformation at 800 °C

Figure 4.15 shows traces of multiple slip bands activated during deformation in
Inconel 617 at 600 °C and 10 s™. Such slip band configurations were typical in low to
intermediate temperatures, as slip and cross-slip of dislocations happens along these

bands.
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Figure 4.15 TEM micrograph showing traces of slip bands in Inconel 617 deformed at
600 °C and 10 s

DSA most likely only occurs in this intermediate temperature range because at
higher temperatures there is enough thermal energy for dislocations to overcome the
immobile barriers and more importantly recrystallization also becomes the dominant

mechanism at higher temperatures as subgrains begin to nucleate at grain boundaries,

seen in Figure 4.16.
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Figure 4.16 TEM micrograph showing subgrain boundary formation in Haynes 230
deformed at 600 °C and 10 s

Many studies have suggested that pipe diffusion of solutes occurs while
dislocations are blocked by precipitates [57-60]. As the solutes diffuse along the
dislocations they aggregate to form precipitates in parallel bands and remain in this
position even after dislocations have migrated. Figure 4.17 shows a TEM micrograph
from this study in which precipitates have formed in areas formerly occupied by
dislocation bands. The precipitates appear in neatly organized rows parallel to each
other, where dislocations were previously in a band. Figure 4.18 shows the same image
but at a higher magnification to highlight the forest dislocations which still remain

immobilized.
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Figure 4.17 TEM micrograph of Haynes 230 deformed at 800 °C and 103 s,
Precipitates align to form rows at positions previously occupied by dislocations.

Figure 4.18 Close up of previous TEM micrograph showing forest dislocations in the
background

Others have suggested that a long range stress field due to dislocations causes
synchronized movements of these bands of dislocations [57]. Such synchronization in

the movement causes the hardening succeeded by the relaxation period when the entire
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dislocation band moves as one. It is also this long range stress field which gives rise to
the negative strain rate sensitivity phenomena.

In a study conducted by EI-Azim he found DSA caused serrated flow at 300 °C
and 400 °C in the ferrite stainless steel Incoloy alloy MA956. Based on the previous
models he determined the DSA was due to the interaction of carbon and nitrogen solute
atoms [61]. Chen and Chaturdevi also observed the serrated stress-strain behavior in
Inconel 718 at 200-545 °C. They reported the serrations involve the segregation and

depletion of interstitial elements to and from depletion cores [62].

4.3.3 Dynamic Recrystallization

The other deformation mechanism responsible for serrations in the flow curve of
Inconel 617 and Haynes 230 at the highest temperatures is dynamic recrystallization.
Dynamic recrystallization is a softening mechanism which occurs in metals at high
temperatures. Dislocations are eliminated by the migration of recrystallized high angle
grain boundaries causing the material to soften [5]. According to this mechanism, the
recrystallization nuclei form during straining, and continue to grow when deformation is
interrupted.

In this study softening occurred at both 800 °C and 950 °C. At the lower
temperature of 800 °C, the softening was a function of strain rate. At the faster strain rate
of 10 s, there was a short hardening region up until 5% strain followed by a relatively
smooth softening region. At slower strain rates, the curve was characterized by

continuous softening following yield with sinusoidal serrations present throughout.
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However, at 950 °C, softening occurred during all tensile tests but serrations only
occurred during the two slower strain rates of 10 and 10° s*. The amplitude of the
serrations increased as the strain rate decreased, while the period decreased with
decreasing strain rate. Both the softening character and the sinusoidal oscillations
observed in this study are indicative of recrystallization. New grains with new
orientations are formed following the first drop in stress and these new high-angle
boundaries facilitate further recrystallization [63].

Li et. al observed similar serrated flow in compression tests conducted on Inconel
625 in the temperature range 900-1200 °C. By means of EBSD they determined that full
recrystallization occurred at 1150 °C at a strain of 0.7 [14]. Petkovic et. al determined
that there was a correlation between temperature and the occurrence of sinusoidal
serrations due to recrystallization in carbon steel. As is evidenced in Figure 4.19, flow
serrations become more prevalent with increasing temperature [15]. Luton et. al showed
that transition from periodic serrations to continuous behavior is associated with strain
rate. A low strain rate produces cyclic sinusoidal serrations during recrystallization,
consistent with the periodicity of softening and hardening [12]. Coryell again reinforced
these observations with his study of Incoloy alloy 945 in the temperature range of 950-
1150 °C. During compression tests run at various temperatures he reported the onset and
extent of recrystallization increased with increasing temperatures and decreasing strain

rates [13].
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Figure 4.19 Stress serrations reported by Petkovic in carbon steel

SEM images of the Inconel 617 deformed at 950 °C and 10 s are shown below
in Figure 4.15, are inconclusive as to whether recrystallization has occurred because grain
boundaries are difficult to identify. However, the grain boundaries become less distinct
than those observed at lower temperatures, indicating that the original grain boundaries
are no longer present and that recrystallization has occurred. In order to accurately
identify and measure the recrystallized grains electron backscatter diffraction (EBSD)
would be necessary. With the aid of TEM new, high-angle subgrain boundaries can be
identified more directly due to the change in contrast between the newly nucleated grains.
Notice in Figure 4.20 the subgrain boundary in which carbides have reprecipitated. In
Figure 4.21 TEM micrographs show grain refinement due to dynamic recrystallization in

Inconel 617 tested at 950 °C at 103s™.
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Figure 4.20 SEM images of less distinct grain boundaries in Inconel 617 deformed at
950 °C and 107 s™

Figure 4.21 TEM micrograph showing grain refinement with low dislocation density as
result of dynamic recrystallization in Inconel 617 deformed at 950 °C and 10 s*

The mechanisms causing dynamic recrystallization are primarily grain and twin
boundary bulging [64]. Such grain bulging was observed in post-test examination of
fractured samples as shown in Figure 4.22. This bulging area then acts as a nucleation
source for additional recrystallized grains. The bulging mechanism is consistent with
literature in which materials with low stacking fault energy and large initial grain size
experience discontinuous DRX. Dudova proposed that grain boundary bulging was the

dominant mechanism for recrystallization above 0.5 T, for a Ni-20%Cr alloy [65]. The
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migration of grain boundaries leads to the formation of nuclei which then grow out and
consume an area of the deformed matrix and eventually forming a recrystallized grain.
This process repeats itself as the original grains are continually deformed until complete
recrystallization has occurred. Figure 4.23 presents a TEM micrograph showing grain
refinement with the formation of subgrains with serrated subgrain boundaries in Haynes

230 deformed at 950 °C and 10 s™.

Figure 431.22 TEM micrograph showing bulging grains in Inconel 617 deformed at 950 °C
and 10° st

The bulging process described above also leads to GBS. Grains boundaries
become wavy rather than maintaining their straight edges. As mentioned in chapter 1,
GBS can be linked to recrystallization as the bulging grain boundaries provide sites for

the dislocations to realign into new, defect-free grains.
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Figure 4.23 TEM micrograph showing grain refinement with formation of subgrains with
serrated subgrain boundaries in Haynes 230 deformed at 950 °C and 10 s™
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CHAPTER 5

Summary and Conclusions

All of the original goals discussed in the first chapter were met during this study.
This chapter addresses these objectives and discusses the conclusions with respect to each
project goal.

1. Both strain rate and temperature had a significant impact on the
mechanical properties of Haynes 230 and Inconel 617. In the temperature
range of 600-800 °C, the phenomenon of YSA was observed. The
increase in YS with increasing temperature could be explained by
dissolution of carbides which provided obstacles to dislocation motion. In
the same temperature regime, an increase in total elongation was also
observed. Strain rate played little importance at low and intermediate
temperatures. However, upon reaching 800 °C a faster strain rate was
characterized by a period of strain hardening while a slower strain rate
resulted in softening throughout deformation. At the higher temperatures
of 800 and 950 °C, YS, UTS, and final elongation all decreased with a
slower strain rate. A comparison of the mechanical properties of Haynes
230 and Inconel 617 were very similar. The YS and UTS of both alloys

were very similar, but they varied in the final elongation. Inconel 617 was
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2. consistently more ductile than Haynes 230 regardless of temperature or

strain rate.

. The flow behavior of Haynes 230 and Inconel 617 was investigated at
room temperature, 600 °C, 800 °C, and 950 °C at strain rates between 10
$.10° s™. Attemperatures up to 600 °C significant strain hardening took
place after yield until rupture. The strain hardening was systematically
accompanied by large saw-tooth serrations from 300-600 °C. At 800 °C
and 10 s™* a small region of strain hardening occurred along with stress
serrations followed by smooth softening, plastic flow until fracture. At
lower strain rates the strain hardening section was suppressed, indicating
that 800 °C was a transition temperature. At higher temperatures of 950
°C, no strain hardening was observed regardless of the strain rate; the flow
behavior of both alloys softened right after yield until rupture. Also, strain
softening occurred accompanied by sinusoidal oscillations in the stress-
strain curve, regardless of strain rate.

Stress serrations associated with hardening (sawtooth type) in the stress-
strain curves were associated with DSA. Discontinuous flow occurs from
the pinning of dislocations by solute atoms, and the subsequent unlocking
of these dislocations due to an increase in stress. Serrations associated
with softening of the stress-strain curve (sinusoidal type) were due to
dynamic recrystallization.

Haynes 230 and Inconel 617 displayed remarkably similar microstructure.

Both metals are nickel based austenitic superalloys with coarse grains

117

www.manaraa.com



between 35-45 um in size. The as-received material contained large MgC
carbides located primarily along grain boundaries, but also included intra-
granular precipitates. These large carbides dissolved and reprecipitation
occurred into small M,3Cg carbides. The main difference between the two
is that molybdenum and chromium constituted the carbides in Inconel 617
while tungsten made up the carbides in Haynes 230. Upon heating to
temperatures above 600 °C dynamic recrystallization occurred which
resulted in smaller grains and texture changes, as evidenced by XRD of
deformed samples. At temperatures above 900 °C the large grains

recrystallized into much smaller grains.
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CHAPTER 6

Future Work

This work was performed to gain a better understanding of the mechanical
properties and microstructural behavior of the two nickel superalloys Haynes 230 and
Inconel 617. With the general understanding that this study provides further work can
now be done on the two alloys to develop models describing their deformation
characteristics.

The experiments in this study primarily consisted of uninterrupted tensile tests. In
order to gain a better understanding of the dynamics of DSA and recrystallization,
interrupted tests could provide microscopy information at different points of strain.

Secondary peaks in the XRD spectra obtained on the bulk samples could not be
indexed with certainty due to convolution of the peaks and other factors. Further analysis
of these peaks would be necessary in order to identify the peaks. Concerning the
extraction of precipitates, the material did dissolve in aqua regia, but the alloying
elements formed chlorides which further clouded the results. To correctly identify the
carbides an acidic solution which is non-reactive with tungsten, chromium, and
molybdenum is necessary in order to preserve the precipitates.

Another technique which would be useful in this study is Electron Backscatter
Diffraction (EBSD). When the grains recrystallized at higher temperatures it was
impossible to identify the grain boundaries with SEM imaging alone and TEM could only
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image very localized areas of the microstructure. EBSD has the capability to identify
both high and low angle grain boundaries and would be a useful tool in verifying the
amount of recrystallization which has taken place and the size of the recrystallized grains.
Both of these alloys are candidate materials for the IHX ina VHTR. In this case
failure does not occur by simple tension, but rather as a result of prolonged creep. Thus,
creep tests would naturally be the next step in determining the viability of these materials
in a nuclear reactor. As suggested by the Generation IV Integrated Materials Technology
Program, exposure to temperatures of 750 °C, 850 °C, 950 °C, and 1000 °C for 3000
hours should be conducted to observe the changes in microstructure that any candidate
material would be likely to experience [66]. Furthermore, tests conducted in helium and
nitrogen would provide results more fitting for a nuclear reactor as helium has been the

suggested coolant in the VHTR.
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Appendix A

Grain Size Images

Figure A.2 Transparency used to calculate grain size of Inconel 617 at 800 °C
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Appendix B

XRD Spectra

XRD Spectrum of As-Received Haynes 230
Extractions
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Figure B.1 XRD spectrum of the as-received extractions of Haynes 230

XRD Spectrum of Haynes 230 Extractions at
800 °C
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Figure B.2 XRD spectrum of the extractions of Haynes 230 deformed at 800 °C

127

www.manharaa.com




XRD Spectrum of Haynes 230 Extractions at
950 °C
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Figure B.3 XRD spectrum of the extractions of Haynes 230 deformed at 950 °C
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