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Abstract

Functionally graded materials (FGMs) represent a new class of materials that consist of graded
compositional and microstructural patterns allowing to tailor properties. Additive manufac-
turing (AM) or more commonly known as 3D-printing offers a paradigm shift in FGMs and
engineering design due to its ability to produce components with complex geometries and
functional part optimization. This study aims in investigate the concept of microstructural
grading enabled via 3D-printing process and its feasibility to tailor site-specific fatigue be-
haviour.

Non-graded and graded specimens of Inconel 718 featuring a range of microstructural gra-
dients were produced by selective laser melting (SLM). In the current work the grain size,
crystallographic texture and precipitates, resulting in distinctly different properties, were used
to develop microstructural gradients. Post-process heat treatment in terms of hot isostatic
pressing (HIP) and aging was also investigated. Microstructural and elastic properties as
well as in-depth fatigue crack growth behaviour were characterised and compared with con-
ventionally manufactured wrought Inconel 718. Fatigue crack growth in FGMs under cyclic
loading was investigated via novel experiments and FE approach. Results from homogeneous
specimens were used for estimating spatial property distribution and crack-extension effect in
the graded specimens. Hence, for the graded material a constant AK procedure was designed
to investigate the change in crack growth rate as a function of different gradients. Addition-
ally, Digital Image Correlation (DIC) and Potential Drop (PD) were conducted to validate
the constant AK tests.

It was found that fatigue behaviour of the individual microstructures was primarily affected
by the grain size, grain orientation and heat treatment. As opposed to the general trend,
fine grain material (range of 10-70 pum) had a better fatigue crack propagation resistance
than coarse grain (100 — 500 pm), which was attributed to the high compressive residual
stresses developed during the 3D-printing. The crack growth rate in the graded material at
a constant AK was found to change from one microstructure to the other following the same
trend as the individual microstructures. The effect of grain orientation was found to signifi-
cantly affect the crack growth rate, with grains elongated parallel to crack showing the larger
and more continuous crack growth gradient. Additionally, in the heat treated (HIP+H/T)
graded material, the difference in properties between the two gradients was almost entirely
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diminished, indicating the necessity to optimize heat treatment regimens more suitable for
developed herein FGMs.

The current study not only delivered fatigue parameters and FE model for various graded
and non-graded 3D-printed Inconel 718, but also successfully demonstrated the feasibility of
using 3D-printing process to alter the fatigue behaviour in FGMs components.
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Chapter 1

Introduction

In this age of industrialization, alloys are forced to withstand extreme engineering environ-
ments. The design of such materials requires specific attention to alloying elements which
would enable them to have superior properties. Used in jet engines one such nickel-based
alloy is Inconel 718, which provides not only adequate mechanical properties but also good
oxidation and creep resistance which is specifically suitable for the hot environment found in
the engines. In addition to the above properties Inconel 718 provides good weldability which
ensures assembly of complex components easier. With such wide-ranging properties Inconel
718 proves to be a material of technological importance.

Conventionally produced Inconel 718 has been used in a variety of applications. From cryo-
genic tankage in liquid fuelled rockets to formed sheet metal parts in land-based turbine
engines, Inconel 718 has been an integral part in different industries. Recently with the ad-
vent of Additive Manufacturing (AM), Inconel 718 production has seen a new paradigm shift.
Additive manufacturing provides higher design freedom to deal with complexity. External
and internal features can be incorporated directly from the ground up which reduces the
number of parts to be assembled thereby reducing downstream operations. This results in
lower cost and less wastage of material. Additionally, additively manufactured Inconel 718
exhibits comparable mechanical properties as its conventionally produced counterpart. This
makes additive manufacturing of Inconel 718 an important progress in the production of this
versatile material.

An important property that all engineering materials should possess is the resistance to fa-
tigue. Conventionally produced Inconel 718 promises good fatigue resistance however new
research areas are left open with the application of additive manufacturing. Many works
have been done to assess the mechanical properties in AM Inconel 718. However there is
significantly less literature on the fatigue properties of AM Inconel 718 as compared to the
that for conventionally produced Inconel. With additive manufacturing features like texture,
defects and residual stresses, which are not generally encountered in conventionally produced
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2 Introduction

material, play a major role in the fatigue properties. For future applications of additive man-
ufacturing on Inconel 718, it is necessary to understand the effect of the processing on the
fatigue properties.

Further, from previous projects done at the Delft University of Technology, it has been seen
that the concept of functional grading can be successfully linked with additive manufacturing
to produce components with tailored properties. Functional grading has been in use in litera-
ture for some time now and has been widely applied on materials with different properties to
produce layered components with smoother transition in the interface. Functionally graded
metal-ceramic composites have been used to improve cohesion of the layers thereby resulting
in better fracture and fatigue properties. Similarly, metal-metal composites with different
properties are also known to exist. The previous projects showed that with just a tweak of
parameters in the AM process, different microstructures of Inconel 718 could be obtained
leading to different mechanical properties. In this project, such heterogeneous material is
investigated for fatigue crack propagation property and the effect of various microstructural
features such as grain size, grain orientation and residual stresses on the same are evaluated.

In the following text of the report, relevant literature is covered to further define the current
goals and show its validity by linking to various properties of Inconel 718. The experimental
methods, the results, the discussion and the conclusion are covered in separate chapters. The
structure of the report is as follows:

1. Chapter 2 : Literature Review - Covers all the literature to be used in this project

2. Chapter 3 : Experimental Methods - Describes the experimental procedure used to
realize the goals

3. Chapter 4 : Results about microstructural characterization - Verifies the different mi-
crostructural features with literature

4. Chapter 5 : Results from the Fatigue tests - Reports the results from the fatigue tests

5. Chapter 6 : Discussions - Theoritical explanation of the results from Chapter 4 and
Chapter 5.

6. Chapter 7 : Conclusion and Future recommendation - Answer the current research
questions and provides directions for future research.
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Chapter 2

Literature Review

2-1 Inconel 718- Material and Properties

Inconel 718 (IN718) is a nickel-based superalloy with the major alloying elements being Al, Ti
and Nb. IN718 developed in the 1960’s at the INCO Huntington Alloys (now Special Metals
Co.) by Herb Eiselstein as a result of a search of solid-solution strengthened age-hardenable
alloy [1]. The search originally was for a non-age hardenable alloy for use in mainstream lines.
The material required to have high strength and long-term metallurgical stability at 650-750°C
best suited for aerospace applications [1]. The resulting alloy, IN718, had comparable strength
as the erstwhile available alloys like René 41, Udimet 700, Inconel X-750, and Waspalloy [1].
The major advantage of IN718 over its competitors was its resistance to strain age cracking
behaviour [1]. All the above alloys are hardened by the precipitate phase 4" (Niz(Al,Ti,Nb)).
Strain age cracking occurs in highly restrained weldments because of high local stresses in
the temperature range where aging occurs. Cracks usually nucleate at the grain boundaries
in the heat affected zone. The reason that the cracks nucleate at the boundaries is because
of low ductility with the presence of high strains locally. While low ductility is attributed
to brittle phases and localized deformation due to intergranular precipitates, high strains
on the other hand occur due to residual stresses, thermal expansion and contraction, and
aging contraction [2]. The latter is a result of the precipitation of 4/ [1, 3]. This depletes
the surrounding matrix of Al and Ti resulting in the decrease of the lattice parameter of
the matrix or a net contraction [1, 2, 3]. This contraction hinders the relaxation of the high
residual stress [2]. The high residual stresses along with low ductility cause cracking in the
heat affected zones of the alloys [2]. Although, made of the same strengthening phases, the
prime aging constituent in 4/ in IN718 is NigNb [1, 3]. The Niobium based 7 has a sluggish
aging response as shown in Figure 2-1[1]. This in turn leads to relaxation of the high residual
stresses, which are beyond the local yield strength level. The ductility in this case is enough
to allow deformation without cracking.
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Figure 2-1: Age Hardening response of Ni superalloys [4]

2-1-1 Microstructure

The microstructure of the alloy is composed of six major phases. The gamma () phase, a
FCC solid solution of Ni, Cr and Fe, forms the matrix. The gamma prime (7’) and gamma
double prime (7”) are metastable strengthening phases present in the matrix that form be-
cause of aging. The delta () phase is the equilibrium phase which dissolves with a solution
treatment. Other phases like laves phases, carbides, and nitrides are also present in the alloy
and dissolve in the matrix to some extent. These phases have different morphologies and affect
the properties of the alloy differently. The phases are described in the following paragraphs.

~ phase

The ~ phase(Figure 2-2) forms the matrix in the alloy. It is a solid solution of Ni, Cr and
Fe in a FCC arrangement [3]. Nb, Mo, Ti and Al are also present in the solution but in
minor quantities [3]. The matrix grows in form of dendrites when produced by selective laser
melting [5, 6, 7, 8, 9]. During solidification the v matrix rejects Nb, Mo and Ti into the
interdendritic regions which leads to the formation of the laves phases.

Figure 2-2: - dendrites in different grains [8]. The arrow indicates the building direction
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~" and +" phase

The 4/ and ~” phase (Figure 2-3), formed as a result of aging heat treatment are the main
strengthening phases in the alloy. 4/ is considered to be composed as Nig(Al Ti,Nb) whereas
~" is considered to be composed of only NigNb with very less amounts of Al and Ti [3, 5]. 7/
has a FCC LIy structure while 4" phase has a DOgy BCT structure [5]. These phases result
in the strengthening of the alloy through many different mechanisms like coherency strength-
ening and antiphase boundary strengthening however, 4" is the main strength provider by
precipitation hardening. The strengthening mechanisms are effective when precipitates are
sheared and cut through by the dislocations. With bigger particles the hardening mechanism
changes from shearing to Orowan looping [6]. The ~” phase has a c/a ratio of 2.04 and
grows in ellipsoidal/disc-shaped as well as acicular morphologies lying on {001} planes, and
c-axis is perpendicular to the disc plane corresponding to <001> directions [5]. The +' phase
on the other hand has a round shaped morphology. Both the phases are metastable phases
and transform to equilibrium phases like § and laves phases on heating at high temperatures
for prolonged times. These phases, being metastable phases, occur only in a certain tem-
perature range aged for a certain time. The temperature and time are determined by the
Time-Temperature-Transformation curves [4].

Figure 2-3: +' and +” particles in AM IN718 [10]. The small scale of the micrograph is to be
specially noted.

6 phase

The ¢ phase is the stable equilibrium version of the 7’ phase. It has the same chemical formula
as 7" but with a DO, orthorhombic structure [5]. With lattice parameter a = 0.514 nm, b =
0.423 nm, ¢ = 0.453 nm, the § phase is present in both grain boundaries and in the interior
of the matrix (Figure 2-4). The phase has both globular as well as acicular morphology [5].
The § phase, being incoherent, provides no strength and is detrimental for the alloy in terms
of strength [5]. The brittle phase cracks and leads to formation of microvoids and serves as
favourable sites for crack initiation [11]. However, on grain boundaries, the phase retards
grain growth and in turn improves creep resistance [11].
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Figure 2-4: Delta phase on the grain boundaries [11].

Laves phase

The laves phase is an intermetallic compound with the chemical formula (Fe,Ni,Cr)s(Nb,Ti)
([3]). It occurs in the interdendritic regions as Nb and Ti are rejected during solidification
from the v dendrites [3]. The Laves phase appears as islands (Figure 2-5) and contains about
25%NDb. The formation of Laves phase is enhanced by the presence of Mo and Si [3]. Since
the Laves phase is brittle and depletes the matrix of Nb needed for 4" and ~” precipitation,
it is detrimental for the alloy’s mechanical properties [3].

Figure 2-5: Laves phase in the interdendritic spaces [10].

Carbides
Carbides and nitrides like Nb(Ta)C, TiC, MgC, and TiN are also present in minor quantities
in the alloy [3]. The most common type among the carbides is the MC type with NbC

being in major amounts [12](Figure 2-6). They are found in the interdendritic regions due
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to segregation of the metal atoms while solidification [3]. These phases are brittle and their
presence in the grain boundaries lead to the formation of cracks along the grain boundaries
[12].

(a) (b)

Figure 2-6: Different carbides in matrix. Delta phase is also seen at the grain boundaries as
before [13].

2-1-2 Engineering Properties

IN718 is used in a variety of applications examples of which are fasteners, instrumentation
parts, liquid fuelled rockets, rings, casings and various formed sheet metal parts for aircraft
and land-based gas turbine engines, and cryogenic tankage parts. These applications have a
wide working temperature range from -250°C for liquid fuelled rockets to 700°C in gas turbine
engines. The wide range of applicability of IN718 is because of the different precipitate phases
discussed above that give it good tensile, fatigue, creep strength and corrosion resistance. The
same are briefly described in the following sub-sections.

Tensile Properties

Heat treated precipitate hardened IN718 has superior properties. The values for forged alloy
are shown in Table 2-1. The alloy is hardened by precipitates through various strengthening
mechanisms discussed earlier. Coherency strengthening, anti-phase boundary formation and
precipitation hardening have been observed to be occurring in this alloy by various authors [14,
15]. Coherency strengthening occurs because of the misfit strains between the v precipitates
and v matrix that impedes dislocation motion through the precipitates. Similarly, anti-phase
boundary formation from the shearing of ~” precipitates impedes dislocation motion and
strengthens the alloy [5]. In addition to the shearing mechanisms mentioned above, with
higher precipitate sizes Orowan looping mechanism plays an important role [6].

Master of Science Thesis Saswat Sahu



8 Literature Review

Table 2-1: Tensile properties of aged IN718 [16]

Property Room Temperature High Temperature - 650°
Tensile Strength 1375 MPa 1100 MPa

Elongation at 925 % 18 %

break

Yield Strength 1100 MPa 980 MPa

Hardness 342 Hv -

Creep Resistance

The 4" phase plays an important role in providing strength to IN718 at high temperatures
as well. Reported by Hayes in 1991 [18], 4" are observed to impede dislocation motion at

temperatures of 650°C - 760°C. The stress exponent (n) in the creep equation (e = A.a".e%)
was observed to follow a decreasing trend with temperature. This was attributed to the
coarsening of the 7" precipitates and subsequent transformation to equilibrium ¢ phase with
temperature which reduces the precipitates’ ability to impede dislocation. A high activation
energy (Q) for the diffusional phenomena during creep was also observed which was attributed
to the presence of Nb in the alloy. Consequently, Hayes concluded that coarsening of the ~”
particles served as a rate determining mechanism and have a stronger effect than the diffusion
processes of creep [17].

Corrosion Resistance

IN718 has excellent corrosion resistance to many media. This resistance, which is similar to
that of other nickel-chromium alloys, is a function of its composition. Nickel contributes to
corrosion resistance in many inorganic and organic, other than strongly oxidizing, compounds
throughout wide ranges of acidity and alkalinity. It also is useful in combating chloride-ion
stress-corrosion cracking. Chromium imparts an ability to withstand attack by oxidizing
media and sulphur compounds. Molybdenum is known to contribute to resistance to pitting
in many media. [16]

Fatigue

Since it’s inception, IN718 has been reported to have good fatigue properties. This is covered
in detail in section 2-4

2-2 Production of Inconel 718

IN718 was initially introduced in wrought form [18]. Castings generally had significant in-
terdendritic segregation of niobium and carbides to grain boundary which made structural
components sensitive to cracking [19]. In addition to that, casts also were prone to chemical
inhomogeneities and inclusions. Hot working after casting removed such features to some
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extent and could also produce finer grain size [20]. Later with significant progress in melting
techniques like vacuum induction melting (VIM), vacuum arc melting (VAR), electro-slag
refining (ESR), etc and development of Hot Isostatic Pressing (HIP), cast materials was also
made available [19]. The new techniques allow directional solidification of an ingot from
bottom to top, yielding high density and homogeneity in its macrostructure, as well as an
absence of segregation and other inhomogeneities [21]. More recently with the advent of
Additive Manufacturing (AM), processing has taken another paradigm shift.

2-2-1 Conventional Methods

Conventional processing begins with the fabrication of large ingots that are subsequently used
for one of three major processing routes: 1) re-melting and subsequent investment casting, 2)
re-melting followed by wrought processing, or 3) re-melting to form superalloy powder that is
subsequently consolidated and subjected to wrought processing operations. The initial ingots
are fabricated by vacuum induction melting in a refractory crucible to consolidate elemental
materials to form a base alloy [21].

Investment casting is the primary casting process for fabrication of components with complex
shapes, including blades and vanes. Depending on the grain size required different approaches
for solidification are employed. For example, for equiaxed grain structure a uniform solidifi-
cation needs to be achieved and for single crystals the component has to be withdrawn from
a hot zone to a cold zone as shown in Figure 2-7 . Shown in Figure 2-7b is the technique used
to obtain a single crystal component. The whole component is solidified from the bottom up
by moving it through a hot zone, as mentioned before, ensuring grain nucleation only at the
bottom. Subsequently, the ‘pig tail’ feature facilitates only a single grain growth.

(@) Turbine blades manufactured with different grain ~ (b) Grain selection and growth in single crystal
morphologies. solidification

Figure 2-7: Manufacturing of IN718 turbine blades [22]

Following initial solidification, castings are subjected to a series of subsequent heat-treatment
cycles to improve the properties of the alloy [21]. An important innovation developed for
cast components is to re-melt the initial cast using various methods. Cordy et al. reported
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that a VIM, ESR, VAR triple melt cast had better properties due to less segregation and less
inclusions [20].

Wrought processing is always preceded by a secondary remelting technique [21]. As ingot
sizes increase, VIM melting often results in macro segregation or the formation of large
shrinkage cavities during solidification. The formation of these solidification defects is caused
by large-scale solute segregation associated with dendritic solidification under low thermal
gradients. Because heat transfer during solidification of VIM ingots is limited by the low
intrinsic thermal conductivity of the solidifying mass, large ingots are very prone to the
formation of these features. Thus, other secondary melting processes are utilized, including
VAR, ESR, and electron beam cold hearth refining (EBCHR) [21]. The alloy can then be
wrought using commercial hot working operations such as rolling, forging, extrusion etc.

2-2-2 Additive Manufacturing

Additive Manufacturing (AM) or 3-D printing is the most recent innovation in the field of
manufacturing techniques. AM by definition refers to a group of techniques that uses a 3-D
CAD model of the object and produces 3-D objects automatically by adding material layer
by layer [23, 24, 25]. Techniques like electron beam melting (EBM), selective laser melting
(SLM), direct metal laser sintering (DMLS), and selective laser sintering (SLS) are the most
common methods used for IN718 [24]. The above techniques are alike in the sense that they
all collectively come under powder bed fusion category. Powder bed fusion refers to those
techniques that involve a powder bed of the material and the component is then built layer
by layer with the help of a thermal energy source. The other category is the directed energy
deposition method. In this group of techniques, the thermal energy is focused on the material
as it melts and forms the component [25]. The thermal source in both cases could be a laser,
an electron beam or a plasma arc. IN718 produced by directed energy deposition is also
reported. However, since the current project deals with alloy produced by SLM, only SLM is
discussed further.

SLM technology was invented by Fraunhofer ILT in mid 1990s and is now one of the fastest
growing AM technologies globally [26]. SLM involves using a high power-density laser to
selectively melt powdered alloy and build the component layer by layer. SLM has proven
to produce near net shape components with upto 99.9% relative density. The process starts
with a CAD model of the component that is to be built. The CAD data is uploaded to the
SLM machine which, with the help of a software, generates slice data for laser scanning of
individual layers. A thin layer of powder is laid on a substrate situated on a platform and
high-power laser is used to fuse together selected areas according to the processed data. After
the laser scanning, the platform is lowered, and the process is repeated for the next layer
in line. The laser keeps fusing subsequent layers and the component is built layer by layer.
The process setup is shown in Figure 2-8 [27]. Once all the layers are built, loose powders
are removed from the building platform and the component can be removed manually or by
electro-discharge machining (EDM).

Process parameters such as scanning speed, layer thickness, laser power, scan spacing, particle
size etc must be carefully controlled to produce a defect free component. These parameters
can be categorized into three main categories- powder, laser, process [28]. Powder category
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Figure 2-8: Schematic of a typical SLM setup. Adapted from [27]

involves parameters like powder size, powder flowability, size distribution and the shape of the
powders. Laser category involves parameters like laser power, laser spot size, and laser mode.
Finally, process category involves parameters related to the process itself like scan spacing,
scan speed, scan strategy, layer thickness, building strategy, and atmospheric control.

Powder

Powder size determines the gaps between the particles. Lower the size of the particles higher
the gap between them and consequently higher porosity in the final component. Size also
affects flowability when small powders, instead of flowing, form agglomerates due to inter-
atomic forces. On the other hand, bigger powder size leads to poor resolution and build
tolerance. Hence, to optimize the process, the powder size is generally kept in the range of
20-100 pm. The distribution of powder sizes is also important. Powders of different sizes
are sometimes used to fill gaps however, with a wider size distribution comes the problem of
irregular melting as smaller particles melt faster than bigger particles [28].

Laser

Laser power decides the total energy put into the powder bed. This energy involves the heat
needed to raise the temperature of the powder to the melting point, and the latent heat
required for melting. Hence, materials with higher melting point need higher laser power.
However, for a given material, laser power decides the temperature reached in the scanning
spots. Beyond the melting temperature the heat increases the temperature of the melt pool
that could also have implications on the microstructure of the alloy. Higher laser power for a
material also means higher depth of the melt pool. Laser power along with scanning speed,
layer thickness, and scan width determines the volumetric laser energy density as per Eq. (2-
1) shown below. A fixed value of energy density is required to melt the alloy. Different energy
density leads to different cooling rates and hence different microstructure. Additionally, laser
spot size is another parameter and refers to the diameter of the laser beam on the powder
bed. The spot size like the scan spacing can also affect the energy density. In Eq. (2-1), if
the scan width is bigger than spot size then scan width is replaced by the spot size and vice
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versa. The last parameter is the laser mode which refers to the type of beam applied. It can
be a continuous beam or a pulsed beam. A pulsed beam has a peak power that is used to
melt the powder suddenly. Different shapes of pulsed beam can be applied to better control
the heating and cooling of the powder [28].

Laser Power

Laser EnergyDensity = (2-1)

ScanSpacing x ScanSpeed x Layer

Process

Scan width, scan speed, and layer thickness have been discussed already to be affecting the
energy density. Scan width also called hatch width, is the distance between two neighbouring
laser scans. Scan width is directly linked with production speed. Higher scan width leads to a
smaller number of scans thereby reducing production time. However, it is inherent that higher
scan width always requires higher laser spot size. The interplay of spot size and scan width in
determining energy density was discussed already. Scan speed is the rate at which the laser
beam covers the powder bed. In addition to affecting energy density and production speed,
higher scan speed also leads to longer and thinner melt pool which increases the chance of
forming small aggregates. Layer thickness is the thickness of the individual slices in the CAD
model. In other words, it is the thickness of the powder layer that is put everytime the building
platform is lowered to build a layer. Just like the above parameters, layer thickness also affects
production speed in addition to energy density as specified earlier. Layer thickness has to be
decided very carefully as it may also lead to ‘stairs’ on curved geometries. The remaining
parameters are scanning strategy, building strategy, and the atmospheric conditions. Scanning
strategy refers to the scan path taken by the laser beam. Uniformity and production speed
are main aspects through which scan strategy is decided. Similarly building strategy refers
to the build path decided mainly based on the component geometry. For example, building
of overhangs must be planned such that a smaller number of layers and hence less time is
consumed. Lastly, atmospheric conditions are controlled to prevent contamination and to
prevent oxidation [28].

To summarize, the process of growth of a component being built is shown in Figure 2-9. The
building direction, scanning direction and the direction of heat flow are specially mentioned.

Figure 2-9: Schematic of component evolution in SLM and the different parameters [10].
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2-2-3 Effect of SLM on Microstructure
Grain morphology and Phases

Microstructures of the as-processed components is shown in Figure 2-10 as reported in lit-
erature. The arched lines in Figure 2-10a shows the melt pool morphology which indicates
the laser scanning path. The microstructure of such a component contains dendrites running
through multiple layers in the build direction [7, 8, 9, 10, 11, 13, 29, 30, 31, 32]. This indicates
an epitaxial growth of the dendrites from the substrate. As already discussed, these dendrites
are the matrix phase v and are formed due to the high cooling rate due to the heat dissipation
by the cold substrate material. The highest heat gradient stays in the vertical direction and
hence the dendrites are almost parallel to the building direction [9, 11, 13, 31]. The heat
gradient is positive up the building direction and hence the dendrites grow up the building
direction starting from the substrate. The dendrites only contain primary arms with arm
spacing of 200-500 nm [9]. The yellow lines in Figure 2-10b indicate melt pool boundaries.
It is clear from the figure that melt pool are not symmetrical and identical to each other.
The arrows in the figure indicate growth direction of the dendrites. The direction of growth
can be seen to be not perfectly aligned with the build direction. It can also be seen that the
dendrites have different growth directions in a single melt pool as well. Across the melt pool
boundaries, the growth either follows the same direction or is tilted 90° [9]. This is discussed
further in the next sub-subsection. Laves phase decorates the inter-dendritic space due to
segregation of Nb and Ti as mentioned earlier [9, 11, 13, 30, 31, 32]. Carbides and nitrides
like TiC and TiN are also reported to be present at the grain boundaries along with laves
[11, 13]. The size of the phases is in the range of 100-200 nm and are observed only under
TEM [11, 32]. A TEM analysis also reported the presence of 7/ and " precipitates in trace
amounts [11]. This trace amounts of these phases can be attributed to the depletion of Nb
by the laves and § phases.

(a) (b)

Figure 2-10: a) 3-D optical metallograph composite showing microstructures of as-fabricated
sample in the building direction [11]. b) Cellular dendritic structure in as-built samples. The
dashed yellow lines represent melt pool boundaries. The arrows represent the growth direction of
the dendrites. [9]
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Texture

The evolution of texture is attributed to epitaxial growth. It was reported that the growth of
the dendrites follows the same direction or tilted by 90° across the melt boundaries [9]. This
is because of the preferential growth of fcc v phase in not just one direction but all the direc-
tions in the <100> family of crystallographic directions [9] as shown in Figure 2-11. If the
heat flow is along the [100] direction, then that forms the primary dendrites’ direction. Any
secondary dendrite then has a [010] or [001] direction. Although, the heat flow has a strong
gradient in the build direction, local disturbances due to convention and scanning parameters
may cause heat gradient to be aligned along other directions for another neighbouring melt
pool. For this melt pool the tip of a growing secondary dendrite in the previous melt pool will
form the primary dendrite. Hence, the dendrites in this melt pool will grow perpendicular
to the original direction. The situation is also seen in Figure 2-10. This effect essentially
establishes a relation with the heat gradient and the growth direction or texture.

Figure 2-11: Inverse pole figure (IPF) coloured map of as-built IN718 showing texture evolution
[13].

Residual stress

TEM also reported the presence of dislocation networks in the matrix as well as the inter-
granular regions [9, 11, 32]. This is shown in Figure 2-12 where dislocations can be seen
as black lines. The dislocations are because of the large plastic strain due to the residual
stress. The high temperature gradient because of the repeated heating and cooling causes
this residual stress. The presence of this dislocation networks leads to recrystallization during
heat treatment [11].
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Figure 2-12: Dislocation networks observed in as-built IN718 [11]

Defects

In addition to metallurgical effects, SLM of IN718 also causes geometrical defects. These
defects can be identified as two main types- spherical gas pores and lack of fusion voids
(33, 34, 35, 36]. This is shown in Figure 2-13.

Figure 2-13: Optical Micrograph of as-built IN718 showing 1) build direction 2) Gas pores 3)
Lack of fusion void [35]

Gas pores occur because of entrapped gas that formed bubbles and could not escape through
the surface before solidification [33, 36]. The entrapped gas could be from the powder particles
due to the atomization of powders or could be from the inert gas used during melting [33, 34,
36]. These pores are generally reported to have a spherical geometry. In addition to reducing
the relative density, these pores also serve as crack initiation sites and thus have a negative
impact on mechanical properties [33, 37, 38|.

The second type of defects, the lack of fusion voids, occurs between two layers and arises
due to un-melted powders. Powders are left un-melted due to insufficient heat input which is
directly linked to the process parameters discussed earlier [33]. Hence, an erroneous balance
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of parameters that may lead to insufficient heat input leads to such effects. For example, high
scan speeds leaving very less time for the melt to flow or high scan width leading to insufficient
mixing. In both the examples the newly solidified material fails to form a continuum with the
previously solidified material and hence leads to gaps [33]. Lack of fusion can also occur due
to shrinkage of the melt while cooling [35]. Neighbouring scan tracks experience contraction
while cooling and form gaps between them. These voids generally have very sharp geometries
and hence are more dangerous than pores as they have a higher stress concentration [35, 36].

2-2-4 Effect of SLM on Mechanical Properties

Tensile properties of IN718 manufactured by SLM are summarized in the Table 2-2. Properties
of wrought and cast alloys are also tabulated. Although, the exact values of the properties
vary from report to report, there exists a consistency in the trend of properties observed
across different processing methods.

Table 2-2: Tensile properties of as-built IN718 as compared to cast and wrought counterparts

[11].
Properties\Process SLM (as-processed) Wrought (h/t) Cast (h/t)
Yield Strength (in MPa) 849 1034 758
Ultimate Tensile Strength (in MPa) 1126 1276 862
Elongation (in %) 22.8 12 5
Hardness 32.5 34 25

From the table, components manufactured by SLM are observed to be generally inferior
compared to typical wrought alloys. Yield strength and ultimate strength of wrought alloys
are both more than that of SLM alloys. This is because the SLM alloys are devoid of the
strengthening phases as discussed earlier. The conventionally produced alloys compared here
are heat treated and thus contain appropriate amounts of strengthening phases. In addition
to that, as-built SLM components also contain detrimental entities like the laves phase, the
carbides and defects discussed earlier. These entities, as mentioned before, serve as crack
initiators and decrease the strength of the material. Fatigue strength is also affected by these
entities and is covered in detail later. In a summary, as-processed SLM components can be
said to not stand as good as wrought components but are clearly superior to cast counterparts
in terms of tensile properties.

Directionality of properties

The most significant effect of SLM as a manufacturing process is the directional properties
it gives to components. It has been widely reported that AM processes including SLM give
rise to weaker components along the build direction than in the transverse direction [9, 39].
This is principally because of defects in the plane perpendicular to the build direction [29].
As discussed earlier, voids occur between consecutive layers of printed material and have very
sharp geometries. In the case when the loading direction coincides with the build direction,
the sharp defects being perpendicular to the loading direction serve as the weakest spots for
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crack initiation and propagation. In addition to these sharp voids, spherical pores in the
printed component also worsen the situation. Fatigue lives of components have been reported
to be short when the cyclic stresses are applied in the build direction compared to when it
is applied in any other direction [29, 40]. Fractography analyses in such component generally
report crack initiation at pores and voids near the surfaces [29].

The dendritic grains also contribute to the directionality [9, 39]. The grains are oriented
along the build direction hence resist deformation across the grains. This can be explained
better with dislocations. Dislocations face higher number of obstacles along the perpendicular
directions than along the build direction. Although, this may increase the strength in a defect
free component, in a defect infused component, the accumulation of dislocations at the grain
boundaries actually leads to the formation of micro-voids, hence higher number of crack
initiation sites and thus lower strength.

Literature also reports that in addition to the above two factors, residual stresses also has a
non-insignificant role towards the directionality [9]. SLM leads to different levels of residual
stresses depending on the building strategy. Building strategy decides the heat gradient
experienced at different parts of the component and thus the level of residual stresses. Higher
residual stresses would mean more dislocations and thus more micro-voids. However, the local
heat gradient, which decides the level of residual stress, also depends on the geometry of the
component that is printed. Thicker sections of a component have higher constraints and thus
higher residual stresses than thinner sections.

2-3 Post process Heat-Treatments

Heat treatment of IN718 is necessary to form the precipitate phases 7' and +” that strengthen
the alloy. It was reported in the previous section that the mechanical properties of as built
SLM component are inferior to heat treated wrought alloys, which proves that heat treatment
is necessary for any manufacturing process including SLM. Hence, standard heat treatments
have been defined by the Society of Automotive Engineers (SAE) that can be applied to
IN718 irrespective of the manufacturing process. The standard heat treatments are described
in Table 2-3.

Table 2-3: Standard Heat treatments defined by the SAE [41, 42, 43].

Standard Treatment Temperature Hold Time Cooling
Solution 980°C 1h Alr L
AMS 5663 (For Wrought IN 718 [41]) cooling
Avin 720°C 8h Furnace cooling at 55°C/h to 620°C
&g 620°C 8h Air cooling
Homogenization 1080°C 1.5h Air cooling
o § Solution 980°C 1h Air cooling
AMS 5383 (For cast INT18 [42]) Aging 720°C 8h Furnace cooling at 55°C/h to 620°C
£ing 620°C 8h Air cooling
AMS 5917 [43] Hot Isostatic pressing 1160°C/103MPa  3h Furnace cooling

The standard AMS 5663 is applicable for bars, rings and other forgings and thus is applicable
for wrought IN718. On the other hand, the standard AMS 5383 is applicable to investment
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castings and thus contains an extra step of homogenization. Castings generally have sig-
nificant segregation due to which it is necessary before any further heat treatment. It is
reasonable to expect that components processed with AM also have significant segregation
and hence AMS 5383 is more suitable, however, both standards are used in literature. The
last standard is a simple hot isostatic pressing treatment that is generally applied to injection
molded IN718 and is done to densify the components.

2-3-1 Effect of AMS 5663/5383 on microstructure of SLM produced IN718
Precipitates

As mentioned before, the as-built microstructure of IN718 contains the brittle Laves phase,
the 0 phase and the carbide phases. These phases formed primarily because of segregation
of Nb and Ti not only weaken the alloy, but also consume Nb and Ti that is needed for the
precipitation of 4" and " phases. Homogenization and solutioning reduces this segregation
releasing Nb and Ti back into the matrix. Laves phases and the carbides are dissolved while
0 phase is precipitated [9, 10, 11]. A solution treatment at 980°C, dissolves majority of the
laves phases but leads to local areas rich in Nb because of the poor diffusivity of the Nb atoms
[10, 11]. At these areas, ¢ phase precipitate consuming the Nb that could have been used by
the precipitation phases [11]. However, with a prior homogenizing treatment at 1080°C, the
Nb is more uniformly distributed hence making less Nb available for the precipitation of the
0 (6-8% Nb) phase [11]. Another way of reasoning is that the precipitation temperature for
6 phase lies between 650°C to 980°C and hence beyond 980°C, § phase is not precipitated in
the homogenization step [10, 9]. In the following solution treatment at 980°C, ¢ phase is then
precipitated at the grain boundaries. With only a solution treatment that leads to local areas
rich in Nb, acicular § phases are found both in the interior and the grain boundary [11]. On
the other hand, a solution treatment following a homogenization treatment results in needle
shaped § precipitates only at the grain boundaries [5, 6, 7, 8, 10, 11]. The grain boundaries
collect the Nb from the interior during the homogenization and become preferable sites for
6 precipitation in the following solution treatment. The presence of the needle shaped o
precipitates pin the grain boundaries and impede their motion while recrystallization thereby
controlling the amount of grain growth during the following aging treatment [11]. Finally,
with the aging treatment the main strengthening phases 7' and " are formed [5, 6, 7, 8, 9,
10, 11, 41, 42].

Residual Stress
After the homogenization treatment, residual stresses are reported to be completely removed.
But with only a solutioning treatment, only 80% residual stresses are removed [9, 11]. The

higher temperature of homogenization is needed to achieve complete stress relief. With the
removal of residual stresses, the dislocation networks shown in Figure 2-12 also disappear.

Pores

Sangid et.al. [44] with the help of tomography have reported that there is a decrease in the
number of large pores after heat treatments. Although, small pores remain, most large pores
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from the bulk are removed. Large pores were observed near the free surface, but the number
is drastically reduced as compared to as-built specimens [44]. Small pores are not as sensitive
to heat treatments as the large pores and show significantly less reduction.

Grain size and morphology

As above, there is marked difference between the grain size and morphology obtained after
just solutioning and that after homogenization along with solutioning. In the former, par-
tial recrystallization takes place and the grain sizes remain fine as obtained in the as-built
condition [11]. However, in the latter, complete recrystallization takes place resulting in al-
ternating layers of fine and coarse grain structures along the transverse direction [8, 11]. The
alternating grains follows the path of the laser scan with the overlapping regions resulting in
finer grains and the adjacent regions in coarse. Zhang et al. [11] reasoned this using residual
stresses. The overlapping regions lead to more residual stresses offering a greater driving
force for recrystallization and thus finer grain. While the grain size in the adjacent areas lead
to coarse grains due to small driving force. The morphology of the grain is serrated along
the grain boundary due to the needle-shaped ¢ precipitates [11]. The rough morphology re-
stricts grain boundary sliding and improves creep properties of the alloy [11, 13]. The highly
dendritic grain structure is lost and gain a more equiaxed morphology [8, 35].

Texture

Most grains maintain the longer length along the build direction. This also implies that
the crystallographic orientation remains significantly unchanged. The elongated grains have
<100> set of directions parallel to the build direction which is maintained after the heat
treatment [8, 13]. This establishes the fact that heat treatments had enough driving force to
relief stress and recrystallize the grains but not high enough to erase the texture.

Figure 2-14: IPF showing texture in heat treated SLM IN718 [13]. Note the similarity with
Figure 2-11.
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2-3-2 Effect of AMS 5663/5383 on mechanical properties of SLM produced
IN718

The main goal of the heat treatments for IN718 is to improve the mechanical properties by
introducing strengthening phases. A significant improvement in properties can be seen in the
tensile properties as described in Table 2-4.

Table 2-4: Summary of properties after different processes.[11]

Yield Strength Ultimate Tensile Strength

Standard Elongation (in %) Hardness (in HRC)

(in MPa) (in MPa)
As-processed 849 1126 22.8 32.5
AMS 5663 1084 1371 10.1 43
AMS 5383 1046 1371 12.3 42.5
Cast 758 862 5 25
Wrought 1034 1276 12 34

Both standards of heat treatment result in a significant increase in strength as compared to
the as-built specimens. It can also be observed that the heat treatments make the alloy com-
parable to wrought alloy in terms of strength. This is primarily because of the appearance of
the strengthening phases 7' and +” in the matrix [5, 9, 10, 11, 45]. These precipitates pro-
vide strength by impeding dislocation motion by different mechanisms as mentioned earlier.
The piled-up dislocations after reaching a certain limit cut through the precipitates and keep
moving until they encounter ¢ precipitates [11]. The 0 precipitates are incoherent with the
matrix and can’t contain any plastic deformation. It is here where further piling, cracking
and subsequent formation of micro-voids take place [9, 11]. The micro-voids serve as crack
initiation sites and help in crack propagation. This is the reason for the decreased ductility
when compared with as-built specimens. It should be noted that the standard with a homog-
enization treatment (AMS 5383) results in a lower yield strength and higher ductility than
the standard with just a solution treatment (AMS 5663). This is because of higher content of
0 precipitates in the latter [9, 11, 45]. It was reported that the § precipitates are present both
in the interior and in the grain boundaries in that heat treatment. Hence, dislocations are
more restricted in such alloys and more micro-voids form. The higher yield strength then can
be linked to the higher restriction of dislocations and the lower ductility then can be linked
to the presence of more micro-voids that also serve as cracks. A similar reasoning can also be
applied to the hardness values which follow the same trends. The ultimate tensile strength
stays exactly the same for both the standards in this case. Although, exact values vary from
experiments to experiments, the trend of similar tensile strength is expected to hold true.

Fractographic analyses show that the fracture in these alloys is largely transgranular ductile
fracture as evidenced by the presence of dimples on the fracture surface[9, 11]. However, as
some literature report, the surface is also marked by areas of brittle cleavage [9]. These areas
correspond to the brittle phases like carbides and laves phases that didn’t completely dissolve
while the heat treatment. Since laves and carbides are expected to dissolve during the heat
treatment and by a matter of chance only do small remnants of the phases remain, that not
all literature report the presence of this phases in heat treated specimens.

The directionality of properties also decreases though not completely removed. With the
decrease of residual stresses and pores [9], and the homogenization that lead to uniformly

Saswat Sahu Master of Science Thesis



2-3 Post process Heat-Treatments 21

distributed strengthening phases, the anisotropy is relatively less. However, the main reason
for this directionality is the presence of pores and lack of fusion cracks that see almost neg-
ligible change. Pores that were reported to have decreased only refer to large pores. Several
small pores still remain in the specimens. The more dangerous lack of fusion cracks were left
untouched [44] during heat treatments which pose a major setback for mechanical properties.
These defects are not addressed by the standard heat treatments discussed above and need
to be dealt with by additional treatments discussed further.

2-3-3 Effect of AMS 5917 on microstructure of SLM produced IN718

Pores and voids

The main effect of HIP on the microstructure of SLM IN718 is the reduction of the number
of pores and voids. The voids are simply closed and consolidated again under the effect of
the high temperature and pressure [46].

Phases

It is reported that carbides grow after HIP on the grain boundaries [8, 13]. Lump carbides are
found to grow in contrast with the dissolution of carbides after homogenization treatment.
This is attributed to Ostwald ripening of the carbides during HIP that occurs at a higher
temperature and in the presence of isostatic pressure [47]. Ostwald ripening is found to
occur at temperatures above 1177°C [48] and with the combination of high temperature
and pressure, is supported by HIP. Whereas in homogenization treatment the temperature
is not high enough (1080°C) and the carbides dissolve to match the solubility limit at that
temperature [48]. However, when homogenization is applied after a HIP treatment, carbides
are coarsened further. Some reports suggest that Ostwald ripening of the carbides does occur
during homogenization but due to small size of the precipitates is not identified [48]. In such
a case, the lump carbides formed during a prior HIP just serves as a nucleation site for further
growth of the precipitates during the homogenization. This is in contrast with papers that
identify carbides in as-processed samples but don’t identify carbides in heat treated samples
[11]. Other phases like § phase and laves phase are dissolved under the high temperature
[13, 47]. The solvus temperature of both ¢ (980°C) and laves phase (1025°C) are well below
HIP temperatures due to which dissolution of both the phases takes place.

Morphology

Grains become less columnar. Under the effect of the high temperature, partial recrystalliza-
tion takes place and the grains attain a more equiaxed structure [8, 49]. The grains also lose
texture with the recrystallization [13]. A further homogenization, however, doesn’t change
the grains much due to the carbides that impede their growth [13].
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Figure 2-15: IPF showing grain orientation in HIPed SLM IN718 [13]. Note the equiaxed grains
as compared to Figure 2-11 and Figure 2-14.

2-3-4 Effect of HIP on mechanical properties of SLM produced IN718

Table 2-5: Effect of HIP and heat treatment on mechanical properties [13].

Treatment Yield Strength (MPa) UTS (MPa) Elongation (%) Hardness (HV;)

After HIP 645 1025 38 310
After H/T 875 1153 17 360

After HIP and
H/T 1145 1376 19 468

The major effect of HIP is the improvement of strength due to the reduction of pores and voids.
Not only does the strength improve after the treatment, it also results in an improvement
of fatigue life times. Pores serve as crack initiator during fatigue which reduces the lifetimes
of the component. HIP eliminates these pores and reduces the number of crack initiation
sites. Elastic modulus, elongation and hardness values have been reported to improve with
just a HIP treatment. However, optimum properties are achieved only after a standard heat
treatment following the HIP. Popovich et al. [13] studied the impact of heat treatments, HIP
and HIP followed by heat treatment and concluded that optimum properties are achieved in
the latter. The difference in properties can also be attributed to the change in microstructural
features. The appearance of carbides in the grain boundaries, the dissolution of laves phases
and the change of the grain morphology lead to properties as described by Table 2-5.

In a summary, the best properties are obtained after both HIP and heat treatments. Although,
the ductility is lower, it is more than compensated by the increase in strength.

2-4 Fatigue properties of IN718

IN718 by the definition of its patent promises to have good fatigue strength. However, since
SLM as an AM process introduces so many defects, assessing fatigue in SLM produced IN718
components is necessary from the perspective of this report.

Saswat Sahu Master of Science Thesis



2-4 Fatigue properties of IN718 23

Fatigue in additive manufactured IN718 has been recently investigated [38, 40, 50, 50, 51, 52].
The endurance strength of additive manufactured IN718 is found to be less than that of
wrought counterparts [50]. This is attributed to the presence of pores and voids in the as-
processed components [53]. Endurances for short-life regimes was reported to be comparable
to that of wrought whereas endurances for long-life regimes was at-least an order lower [50].
In contrast to the above result, Gribbin et al. [51] reported that the endurances for long-
life regimes in additive manufactured IN718 was higher than wrought counterparts and not
lower. Long-life regimes which had lower strain amplitudes showed higher lifetimes for ad-
ditive manufactured IN718. This was attributed to the higher strength in the as-processed
IN718 components and the strength dependence of fatigue behaviour at those strain levels. On
the other hand, additive manufactured IN718 had lower lifetimes for high strain amplitudes
that involved plastic deformation. With the same explanation, when fatigue is controlled by
plastic deformation mechanisms, components that are more ductile i.e. the wrought IN718
performed better.

Anisotropy of fatigue properties has been established in additive manufactured IN718 [29, 40].
Kirka et al. [40] reported that the texture with respect to build direction changes the failure
mode in additive manufactured IN718. The presence of columnar grains in IN718 affected
growth of crack. Konecna et al. [29] demonstrated that the fatigue lives of SLM produced
IN718 are the least when loaded parallel to build direction. This was reasoned, as above,
with the help of columnar grains that result in more grain boundaries in one direction than
in other. Since grain boundaries are known to resist dislocation motion, loading along build
direction where columnar grains are parallel to the load and perpendicular to the dislocation
motion results in the build direction to be weak. The weakness of build direction is also
related to the presence of defects and residual stresses [29].

The fatigue strength of SLM-fabricated IN718 significantly improves after the heat treatment
owning to the elimination of the laves phases and the precipitation of v”/4" strengthening
phases [30] and carbides.

In the following paragraphs, fatigue crack initiation and propagation in IN718 are discussed
in detail along with the general idea of each of the events.

Fatigue involves three main events- the initiation, the propagation and the final fracture.
These three events define the lifetime of a component. Hence, factors affecting each of the
three events also affect the lifetime of the component. The initiation part of the life is when
the weakest parts of the component, for example pores and precipitates, reach their limits
of accumulating strain. Initiation leads to a situation where multiple microscopic cracks are
activated from each weak point. Microscopic cracks in this case are limited to the length scale
of that weak point. The multiple cracks grow to form a macroscopic crack through different
mechanisms. This macroscopic crack could be of microscopic length scales but has overcome
microscopic barriers in the microstructure. The propagation phase of the life refers to the
growth of this macroscopic crack. After growing to a certain size, the growth becomes unsta-
ble as the crack fails to accumulate anymore strain. This leads to final event where fracture of
the component takes place. The amount of lifetime spent in this final regime is minimal and
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most design protocols consider full lifetime of a component before the final fracture event.
From the perspective of this report only crack propagation is relevant however for theoretical
completeness crack initiation is also covered in the following subsection.

2-4-1 Crack Initiation

Crack initiation in Ni alloys, including IN718 is generally attributed to brittle phases like
carbides, pores, and twin boundaries. Although, pores and twin boundaries are reduced in
the previously discussed heat treatments, they play a significant role in the initiation of as-
built samples. AM brings with it an additional initiation site in the form of surface roughness.
Due to the step wise processing protocol of SLM, surface of components contains numerous
crests and troughs which could otherwise serve as small cracks. Other phases like the laves
and ¢ phases can also serve as initiation sites in IN718. However, except the geometrical
features like the pores and the voids, the effect of all the microstructural features happens
by the same mechanism. The exact definition of crack initiation is very varied in literature.
From an atomistic view, a crack is initiated when the atoms overcome the local cohesive
forces resulting in the creation of new surfaces [54]. Another way of defining crack initiation
as some literature report is through cyclic slip irreversibilities [55, 56, 57]. It results from the
slip displacements caused by the movement of dislocations in the forward part of the fatigue
loading cycle that are not fully recovered in the reverse part of the fatigue loading cycle. Cyclic
slip irreversibilities may have different causes and manifest themselves in different ways. Clavel
and Pineau illustrated that irreversible cutting of the 4/ precipitates in the nickel superalloy,
Waspaloy, results in the irreversible plastic strain [58]. Other sources include persistent slip
bands, pores, cross-slip of dislocations etc [56]. Ho et al. [57] showed that there exists a
critical value of cumulative irreversible cyclic plastic strain to crack initiation for Waspaloy.
The following paragraphs summarize the relevant sources of crack initiation for IN718 that
can also be explained with accumulation of irreversible plastic strain.

Surface Roughness

AM including SLM results in components with significant surface roughness [29, 36, 37, 38].
The roughness is a direct result of the step wise processing which renders partially melted
material on the periphery leading to uneven surface. The un-polished surface consists of sharp
edges that can also function as notches. These process-induced notches have sharp geometries
and experience high stress concentrations.

Pores

Pores and voids, as discussed earlier, are common initiation sites for both conventional and
additive manufactured IN718. Pores being spherical in shape experience lesser stress con-
centration than voids that have very sharp geometries. Although, treatments like HIP are
incorporated to reduce these defects, they are not completely removed from the bulk of the
sample. HIP closes the pores and voids in the bulk but doesn’t completely remove the absence
of material from pores near surfaces [59]. These defects become more dangerous when they
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are at or near the surface as they increase the stress intensity. Surface roughness along with
these defects result in well-defined crack initiation sites from the surface [29, 37, 38].

Twin and Grain Boundaries

Strain is reported to be localized at twin and grain boundaries. Miao et al. [60] reported
that for nickel base superalloy René 88 DT, crack initiation took place near a twin boundary.
Dislocations pile up at these boundaries and lead to crack nucleation. However, not all
boundaries lead to pile ups. Slip transfer can happen at boundaries that are less misoriented
(<20°). Dislocations piling up in this case is the source of the cyclic irreversible plastic strain
discussed earlier. After attaining a certain limit of irreversible strain, a crack is initiated.
Although, no such literature is published for IN718, the presence of twin boundaries in IN718
like that in René 88 DT puts IN718 under the same risk.

Precipitates

The detrimental effect of brittle phases like laves [9], 0 [61] and carbides in the microstructure
has already been established. Under cyclic loading, these phases crack and lead to formation
of micro-voids.

Persistent Slip Bands

In the absence of all the above sites, persistent slip bands (PSBs) lead to formation of surface
roughness [62]. This roughness is a result of dislocations escaping from the surface [54, 56, 63].
In other words, irreversible slip occurs near the surfaces leading to sharp edges that serve as
cracks.

2-4-2 Crack Propagation

The second major phenomenon during fatigue is the propagation of the initiated crack. Prop-
agation of cracks is generally studied with a fatigue crack growth rate (FCGR) curve shown
in Figure 2-16. An FCGR curve contains three regions- the threshold region, the Paris region,
the final fracture region. Crack propagation includes four main types of growth depending on
the length of the crack [54]. Just after the initiation of a crack, the crack grows through the
local grain along the weakest slip plane or along the direction that has the highest resolved
shear stress [54]. This leads to a crack that is of the order of the grain size and is highly
affected by various microstructural barrier, e.g., grain, precipitates etc [54, 65]. At this length
scale the crack is a microstructurally short crack [54, 65]. Once the crack length exceeds sev-
eral grain diameters or the largest barrier [65], the crack propagation is driven by the plastic
zone ahead of the crack tip i.e. crack-tip opening displacement [54]. This crack is called a
mechanically short crack. As the crack grows and the plastic zone size becomes negligible
in size as compared to the crack, concepts of stress intensity or Linear Elastic Fracture Me-
chanics (LEFM) become valid [54, 65]. This crack is called a physically small crack. At this
scale of crack lengths, further propagation is controlled by the stress intensity factor K. Since
fatigue involves a cyclic load, the crack growth is directly linked with the change in K in each
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(b) FCGR curve of SLM produced as-processed IN718

(a) Schematic of a typical FCGR curve [64]

Figure 2-16: Example of FCGR curves

cycle or AK = K0 — Kimin. Further growth of this crack leads to long cracks where factors
such as crack closure start affecting the effective AK. Crack closure essentially shields a part
of the stress due to a variety of reasons like plastic deformation at the crack tip, corrosion
etc [63]. However, with a higher stress ratio or R=K,,42/Kmin , crack closure is less likely to
take place. The threshold region discussed earlier includes cracks when they are physically
small [65]. Short cracks including both microstructurally short and mechanically short are
not represented in the FCGR. curve as stress intensity as a concept cannot be defined at such
length scales. On the other hand, the Paris region refers to long crack growth that is not
affected by local intrinsic factors and has a stable growth. The Paris region is described by
the Paris law given by,

da m

I C(AK) (2-2)
where C' is the Paris constant, m is the Paris exponent, g—z is the crack growth rate and AK
is the stress intensity range.

Short crack growth in IN718

Short crack growth is a rather limited researched topic as it contains many ab-normalities.
However, information such as barriers in IN718 can be tapped from literature that focus on
microstructural aspects of fatigue. Yoo et al. [66] carried out strain measurements in fatigued
SLM IN718 using digital image correlation (DIC) and reported that strain in heat treated
is localized along certain grain boundaries. These strain localizations are oriented 45° with
the loading direction which coincides with high shear strain direction. This was also related
to the grain size as coarse grains in the heat-treated specimens lead to an inhomogeneous
distribution of strain inside the grain. Process induced cell boundaries are also reported
to serve as barriers until the gliding dislocations pile-up, rearrange themselves into PSBs
and pass the boundary. PSBs are also reported to pass grain boundaries. For heat-treated
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specimens, annealed twin boundaries and precipitates serve as better barrier to short crack
growth than grain and cell boundaries.

Long crack growth in IN718

Long crack growth in IN718 is relatively more explored. Although, literature regarding SLM
IN718 is limited, results from literature on conventional IN718 are noteworthy. Clavel and
Pineau [58] report a planar slip mechanism for fatigue in IN718. The entire crack path is
also reported to be transgranular [58, 64, 67, 68]. The threshold region is marked by the
formation of microtwins [58] while the fracture surface is reported to be faceted [58]. Locally
flat fracture surfaces were also observed by Mercer et al. [67] and Andersson et al. [68]. These
locally flat or faceted surfaces are attributed to the crystallographic crack growth. Mercer et
al. reported that the crystallographic fracture in favoured crystallographic directions is asso-
ciated with the cleavage of atomic bonds ahead of the crack tip. In such a case plastic strain
is accommodated by the shearing of brittle § precipitates. In contrast to Clavel’s report of
microtwins, Mercer et al. report very little dislocation or twinning activity. As a result, only
very fine striations were reported by the latter. This is in line with the findings of Andersson
et al. who concluded a mix of both crystallographic and plastic blunting mechanisms for the
crack growth. However, depending on the stress intensity levels one of the two mechanism
dominates.

The AKyy, (threshold stress intensity range) was reported to be in the range of 13-14 MPay/m
for wrought IN718 at a stress ratio R= 0.1 and frequency 20 Hz [58]. Konecna et al. [64] who
studied as-processed SLM IN718 report both faceted and non-faceted fracture surfaces. They
reported a rather low threshold value of 3 MPa/m as can be expected from as-built specimens.
It is a general fact that the threshold value depends on a variety of factors like-microstructure,
the elastic modulus, the stress ratio and the environment of testing [63]. Evidently, Konecna
et al [64] tested as-built SLM IN718 which has significantly different microstructure than
wrought material. Microstructural features in the SLM alloy tested, like grain size, phases,
texture, etc decide the threshold of the material. Coarser grains have higher threshold and
vice-versa as more damage can be accommodated in larger grains. Similarly, lower volume
fraction of precipitates also leads to higher threshold.

The Paris region is marked by a transition to the plastic blunting mechanism resulting in
coarse striations [64, 67, 68]. At high AK for a stress ratio R = 0.1, dislocation associated
features like slip bands, dislocation networks and stacking faults associated with the shear-
ing of the 7" precipitates are observed [58, 67]. It is interesting to note that the with the
increase of the stress ratio R to a value of R = 0.8, the mechanism is again dominated by
crystallographic fracture with appearance of faceted fracture surfaces [67]. The role of Kiaz
at this stress ratio was considered to be of significance. As already mentioned, a mix of both
mechanisms are active simultaneously in crack growth in this material. However, both are
locally not additive as only one of them dominates depending on the AK and R values [68].
The direction of the crack growth is also dependent on the local situation in the microstruc-
ture. If the slip bands at the crack tip are away from the maximum shear stress direction
(45°), slipping may occur parallel along the slip band through a redistribution of stresses or
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microcracks are formed ahead of the main crack and subsequently linked together [68]. A
variety of local variations have been reported by Andersson et al. [68] in the Paris region.
An et al. [61] studied the effect of ¢ phase on the FCGR and concluded that needle like §
phases help more in propagation than granular § phase. It was reported that the presence of
a precipitate free zone around needle like § phase accumulates more strains and thus cracks
propagate easier near a ¢ phase. Additionally, needle shaped § phases, being brittle, break
easier when faced with crack perpendicularly.

Modelling of the crack growth for IN718 involves modelling the different crack mechanisms
active in different regimes of the FCGR curve. Mercer et al. modelled the three different
regimes using results obtained from their FCGR curves and fractography studies. The Paris
exponent values and Paris range of AK are presented in Table 2-6 below. For more details,
the reader is referred to [67].

Table 2-6: Paris exponent values and Paris range of AK for different stress ratio in forged IN718

Stress Ratio Paris Exponent m Paris Range (in MPay/m)

0.1 3 21-48
0.3 3.4 15-38
0.5 2.5 15-30
0.8 1.8 9-11.5

2-5 Functional Grading

The concept of functionally graded materials (FGMs) was first introduced in the 1980s by
Japanese scientists for high temperature applications in space planes [69, 70, 71]. The moti-
vation for this development was the separation of ceramic tiles from the metal fuselage at the
interfaces in the space planes due to different thermal expansions. With FGMs steep changes
in material properties can be minimized and distributed over a wider volume. Hence, in
FGMs properties are not concentrated at the interface, for example thermal stresses at metal-
ceramic interface are essentially lower with the gradation of thermal expansion as shown in
Figure 2-17. Although, in general the concept of FGM is applied to materials with radical
heterogeneity like metal-ceramic composites, it can also be applied to traditional monolithic
materials by the help of different microstructures having varied properties as discussed later.
Microstructural features like phases, texture and grain sizes can be tailored to meet certain
required property like toughness, ductility etc.

2-5-1 Types of FGM

FGM can be of different type depending on the classification criterion used. One way of
classification is the gradation mode which may be continuous or layered (Figure 2-18). In the
former the properties are changed from one side to other in a continuous manner and in the
latter the material is composed of monolithic layers that show gradation in some property [72].
Another way of classification is based on the entity that is used to produce these gradations.
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Figure 2-17: Tailored FGM composites with smooth transition in thermal properties [69].

These entities as used in literature are primarily- chemical elements, phases and pores. With
a gradation in these entities variation in different properties can be achieved.

(a) Continuous Gradation (b) Layered Gradation

Figure 2-18: Types of FGM [72].

2-5-2 Additive Manufacturing of FGM

Conventionally, FGM specifically the metal-ceramic type has been produced by a variety of
processes like vapour deposition, centrifugal casting and powder-based processes [69, 70, 73].
The introduction of AM has further enabled economic and efficient production of these ma-
terials. AM being a fairly automated process involves many parameters, the precise control
of which can be used to produce FGMs with greater ease [74, 75]. Qian and Dutta [76] had
paved the way for layered manufacturing of heterogenous materials through their modelling
approach of the process. With further developments in the field of AM, researchers have
attempted modelling and controlling the various AM processes to better their practical ap-
plicability. In the recent years, better integration of AM with FGMs has been a common
attempt by various researchers [74, 75, 77| . Although, FGMs investigated by most works
are of metal-ceramic composites, the concept can also be applied to heterogenous metal com-
ponents with the same prospects [70, 78]. SLM, which was mentioned earlier has also seen
application to produce such components very efficiently [13, 78, 79]. In a previous project
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done at TU Delft, Popovich et al produced functionally graded IN718 with SLM with the
help of different powers of laser [13, 78]. The different power of lasers used were 250W and
950W which yielded different zones of fine and coarse grains respectively in the same compo-
nent. Additionally, in line with the effect of SLM on the microstructure of IN718 discussed in
section 2-2-3, a significant texture was observed in the coarse region of the components. This
resulted in significant heterogeneity in tensile properties. Young’s modulus, yield strength
and tensile strength were observed to be different on both sides validating the applicability
of FGM concept to these components.

2-5-3 Mechanical properties of FGM

In Figure 2-17 it was shown that with FGM of the metal-ceramic type, thermal properties
see a smooth transition instead of the steep change across the interface. However, since
only mechanical properties are important for the current review, only the latter is discussed
further. In the previous section, the project by Popovich et al [13, 78] was mentioned where
the mechanical properties of FGM seem to have been affected by the gradient microstructure.
This is summarized in table.

Table 2-7: Table showing different mechanical properties corresponding to different laser powers
[78]

9 . .
Laser Power Young’s Modulus Yield Strength Tensile Strength

(GPa) (MPa) (MPa)
250W 173 668 1011
950W 113 531 866
Graded 155 585 880

The effect of FGM on mechanical properties have also been covered by other works [80, 81,
82, 83, 84]. The common finding was that the balance in mechanical properties is significantly
improved by following the rule of mixtures. This was attributed to the strain gradient in these
materials that lead to additional strengthening mechanisms. In layered gradient structures
where one layer is more ductile than other, the strengthening is specially attributed to change
of stress state from uni-axial stress states to bi-axial stress states [81, 82]. In continuously
graded materials it is attributed to emergence of geometrically necessary dislocations leading
to additional strain hardening [80, 83, 84].

2-5-4 Effect on fatigue and fracture mechanics in FGM

Gradient microstructures have been studied in literature regarding their relationship with
fatigue [85, 86, 87]. Benedetti et al. [85] studied the influence of gradient microstructure in
Ti alloys on the fatigue resistance. They concluded that the fatigue propagation rate in the
alloy was intermediate between the two extreme microstructures used to create the gradient.
Zhang et al. [86] used a surface strengthened axle steel with gradient microstructure to show
fatigue crack growth. It was found that the parameters of the Paris equation and AKth varied
over the depth of the gradient microstructure. An initiated crack was found to be arrested
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or decelerated while propagating on encountering a higher threshold microstructure. Ma et
al. [87] investigated fatigue resistance in strength gradient steels and affirmed the idea of
improving fatigue resistance by using gradient microstructure. They used graded steels and
concluded that a microstructural change can significantly affect plastic deformation during
fatigue propagation.

However, the above studies don’t mention the effect of gradient properties on the fracture
mechanics in such materials. Investigations like [88, 89, 90, 91, 92, 93, 94] have attempted to
explain the fracture mechanics in these materials. To explain the fracture mechanics, these
investigations basically assess the crack tip stress fields and displacement fields as compared
to that in homogenous materials. Delale and Erdogan [89] were the first to make the progress
in this direction. They showed that the crack tip singularity in these materials were identical
to that of homogenous materials as long as the elastic modulus varies in a continuous manner.
This has been confirmed by many other works [88, 89, 90, 91] and stress intensity solutions
for many specific cases have been produced by finite element modelling [90, 92, 93, 94| using
the above result. Although, the different results provided in the works mentioned above are
interesting, with regard to the scope of this report only the theoretical formulation of the
problem is discussed further. Hence, in the following paragraphs a summary of the theory
regarding the crack tip stress fields and the approaches used to formulate the finite element
modelling is mentioned.

Crack tip fields

Due to the geometry of the crack, the stress around a crack tip is not the same as the applied
stress but instead a function of the distance from the crack. This stress distribution for
homogenous materials was given by Westergaard [94] as follows,

o(z) = —2nem (2-3)
1—($)?
where o(x) is the stress at x distance from the centre of the crack, oo is the nominal stress
applied and ‘a’ is the half crack length. A more general solution is as follows

Ky I Ky II

0y = Nore: 5(0) + Noretdl @)+ ... (2-4)
where o;; is the stress at a position of (r,0), K , Kr are the applied mode I and II stress
intensities respectively and f ij is an unique angular function valid for that mode [93]. The
singularity mentioned previously comes from the above equations as at the crack-tip i.e.
x =a in Eq. (2-3) and r = 0 in Eq. (2-4), the function shoots up to infinity. It is this inverse
square-root singularity that was found to be also present in FGMs. For FGMs Eq. (2-3)
also includes the variation of the elastic modulus E. This was shown very simply by Ravi
Chandran and Barsoum [94] using the above assumption. Since the nature of the singularity
remains the same, they discretized the material in homogenous layers considering a constant
E in the layers (refer to Figure 2-19). With a isostrain constraint the stress in the i+1%" layer
(Eq. (2-6)) can be correlated with the stress in i layer (Eq. (2-5)).
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K;
NV >
Eitq K; (2-6)

Tyt = E; /ma\/1— (a/x)?

Balancing the forces in all the layers to the force applied at the top specimen boundary yields
the following equation for a centre-cracked tension (CCT) specimen of width 2W.

K, (W E(®) 1
TnamV = L / o) (1_(%)2)@ (2-7)

where K, is the stress intensity at the crack length, F, is the elastic modulus at the crack
length and E(x) is the variation of E. Depending on the function E(x), K, can be calculated
in closed form solution. The derivation is made simpler with the following figure.

Gupp

Figure 2-19: Central crack in a layered infinite plate and the schematic of the stress distribution
ahead of the crack tip [97]

Ravi Chandran and Barsoum [94] presented closed form solutions for CCT specimen for
different ratios of E,,/E, (refer to Figure 2-19) and at different crack ratios a/W and verified
it with a finite element model which showed an error of few %. The above analysis can be
also be performed by Eqn (4) as done by Delale and Erdogan [89] which essentially implied
that the parameters in the E(x) are also included in the stress fields. A simple representation
is as follows:

Modulus — Variation : E(z,y) = E,ef*+) (2-8)

Stress — distribution : o;;(r,0) = e(T(ﬁcoseJr'ysma))oij (2-9)

Saswat Sahu Master of Science Thesis



2-5 Functional Grading 33

Stress — Intensity : K1 = lim \/2(z — a)oyy(z, 0) (2-10)

It can be noted that the parameters from E(x,y), 8 and =, are also present in the stress
distribution o;;(r,d). For brevity the derivation of the above solution is not covered here.
However, the final conclusion regarding the crack tip stress fields is that the singularity
remains the same with the addition of the level of inhomogeneity.

Finite Element Modelling (FEM)

As mentioned above, many works have formulated different ways for the FEM analysis of
FGMs. A brief summary of the major approaches is presented here. There are three major
techniques [93] by which FEM analyses in FGM can be performed:

Displacement correlation technique This is one of the simplest methods to evaluate stress
intensity factors. It consists of correlating numerical results for displacement at specific
locations on the crack with available analytical solutions. Like stress fields, a crack also
has an associated displacement field. In this finite element method, the displacement at the
elements behind the crack tip are correlated with the displacement at the crack tip. On the
other hand, the displacement at the crack tip can also be obtained using the displacement
field formula. On correlating the above two, the stress intensity can be expressed in terms of
the displacements at the elements behind the crack tip. This is the basic idea of this method.
For brevity the equations are not covered here, and the reader is referred to the following
article for more information [93, 94].

Modified Crack closure integral Based on Irwin’s virtual crack closure method [95] using
the stresses ahead of the crack tip and the displacements behind the crack tip, the energy
release rates can be obtained for mode I and II separately. The advantage of this method is
that it doesn’t need any assumption of isotropy or homogeneity around the crack making it
more suitable for FGMs. The strain energy release rates for the mode I (Gy) and II (Gyy),
as obtained by Irwin, can be related to the work done by the stresses over the displacements
produced by the introduction of a virtual crack extension. On the other hand, G; and Gy
can be related to stress intensity K and modulus as follows:

k—+1

where k = 3 - 4v for plain strain or kK = g’;zg for plane stress, u is the shear modulus and i

represents the mode. This way the stress intensity at different crack lengths can be obtained
using this method [93].

J* integral or domain integral As the name suggests this method uses the J integral to
correlate strain energy with the stress intensity factor. For homogenous materials, the energy
release rate is represented by the following line integral:
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J = 11;1119 (W(Sh - O'iju]'71)nidc (2—12)
where W is the strain energy density and ni is the outward normal of the path I', which starts

from a point on the lower crack face and ends at another point on the upper crack face and
u is the displacement. For non- homogenous materials J is better represented as:

J = /(aijui,l — W(Slj)QJdA — /qudA (2—13)

where W is a function of E(x), v(x) and €(x). Hence, the derivative in the second integral Wi,
represents the effect of non-homogeneity. For the homogenous case, the second integration
gives a value of zero and hence is the same as the Eq. (2-12). For brevity, further formulation
is not covered, and the reader is referred to the following articles [93, 94].

2-6 Conclusions

To define the goals of the current project, it is necessary to summarize those aspects of the
previous sections that form the basis for the current project. The following are the main
conclusions of each section:

1. Section 1: The different phases of IN718 includes the v phase (the matrix), 4'/7” phase
(the strengthening phase), the detrimental laves phase, the carbides and the ¢ phase.
The good corrosion and creep resistance are attributed to the presence of chromium
and high temperature phase transformation respectively.

2. Section 2: It was shown that SLM as an AM process produces IN718 components with
significant levels of residual stress, brittle phases, defects and texture. This led to
anisotropy in the components. The different parameters of SLM affect the microstruc-
ture depending on the cooling rate it experiences. The resulting tensile properties were
inferior as compared to their wrought counter parts.

3. Section 3: It was shown that the standard heat treatments improve the tensile proper-
ties of INT718 significantly which can be attributed to the change in its microstructure
(appearance of strengthening ~'/v” phases, disappearance of brittle phases, decrease in
residual stress). It was concluded that the best tensile properties were obtained with
a combination of heat treatments and HIP which also reduced geometrical defects like
voids and pores.

4. Section 4: It was shown that crack initiation in IN718 occurs at pores, twin bound-
aries etc. It was also shown that the threshold varies with different microstructure of
IN718. Crack propagation in IN718 was predominately transgranular and is affected
by the morphology of certain phases and the local situation at the crack tip. Different
mechanisms of crack propagation were mentioned and depending on the local situation
(phases, slip plane orientation etc) these mechanisms are dominant in the material.
These mechanisms were the main deciding factor for the crack growth rate.
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5. Section 5: The concept of FGM was introduced and it can be easily produced with
AM. It was also shown that the concept of FGM significantly improves the balance of
strength and fracture resistance. The fatigue resistance is also improved in such mate-
rials. The stress fields in these materials have the same nature as that of homogenous
materials, with an addition of the level of inhomogeneity. Stress intensity solutions for
such materials are calculated using special approaches in its FEM analysis.

2-7 Problem statement and research questions

In a previous project by Popovich et al [14, 81], mentioned before, graded IN718 produced by
SLM using two different laser powers was assessed for their tensile properties. The component
had two different microstructures with coarser grain and significant texture on one side and
fine grain on the other side. The effect of laser power is in line with the main conclusions
from section 2. They produced positive results with such a material improving the properties
of IN718 with FGM concept. They also affirmed the effect of standard heat treatments [13]
on the component which is also in coherence with the conclusions from section 3. In line with
the previous project and the literature mentioned above, it can be hypothesized that there
might be a significant effect on the fatigue properties. Specifically, according to the main
conclusions from section 4, that show an effect of texture and grain size on the threshold and
crack growth mechanisms, and section 5, that show the effect of FGM on the stress fields and
the stress intensity solution, it is expected to show considerable effect on fatigue of graded
IN718. Hence, the primary research objective of this study is to

“Investigate if the functionally graded microstructure can be used to affect the fatigue be-
haviour of Inconel 718 manufactured by selective laser melting”

In order to achieve the primary objective the following research questions are set:

1. How does the individual microstructure and mechanical properties develop during 3D-
printing of Inconel 718

2. What is the effect of post process heat treatment on individual microstructure and
mechanical properties

3. How does the fatigue parameters obtained for ungraded Inconel 718 depend on the
various microstructural features like grain size, grain orientation, residual stresses, etc.

4. What is the difference between fatigue properties of 3D-printed and conventional wrought
Inconel 718

5. Based on the results of this study and literature can the developed herein relations be
used to tailor fatigue behaviour in 3D-printed functionally graded materials
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Chapter 3

Materials and Methods

In this chapter, the experimental procedure is covered. In the subsequent sections, the ma-
terial, the post process heat treatments and the microstructural and fatigue characterization
are covered. Each section also covers further details in various subsections. A summary of all
the tests performed in this project is also included in the last subsection.

3-1 Materials

Different types of specimens were utilized in this project to examine different aspects of
the project. This section describes the type and other relevant details of the manufactured
IN718 material. The section is divided into the following subsections-the manufacturing,
heat-treatment and the final type of dimension.

3-1-1 Manufacturing

The specimens used for this project were produced by Selective Laser Melting (SLM) using gas
atomized IN718 powder. Different microstructures were achieved using different parameters in
the SLM process, mentioned in Table 3-1. This was based on the previous projects mentioned
in the previous chapter.It was observed that the 250 W laser power lead to fine grain size
and the other lead to coarse grain size. In the current project, both the individual and the
gradient microstructure are produced using the same parameters which is also mentioned in
the table below. Although, further details are covered in the subsequent subsections, at this
point, it is sufficient to note the different grain sizes obtained for the different parameters.
This will also be verified in this project.
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Table 3-1: Table showing parameters used in the SLM process

Laser Laser Hatch Layer Expected microstructure
Power Scanning Distance thickness
(W)  speed (mm) (pm)
(mm/s)
250 700 0.12 50 Fine Grains
950 320 0.5 100 Coarse Grains

Additionally wrought material in the heat treated condition was also used as reference for the
tests.

3-1-2 Heat Treatment

The effect of heat treatments on the microstructure and properties of SLM was covered in the
previous chapter. Two standard heat treatments were discussed and it was mentioned that
the best properties of SLM material are obtained with the combination of both. Hence, in this
project half of the specimens underwent the combined heat treatment and were compared with
SLM material in the as-processed condition. Additionally, the wrought material mentioned in
the previous subsection was received in the standard heat treated condition. In the rest of the
report the combined heat treatment is referred as HIP+H/T, the standard heat treatment is
referred as H/T and the as-processed material is referred as AP. The above heat treatments
are summarized in the table below.

Table 3-2: Table showing the Heat treatments applied

Heat Treatment Application on Step Temperature Hold Time Cooling
Solutioning  980°C 1h furnace  cooled  at
H/T Wrought Material 55°C/h to 720°C
Acing 720°C 8h furnace  cooled  at
&g 55°C/h to 620°C
620°C 8h air cooled
HIP 1180°C , 150 MPa  3h furnace cooled
. . Solutioning 1065°C 1h furnace  cooled  at
HIP + H/T SLM printed material 55°C/h to 760°C
Acing 760°C 10h furnace  cooled  at
Big 55°C/h to 650°C
650°C 8h air cooled

3-1-3 Type and Dimension

Five groups of specimens representing different combinations of microstructures, henceforth
named as A,B,C,D,E, were used for this study. These were designed in the form of Single
edge notched bending (SENB) specimens mentioned in ASTM-E399 for the fatigue tests.
Out of the five groups, group A and B were designed to have the graded microstructure and
were of 12x6 mm dimension. On the other hand, group C, D and E had only the individual
microstructures that were used to produce the former and were of 10x5 mm. In the rest of
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the report groups C, D and E are collectively called as ungraded specimens and groups A
and B are collectively called the graded specimens. Of the ungraded specimens, C and D
were processed with 950 W laser power and E was processed with 250 W. Since groups C
and D were expected to have a coarse grain microstructure, two building directions of the
SLM process are employed. The effect of building direction in SLM was covered in chapter
2 where preferential growth direction and texture were linked to the former. Hence, having
two building directions adds an important aspect in the current project. In terms of the
geometrical shape of the specimens, Building direction (BD) of C was along the length and
that of D was along the width (refer Figure 3-1). The lines in Figure 3-1a and 3-1b represent
the elongated grains expected to be found in these specimens. On the other hand, specimen
E was expected to have fine grain microstructure and hence building direction was assumed
to be of no significance. Lastly, the graded specimen were combinations of the ungraded
microstructures. Specimen A was a combination of the ungraded specimens C and E whereas
specimen B was a combination of D and E and therefore, had the same corresponding build-
ing directions (Figure 3-1d and 3-le). In the SLM process the parameters were changed
half-way to produce the graded specimens. In this way the gradient microstructure was ob-
tained expectedly containing fine grain on one half and coarse grain on the other (Figure 3-1d
and Figure 3-1e). The basis of nomenclature of all the specimens are summarized in Table 3-3.

(a) Group C - 950 W (b) Group A

T T

oo

Base Plate
(c) Group D - 950 W

Base Plate
(d) Group B

Base Plate
(e) Group E - 250 W

(f) Drawing showing diemnsions

Figure 3-1: Figure showing manufacturing of the specimens and their dimensions
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Table 3-3: Table showing the nomenclature of the various specimens

Type Building direction/- SLM laser power Dimension Collective name Symbolic Icon
Combination

Along the length 950W 10x5 Ungraded %

C
Along the width 950W 10x5 Ungraded "]]]]]]]]Iu]]]]]]:ﬂ]ml
E Not applicable 250W 10x5 Ungraded
A C+E Both 12x6 Graded
B D+E Both 12x6 Graded

The actual dimensions, shown in Figure 3-1f, were achieved by milling. The building direc-
tions of the specimens are shown in the figure. Notch of depth 0.5 mm and radius 0.2 mm,
which is shown in Figure 3-5, was machined in all specimens with EDM. The notch in the
graded specimens was machined on the fine grain side which was achieved with prior mi-
croscopy done as per procedure mentioned in the following section. Additionally, the wrought
material had a dimension of 12x6 mm.

3-2 Characterization

All the SLM printed specimens were characterized using microscopy, X-ray diffraction (XRD),
Electron back-scatter diffraction (EBSD) and hardness measurements. This section mentions
the above topics in separate corresponding sub-sections.

3-2-1 Microscopy

The specimens were ground using sandpaper of upto 2000 grit size and then polished with
3u, 1p liquid. The as-processed specimens were also polished with OP-S liquid to remove fine
scratches that still remained after 1y liquid. On the other hand the HIP+H/T specimens
were polished with alumina liquid instead of 1u liquid. This was because of fine scratch like
features that were observed after etching when polished with 1 liquid. The choice of alumina
was made from reports in literature that have seen a similar phenomena with Ni based alloys
[96]. The scratches were reportedly made by agglomerates which became particularly visible
after reaction with the etchant.

The HIP+H/T specimens were etched using waterless Kalling’s agent (HNOs3, Glycol, CuCly)
while the AP specimens were etched with Glyceregia. The etched surfaces were then observed
under both optical and electron microscopes. The primary goal of optical microscope was to
observe the transition from one zone to another in the graded specimens. Both the interface
and the individual zones are observed for grain features like grain boundaries, grain size and
grain morphology. Further electron microscopy was used to study features related to different
phases along with the above features. The optical microscope used was a Leica DMLM and
the electron microscope was a Jeol JSM IT-100.
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3-2-2 X-ray diffraction (XRD) analysis

XRD analysis was performed on the SLM printed specimens to identify the phases present
in the specimens and to measure residual stresses. In chapter 2 it was mentioned that the
materials processed with SLM have considerable levels of residual stresses which also affects
fatigue. Hence, measurement of residual stresses was expected to serve as an additional
information which could be related to results from the fatigue tests (discussed further). The
identification of phases were done to verify their presence in the AP and HIP+H/T as per
literature mentioned in chapter 2.

Both the measurements were conducted for the ungraded specimen whereas only residual
stress measurements were done on the graded specimen. The stress measurements for the
ungraded specimens were done at approximately the mid region along the width. The same
was also repeated for the graded specimens only now the measurement was carried out on
both coarse and fine grain sides. The specimens were analyzed in the polished condition.
The graded specimens were also additionally etched to facilitate measurements on both the
distinct sides.

The analysis was conducted on a Bruker D8 discover machine with a CoKa radiation of 45kV
and 25mA achieving a penetration depth of 6 pm. Further details are covered in appendix B.

3-2-3 Electron back-scatter diffraction (EBSD) analysis

EBSD texture characterization were conducted on the as-processed specimens. The samples
were polished using colloidal silica (0.05 ym) and the analysis was performed using SEM Mira
3 Tescan at accelerating voltage of 20 kV and a step size of 5 micron using channel 5-HKL
software. A total of 14 individual maps (700 X 700 pum) were stitched together to cover
the entire area of interest. The orientation maps were always presented parallel to the build
direction (Z).

3-2-4 Hardness

It is known that hardness can be linked with yield strength and since the yield strength
of materials generally depends on the microstructural features like grain size and phases,
vicker’s hardness measurements were conducted on all the different specimens. For ungraded
specimens where the hardness was expected to show a constant value for a particular mi-
crostructure, 10 repeat measurements were conducted for each subgroup of specimen under
each batch. On the other hand, for graded specimens multiple hardness measurements were
done at intervals of 0.3 mm along the entire width direction where it was expected to vary
because of the gradient microstructure. The hardness measurements were done at 1kgf with
a Struers instrument, hence giving HV; values for the specimens.

3-3 Fatigue
The main goal of this project is to investigate fatigue properties. This section describes the
different fatigue tests performed to achieve the goal of this project.

All the fatigue tests were done with three point bending configuration. Different type of tests
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were conducted for the ungraded and the graded specimen. The primary goal for fatigue
tests on the ungraded specimen was to establish the fatigue crack propagation behavior of
the individual microstructures. On the other hand the goal of fatigue tests on the graded
specimen was to check the effect of Functionally Graded Material (FGM). The results from
the former were supposed to serve as a reference for the tests in the latter. However, the
basic test-setup remained the same in both type of tests. Hence, this section is divided in the
following subsections: Set-up, ungraded specimens and graded specimens. A summary of all
the tests is also covered in the last subsections.

3-3-1 Set-up
The fatigue setup consists of the MTS machine(1), the platform(2), the rollers(3), the clamp(4),

the cameras(5) and the Direct current potential drop (DCPD) equipment(6) as shown in Fig-
ure 3-2 and Figure 3-3.

(a)

(b)

Figure 3-2: The experimental setup from the front side. The arrows show the connection with
DCPD. Additionally the numbers denote the different parts.
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The table-top MTS machine with a hydraulic servo was the main loading machine. The plat-
form, as the name suggests is the main support frame for the SENB specimens and was made
with S690 steel with specified slots for the rollers. The rollers, which serve as the contact
points for the specimens, were as per ASTM-E399 [97] dimensions applicable for a SENB
specimen of 12 mmx6 mm. The clamp was designed so as to facilitate stable connection for
the DCPD probes. It also served to ensure right allignment of the specimens on the platform.
Two digital cameras were arranged so as to facilitate the DIC(digital image correlation) anal-
ysis on the specimens. The DIC analysis was done with a Limess system with ISTRA 4-D
software. The camera system also served as an alternate cracklength measurement technique.
The primary cracklength measurement was carried out with the DCPD equipment, the probes
of which were situated in the clamps at two positions-close to the crack and away from the
crack. The probes of the DCPD are shown in figure. The drawing of the platform along
with the rollers and the clamp is provided in appendix C. All the equipments were carefully
tuned and callibrated. The MTS hydraulic system was tuned according to the stiffness of
the different specimens. The voltage gain on the DCPD equipment of the two probes were
chosen on a trial and error basis such that the voltage levels remain under the range of the
equipment for all cracklengths. The setup and the procedure to prepare the specimen for the
clamp are further mentioned in appendix C.

Figure 3-3: The experimental setup from the back side. The arrows denote the probes of the
DCPD. In between the closer two arrows, the notch can also be seen and the probes making
contact with the specimen are also seen.

3-3-2 Fatigue characterization of Ungraded specimen

As mentioned above the goal of the tests on these specimens was to investigate the fatigue
crack propagation behaviour of the individual microstructures. The specimens were tested
for both AK threshold and fatigue crack growth under constant load amplitude. One of the
three ungraded specimens of type C, D and E in each batch (AP, HIP+H/T) were tested for
AK threshold while the other two were tested under constant load amplitude tests. Given
the fact that not much reliable literature is present on the fatigue crack propagation in SLM
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IN718, the threshold tests were done to have an estimate of the load levels required to initiate
a crack in the constant load amplitude tests.

Threshold Tests

The AK threshold tests were done at a frequency of 30 Hz in K control mode in the MTS
machine with a constant K,,,, procedure mentioned in references [98, 99]. The value of K4,
was chosen according to a sufficiently high AK and a starting stress ratio of R=0.1. In other
words, an appropriate AK was chosen first such that there is high enough crack growth and
then based on a starting stress ratio of R=0.1, the required K,,,, was calculated according
to equation K, ,qp = f_—ﬂ%. The K,,;, was then changed according to the equation,

Kmin = KO eXp(C(CL - aO)) (3'1)

where Ky is the initial K,,;,, C is the stress intensity gradient defined as % da’ ag is the
a

initial crack length and a is the instantaneous crack length. A value of C' = —0.4mm ™! was

chosen for this test. At every crack extension of 0.1 mm the K,,;, is calculated according
to Eq. (3-1) and manually reset. The process was carried on until the crack didn’t grow by
0.1 mm in 100000 cycles achieving a crack growth rate of atmost 1 x 10~%mm/cycle. The
final reading of AK was treated as the threshold value and the load values corresponding
to the threshold value was noted to be used as a reference for the subsequent constant load
amplitude tests.

Kl’ll('ll ol

Kmln

a

Figure 3-4: Schematic of constant Kmax procedure [98].

Fatigue crack growth rate tests

The fatigue crack growth tests were done under constant load amplitude at a frequency of
50 Hz using procedure mentioned in the standard ASTM-E647 [100]. Although, the stan-
dard doesn’t recommend SENB specimens for such tests, the general guidelines mentioned
in the standard were anyhow followed in these tests. The following paragraphs mention the
guidelines used for the notch, the prefatigue crack and the actual crack.
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Notch As mentioned before. the notch machined in these specimens was of 0.5 mm depth
and 0.2 mm radius. This value of the depth was chosen from literature where SENB specimens
were used for fatigue tests. The value of radius was in accordance with guideline 7.3 of ASTM-
E647-15 [100].

Figure 3-5: Figure showing detail diagram of the notch

Pre-fatigue crack The pre-fatigue crack necessary to overcome the effects of the notch was
produced as per the standard [100]. This crack was of length 1.5 mm in these tests. The load
levels obtained from threshold tests before, guided the choice of initial load level necessary
for this part. As mentioned in guideline 8.3(of the standard [100]), special care was taken to
control the level of the final K,,,, in this part of the test below the actual K., value. To
initiate a crack, higher load levels were preferred which was then subsequently stepped down
as the crack approached required length. This helped in recognizing the actual load level
corresponding to near threshold stress intensity levels. The crack was monitored with the
help of camera and the reference marks. These reference marks were marked at an interval of
0.5 mm starting from the edge of the notch up to a length of 7 mm in ungraded specimens and
9 mm in graded specimens as shown in Figure 3-6. Additionally, this part of the test is also
used to calibrate the DCPD. Voltage and crack length data collected during the prefatigue
is used to calculate the calibration constants of the DCPD.

It should be noted that this procedure is also followed before the threshold tests with the
initiation of crack achieved by estimating sufficient load levels on a trial and error basis. In
addition to the requirement of getting a sharp crack, the pre-fatigue was specially needed
because the threshold tests are K controlled tests and need accurate measurement of crack
lengths from the DCPD before beginning. Additionally this also helped in choosing the initial
AK level for the threshold tests as high load levels could be used until the end of pre-fatigue
crack length. From the first threshold test it was observed during the pre-fatigue that at
AK=22.5 MPa/m these specimen showed a rapid crack growth and thus this was the chosen
initial AK level for all the tests.
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Figure 3-6: Figure showing reference marks. Bolts hammered into the specimen for the clamp
can also be seen on the sides.

Actual crack In addition to the automatic acquisition of the cracklength by the DCPD, it
was also manually recorded on both faces at different cracklengths using the camera and the
reference marks. The crack length was also verified using optical microscope after the test
and if required, necessary correction in the DCPD calibration constants were incorporated in
the data.

It should be noted the above check procedure was followed in the threshold tests as well.
However, since the threshold tests were in K control only at the final crack length the K value
was adjusted.

3-3-3 Fatigue charaterization of Graded specimen

On the other hand, the graded specimens (A and B) were tested with constant K amplitude
tests to see the effect of graded microstructure on the crack growth rate. At a given AK
level the crack growth rate should be a constant value for a particular microstructure. Hence,
maintaining a constant AK through out the cross section of the specimen, the effect of graded
microstructure was expected to be singled out. The AK level was chosen from the fatigue
crack growth curves obtained before. A AK level corresponding to a crack growth rate of
10~%mm/ecycle at the notch side (corresponding to microstructure of E) was chosen for the
specimens in a particular batch.

These tests required accurate solutions of K to calculate the load levels as the crack moved
across different microstructures. But the standard solutions of K are all specially applicable
to homogenous materials where the young’s modulus E(not to be confused with group E)
is a constant. As mentioned in chapter 2, previous works on this material have shown that
FE is dependent on the material and that the E of the graded material is the mean of the
two homogenous materials used to produce the component (refer Table 2-7). The modulus,
therefore, is expected to be a function of the position at-least in the interface of the two
halves. Hence, standard solutions stand challenged in their applicability in these material.
Thus, the K solution applicable for the graded materials was first simulated by using Finite
Element Modelling (FEM).

This, subsequently, needed the accurate estimation of modulus E along the width of the
graded specimens. Indentation measurements were taken to achieve this, however, due to
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high scatter this was found to be not reliable (covered in appendix E). Alternatively, dis-
placement recorded during the fatigue tests of the ungraded samples was utilized to calculate
the F modulus. Subsequently, it was assumed that the values thus obtained are also rep-
resentative of the modulus values found in the corresponding microstructure in the graded
specimen. This has been covered in the following sub-subsection.

Two tests were conducted for each group of each batch. The first test was done to single out
any possible effect of graded microstructure and the second test was done with DIC analysis
to examine the strain evolution in the specimens. The details of these tests are also covered
in the following sub-subsection.

FEM Simulation

It is expected from the information in the previous chapter that a custom K solution would
be actually applicable for the graded specimens used in this project. Hence, the specimen
was first modelled using finite element modelling to find the K solution. This was done using
ABAQUS software where the model was formulated as per the J integral method described
in the chapter. The stress intensity K was then caluclated as per equation,

K =/JxE/(1-1?) (3-2)

where F is the Young’s Modulus at the crack tip and v is the poisson’s ratio. The modulus of
the specimens was caluclated as mentioned above, further details of which are covered below.

Displacement method for E modulus The displacement during three point bending is re-
lated to the stiffness and cracklength as given by Tada as follows:

Atoml = Acrack + Ano—cr’ack (3'3)

3.P.S%(1 — v?) (%)
2.EBW?2 AW

Va(or) = <1 ?V,é)z {5.58 1957 <If[”/) +36.82 <,§/)2 —34.94 (;/)3 +12.77 (;)4}
(3-5)
(3-6)

Acrack - (3'4)

pP.S3
4.E.B.W3
In the set of equations above, P is the load, S is the span length, v is the poisson’s ratio, F
is the modulus at the crack tip, B is the thickness of the specimens, W is the width of the
specimen and « is the cracklength. The displacement recorded in the fatigue tests is basically
Aygotal- For a given value of load P, the modulus F can then easily be calculated.

Ano—crack =

Modelling of the graded specimens The model is based on observation from previous
projects that the graded specimens contain half coarse grain and half fine grain material
separated by an interface of 1 mm. It was assumed that the young’s modulus is a constant
value on the two halves with a linearly changing modulus in the interface. Hence, the specimen
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Figure 3-7: Mesh used in the FEM analysis of the graded specimen. This shows half the specimen
as the mesh is symmetrical about the crack. The crack is at the left edge of the figure where
mesh is shown to have more elements. The mid-width region is also seen to have several different
colors representing the five layers of the interface as mentioned above.

is modelled as an elastic material made up of layers where the interface is modeled as 1 mm
thick and is further divided into 5 layers of thickness of 0.2 mm to assign linearly changing
Young’s modulus (Figure 3-7).

The model was expected to give different K values for different crack lengths hence cracks
of different lengths were also modelled by having tiny elements of 0.02 mm at the crack tip
at different pre-defined positions. The analysis was then done to calculate the J integral at
these positions. The J integral is calculated for a small boundary around the crack tip. It is
necessary to ensure a small enough boundary for the calculation of the J integral to achieve
accurate values. For this, the fifth contour or the area covered in the fifth adjacent element
from the crack tip was used. This contour involved an area of approximately 0.2 mmx0.1
mm. To check if the size of the mesh elements, the interface layers and the contour is small
enough to facilitate accurate calculation, several sensitivity studies were also done on the
same.

Actual Test

As mentioned above, two constant AK tests were conducted on each of the group (A and B) of
the graded specimens. The procedure and guidelines for the notch, the pre-fatigue crack and
the actual crack mentioned in the previous section were also followed here. The pre-fatigue
crack in this case was of 2 mm length. The actual crack was again monitored with the help
of the camera and the reference marks as before. However, the two tests conducted for each
type of specimen were slightly different. The first test was conducted to primarily single out
the effect of FGM material while the second test was conducted with a DIC analysis to see
the strain evolution in such specimens. In this way the effect of FGM material was first inves-
tigated and then in the second test, DIC analysis was expected to give additional information
about the strain evolution corresponding to any effect observed in the first test. The crack in
the second test was monitored through only one face of the specimen while the other face had
speckle pattern for the DIC. This speckle pattern was produced by using pressurized nozzle
paint sprays to achieve fine patterns on the surface of the specimen.
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Figure 3-8: Speckle pattern produced from paint sprays for DIC.

The calibration of crack length with DCPD was also carried as before. However, since the
tests conducted were constant AK tests and the servo-hydraulic machine was operated under
K control mode, the accuracy of the crack length as measured by the calibration constants
was of high importance. Hence, the constants were changed every 0.25 mm during the tests
to match the visual observation. The callibration constants were calculated based on the
previous data points.

The DIC analysis was facilated by the cameras and the ISTRA-4D software. The first image
is recorded in the unloaded condition while the subsequent images were recorded after starting
the fatigue test for every 0.5 mm crack length increments. When the crack length was mid
way near the interface, the same were recorded for every 0.3 mm to facilitate recording of
more images in the interface zone.

3-3-4 Summary of tests

The main goal of the above tests were to investigate fatigue crack propagation property
of the graded material. Constant AK tests, as mentioned above, were chosen to achieve
this. The measured property in these tests was the crack growth rate (da/dn) that was
expected to change with gradient microstructure. For reference, the fatigue properties of the
individual microstructures also needed to be established. Therefore, to achieve this, constant
load amplitude tests were conducted in the ungraded specimens. Additionally, the da/dn
v/s AK data from these tests served to provide suitable values of the latter for the tests
in the graded specimen. On the other hand, for the tests in ungraded specimen the load
levels needed to initiate a crack was unable in literature. Therefore, threshold tests (constant
K pnqx tests) were also conducted to provide an estimate for the load levels. These tests were
conducted for both the batches-AP (as-processed) and HIP+H/T as it was expected that
the heat treatment would improve the property of the former. Additionally, H/T wrought
material was also tested with constant load amplitude tests to serve as reference for the results
of the ungraded and graded specimens. This is further summarized in the table below. For
further brevity, the reader is referred to the chart shown in appendix A.
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Table 3-4: Table summarizing all the tests performed for each batch in this project

Specimen Icon Microstructure Test Total num- Goal of the test
group Type ber of tests
A Graded-(B.D. Constant AK 2 (1 with DIC) To check the effect of the graded microstructure in specimen A.
along length) DIC was used to examine strain accumulation
[T
B L » | Graded-(B.D. Constant AK 2 (1 with DIC)  To check the effect of the graded microstructure on specimen B.
along width) DIC was used to examine strain accumulation
. " Threshold test 1 To find the load levels corresponding to the threshold level in
C % Coarse-Grain specimen type C
B.D. along length  Constant AP 2 To establish fatigue crack growth curves for specimen type C.
Threshold test 1 To find the load levels corresponding to the threshold level in
D s
IIH]]]]]]MH]H]]]H]I Coarse-Grain specimen type D
B.D. along width ~ Constant AP 2 To establish fatigue crack growth curves for specimen type D.
. . Threshold test 1 To find the load levels corresponding to the threshold level in
E Fine-Grain specimen type E
Constant AP 2 To establish fatigue crack growth curves for specimen type E.
Wrought Constant AP 3 To establish fatigue crack growth curves for wrought material to

serve as reference for above results.
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Chapter 4

Results- Microstructural
Characterization

4-1 Microscopy

Both optical and electron microscopy were done on the specimens to verify with literature.
Below are the micrographs from the SLM printed samples. The observations from the mi-
crographs are divided into three subsections namely-coarse grain region, interface region and
the fine grain region. Subsequently each subsection is further divided into sub-subsections of
AP and HIP+H/T covering observations from the corresponding batches of specimens.

4-1-1 Coarse Grain region

In the following text, the main microstructural observations of the coarse grain side of the
graded specimens are described.

AP-As Processed

In Figure 4-1 and Figure 4-2 showing the optical micrograph of AP-A and AP-B specimen
the primary aspect that can be observed is the ‘u’ shaped features visible throughout the mi-
crographs represent the melt pools formed as a result of the SLM processing. The melt pools
are observed to be larger in size (with enlarged black regions) in specimen AP-B (Figure 4-2a)
than in AP-A (Figure 4-1a). The melt pools can be found to be containing - dendrites in
the form of sharp features ranging across several melt pools. This is how this side of the
specimen was predicted to be the coarse grain side. This is even more distinctly visible in the
SEM images (Figure 4-3 and Figure 4-4). Dendrites with secondary arms are visible at higher
magnification throughout the micrograph. These dendrites show a growth primarily along
the building direction. However, in coherence with subsection 2-2-3 of chapter 2, secondary
growth perpendicular to the primary direction can also be observed in the micrographs. In
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addition to the above features, the above chapter also mentioned the presence of pores and
voids in materials produced with SLM. This is not observed in this part of the specimens.
Further, phases like carbides or laves phase are also not observed in these specimens which
is attributed to their small size which stays unresolved under the small magnification of the
microscopy used here. As mentioned in the next section, these phases are indeed present and
are detected by the XRD analysis.

(a) 5x (b) 20x

Figure 4-1: Coarse grain in AP-A specimens.

(a) 5x (b) 20x

Figure 4-2: Coarse grain in AP-B specimens.

Corresponding results from ungraded samples The coarse grain of the graded specimen AP-
A corresponds to the microstructure of ungraded specimen AP-C whereas the microstructure
of coarse grain of graded specimen AP-B corresponds to the microstructrue of ungraded
specimen AP-D. Shown in Figure 4-5 and Figure 4-6 are the electron micrographs from
the corresponding ungraded specimens. It can be observed that the microstructure from
the ungraded specimens is largely similar as observed before. Features like melt pools and
dendrites can be observed from the SEM images in the same corresponding orientations as
before (Figure 4-5 and Figure 4-6). Additionally, the microstructure of AP-C, Figure 4-5,
is observed to have many small pores whereas no such features are observed in the AP-
D specimens. As mentioned above pores are expected to be present in this material. In
previous projects, coarse grain microstructure produced with the same process parameters
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(a) 300x (b) 900x

Figure 4-3: Electron micrograph of coarse grain in AP-A specimens. The dendrites can be seen
spanning multiple meltpools.

(a) 300x (b) 600x

Figure 4-4: Electron micrograph of coarse grain in AP-B specimens. The dendrites can be seen
spanning multiple meltpools.

were reported to have considerable porosity (0.27%). However, it is interesting to note that
AP-D specimens that had the same processing parameters with a different building direction
doesn’t contain visible pores. Hence, there seems to be an effect of building direction which
is discussed in the next chapter. Further the absence of pores in the corresponding material
in the AP-A specimens also suggests that there is also an effect of the processing of graded
specimens that reduces the pores in the same. This is also discussed in the next chapter.

HIP+H/T

In the coarse grains of HIP4+H/T specimens shown in Figure 4-7, melt-pools previously ob-
served in the AP specimens are completely erased off. The grains are also observed to contain
sharp morphologies due to the extensive twinning (refer Figure 4-8). The twins are also
observed separately as sharp needle like features occuring inside grains. This could be at-
tributed to the HIP treatment that involves high pressure leading to twining at the grain
boundaries. The effect of HIP also leads to closing of small pores and voids hence these enti-
ties are expectedly absent. Further, the dendrites observed before in the AP specimens have
also disappeared as it is replaced by coarse grains. The grains can also be seen to be columnar
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(a) 600x (b) 900x

Figure 4-5: Electron micrograph of ungraded specimen AP-C.

(a) 600x (b) 900x

Figure 4-6: Electron micrograph of ungraded specimen AP-D.

in one direction in both the type of graded specimens. The longer direction is generally also
the building direction suggesting that the preferential direction of growth observed in the
AP specimens is maintained here. Anyhow smaller equiaxed grains can also be observed in
both the specimens. This is in line with literature covered in chapter 2 section 2-3-3 where
the microstructure of HIP+H /T was mentioned to undergo recrystallization leading to new
grains. Another important observation in both the HIP4+H/T specimens, A and B, are the
white particles seen in fig.. distinctively decorating the grain boundaries. EDS analysis on
this particle showed peaks on particularly Nb and C suggesting that these carbides are NbC.
This is in coherence with the observations found in literature specifically in the predecessor
project by Popovich et. al where the same carbides were found in this material.

In summary, the expected effect of HIP++H/T mentioned in the literature is also replicated
as per the current results.

Corresponding results from ungraded samples Shown in Figure 4-10 and Figure 4-11 are
the micrographs of HIP+H/T-C and HIP+H/T-D specimens corresponding to the coarse
grain microstructure of group A and B specimens respectively. The main observations from
the graded specimens were carbides, twins and the columnar grains. As observed from the

Saswat Sahu Master of Science Thesis



4-1 Microscopy 55

(@) HIP+H/T-A. (b) HIP+H/T-B.

Figure 4-7: Electron micrograph of HIP+H/T graded specimens showing columnar shaped grains
in both the specimens.

(a) Twins in specimen HIP+H/T-A. (b) Twins in specimen HIP+H/T-B.

Figure 4-8: Optical micrograph of HIP+H/T graded specimen showing twins.

figures the same features are also present in these specimens. However, the amount of carbides
is observed to be significantly less than that observed in the graded specimens.

4-1-2 Interface region

The interface region, as observed before in previous projects, is a small transition region
formed because of the change of the processing parameters in the production of the graded
specimens. The following observations are made for the current specimens.

AP-As Processed

The interface region is marked by the presence of pores at the interface region characteristic
of Additive Manufacturing (AM) (Figure 4-12 and Figure 4-13). The pores are found to be
of approximately as high as 50 um in diameter. The melt-pools in the interface can be seen
to undergo a change in their appearance in both the graded specimens. The interface in
specimen AP-A (Figure 4-12 and Figure 4-13) is observed to have a distinct pattern making
this region clearly distinguishable. On the other hand the interface in specimen AP-B is
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(a) Carbides in specimen HIP+H/T-A. (b) Carbides in specimen HIP+H/T-B.

Figure 4-9: Electron micrograph of graded specimen HIP4+H/T specimens showing carbides in
the grain boundaries.

(a) 300x micrograph showing columnar grain and twins (b) 900x micrograph showing carbides

Figure 4-10: Electron micrograph of ungraded specimen HIP+H/T-C.

distinguished by the change in the sizes of the meltpools. The side with enlarged meltpools
was inferred as belonging to the coarse grain side and vice versa. The high laser power used
to produce the coarse grain microstructure is inferred to have resulted in enlarged melt-pools.

HIP+H/T

In the HIP4+H/T specimens no special features is observed near the mid-width region where
the interface is expected to be present. It is interesting to note that the interface was distinctly
visible when observed with naked eye but was hard to distinguish in a microscope. However,
since a difference between the two sides is still observed and the interface is assumed to have
been faded because of the heat treatments. However, pores that were observed in the AP
specimens in the interface are not found in this region. This is interpreted, as mentioned in
literature, as the effect of the HIP in the heat treatment.
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(a) 300x micrograph showing columnar grain (b) 900x micrograph showing carbides and twins

Figure 4-11: Electron micrograph of ungraded specimen HIP+H/T-D.

(a) Melt pools in AP-A specimen. (b) Melt pools in AP-B specimen.

Figure 4-12: Optical micrograph of graded specimen AP showing transition of melt pools across
the interface.

4-1-3 Fine Grain region

AP-As processeed

The fine grain side in the AP specimens is marked by melt-pools as before. The dendrites
in this region are confined to only a single or atmost the adjacent meltpool unlike the coarse
grain side where the dendrites spanned multiple melt-pools.

Corresponding results from ungraded samples The fine grain side of AP-A and AP-B
corresponds to the microstructure of AP-E (Figure 4-16). As before no significant difference
was observed in these specimens. Although, the grains are expected to be smaller than that
in the graded specimens due to the effect of the reheating procedure during the processing
of the specimens in the latter, this is not clearly visible here. Further since phases are not
reported in the current microscopic resolution any difference of phases is not verified here.
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(a) Grains in interface in AP-A specimen. (b) Grains in interface in AP-B specimen.

Figure 4-13: Optical micrograph of graded specimen AP showing grain evolution in the interface.

(a) Melt pools in AP-A specimen. (b) Melt pools in AP-B specimen.

Figure 4-14: Optical micrograph of AP graded specimen showing melt-pools in the fine grain
side.

HIP+H/T

The fine grain side of HIP4+H/T specimens are marked by the same features as in the coarse
grain side. As before the melt pools and dendrites observed in the AP specimens have
disappeared and the microstructure is marked with mostly equiaxed grains (refer Figure 4-17
and Figure 4-18). Although, columnar grains are also sighted. The extent of equi-axed nature
of the grains found in these specimens as compared to AP specimens is found to be high.
The grains were still elongated in the building direction in the AP specimens whereas in the
HIP+H/T specimens the grains are majorly equi-axed suggesting the effect of grain growth
due to the heat treatment.

As before carbides and twins (refer Figure 4-19b and Figure 4-20b) are also observed in the
fine grain side of the specimens. However, carbides observed in the grain boundaries is found
to be less in quantity as compared to the coarse grain side in particular in the HIP+H/T-A
specimen. This is not the case in HIP+H/T-B specimen where carbides on both the sides are
sighted in similar quantities. This could be attributed to the different processing directions
in group A and B specimen leading to difference in carbides evolution. It is interesting to
note that no such difference is observed in the coarse grain side. Further it is also observed
that the grains are similar in size in group A specimens where as it is clearly different in
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(a) Fine grains in AP-A specimen. (b) Fine grains in AP-B specimen.

Figure 4-15: Electron micrograph of AP graded specimen showing fine grains. Dendrites can be
seen only in a single melt-pool as compared to Figure 4-3 and Figure 4-4

(a) 300x (b) 600x

Figure 4-16: Electron micrograph of graded specimen AP-E. Dendrites can be observed to be in
a single meltpool as seen in Figure 4-5 and Figure 4-6

group B. This is observed by comparing Figure 4-8a and Figure 4-17a. Since the grains are
similar in size the distinction between the coarse and fine grain side was made on the basis of
sightings of columnar grains. The side with higher appearance of columnar grain was noted
as the coarse grain side. This is not observed in group B specimen where the two sides had
clearly different grain sizes (Figure 4-20). The above observation is attributed to the different
processing orientation. The effect of building direction has also been observed previously in
AP ungraded specimens where pores were observed in one orientation and not seen in the
other. In this case the effect of building direction is interpreted to be resulting in higher
reheating and therefore, more re-crystallization.

Corresponding results from ungraded samples Shown in Figure 4-21 is the fine grain mi-
crostructure of ungraded specimen HIP+H/T-E which corresponds to the fine grain side of
the HIP+H/T graded specimens. Both equi-axed and columnar grains are observed in this
specimen as before. In Figure 4-21b twins can also be observed but carbides are not seen
in this specimen as before in HIP+H/T specimens. The grain boundaries were previously
observed to be decorated by carbides but in this specimen they are observed to be empty.
This could be attributed to the different laser power that led to the difference with the coarse
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(a) Equi-axed fine grains in HIP+H/T-A specimen (b) Columnar fine grains in HIP+H/T-A specimen

Figure 4-17: Electron micrograph of graded specimen HIP+H/T-A showing both equiaxed and
columnar grains.

(a) Equi-axed fine grains in HIP4+H/T-B specimen (b) Columnar fine grains in HIP+H/T-B specimen

Figure 4-18: Electron micrograph of graded specimen HIP+H/T-B showing both equiaxed and
columnar grains.

grain microstructure. This is covered further in the next chapter.

4-2 Hardness

Vicker’s Hardness measurements were taken in both ungraded and graded specimens. Thus
the section is divided into two parts namely ungraded and graded specimens.

4-2-1 Ungraded Specimen

The results from ungraded specimens are summarized in the table below.
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(a) Carbide in coarse grain side (b) Carbides in fine grain side

Figure 4-19: Electron micrograph of graded specimen HIP+H/T-A showing comparison of car-
bides in fine grain side and coarse grain side. Carbides on the grain boundaries can be clearly seen
to be more in amount in coarse grain side.

(a) Carbide in coarse grain side (b) Carbides in fine grain side

Figure 4-20: Electron micrograph of graded specimen HIP+H/T-B showing comparison of car-
bides in fine grain side and coarse grain side. Both the sides are observed to have the same
amount of carbides unlike Figure 4-19.

Table 4-1: Table summarizing hardness values of ungraded specimens

Specimen AP-C AP-D AP-E HIP+H/T-C HIP+H/T-D HIP+H/T-E
Microstructure Coarse Grain Coarse Grain Fine Grain Coarse Grain Coarse Grain Fine Grain
Symbolic Teon === ([IMINIII == ([

HV, 303 £ 10 341 £ 9 373 £ 11 490 £ 8 501 £7 505 £ 10

From the results above, it can clearly be observed that the fine grain microstructure has
expectedly the highest hardness values of all the ungraded specimen in both the batches.
This could be attributed to the effect of the fine grains according to the hall-petch relation
(0, = o0 + kd~/2) where the yield strength(c,) is linked inversely with the grain size d.
Since hardness can also be considered as a measure of the yield strength as well, fine grain
size should have a higher hardness.
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(a) 150x. Equi-axed grains (b) 300x. Columnar grains

Figure 4-21: Electron micrograph of graded specimen HIP+H /T-E showing equi-axed and colum-
nar fine grains.

Among the two coarse grain microstructures - C and D, the latter has a higher hardness in
both the batches. Although, the values are very similar for the HIP+H/T batch, there is
significant difference between the two in AP batch. This is probably due to the differently
oriented grains which indicates that that group C has coarser grains than group D. This could
be linked to the previous observation of pores being observed in group C and not in group D
as the degree of porosity increases with the grain sizes as reported by previous report [78].

Finally, it is observed that the heat treatment improves the hardness significantly. The respec-
tive values of each group of specimens - C, D and E, increases by a factor of roughly 50-60%
from batch AP to HIP4+H/T. This is expectedly due to the emergence of the strengthening
precipitates - v and v”. The reduction of pores in the HIP step also contributes to the high
hardness values.

4-2-2 Graded Specimen

The graded specimens were measured for hardness values along the entire width. The hard-
ness values are expected to decrease on moving from fine grain to coarse grain. In the figures
below the hardness results from the graded specimen are shown as plots of hardness v/s dis-
tance from fine grain side edge. Figure 4-22 shows the results from specimen AP-A and AP-B
and Figure 4-23 shows the same from the HIP+H/T counterparts.
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Figure 4-22: Vicker's Hardness in As-processed specimens.
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Figure 4-23: Vicker's Hardness in HIP+H/T specimens.

It is clear from the figures above that only group B in both the batch of specimens showed the
expected trend of hardness. Figures 4-22b and 4-23b clearly show higher hardness values on
the fine grain side which then gradually decreases towards the coarse grain side, in coherence
with the trends observed in the ungraded specimens. On the other hand in group A in both
the batches the values do not follow any significant trend through the width. This is suspected
to be the effect of the different processing orientation that lead to the diminished difference
between the two sides in group A specimens.

It can also be observed that the values of group B are also higher or at-least the same on
the fine grain side as compared to the corresponding values from the ungraded specimen.
However, this is not the case for group A specimens where the hardness value on the fine
grain side seems to have achieved an average value intermediate between that of fine and
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coarse grains found in ungraded specimen. This suggests that grain coarsening in the fine
grain side in particular led to the diminished difference observed before.

4-3 X-ray diffraction

X-ray diffraction was done in the SLM specimens for phase identification and residual stress
measurement. Therefore, this section is divided into the following subsections-Phase Identi-
fication and Residual Stress.

4-3-1 Phase ldentification

Two specimen from each batch corresponding to coarse grain and fine grain microstrutcure
was analyzed for the identification of the different phases present. Shown in Figure 4-24 is the
summary of all the specimens. In Figure 4-25 the individual batches are also shown. In the
subsequent text, the individual batches are described mentioning the evolution of the phases
in the respective batches.

In the microscopy of as-processed specimens, only v dendrites were observed. From literature
mentioned in chapter 2, in addition to v phase, these specimens in general also contain car-
bides and nitrides like NbC, TiC and TiN, laves phase and the dphase. From Figure 4-25a it
is observed that for these specimens phases like NbC, TiC and the laves phase are success-
fully detected. Both the fine grain and coarse grain microstructure are found to contain the
above phases. As expected the v phase, which were observed extensively as dendrites from
microscopy, produces strong peaks as compared to the other phases. Further, TiC is only
observed in the coarse grain microstructure whereas both NbC and TiC are observed in the
fine grain. This could be attributed to the higher laser power leading to precipitation of TiC.
6 phase mentioned above are not detected in the current specimens.

On the other hand, from microscopy it was observed that the HIP+H /T specimen contained
~ phase in grains and carbides (NbC) in the grain boundaries. Additionally from literature,
phases like 7/ and +" are also expected to be present in the specimens as a result of the heat
treatment. Both these phases are detected successfully in these specimens along with the ~
phase and carbides as shown in Figure 4-25b. As before along with NbC, TiC is also observed
in the coarse grain specimens whereas only NbC is observed in the fine grain specimen. This
could be due to the same reason as above. This also suggests that emergence of carbides is
dependent on the temperature levels achieved during the processing of the material and not
that during heat treatment.

Saswat Sahu Master of Science Thesis



4-3 X-ray diffraction

65

10
F AP-D-coarse grain
or AP-E-fine grain
t HIP+H/T-D-coarse grain
8 [ HIP+H/T-E-fine grain
1 NbC @ 7 phase
7k
1 TiC
61 «  +Laves Phase
(2l
phase

Count Density
(4]
T

sl
s ]
1k ]
[ i [
0 L L Il Il Il n P - PR - - L n
20 30 40 50 60 70 80 90 100
20

10 T

AP-D-coarse grain
AP-E-fine grain ‘ ‘

g NbC @ 7 phase

[ m TiC + Laves phase

Count Density
@
T

20 30 40 50 60 70 80 90
260

(a) XRD plot in As-Processed specimens

100

1

.

Count Density

5

ok

U NbC @ 4/y' phase

1 TiC g 4" phase

(b) XRD plot in HIP+H/T specimens

Figure 4-25: Plot showing XRD plots for both the batches

4-3-2 Residual Stress Measurement

Both ungraded and graded specimens were analyzed for residual stress. In the tables below
the results are summarized separately. It should be noted that comparing various specimens
for levels of residual stress and inferring relevant trends could lead to contradicting results
as this measurement is highly dependent on the goodness of sample preparation in terms of
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machining, grinding and polishing. Moreover for additively manufactured components where
residual stresses are expected to vary with depth, machined out specimens would also result in
different values of stresses for specimens of the same processing method but different position
in the bulk. Therefore, only trends that are compliant with literature and produce no conflict
with other trends are reported here. Further, in the d v/s sin?(¢) plots of these specimens
the variation of the different data points were not linear, suggesting that there is a gradient
in the stress levels. An example is covered in the appendix B. This could also mean that
the stress also has a shear component. Nevertheless, the stresses in the current measurement
are calculated assuming linear trend. It is for this reason that there is high error in some
measurements.

Ungraded specimen

In Table 4-2 shown below the results from ungraded specimens are summarized. It can be
observed that all the stresses detected are compressive in nature. This is attributed to the
typical feature of step-wise laser based additive manufacturing that leads to compressive
stresses in the interior and tensile on the surface. In the current specimens, the outer layer
is interpreted to be machined leading to detection of only compressive stresses. In relation
to difference in residual stress levels for both the orientation of coarse grains, it is observed
that group C has lower stresses than group D in both the batches. This may be due to the
processing orientation leading to better stress relaxation in C.

Further, in general, stresses are expected to be lower on the coarse grain specimens due to
higher laser power leading to better stress relaxation. This is observed only for the AP spec-
imens. In the HIP+H/T specimens the stresses are instead observed to be lower for the fine
grain specimens- group E.

Comparing the AP and HIP4+H/T counterparts of the specimens, it is observed that the
stresses increase after the heat treatment. It has been observed so far that some precipitates
dissolve and some appear after heat treatments. The increase in compressive stresses could be
then attributed to the strain induced due to the appearance of the precipitates. Additionally,
carbides that were observed in the grain boundaries in the previous section are known to
impede grain growth. Therefore, increase in compressive stresses could also be attributed to
this. However, this is not seen in the fine grain specimens.

Table 4-2: Table showing XRD results in ungraded specimens. *-The measurement of specimen
AP-C was not successful before fatigue testing hence the measurements refer to post fatigue

measurements,
Specimen Microstructure Symbolic Icon Stress along Stress perpendicular
B.D. (in MPa) to B.D. (in MPa)

AP-C Coarse Grain -100 + 23 * -151 + 30 *

AP-D Coarse Grain -368 £ 98 -259 £ 60

AP-E Fine Grain -480 + 66 -377 + 44

HIP+H/T-C Coarse Grain -239 £ 72 -355 + 66

HIP+H/T-D Coarse Grain -552 £ 170 -503 £ 67

HIP+H/T-E Fine Grain -186 + 36 =371 £ 49
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Graded specimen

Below are the results for the graded specimen in Table 4-3. As before, all the stresses found
in the specimens are compressive in nature. The first relevant trend that is observed is that
in the A specimens in both the batches the stresses are relatively similar on the coarse and
fine grain sides as compared to the B specimens. The stresses are found to be within 30% of
the coarse grain values in the AP-A specimens whereas the values in the AP-B specimens are
found to differ by atleast 50%. Similarly, they are found to be within 5% in the HIP+H/T-A
specimens whereas it differs by atleast 26% in the HIP4+-H/T-B specimens. This is inferred as
the effect of different processing orientation leading to better reheating and subsequently bet-
ter stress relaxation in group A than the other. This is line with the observation in ungraded
specimens where group C (corresponding to coarse grain of group A) had lower stresses than
group D (corresponding to coarse grain of group B). The above observation was also inferred
in the same way. This is specially relevant as it reaffirms the observation seen in microscopy
and hardness as well. It was observed in microscopy that both the sides of group A had
similar grain sizes whereas it was different in group B. In hardness it was observed that there
is no variation in group A specimens whereas the general trend was observed in group B.
Therefore, the effect of reheating leading to grain coarsening and stress relaxation is specially
observed in group A specimens only due to its processing orientation.

With regard to the levels of residual stresses on the coarse and fine grain side for a particular
specimen, it was expected that the coarse grain side should have lower stress levels due to
higher laser power. This is not generally observed for all the specimens here.

The effect of heat treatment is observed here as seen in ungraded specimens. The stress
values are higher in the HIP+H/T specimens than in the AP counterparts. This is inferred
as before by the concept of straining of microstructure due to the emergence of precipitates.
The fact that this is observed for both the graded and ungraded specimens verifies the trend
of increasing residual stresses after the heat treatment.

Table 4-3: Table showing XRD of graded specimens. ~-The result was based on only two data
points hence a linear trend shows no error.

Specimen Symbolic Icon Side Stress along Stress perpendicular
B.D. (in MPa) to B.D.(in MPa)

AP-A Coarse Grain -381 + 68 -353 + 90

Fine Grain -304 £ 11 -234 + 27
AP-B [ Coarse Grain -125 + 28 -297 + 13

Fine Grain -193 £+ 45 -146 + 38

Coarse Grain -596 + 32 -418 + 56
HIP+H/T-A Fine Grain  -621 % 127 397 + 92

Coarse Grain -438" -382 £+ 195
HIP+H/T-B Fine Grain  -209" 479 + 24

4-4  Electron back-scatter diffraction (EBSD)

Shown below in Figure 4-26, Figure 4-27 and Figure 4-28 are the EBSD maps of the as
processed specimens AP-C (coarse grain along length), AP-D (coarse grain along width),
and AP-E (fine grain). From the figures it can be observed that the coarse grains specimens
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(AP-C and AP-D) show significant <100> texture along the building direction similar to that
reported in literature whereas in the fine grain specimen the texture is found to be absent.
For comparison, the EBSD maps from the H/T wrought material is also included which also
shows that the texture is not found in the conventional wrought material.

An important observation from previous sections is the difference between the differently built
coarse grain specimens (AP-C and AP-D) which is also clearly observed in the difference
between EBSD maps of AP-C (Figure 4-26) and AP-D (Figure 4-27) specimens. The grains
are observed to be more elongated and to have stronger texture in the former than the latter
which indicates that the microstructure experienced higher temperatures levels resulting from
reheating during processing leading to more grain growth as reported in the previous sections.

Figure 4-26: EBSD Inverse Pole Figure (IPF) coloured maps and corresponding pole figure of
specimen AP-C (as processed coarse grain parallel to length)

Figure 4-27: EBSD Inverse Pole Figure (IPF) coloured maps and corresponding pole figure of
specimen AP-D (as processed coarse grain parallel to width)
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Figure 4-28: EBSD Inverse Pole Figure (IPF) coloured maps and corresponding pole figure of
specimen AP-E (as-processed fine grain specimen).

Figure 4-29: EBSD inverse pole figure(IPF) colored map of H/T wrought IN718

The average grain sizes for as-processed specimens, measured using EBSD, are mentioned in
the table below. From the table, it can be seen that the grain size values also confirm the
above remark that the grains in group C are coarser than group D.

Table 4-4: Table showing average grain sizes in as-processed specimens as measured from EBSD
analysis.

Specimen Symbolic Icon Expected Grain size/orientation Average grain Size

AP-C % Coarse grain along length 142 pm
AP-D HIH]]]]]IH]]IH]]]]]]]I Coarse grain along width 93 pm
AP-E Fine grain 71 pm
Wrought - - 10 pm
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4-5 Summary

In this chapter the results from the microscopy, hardness and XRD results were discussed.
The main observations are summarized below.

4-5-1 Microscopy

The as-processed specimens are found to exhibit ‘u’ shaped features called melt pools
in both coarse and fine grain sides. The melt pools are formed as result of the printing
process.

The matrix in the above specimens is marked by dendrites on both sides. The dendrites
are observed to be oriented in the building direction in both the specimens. These
dendrites are interpreted as the  phase from literature. Further, the dendrites are
observed to be spanning multiple melt-pools in the coarse grain side whereas they are
largely found to be present in a single melt pool in the fine grain side.

In comparison to literature, no pores are reported in the as-processed graded specimens.
In contrast, pores are observed in the ungraded coarse grain AP-C specimens as seen in
Figure 4-5. However, no such features are observed in the other ungraded specimens-
AP-D and AP-E.

The interface is marked by a distinct pattern in the AP-A specimen whereas it is marked
by different sizes of the melt pools in AP-B specimen as seen in Figure 4-12. The region
is also marked with pores in the AP-A specimen.

The HIP+H/T specimens are marked by twins and carbides. Meltpool and dendrites
observed previously disappear and are replaced with both columnar and equiaxed grains
on the coarse and fine grain side respectively. The longer dendrites in the coarse grain
side lead to the formation of the columnar grains whereas smaller dendrites on the fine
grain side result in equiaxed grains. This is attributed to the effect of heat treatment
leading to grain growth. However, the equiaxed grains are also sighted in the coarse
grain side which is attributed to partial re-crystallization, an effect of the heat treatment
as well, leading to new grains.

The grain sizes are clearly different for only the AP-B graded specimens on both the
sides. This is not very apparent in the AP-A specimens where the coarse grains are
observed to be similar in size as seen in Figure 4-8a and Figure 4-17a. This is interpreted
as the effect of the processing orientaion that leads to better reheating and higher grain
re-crystallization.

The carbides in the graded specimens are mainly observed on the grain boundaries.
From EDS analysis this is found to be NbC. In comparison to this, there is significantly
less carbides in the corresponding ungraded specimens.

Pores found in AP specimens are not observed in HIP4+H/T specimens. This is inter-
preted as the effect of HIP step in the heat treatment that resulted in closing of the
small pores.
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4-5-2 Hardness

The fine grain specimens are found to have higher hardness values (373 HV) in AP
specimens and 505 HV; in HIP+H/T specimens) in both the batches according to the
general trend.

Specimens built along the length-group C had lower hardness (303 HV; in AP batch
and 490 HV; in HIP4+H/T batch) than specimens along the width-group D(341 HV; in
AP batch and 501 HV; in HIP+H/T batch). This was due to the processing orientation
leading to coarser grains in the former. The effect of orientation is due to the better
reheating of the microstructure leading to grain coarsening.

After heat treatment, the hardness increases by about 50-60% as compared to AP
specimens.

In graded specimens, the hardness variation as per ungraded specimen is only observed
in group specimens. Group A has more or less constant hardness throughout. This was
reasoned, as above, due to better reheating leading to diminsihed difference between
the coarse grain and fine grain.

4-5-3 X-ray diffraction (XRD)

In the AP specimens the phases that are detected are-y phase, carbides-NbC and TiC
and laves phase. In the HIP+H/T specimens they are-y phase, 7”phase, carbides-NbC
and TiC. Expectedly it is seen that the laves phase is dissolved and the precipitate v”
phase appears after heat treatment.

Both NbC and TiC are observed in coarse grain specimens whereas only NbC is observed
in fine grain specimens.

The residual stresses were observed to be compressive in nature.

Specimens built along the length-group C had lower stresses than specimens built along
the width-group D. This was reasoned to be an effect of the processing orientation
leading to stress relaxation in the former.

The above phenomena was also observed in the graded specimens as group A had similar
values of stresses on the coarse and fine grain side suggesting better stress relaxation
due to more rehaeating as a result of orientation.

Heat treatment leads to an increase of residual stresses in all the specimens. This was
reasoned to be an effect of straining due to the emergence of precipitates and the pinning
effect of carbides on grain boundaries during grain growth.

4-5-4  Electron back-scatter diffraction (EBSD)

In the as-processed specimens, significant <100> texture along the building direction
is found in the coarse grain specimens (group C and D) whereas it is absent in the fine
grain specimens (group E). The EBSD maps also confirmed the evolution of different
grain sizes according to different laser power used in the 3D-printing process.
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e Specimens where the building direction was along the length (group C), exhibited
stronger texture than specimens built along the width (group D). The former also
showed higher average grain sizes than the latter which confirmed the previous ob-
servations that the grain were coarser in group C as compared to group D. This was
attributed, as above, to be an effect of processing orientation leading to better reheating
and more grain growth.
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Chapter 5

Results-Fatigue Behavior

5-1 FEM Simulation

This section refers to the Finite Element Modelling (FEM) simulation performed for the
graded specimen. As mentioned in chapter 3, stress intensity factor K was calculated for
different crack lengths. Subsequently this needed the young’s modulus variation in the speci-
mens. Hence, the results are divided into the subsections-Young’s modulus from displacement
and the actual results from the model.

5-1-1 Young’s Modulus from displacement

The table below summarizes the results from the ungraded specimens.

Table 5-1: Table summarizing E modulus of ungraded specimens

Specimen AP-C AP-D AP-E HIP+H/T-C HIP+H/T-D HIP+H/T-E
Microstructure Coarse Grain L Coarse Grain || to Fine Grain Coarse Grain L Coarse Grain || to Fine Grain

to crack crack to crack crack
Symbolic Ieon s (I == (I
E modulus in 139 £ 36 136 £ 10 186 £ 15 134 £ 25 140 £ 27 173 £ 28
GPa

The values in the table above are just representative of the Young’s modulus in these spec-
imens and are only to be used in further calculations. The method used above to calculate
Young’s modulus was not a standard method and hence may contain many systematic er-
rors. However, since the values in the AP batch are very close to that measured through
standard methods reported in literature [13], it is assumed that the trends are nevertheless
representative of the real scenario. These values are also assumed to be representative of the
corresponding microstructures in the graded specimens. The value corresponding to specimen
C is assumed to be representative of the coarse grain side of specimen A similarly specimen
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D is linked to that of specimen B. The fine grain side in both the graded specimens is linked
to specimen E. Further it is also assumed that the modulus is constant in a given side such
that trends like that observed in the hardness profiles, where the hardness seemed to have
a gradient all through-out, is not applicable here. Lastly the interface is assumed to have a
linear gradation of modulus to match both the sides.

5-1-2 Results of the model

The values obtained above are used along with the J integral values obtained from the FEM
to calculate the stress intensity K at different crack lengths. Shown in the figure below is
the plot of K v/s crack ratio a/W. The actual values of the J integral and K are covered in
appendix.

Results of FEM normalized with standard formula
T T T T

Results from the FEM for different crack lengths at a load of 10kN
T T T T T T T

—A— Normalized K for HIP+H/T specimens
a —6— Normalized K for AP specimens
T Normalized K for standard specimens

[| —A— K in HIP+H/T specimens
—©— Kin AP specimens
K according to SENB standard
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(a) Actual results from the FEM (b) Normalized results from the FEM

Figure 5-1: Results of the FEM showing variation of K in graded specimen of width 12mm for
a constant load of 10 kN.

From the figure it can be observed that the standard stress intensity formula for SENB
specimens produces errors of as high as 15% near the interface. Hence, this reaffirms the
need to have customized solution based on this plot. The region after the interface is almost
same as the standard solution so no other equation is necessary here. Therefore, the final
equation suitable for the graded specimens is a set of equations separated by the condition of
the cracklength at the end of the interface.

The equations for the pre-interface region are obtained by using suitable fits on the data
shown in the Figure 5-2. It was assumed that this fit has a form same as the standard
solution which is Kspnp = % f(a/W). Further it was assumed that the dimensional
part of the equation, #53/2, remains the same, and only the non-dimensional part, f(a/W),
needs to be changed. Therefore, the data from the plot is divided by the dimensional part to
get only the variation in the latter. The value so obtained is the new f(a/W) and it is this
data that needs to be fit and expressed explicitly.
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The standard solution for f(a/W) is as follows.
Wy —3/(8 1/2 [1-99 - w (1= GF) {2.15 —3.93 (%) +2.7 (%)2}}
f(a/ )_ (ZU> 2(14_2(%))(1_(%))3/2

From the equation it is seen that it is of the form % where p(x) is a four degree polynomial

(5-1)

and q(x) is a two degree polynomial ignoring the non-integral exponents. Therefore, the new
non-dimensional part fpew(a/W) is also checked for such a form. The results from the fit are
shown in the figure below.
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Figure 5-2: Fit of the f(a/W) obtained after reducing the FEM results to just the non-dimensional
part.

From the figure it is seen that the fit works accurately and the form of f,c(a/W) is indeed
what it was assumed. The fpe(a/W) and the final K solution is summarized in the equations
below.

; (a) 1275 ()" + 1.878 (%) — 2.113 (%)% + 0.1888 (%) +0.1447 (52
AW ) ap 22 —0.971 (%) + 0.2438
s ( a ) 2617 (%)" +0.1831 (%) — 1.217 (%) + 0.01914 (&) + 0.1384 (5.3)
"W ) gar z? — 0.9355 (%) + 0.2284 i
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P frew (%) up» if & <0533
Kap =
%f (%) » otherwise
P.S .
s dnew (@) grpygyr> 1f 1 <0.533
Kurpynr =
Af (i) otherwise
w3l \w)>

5-2 Experimental

The results from the different fatigue tests are summarized in different sections- Ungraded
and Graded specimen.

5-2-1 Fatigue Characterization of Ungraded specimens

The fatigue tests on the ungraded specimens were done in order to establish the fatigue be-
havior of individual microstructures which was achieved through constant K., and constant
AP tests.

Constant K,,,,, test

The primary goal of the constant K., test was to estimate a first hand value of load levels
needed for initiating a crack in the subsequent constant load amplitude tests therefore only
one test was conducted. The peak load values are reported in the table below as that needed
for a cracklength of 2 mm. Additionally, the threshold values are also reported. The following
table summarizes the values of threshold AK along with the load levels.

Table 5-2: Table showing threshold values of the specimens. Load values corresponding to a
cracklength at 2 mm are also shown.

Specimen Microstructure Symbolic Icon AKy, in MPa/m R (stress ratio) Load P, at 2mm in N

AP-C Coarse Grain 7.0£0.3 0.7 689.6
AP-D Coarse Grain 6.0 £ 0.2 0.7 591.1
AP-E Fine Grain 72+£03 0.7 709.3
HIP+H/T-C Coarse Grain 8.8+ 0.2 0.7 866.9
HIP+H/T-D Coarse Grain 10.2 £ 0.2 0.6 1004.8
HIP+H/T-E Fine Grain 77 £03 0.7 758.5

It should be noted that the above threshold AKjy, results are based on only one specimen
and hence the values may not necessarily represent the actual values however, the trends are
assumed to more or less remain the same and are briefly discussed. From the table above it
can be observed that for AP batch the fine grain specimen has the highest threshold value.
This is in contrast to the general trend of fine grain microstructure of a material having lower
threshold than their coarse grain counterpart. In that case the current trend could be related
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to the levels of residual stresses. This is however, not observed in the HIP+H/T specimens
where the values are found to be following the general trend. This indicates that the heat
treatment in the current project erases effects of residual stresses. However, since this trend
is based on just one test further interpretations are covered in the next subsection.

Constant load amplitude tests

These tests were conducted to establish the crack propagation behavior of the different mi-
crostructures. The raw data recorded from the MTS machine consisted of peak and valley
data points of variables like the displacement of the cross head, the cycle number, the load
level and the DCPD signal in each cycle. This data was first reduced through an algorithm
to get uniform number of data points throughout the crack-length which can be used to cal-
culate the da/dn and AK data points. This reduction methodology is mentioned in detail in
appendix E.

The reduced data points, consisting of only AK and the corresponding da/dn values, are
used to construct the fatigue crack growth curves. These curves are then fit linearly in the
paris regime to obtain both paris constant and the paris exponent. Two replicate tests were
conducted for each type of specimen (refer Table 3-4 for summary of tests) based on which
an average value of the constants is calculated. The curves are also extrapolated (if needed)
to da/dn = 10_6mm/ cycle to give an ‘operational’ value of AKy,. The operational AKyy,
is expected to serve as an additional information for trends observed in the different mi-
crostructures at near threshold AK levels. It should be noted that according to the standard
ASTM-E647 the threshold is defined at a da/dn of 10~ "mm/cycle or lower hence the AKy,
values used in this project are only representative of the threshold trends and not the actual
values. The rationale behind the extrapolation is that below da/dn = 10~%mm/cycle the
curve is generally not linear and a linear fit overestimates the da/dn values for a given AK.
Shown in the figures 5-3 and 5-5 below are the raw curves of each group of specimen along
with the fit and the summary of all the specimens in both batches respectively. In Figure 5-4
the results of the H/T wrought material is also shown and is also plotted for comparision
in the summary of both the batches. Table 5-3 summarizes the paris constants of all the
specimens. In the following text, the orientation of coarse grains in specimen C and D are
mentioned in terms of the crack which was along the width. Additionally, symbolic icons
mentioned in Table 3-3 are also used to denote the group of specimens.
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Figure 5-3: Fatigue curves of all the ungraded specimens showing the effect of grain size, grain

orientation and heat treatment.
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Figure 5-5: Summary of fatigue curves of all the ungraded specimens.

In the log-log plots, the arrows at the beginning of the curves indicate the operational value
of AKyy, at da/dn = 10~%mm/cycle as mentioned above. Additionally the arrows indicate po-
sitions where linear behavior of the curves change. The operational values are summarized in
the table. The plots also contain the linear fit constants of curves which is also summarized in
the table below. Additionally, in the last column, the table also consists of da/dn values at a
AK level of 16.5M Pa+/m for comparing the overall fatigue performance among the specimens.
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Table 5-3: Table showing the Paris constants of all the ungraded specimens

Specimen Microstructure Symbolic icon AKy, (in Paris Exponent m Paris pre-exponential factor C da/dn at 16.5

M Pay/m) M Pay/m in
mm/cycle

AP-C Coarse Grain % 6.0+0.5 ,:Z; i f(l) i 8; gi i 82 i }8:: i if} i ig:: 1.8 x 107°

AP-D Coarse Grain H]]]]]Iﬂ[ﬂ]]]]][ﬂ]]]]l 9.2+0.2 46408 12x 10719411 x 10710 1.5 x107°

AP-E Fine Grain 165+00  57+0.1 1.6 x 10713 £0.5 x 10713 1.0 x 1076

HIP+H/T-C  Coarse Grain % 73+1.2 ::; j ZZ) i 8? g; z El)g i 18:;1:30%0;1;0:1; 5.0 x 1076

HIP+H/T-D  Coarse Grain H]]]]]]]I[ﬂ]]]]]]]]]]]]l 11.3+£23  3.6+04 4.4 x 10710 £ 4.2 x 10710 4.0 x 1076

HIP+H/T-E  Fine Grain 10.0+£1.0 3202 8.1 x 10710 £ 4.6 x 10710 5.0 x 1076

H/T wrought - 135+ 1.0 ::; - gé i 8; g; - ég’ . {813 i ?:? . 18:3 3.2 %106

From Figure 5-3 it is observed that there is clearly a difference in fatigue behavior of the
different microstructures in both the batches. This difference is more pronounced in the AP
specimens(Figure 5-3a,Figure 5-3b,Figure 5-3c and Table 5-3) as both the paris exponent
m and the AKjy;, are observed to be different. From Figure 5-5a and the table above, it is
seen that the threshold trend is the same as observed in the previous subsection. The fine
grain microstructure of specimen AP-E has a higher threshold value than the coarse grain
microstructures of AP-C and AP-D. This confirms the previous observation. As mentioned
before, this is opposite to the general trend and could be attributed to the levels of residual
stresses. In the previous chapter, it was reported that the residual stresses in the specimens
were compressive and increased from group C to E in the as-processed batch (Table 4-2).
Therefore, it can be imagined that group E which has the highest amount of residual stresses,
will lead to higher AKyy, as the effective AK is now lower than measured. On the other hand
in the HIP+H/T specimens (Figure 5-3d, Figure 5-3d, Figure 5-3d), this difference is rela-
tively diminished specially between group D and group E. Although, the threshold is reported
higher for group D (Figure 5-3), it should be noted that the values of both the groups are
within the scatter of each other. Whereas group C has clearly lower threshold value than the
other two. Although, both group C and D are expected to be coarse grains (with different
orientation mentioned before), the trend observed here indicate that only the former clearly
has coarser grains in comparison to fine grain microstructrue of group E. This is also inline
with the observations from the previous chapter where group C was reported to have different
properties than group D due to better reheating in the former. The hardness and residual
stresses were lower in the former indicating coarser grain. Therefore, this shows that the
difference in threshold values depending on the grain sizes follows the same trend as observed
in the AP specimens. This could also be explained in terms of residual stresses as before
with the exception of HIP+H/T-E where the residual stresses were found to be the least.
On the other hand, the similarity between group D and group E then could be attributed
to the effect of heat treatment leading to grain growth in both the specimens leading to less
difference in grain sizes and thus fatigue behavior. Additionally this similarity is also reflected
in the paris constants m and C (see Table 5-3) and the da/dn values of these specimens. It
could be argued that the significantly lower residual stresses in group E as compared to group
D should have resulted in lower AKy,. But as it appears, the effect of coarse grains leading
to higher AKyj, is more than that of residual stresses in this particular case. Further on the
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trends are covered in the next chapter.

Another distinguishing observation from the figures is the behaviour of group C in both the
batches. The curves are seen to be piecewise linear unlike the single linear curves observed in
groups D and E. The slope in the beginning of the curves is significantly higher as can be in-
ferred from the figure and the table. From Figure 5-4 it is seen that the piecewise linear curve
is also observed in the H/T wrought specimens. This behaviour has been reported in literature
and is attributed to different mechanisms of crack growth. However, specimen HIP+H/T-E,
which resembles H/T wrought material in terms grain size and appearance of precipitates,
doesn’t have this behavior. On the other hand group C, where this is seen, has been reported
so far to have relatively coarser grains. Therefore, the effect of grain size in this trend could
not be confirmed. Further, this behavior is observed in both the batches(Figure 5-3a and
Figure 5-3a) which highlights the fact that the effect might not be due to the strengthening
phases. Hence, further microscopy of the crack path is needed to pinpoint the crack behavior
in this specimens which is covered in the next chapter.

In addition to the effect of heat treatment mentioned above, changes in the individual speci-
mens are also observed. The threshold value is generally seen to improve after heat treatment.
This is also visible in the da/dn values reported in the last column of the table above. Al-
though, an exception is observed for group E, the increase in these values is expected based on
literature [101]. The heat treated material is devoid of the brittle laves phase and contains the
precipiates 7' /7" phases which leads to higher resistance of dislocation glide and thus higher
AK to propagate the crack. Further group E also had an exception of decrease of residual
stresses upon heat treatment as seen in Table 4-2 therefore, it could be the case that the
increase in group E is more than compensated by this decrease in these specimens. It should
be noted that the decrease in residual stresses could not be explained in the current analysis.
However, this doesn’t explain the similarity between group D and group E especially when
the residual stresses are observed to be significantly different.

Additionally, in comparision to the H/T wrought material, HIP+H/T fine grain specimens
are expected to be similar in behavior. However, as mentioned above and seen from Figure 5-
5b the similarity in the curves is only reflected at higher AK. The piecewise linear trend leads
to higher slopes at lower AK leading to deviation from the latter specimens. As mentioned
above, this piecewise linear trend is reported to be possible, the fact that this is not seen in
the similar HIP4+H/T specimens is interesting. This is further covered in the next chapter.
With respect to the overall fatigue performance, only one group of printed material can be
ascertained to be behaving better than the wrought material. This observation is made based
on the AKyy,. It should be noted that the threshold values of the wrought specimens are similar
to that observed in literature as well (refer page 27). Similarly on the basis of da/dn value at
AK=16.5 M Pa+/m shown in the last column of Table 5-3 the behavior can also be compared.
Based on the values, lower the da/dn, better the performance of the concerned specimen. It
is interesting to note that the group that performs better than wrought specimens is AP-E
that is fine grain material in the as-processed condition. On the other hand all HIP+H/T
specimens perform worse than the wrought specimen in the lower AK range.
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5-2-2 Fatigue Characterization of Graded specimens

The graded specimens were tested with constant AK tests to observed the effect of FGM on
the fatigue crack growth. The crack growth rate is expected to change as the crack grew from
one side to the other. Since these tests were carried under a constant AK, any change in
crack growth rate is expected to be due to the change of microstructure. It is also expected
that the crack may change its path on encountering textured material while growing from the
fine grain side to the coarse grain side atleast in the AP specimens. This will be checked with
the help of DIC in these tests. In the figures below Figure 5-6 and Figure 5-7, the results of
both the batches are summarized in da/dn v/s crack-ratio (a/W) plots.

In the figures below the dotted lines refer to the corresponding crack growth rate in the un-
graded specimens at the given AK. In the fine grain side the line corresponds to the crack
growth observed in the group E specimen, and on the coarse grain side the lines correspond to
both group C and group D for comparison with group A and B respectively. Further it should
be noted that two tests were conducted for each group and batch. The reader is referred to
Table 3-4 for the details of the tests.

AP-As Processed

In Figure 5-6 the results from as processed specimens are summarized. From the figure it
can be observed that the crack growth rate in group A doesn’t change significantly from fine
grain to coarse grain side. The da/dn for the pink curve is observed to be between 4-5x107°
mm/cycle on both sides. Although, the crack growth rate is almost the same on both sides,
it is higher than the corresponding crack growth rates from the ungraded specimens. The
da/dn in fine grain ungraded specimen was 6x10~% mm/cycle and that in the coarse grain
ungraded specimen was 3x107% mm/cycle. This suggests, as previously observed, that the
processing of group A specimens lead to extensive reheating of the specimens resulting in
grain coarsening on both sides. The grains in this specimen are then expected to be coarser
than the ungraded coarse grain specimen AP-C leading to even higher crack growth rates.
It should be noted that in the previous subsection, the higher crack growth in coarser grain
was linked to lower compressive residual stresses. Therefore, if the stresses are lower in the
graded specimens than the corresponding ungraded specimens, the effect of grain coarsening
can be confirmed. From Table 4-3, it is seen that although, this can be confirmed for the fine
grain side, it could not be confirmed for the coarse grains side.

Further, it is observed that the crack growth rate in the interface first decreases then increases
towards the coarse grain. The increase in crack growth can be attributed to microstructural
features in the interface region. From Figure 4-12, it was observed that the interface region
is marked with pores in AP-A specimen. Thus it can be attributed to the linking of cracks
from all the pores that leads to faster crack growth. It could also be attributed to the change
in grain sizes in the interface. But the difference in grain sizes is observed above to be di-
minished on both the sides, therefore, it is unlikely that the change in grain sizes could be a
contributing factor. On the other hand the decrease in da/dn as the crack enters the interface
could not be reasoned in the present study. Further discussion is covered in the next chapter.
The scenario in AP-B specimens is completely different as compared to AP-A. The da/dn in
the beginning of the specimen was too slow at AK=22.5M Pa+/m therefore, they were tested
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at AK=25M Pa\/m. It is observed in these specimens that the da/dn increases throughout
the width unlike that in AP-A specimen where it remained constant. This was also observed
in the previous chapter where the gradient in properties was only observed in group B speci-
mens. The increase in da/dn is then attributed to the gradient in grain sizes(and therefore a
decrease in compressive residual stresses) all throughout the width and not just in the inter-
face. It is also observed that unlike in AP-A specimen where the da/dn was higher than the
corresponding ungraded crack growth rates, the da/dn in this specimen is lower than that
in the corresponding ungraded specimens. This difference in behavior could not be reasoned
with the help of compressive stresses as they found to be lower in comparison to the ungraded
specimen. A possible explanation could be the toughening effect of the small amount of grain
coarsening that results in lower da/dn.

The behaviour in the interface is the same as mentioned above. The da/dn is seen to increase
monotonically in the interface resulting from the gradient in grain sizes. Further repeat tests
on similar specimens confirm the trends for both the groups of specimens. The reader is
referred to appendix G for the complete plots.

As processed-Constant AK tests
- -
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Figure 5-6: Fatigue crack growth rate da/dn under constant AK as a function of crack ratio in
as-processed-A and B specimens. Symbolic icons near the curves show the corresponding group
of specimen.

HIP+H/T

In Figure 5-7 the results from HIP+H/T specimens are summarized. The behaviour of the
HIP+H/T specimens is observed to be the same for both the groups unlike that in AP spec-
imens where it was different for both groups. The da/dn is observed to remain constant on
the fine grain side which increases in the interface to match that in the coarse grain side. The
da/dn for group A is observed to be around 3 — 4 x 10~° mm/cycle for fine grain side whereas
it is 4 — 6 x 107> mm/cycle in the coarse grain side. The same for group B is observed to
be around 3 x 1075 mm/cycle for fine grain side and around 3 — 4 x 105 mm/cycle for the
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coarse grain side. The da/dn is also found to be higher than the corresponding crack growth
found in ungraded specimen. For fine grain ungraded specimen, it was 1.3 x 1075 mm/cycle
and 3 x 107° and 7 x 107 mm/cycle for group C (compare to 4 — 6 x 107° mm/cycle in A)
and group D (compared with 3 x 107 mm/cycle in B) coarse grain specimen respectively.
This is attributed to the grain coarsening experienced under heat treatment. It should be
noted that this is unlike the grain coarsening as a result of processing reported previously.
The heat treatment leads to grain coarsening on both the specimens thereby removing dif-
ferences in grain size and orientation. It is, therefore, for this reason that both the groups
behave alike. However, the higher crack growth rate on both sides and both groups because
of grain coarsening as compared to the da/dn in corresponding ungraded specimens could not
be linked to the residual stresses as before. Similarly the behavior in the interface leading
from gradually changing grain size also could not be explained in terms of residual stresses.
As before, repeat tests showed similar trends and are covered in appendix G.

HIP+H/T-Constant AK tests at AK=22.5 MPam®®
T T T L L L L L T T T

10° Fine Grain Interface Coarse Grain

da/dn in mm/cycle

O Experimental data for HIP+H/T -A-B.D. _Lto crack
Experimental data for HIP+H/T- B-B.D. || to crack
= Corresponding curve for fine grain at AK = 22.5 MPam®®
= Correponding curve fpr coarse grain (B.D. L to crack) at AK= 22.5 MPam®®

™ Correponding curve for coarse grain (B.D. || to crack) at AK = 22.5 MPam®®

106 ——
0.2 0.25 0.3 0.35 0.4 0.45 0.5 0.55 0.6 0.65 0.7
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Figure 5-7: Fatigue crack growth rate da/dn under constant AK as a function of crack ratio in
HIP+H/T-A and B specimens. Symbolic icons near the curves show the corresponding specimen.

The results above are also summarized in Table 5-4 .
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Table 5-4: Table showing the crack growth rates in graded specimens at constant AK with
comparison to the corresponding ungraded microstructures.

Specimen Symbolic Icon Side Crack growth Corresponding Symbolic icon Corresponding
rate (da/dn) ungraded spec- crack growth
(in mm/cycle)  imen rate (da/dn)
(in mm/cycle)
AP-A Coarse Grain  4-5x107° AP-C % 3x107°
Fine Grain ~ 4-5x107° AP-E 6x 1076
AP.B Coarse Grain  3-5x107° AP-D (I 1.2x1074
Fine Grain 3x1076-107° AP-E 1.15x 107
HIP-H/T-A Coarse Grain 4-6 x 107 HIP+H/T-C % 3x 1075
Fine Grain ~ 3-4x 107° HIP+H/T-E 1.3x 1075
HIP+H/T-B Coarse Grain  3-4x 10~° HIP+H/T-D H]]]]]]]]]ﬂ]]]]]]]]]]]]] 7x10~6
Fine Grain ~ 3x 107° HIP+H/T-E 1.3x107°

5-3 Digital Image Correlation

In Table 3-4 it was mentioned that one specimen from each group of graded group was tested
with DIC in this project. The main goal of the DIC was to pin point strain localization as the
crack grows through the interface. Additionally DIC would also show crack deflections. As
seen from the plots in the previous section, the crack growth in the interface region increases
gradually in all the specimens. Although, a small decrease in da/dn was observed in AP-A,
the overall trend was reported to increase. Interpretations from the above results suggest
that phenomena like deflections could not have taken place as it would have led to an overall
decrease and not an increase in da/dn. This is also confirmed from the figures below.

It is important to note at this point that DIC is an extremely sensitive procedure where the
analysis is highly dependent on the quality of the images recorded. In the current set-up, test
conditions like available atmospheric light and reflections from the surrounding affected the
image quality. Therefore, the analysis didn’t produce theoretically consistent results. From
the figures below, it is observed that strain is localized in regions far away from the crack.
This is not consistent with theory and is attributed to errors in the analysis arising out of
bad quality images. Anyhow the images are reported for completeness sake.

Master of Science Thesis Saswat Sahu



86 Results-Fatigue Behavior

(a) Reference Image (b) a=55mm (c) a=6.0mm

(d) a=7.0mm (e) a=76mm (f) a=85mm

Figure 5-8: DIC image in AP-B specimen. The color scale ranges from a strain of -5% to 5%
in the X direction. The red dashed line in (f) represents the interface and the arrow shows a
curvature in the crack path in the interface region.

As reported above, the test in AP-B specimen resulted in high scatter in the da/dn curves
which was attributed to asymmetrical crack growth. In the images above (Figure 5-8a,5-8b
and 5-8¢), the crack length estimated from the other face of the specimen was at the men-
tioned cracklengths but if estimated from the image it appears to be less. Similarly in Figures
5-8d and 5-8e, the crack lengths are also found to be less than that reported from the other
face. Anyhow, it is interesting to note in Figure 5-8f, the curving of the crack at the position
marked by the arrow. This was found at a cracklength of 6 mm which is in the interface
region. This could be interpreted as a possible effect of the interface, however, as the crack
was asymmetrical when it crossed the interface, it can not be attributed individually to be a
consequence of the former.

Similarly, the results from the HIP+H/T specimens(Figure 5-9 and 5-10) also produce in-
herent errors. The images in group A show, as before, a region of high compression in the
region away from the crack where theoretically no stress is experienced. Similarly in group
B there is a region of compression just outside the strained part around the crack. This is
invalid according to theory and is also attributed to errors from the procedure. Nevertheless,
no special features like crack curving are observed here, as seen above. The crack in these
specimens was more or less symmetric on both sides.
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(a) Reference image (b) Cracklength = 3.5 mm (c) Cracklength = 4.5 mm

(d) Cracklength= 5.5 mm (e) Cracklength = 6 mm (f) Cracklength = 6.5 mm

Figure 5-9: DIC images for HIP+H/T-A. The color scale ranges from a strain of -1% to 1% in
the X direction. The bluish region on the right side of the cracks comes from errors in the DIC
procedure. The red dashed lines in (d), (e) and (f) represent the interface region.

(a) Reference Image (b) Cracklength = 3.5 mm (c) Cracklength = 4.5 mm

(d) Cracklength= 5.5 mm (e) Cracklength = 6 mm (f) Cracklength = 6.5 mm

Figure 5-10: DIC images for HIP+H/T-B. The color scale ranges from a strain of -1% to 1% in
the X direction. The red dashed lines represent the interface in (d), (e) and (f).
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5-4 Summary

The results mentioned in this chapter can be seen in the following overview table and are also
summarized below.

Table 5-5: Table summarizing the fatigue parameters used to assess both graded and ungraded

specimens.
Group Symbolic Icon  Primary Parameter used Value in AP Value in HIP+H/T
Groun-A Crack Growth rate (da/dn) Coarse grain : 4-5x107° Coarse Grain : 4-6 x 107°
b (in mm/cycle) Fine Grain : 4-5x107° Fine Grain : 3-4x 107°
Groun-B Crack Growth rate (da/dn) Coarse Grain : 3-5x107°  Coarse Grain : 3-4x 107°
oup- (in mm/cycle) Fine Grain : 3x1076-10™ Fine Grain : 3x 107°
Group-C AKy, (in MPay/m) 6.0 £ 0.5 73+£1.2
Group-D AKyy, (in MPay/m) 9.2 + 0.2 11.3 + 2.3
Group-E AKyy, (in MPay/m) 16.5 + 0.0 13.5 + 1.0

5-4-1 Ungraded specimens

e The following trend was found for AKyy, in the 3D-printed, as-processed (AP) specimens:
AP-C (coarse grain perpendicular to crack) < AP-D (coarse grain parallel to crack)
< AP-E (fine grain). Similar trend was observed in post heat treated (HIP-+H/T)
specimens although, the difference is significantly diminished therefore Hence, in both
AP and heat treated samples the coarse grain microstructure showed lower threshold
than the fine grain microstructure. This is opposite of the general trend and is explained
by the effect of compressive residual stresses that lead to low effective AK.

e Group with coarse grains perpendicular to crack (AP-C) showed a piecewise linear
fatigue in both AP and heat treated condition. The trend in similar to the curve
observed in conventional H/T-wrought specimens. This trend was however not observed
in the other groups (D and E), which should be further investigated via microscopic
analysis, as there is currently no literature/study available to explain this behavior in
3D-printed materials

e The threshold and the da/dn values increase following heat treatment which is at-
tributed to the disappearance of Laves phase and pores as well as precipitation of the
strengthening phases 7//9”. Opposed to that, the fine grain specimen, which already
had a very high AKy, in the AP condition due to large compressive stresses, had rather
lower AKy, in the heat treated condition due to lower compressive stresses.

5-4-2 Graded specimens

e The standard formula for K produces an error of as high as 15% near the interface.
New equations were formulated using FEM and Young’s modulus data calculated from
deflection in bending tests.

e The crack growth rate in AP-A (graded microstructure built along length) group remains
more or less the same throughout the width. This is attributed, as before, to the
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processing orientation leading to better reheating and less difference the free sides of
the graded microstructure. The growth in da/dn in the interface could be linked to
pores and distinctly different microstructure in the interface region.

e AP-B (graded microstructure built along width) had a continuously accelerating crack
growth. This was inline with previous trends observed for this group and is attributed
to continuously changing grain size in the interface region.

e The crack growth rate in AP-A (graded microstructure built along length) is found
to be more than the corresponding ungraded microstructure (refer Table 5-4 in page
85). This is explained by stress relaxation as a result of reheating during processing
thereby leading to lower compressive stresses. This was also confirmed from residual
stress measurements in the fine grain side.

e The crack growth in AP-B (graded microstructure built along width) is found to be less
than the corresponding ungraded microstructure (refer Table 5-4 in page 85). This was
explained by the grain coarsening experienced during processing that lead to toughening
of the microstructure.

e The behavior in the HIP+H/T specimens in both the groups is observed to be the
same. The crack growth rate is found to increase slightly from the fine grain side to
the coarse grain side as seen in the corresponding ungraded specimens. The similarity
was attributed to the heat treatment leading to grain coarsening in both the groups
while the increase in crack growth rate in the interface is attributed to the effect of the
increasing grain size

e The crack growth in HIP+H/T specimens is found to be more than the corresponding
ungraded specimens. This is also attributed to the grain coarsening as above.

Based on the above it can be concluded that fatigue behavior of 3D-printed Inconel 718 is af-
fected by the grain size, grain orientation, residual stress and precipitates. Further discussion
regarding the relation between microstructural features and fatigue behavior will be given in
chapter 6.
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Chapter 6

Relation between microstructural
features and fatigue behavior

The results from the previous chapters are further discussed here to develop answers to the
research questions mentioned in chapter 2 in page 35 which is also mentioned below.

1. How does the individual microstructure and mechanical properties develop during 3D-
printing of Inconel 718

2. What is the effect of post process heat treatment on individual microstructure and
mechanical properties

3. How does the fatigue parameters obtained for ungraded Inconel 718 depend on the
various microstructural features like grain size, grain orientation, residual stresses, etc.

4. What is the difference between fatigue properties of 3D-printed and conventional wrought
Inconel 718

5. Based on the results of this study and literature can the developed herein relations be
used to tailor fatigue behaviour in 3D-printed functionally graded materials

In the following, the above mentioned research questions are addressed in detail in separate
sections.

6-1 Research Question 1 : Evolution of microstructural features
and mechanical properties

In Chapter 4, the results showed that microstructure of the 3D printed material had significant
difference in terms of the laser power used and the resulting grain size. Furthermore, the
effect of building direction was also seen in terms of different hardness and grain sizes in
microstructures processed with same laser power. Therefore to answer the first research
question, the following discussion is included.
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6-1-1 Evolution of microstructure with respect to grain sizes

The evolution of different grain sizes was seen in all the sections chapter 4. In microscopy,
the grain size was clearly observed to be different for specimens processed with different laser
powers. In the specimens processed with 250 W laser power, the dendrites was restricted
to only a single melt pool thereby resulting in fine grains whereas in specimen processed
with 950 W laser power they spanned several melt pools resulting coarse grains. The effect
of laser power was covered in chapter 2 where longer melt pools were mentioned to result
from higher power. Hence, 950W laser power resulted in larger melt pools and growth of
the grains. This was also confirmed in the EBSD analysis which showed elongated grains
(and higher average grain sizes, 142 pum in group C and 93 pm in group D) in specimens
processed with 950 W and smaller grains (71 pm) in the other (group E). The EBSD analysis
showed that the coarser grain specimens had significant <100> texture which was absent
in the fine grain specimens (refer Figures 4-26,4-27 and 4-28 in page 68). This was also
covered in the previous project by Popovich et. al [13, 78]. In addition to that, one of the as-
processed coarse grain specimens (AP-C) also contained several pores which was not observed
in the fine grain specimen. Porosity was also reported to be higher in the coarse grain in the
previous project [13]. This was attributed to volume shrinkage during the processing. In the
HIP+H/T specimens, the difference in grain sizes, although diminished, was still observed.
The coarse grain specimens were marked mainly columnar grains directed along the building
direction whereas the fine grains are marked by equi-axed grains. The change of dendrites
to columnar and equi-axed grains was attributed to the effect of heat treatment (discussed
below). Grain growth in the heat treatment resulted in the large dendrites of the coarse
grain side to transform to columnar grains whereas the smaller ones transformed to more
equi-axed grains. The appearance of equi-axed grains in the coarse grains can be attributed
to recrystallization. It was reported in the previous project that recrystallization occurs in
the HIP step of the heat treatment due to the high temperature levels leading to new grains.
Therefore, this also explains diminished difference between coarse and fine grains.

The difference in hardness was also observed between the coarse and fine grain specimens.
According to the theory of Hall-Petch, fine grain microstructure results in higher hardness
due to the strengthening effect of the grain boundaries. This is also observed here where
the hardness was higher in the fine grain specimens for both the batches. The difference in
hardness was again observed to be diminished in the HIP+H/T specimens. This could be
linked with the above discussion. Grain growth and recrystallization lead to less difference in
grain sizes and therefore, less difference in hardness values as well.

The difference in the specimens having different grain sizes was also observed in the XRD
measurements. Carbides detected in the coarse grain specimens consisted of both NbC and
TiC, whereas only NbC is observed in the fine grain specimens. This was seen in both the
batches suggesting that the carbides formed during the processing and grew further in the
heat treatment. The temperature range of formation of MC type carbides is in the range
of the 1100-1200°C which is already achieved during the processing. The HIP step of heat
treatment also has a temperature of 1180°C which also contributes to further growth. The
formation of NbC has been reported as a natural consequence of the eutectic reactions of
the Ni-Nb-C ternary system during solidification whereas the formation of TiC needs higher
temperature levels which was probably achieved during higher laser power [3]. Therefore,
the coarse grain contains both NbC and TiC and only the former in the fine grain specimen.
The residual stresses in the coarse grain specimens were expected to be lower than the fine
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grain specimens however, this was not confirmed in the current project. This is observed in
the as-processed specimens but not in the HIP+H/T specimens. The compressive residual
stresses in the as-processed specimens could be attributed to the repetitive heating leading
to compressive stresses near the core of the and tensile stresses at the edge of the specimens.
This was also reported by other works [102, 103].

6-1-2 Evolution of microstructure with respect to different grain orientation and
FGM

The effect of grain orientation was seen along with the effect of the grading and therefore,
it is discussed together. The effect of grain orientation refers to the differences in results
observed in group C, where grains are oriented parallel to length and group D, where grains
are oriented parallel to width. The effect of grain orientation alone is observed in all the mea-
surements covered in chapter 4. In microscopy, specimens of group C had significantly higher
porosity than group D where no such features were observed. In hardness measurements,
group C is observed to have lower values than group D. Similarly in XRD measurements
group C has lower stress values than group D. Although, the measurements for group C in
the as-processed batch was done post-fatigue, the trend observed is consistent with the other
observations. Similarly, in the EBSD analysis group C showed stronger texture and higher av-
erage grain sizes than group D (refer Table 4-4 in page 69). This was explained to be a result of
better reheating during processing leading to better stress relaxation and higher grain growth.

The effect of grain orientation was also seen in graded material. The two groups of graded
specimen, A and B had different grain orientations corresponding to group C and D respec-
tively. In microscopy the difference between both the groups were observed in the HIP+H/T
batch where the difference in grain sizes was only seen in group B while it was largely the
same for A specimens. In hardness measurements, the variation was only observed in group
B similarly in XRD group A had relatively less difference in stress values on both sides than
group B. This was explained using the same interpretation as mentioned in the paragraph
above. This is consistent with the previous observation as group C corresponds to the coarse
grain side of group A in terms of the grain sizes and had the same building direction. There-
fore, the specific orientation that leads to better reheating in group C before also resulted
in a similar effect in group A. This effect of better reheating arising out of the particular
building direction needs to be confirmed with temperature profiles calculated using Finite
Element Modelling (FEM). However, analytically it can be imagined that when the building
direction is along the length of a cuboid specimen, the newly solidified layer experiences less
time cooling down than when the building direction is along the width. In such a scenario it
can be expected that the former experiences higher temperature levels.

The effect of FGM alone is also seen in the specimens in microscopic observations. In the
as-processed specimens the pores that were observed in group C are not observed in the
corresponding coarse grain side of group A. Instead the pores are observed in the interface.
This further confirms the interpretation of reheating experienced in group A specimens. The
pores that were scattered all over in group C accumulated in the interface in the group A by
the repetitive heating. The small pores are interpreted to have diffused through the newly
solidified material to reach the interface and blocked by the fine grain side of the material that
has considerably lower temperature levels leading to less diffusion. Further in the HIP+H/T
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specimens the effect of FGM is observed in the difference in appearance of carbides. They
were observed in the graded specimens but were seen in very low quantities in the corre-
sponding ungraded specimens when viewed under similar resolution. This is interpreted as
a difference of the size of the phases as carbides were detected in the XRD analysis of the
HIP+H/T ungraded specimens indicating that they are indeed present in these specimens.
Therefore, it can be reasoned that they were not observed as distinctly spread everywhere in
the ungraded specimens because of their small sizes. While the carbides were larger in size in
the graded specimens due to the processing that led to reheating, as before, resulting in their
growth.

6-2 Research Question 2 : Effect of post process heat treatments
on microstructure

The effect of heat treatment has been already covered in the previous project [13]and in Chap-
ter 2. The results in the current project reaffirm the previous observations and interpretations.
The grains were observed to transform from dendrites to columnar and equi-axed grains. This
was explained by grain growth and partial recrystallization which are reported to occur at
the temperature ranges achieved in the HIP and heat treatment steps ([104, 13]). However,
carbides that grow at the grain boundaries as a result of the heat treatment impede their
growth and recrystallization. This is the reason that there is still difference in the grain sizes
on both sides of the graded specimens even after the heat treatment. Further the HIP+H/T
specimen had significantly higher hardness than AP specimens. This was attributed to the
precipitation of the metastable strengthening phases 7/ /" with the heat treatment that lead
to toughening of the microstructure through various mechanisms (mentioned in Chapter 2).
These phases were also detected in the XRD analysis.

The effect of heat treatment was also observed in the residual stress measurements. The
stresses were seen to be more compressive in the heat treated specimens. This was explained
previously by the increase in strains in the microstructure resulting from the precipitation
of the strengthening phases (7'/+” phases) and the carbides. As the HIP step is expected
to serve as a stress relief step it is reasonable to expect a stress decrease after heat treat-
ment. Therefore, this opposite trend is explained by the appearance of the aforementioned
precipitates in the following aging step which resulted in higher compressive stresses. In that
case, the strengthening phases strain the inside of grains due to their misfit within the grains
whereas carbides are expected to have resulted in pinning of the grain boundaries thereby
resulting in compressive forces during grain coarsening. The increase in compressive stresses
is also reported in other works [105, 106] however the reasons mentioned in the current study
were not covered in these works.

6-3 Research Question 3 : Effect of microstructural features on
fatigue

The results summarized in Chapter 5 showed that specimens which had different microstruc-
tures also had different fatigue parameters. Microstructural features (grain size and grain
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orientation) discussed above were also found to affect the fatigue behavior. In addition to
that, gaps corresponding to the discussion in the previous chapter are also addressed here.

6-3-1 Effect of grain size and grain orientation on fatigue

The effect of grain size was reported in both batches. This effect is seen in the specimens
along with grain orientation as it is generally observed that with a particular orientation
(group C with grains oriented along length) the grains are more coarse than the other ori-
entation (group D with grains oriented along width). Moreover group D (coarse grain) and
group E (fine grain) are seen to have similar fatigue behavior. Therefore, both the effect of
grain size and orientation are discussed together. The trend of fatigue behavior in different
grain sizes was observed to be opposite to the general trend. This general trend is based on
various micromechanical models involving different phenomena. One such model describes
the effect of grain size to manifest in terms of the level of roughness induced crack closure
[107]. It is a known fact that at near threshold stress intensities, the crack grows through
slip bands and therefore, leads to a zig-zag crack growth. This leads to higher roughness,
higher crack closure and therefore, lower AK,y at the crack tip in coarse grains as compared
to the fine grains. Therefore, a higher AKy;, is needed to propagate the cracks in the coarse
grain microstructure. This is also confirmed for Ni-based super alloys [108]. In the current
project the opposite trend was observed which was linked to the presence of compressive
residual stresses. The linking of such heat induced stresses could result in many problems.
Specially this is not confirmed in the current analysis that the stresses are mainly compressive
throughout the thickness of the tested specimens. However, assuming that it is true, the effect
of compressive stresses can be expected to result in decreasing the AK.ss at the crack tip.
Theses stresses were observed to be higher in the fine grain material. On the other hand, as
mentioned before, roughness induced crack closure, which also reduces the AKcyy, is higher in
coarse grain. Therefore, it is a matter of which effect is higher in the materials in the current
project. As seen from the results in AP batch, the effect of residual stresses are dominating in
these specimens leading to such a trend. Whereas, in the HIP+H/T batch, both phenomena
are observed to occur as trends found between group C and D are explained by the former
and that found between group D and E are explained by the latter. However, as mentioned
in the previous section, the results about residual stresses need to be confirmed with more
analyses(for example, through thickness measurements of residual stress). Additionally, the
behavior of specimen AP-C could be linked to presence of pores which needs to be confirmed
with further microscopy. Shown below are the images of the crack path in AP-C (Figure 6-1).
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(a) Crack Path at cracklength = 2-2.5mm (b) Crack Path at cracklength = 3-3.5mm

Figure 6-1: Etched crack path in specimen AP-C. Pores can be found in b).

From the images it can be seen that, although, pores are visible around the crack path, it is
difficult to conclude if pores helped in the propagation of crack. This could be further verified
using fractographic analyses.

The effect of grain orientation was seen in the difference in fatigue behavior between groups C
(grains perpendicular to crack) and D (grains parallel to crack). Although, this is not solely
arising out of the difference in grain orientation as from the discussion above and the results
mentioned earlier in Chapter 4, the aforementioned groups are found to have different grain
sizes as well. Therefore, the different behavior in group C as compared to group D can’t be
attributed to any one of the factors. Even more interesting is the similarity of fatigue curves
found in group C and H/T wrought material. Although, the latter is discussed later, the
piecewise linear fatigue curve raises many new questions. Various works have shown that at
low AK values in this and other Ni based superalloys the fracture surface shows flat facets
indicating a stage I like cracking mechanism [108]. In other words, the cracking occurs by
shearing along the slip direction. Whereas at high AK, the mechanism transforms to a plastic
blunting mechanism leading to the formation of striation. This was also covered in Chap-
ter 2 where different mechanisms were reported to occur which are not locally additive and
depending on the AK level changes from one dominating mechanism to other. The piece-wise
linear trend was attributed to a change in the mechanisms. These mechanisms give rise to
specific crack path features which are already reported in literature. To confirm this, further
microscopy is done on the crack path to relate to these features. The images are as shown
below.

(a) Cracklength = 2-2.5mm (b) Cracklength = 3-3.5mm

Figure 6-2: Etched crack path in specimen AP-D.
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(a) Cracklength = 2-2.5mm (b) Cracklength = 3-3.5mm

Figure 6-3: Etched crack path in specimen AP-E.

(a) Cracklength = 3 mm (b) Cracklength = 5 mm

Figure 6-4: Etched crack path in specimen HIP+H/T-C.

From Figure 6-4, it is observed that the crack is tortuous and changes to a more straight
path at a certain cracklength. Further such features are not observed in the other figures. In
Figure 6-4, it is tempting to relate the former to an intergranular type of crack growth and
the latter to a plastic blunting mechanism at first instance. This point of change is found
to be at the same corresponding crack length as that seen from the fatigue curves. Also in
Figure 6-5, the crack is seen to be crossing the grains in a transgranular manner. Therefore,
it was suspected that the crack growth is completely transgranular in D and E (fine grain)
specimens whereas it starts with a intergranular type in C and changes to a transgranular type
growth later. This is very unlikely as in literature the fatigue mechanism for IN718 is reported
to have a transgranular crack growth over the entire paris range of AK at room temperature
(section 2-4). Moreover, this trend is not observed in the as-processed batch (refer Figure 6-
1, Figure 6-2, Figure 6-3). Further, slip planes denoting a plastic blunting mechanism are
reported in all the groups in the as-processed batch (refer Figure 6-6). Therefore, it is not
confirmed if the different mechanisms particularly that mentioned above are responsible for
the different behavior in group C.

It is noteworthy that in many other works the fatigue curves of the H/T-wrought material is
found to be single linear curves [64, 67]. One such work reports a mix of the two mechanisms
above thereby resulting in a single linear curve [67]. This could be the case in group D and
group E because of which a single curve is observed. It could be argued that the different
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(a) Cracklength = 5 mm in HIP+H/T-D specimen (b) Cracklength = 5 mm in HIP+H/T-E specimen

Figure 6-5: Etched crack path in HIP+H/T specimen. Sightings of the crack crossing grains.

(a) AP-C- cracklength = 4 mm (b) AP-D- cracklength = 5.5 mm (c) AP-E- cracklength = 5 mm

Figure 6-6: Unetched crack path in AP specimen showing slip planes.

behavior in group C arises out of the significantly coarser grains as compared to group D and
E but this is in conflict with H/T wrought material where fine grains were found as seen from
Figure 4-29 and Table 4-4. Therefore the exact factor that decides which behavior(single
linear or piece-wise linear) will occur remains unclear at this point.

In final words, it is very likely that the origin of piecewise linear curves is arising out of
different mechanisms. That the different mechanisms resulting in this behavior of group C
are same as the mechanisms resulting in a similar type of behavior in H/T wrought materials
also needs to be confirmed. Analyses like fractography and EBSD of the crack path are
expected to provide further directions.

6-3-2 Effect of Heat treatment

The effect of heat treatment on the fatigue behavior was relatively straightforward as com-
pared to the previous subsection. The precipitation of strengthening phases after heat treat-
ment lead to blocking of dislocation pile ups thereby increasing the resistance of the mi-
crostructure to crack propagation [101]. It is tempting to relate the better fatigue behavior
to the coarsening of grains upon heat treatment. However, this would not explain the oppo-
site trend observed among the groups. Similarly, the effect of pores was not linked with the
fatigue behavior in the AP specimens because of their small size. However, the disappearance
of pores and other detrimental phases like laves and § phase also removes the weak links from
the microstructure.
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6-4 Research Question 4 : Comparison of 3D printed and wrought
Inconel 718

The discussion of the effect of 3D printing is useful to assess the performance of the material
used in the current study on a practical bench mark. Therefore, a comparison is made between
HIP+H/T specimens which is expected to be practically relevant and H/T wrought specimens
which are currently use in real life applications. From results obtained before, it was seen
that only at high AK values these specimens behave similarly. However, at the low AK
level where it is expected to be more practically relevant, none of the specimens are better
than the latter. It is surprising that the specimen that outperformed wrought material was
as-processed fine grain material AP-E. Being as-processed it was expected that processing
related shortcomings would affect the fatigue performance. However, as reported above, the
exceptional behavior was attributed to high residual stresses in the microstructure. It would
be risky to conclude that AP-E microstructure is of practical importance as the evolution
of residual stresses is still needs to be investigated further at this point. Therefore, it may
be the case that the high compressive residual stresses in AP-E were specially dependent on
the dimension of specimens used in the current study. This needs to be confirmed with more
replicate tests and residual stress analysis. On the other hand improvements in the HIP+H /T
specimens needs better understanding of the factors that decide the fatigue behavior in the
wrought specimens. For example, the discussion above on the effect of grain orientation shows
that there are many gaps that needs to be investigated.

6-5 Research Question 5 : Effect of FGM on fatigue crack propa-
gation

The effect of FGM in the results has been seen to produce interesting results. The test con-
ducted to investigate this was a constant AK test which required accurate estimation of AK
in the changing microstructure. A FEM model was utilized to calculate the new formulas
for the specimens. This in turn required accurate estimation of young’s modulus. Hence,
it can be imagined that the test procedure was an extremely sensitive method where small
errors in accuracy could result in big deflections in the final curves reported in this study.
However, in many curves it is seen that at the beginning of the curves (i.e. at small crack
ratios) where the microstructure is relatively homogeneous, the crack growth was more or less
constant. This indicates that the level of AK was maintained at a constant level implying
success of the procedure. Additionally the curves also included DIC which interfered in the
accurate measurement of crack lengths whose effect was seen in the specimens in terms of
higher scatter (refer figures in appendix G). The scatter implies that the procedure was not
anymore a constant AK test. Therefore, this raises the question on the reliability of tests
where DIC was used. Anyhow, most curves are reported to be fairly linear in the beginning
as before. Therefore, it is assumed that the tests were successful in all of the tests but one.

The expected effect of graded microstructure was a decrease in crack growth as the grain size
increased. However, as indicated by the results in this study, the crack growth rate increases
as the size of grains increase in the same trend as observed in the ungraded specimens. In
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most specimens, however, even the increase in the crack growth rate remained within a nar-
row band of values indicating very less difference in da/dn which meant that the coarsening
of grains on both the sides diminished the difference. Further, in the as-processed specimens
the effect of building direction was seen in the difference in the change in crack growth rates
across the width of the specimens. Specimens where the grains were oriented along the width
(AP-B), the crack growth was seen to undergo higher change as compared to specimens where
the grains were along the length (AP-A) having more or less the same crack growth indicating
more homogeneous microstructure in the latter as mentioned in research question 1. Moreover
the crack growth in most specimens was higher than the corresponding da/dn at the same
AK seen in the ungraded specimens. This increase of da/dn, as compared to the ungraded
specimens which was also explained using the concept of grain coarsening raises further ques-
tions. Taking the ungraded specimens as reference where coarser grains had higher da/dn for
a given AK, the increase of da/dn with grain coarsening in the graded specimens makes sense.
But the trends in the former were explained in terms of lower compressive residual stresses in
the coarse grains and when the same is used here, it doesn’t explain the trend as the residual
stresses are not observed to strictly decrease in these specimens as compared to the former.
It is intuitive to expect that the residual stresses should decrease in the graded specimens due
to the reheating experienced during the processing, but the results don’t confirm the same
trend. It is possible that the residual stress measurements may not be completely accurate
as it is subject to the goodness of specimen preparation. Similarly, the decreased da/dn in
AP-B (graded specimen built along the width) specimens as compared to their corresponding
ungraded specimens is even more surprising. If the concept of grain coarsening is applied
here, it doesn’t match the previous results were coarse grains are linked with higher da/dn.
Additionally, the compressive residual stresses in these specimens were also lower than the
corresponding ungraded specimens. It is possible that the small amount of grain coarsen-
ing could have led to a toughening effect leading to a lower da/dn. As mentioned above,
grain coarsening leads to higher roughness induced crack closure leading to less AKcr; and
thus lower da/dn. Certainly, this indicates that a very sensitive balance between the general
strengthening effect of coarser grains and the weakening effect of lower compressive residual
stresses is at play in these specimens.

In addition to the above results, effects of the interface and the post process heat treatments
were also covered in the summary presented in the previous chapter. The crack growth in
the interface in all of the graded specimens increased which was attributed to the gradient
microstructure while the effect of post process heat treatments was seen to diminish the effect
of building direction mentioned above.

An important expectation from graded microstructure used in the current study was the effect
of texture in the specimens. This was specially expected for as-processed batch where the
coarse grain side was designed to have texture. Any effect should have been seen in the inter-
face region. Although, in both the as-processed specimens there is an increase of da/dn in the
interface, it cannot be individually linked to the effect of texture because of presence of other
features like pores and voids. Similarly, the crack curving in specimen AP-B at the interface
also could not be linked to an effect of texture as the crack was found to be asymmetrical
which could have resulted in this behavior. The texture in the specimens was expected to have
<100> direction parallel to building direction as reported in the literature(subsection 2-2-3).
If the primary slip bands in the specimens are aligned in the maximum shear direction (45°
to the crack), the crack growth rate is expected to be higher. Therefore, favorable texture
leads to higher da/dn. Similarly, if the texture is such that the primary slip directions are not
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activated, the da/dn will be slower. This is an important direction that needs to be explored
with FGM of differently oriented grains.

In concluding remarks, the results above provides evidence that the FGM leads to distinguish-
able modification in da/dn across the width of the specimens. Important relations between
the microstructural features like the grain size, grain orientation, residual stresses, etc. and
their effect on the crack growth behavior were also covered here. This provides further di-
rections to be explored to better explain the behavior in this specimens and to design better
FGM material.
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Chapter 7

Conclusions

The main conclusions from this study are summarized in the following sections in terms of
the research questions (RQ) defined in chapter 2:

7-1 RQ 1: How does the individual microstructure and mechanical
properties develop during 3D- printing of Inconel 718

1. Microstructural features observed in as-processed material as well as hardness and
Young’s modulus were found to be dependent on 3D- printing process and in good
agreement with the literature. Namely, coarse grain materials showed grains elongated
along building direction with preferred <100> texture, while fine grain material showed
equiaxed grain structure. Both hardness and Young’s modulus were smaller for coarse
grain (300 HV and 140 GPa) as compared to fine grained (370 HV and 185 GPa).

2. Group C (coarse grained material parallel to length) and Group D (coarse grained
material parallel to width) showed different microstructural and mechanical behavior.
Group D showed smaller grain size (93 pm) with corresponding higher hardness (340
HV), lower porosity and higher levels of residual stresses, while Group C showed grain
coarsening (140 pum), attributed to better reheating during 3D-processing.

3. The residual stresses in the current specimens were found to be compressive in nature.
This was reasoned to be an effect of the processing method leading to thermal gradients
subsequently resulting in compressive stress in the inside and tensile on the outside.

7-2 RQ 2 : What is the effect of post process heat treatment on
individual microstructure and mechanical properties

Post process heat treatment in terms of Hot Isostatic Pressing (HIP) + H/T was found to
result in grain recrystallization (partial) and coarsening with distinct twins and carbides.
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Hardness was found to be increased by 50-60%, while porosity and preferred texture were
almost entirely eliminated. The substantial increase in compressive residual stresses following
heat treatment was attributed to the straining of the grains resulting from the formation of
precipitates like carbides (at the grain boundaries resulting in pinning of grains) and ~'/+"
(in the grains resulting in misfit strains).

7-3 RQ 3 : How do the fatigue parameters obtained for ungraded
Inconel 718 depend on the various microstructural features like
grain size, orientation, residual stresses, etc.

1. The fatigue curve of group C (coarse grain material parallel to length) was found to
follow piece-wise linear trend similar to the wrought material examined herein. This
was attributed to different mechanisms at play. At lower A K the crack growth is
estimated to follow a crystallographic growth while at higher A K it is estimated to
follow a plastic blunting mechanism. This is not seen in group D (coarse grain material
parallel to width) and group E (fine grain), which is attributed to the presence of a mix
of both mechanisms. The exact reason behind the different trends should be further
investigated.

2. The crack propagation behavior (AKy, and da/dn) for coarse materials was found to be
worse than the fine grain material, opposite to the general trend. This was explained
with the help of compressive residual stresses leading to less AK.f; in the fine grain
specimens.

3. Heat Treatment (HIP4+H/T) on the specimens erases differences between the fine and
coarse grain materials (groups E and D). This was attributed to the grain growth in
group E. It should however be noted, that the difference between two coarse grained
groups exhibiting different grain orientation still remained clear. The fatigue behavior
is also seen to improve for each group following the heat treatment, which is likely
attributed to the appearance of strengthening phases.

7-4 RQ 4 : What is the difference between fatigue properties of
3D-printed and conventional wrought Inconel 718

With respect to the wrought material (with grain size of 10 ym), the 3D-printed material with
fine grains (70 pum)) showed higher AKy, and lower da/dn values. The better performance
was attributed to high compressive residual stresses. The fatigue behavior for coarse grained
materials was on the same level as the wrought material, only following HIP+H /T specimens,
at high AK levels.
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7-5 RQ 5 : Based on the results of this study and literature can the
developed herein relations be used to tailor fatigue behavior
in 3D-printed functionally graded materials

This RQ is directly related to the main objective of this study, which was to

Investigate if the functionally graded microstructure can be used to affect the fa-
tigue behavior of 3D-printed Inconel 718

It was seen in the discussions that the graded material (FGM) has a significant effect on the
fatigue crack propagation. The fatigue crack growth rate (da/dn) is seen to be increased
according to different microstructure similar to trends observed in the ungraded specimens,
indicating that the heterogeneous microstructure of the material is reflected in the fatigue
crack growth rate. Thus 3D-printing process can be used to design microstructural gradient
and alter fatigue behavior of complete 3D structures. Summarized below are the effects of
different parameters on the fatigue behavior of the FGM:

e Building direction and grain orientation were found to have significant effect. For
as-processed specimens, the crack growth rate is seen to be affected by the building
direction as well, similar to that observed in the results of microstuctural characteriza-
tion. The da/dn was found to continuously change in group B (building direction along
the width) specimens contrary to only a change in the interface in group A (building
direction along the length). This reaffirms that the heterogeneity in graded material is
only conserved when the building direction is along the width.

e Interface region also gives a significant effect. The interface region is also found to
have a distinguishable effect in both the groups of as-processed specimens having differ-
ent building direction. The da/dn is found to increase with the changing microstructure
in this region as per trends in the ungraded specimen. Additionally, in group A (build-
ing direction along the length), where the microstructure was reported to be almost
homogeneous, the increase in da/dn was linked to the effect of pores. This indicates
that with a suitable design that still maintains the heterogeneity in the microstructure,
an interface can be produced that results in the opposite trend.

e Grain sizes and Residual stresses : In the as-processed group B (building direction
along the width) specimens, the fatigue crack growth rate (da/dn) was lower than
the corresponding da/dn in ungraded specimens. This was unlike the other specimen
(group A with building direction along the length) where the da/dn was more than
their corresponding ungraded microstructure. It was estimated that the reheating of
specimens experienced while processing leads to both the coarsening of grains and the
reduction of residual stresses. The former was then explained with the effect of coarser
grains that leads to a toughening of the microstructure (and thus lower da/dn) which
dominates over the effect of lower compressive residual stresses. While in the latter,
the effect of lower compressive stresses seemed to have dominated. A sensitive balance
of the effect of grain size related strengthening and residual stress related effects are
estimated to determine the final behavior. This indicates that residual stresses also
play a major role in graded specimens like in ungraded specimens which subsequently
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suggests that further study on the evolution of residual stresses in relation to grain sizes
are needed for the complete understanding.

e Finally, post process heat treatment is also found to give a very profound effect. In the
HIP+H/T specimens, the fatigue crack growth rate was found to be higher than the
corresponding da/dn in ungraded specimens. Additionally, the difference between the
two differently built graded material also diminished after the heat treatment. Therefore
the post process heat treatment should be further optimized to meet the needs of func-
tionally graded material (thus not erasing the intended microstructural grading/build

up).
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Chapter 8

Future Recommendation

The current study raised many new questions and many new directions have been mentioned
in the discussions. To answer the questions raised by this study, the following steps are
suggested for further research:

1. Residual stress study in the specimens - In the current project, residual stresses are seen
to be a major factor in fatigue behavior. To better explain, the evolution of residual
stresses needs to be understood better. The study should be so designed that the
residual stresses are linked with product geometry so that the relation between stresses
and position in the bulk is established.

2. Temperature profile simulation - In the current project, differences in grain size and
residual stresses depending on the grain orientation is surprising. To further explain
this, Finite Element Modelling (FEM) simulation of temperature profile inside the bulk
can be performed. This could also be linked to the above study to better explain residual
stress evolution with temperature.

3. Fractography and EBSD - In the current project, the results from fatigue crack growth
tests could not be conclusively related to mechanisms seen in literature. This needs to
be linked with the help of fractography. Further, it was suspected that the reason of
piece-wise linear trend in the fatigue curves could be arising out of intergranular crack
growth in the beginning. Although, unlikely, this could be verified with the help of
EBSD in the crack path. Moreover, EBSD from HIP+H/T specimens would also verify
the texture evolution and the trends of grain sizes mentioned above.

Further, new directions are also hypothesized as per the experience gained from this project.
They are as follows:

1. Tests at Lower AK - The same tests could be performed on the same specimens at
lower AK as it is more practically relevant. Moreover, the differences in da/dn at low
AK is found to be more than that at higher AK. Therefore, it is expected that crack
deceleration is more likely to happen at lower AK.
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2. Tests on H/T material - The heat treated specimens in this project were HIP+H/T.
In literature (chapter 2) it has been established that with a prior HIP step, the mi-
crostructure is found to be significantly different than the H/T specimens. For example,
¢ phases are found to be present at the grain boundaries instead of carbides. Therefore,
it is interesting to investigate this material under the same tests.

3. Interface at different angles - In the discussion it was reported that the crack growth
may slow down depending on the active slip planes. The active slip directions depended
on the orientation of the crack with respect to the grain orientation. Therefore, it
can be imagined that crack growth could have slowed down at the interface if the
active slip directions in this region had higher critical stresses than the fine grain side.
Subsequently, it could be hypothesized that instead of the interface being perpendicular
to the crack, it could be oriented at a suitable angle to affect the crack growth.

4. Specimens with different grain orientations instead of grain size - In this project it is
seen that there is significant difference between the grain orientations itself. Therefore,
investigating specimens with two layers of the differently oriented grain could also be
useful. Further, this could be linked with the above recommendation as both the grain
orientations are found to be highly textured material.

5. Specimens with multiple interfaces - It was seen that the da/dn increased at the interface
as the crack grew from the fine grain side to the coarse grain side. Therefore including
another interface using the opposite combination may result in a decrease in the da/dn.
For example, after the fine grain side the SLM parameters can be altered twice to
get one interface having fine-coarse transition, then coarse-fine and again fine-coarse
transition. This may help in two ways; one, it may reduce the effect of residual stresses
as more reheating is involved here therefore the effect of grain size would help in better
modification of da/dn; second, if it doesn’t reduce the effect of the residual stresses and
stays the same, then in the opposite interface the trend in da/dn could be expected to
be opposite to that observed in the current project.
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Appendix A

Chart showing the methodology

Selective Laser Melting (SLM)
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Figure A-1: Flowchart of the methodology adopted in this project
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Appendix B

XRD setup and example of data
analysis

The set up of the specimens in the XRD is shown below.

Instrument: Bruker D8 Discover with Eulerian cradle in parallel beam geometry.
Incident beam side: polycapillary optics divergence 0.25°;

beam size:4h 4b mm.

Diffracted beam side:parallel sollerslit divergence 0.35°;

graphite monochromator.

CoKa radiation, 45 kV 25 mA.

Stress measurement: reflection 311 around 111° 26.

Sin2¢ range 0 - 0.6 in steps of 0.2.

Time per step 7s.

Data evaluation: Bruker software Diffrac. EVA vs 5.0. and Panalytical X-Pert stress.
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112 XRD setup and example of data analysis

Figure B-1: Arrangement of the specimen in the machine
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Figure B-2: Schematic describing measurement positions in the specimens

An example of the raw data analysis is shown.
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XRD setup and example of data analysis
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Figure B-3: d v/s sin2(psi) example showing curvy variation. This was attributed to either a
presence of shear stress or a stress gradient along the depth.
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Appendix C

Clamp drawing, setup summary

C-1 Clamp

Saswat Sahu Figure C-1: Drawing of the clamp Master of Science Thesis
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In the figure below, the preparation of the specimens is shown.

Figure C-2: Chart showing the preparation of chart after machining to final dimensions and
notching.

C-2 Set-up

The set-up is shown in the chart below.

Figure C-3: Chart showing the setup

Additional note:

1. The specimens were insulated from platform by using small layers of GLARE at the
contact points of specimen and the rollers.

2. The voltage from the DCPD was too high to be measured by it. Therefore it was stepped
down by using a shunt in parallel. The block and red wires shown in the Figure 3-2 are
from the shunt.
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Appendix D

Young’s modulus results from
indentation method

The results are summarized below.

Figure D-1: Indentation test results for specimen AP-A
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Figure D-2: Indentation test results for specimen AP-B

Figure D-3: Indentation test results for specimen HIP+H/T-A

Figure D-4: Indentation test results for specimen HIP+H/T-B
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Appendix E

Algorithm for reduction of MTS data

The MTS data was reduced in steps to obtain the AK and da/dn data points. The MTS
data is as shown below.

Table E-1: Sample of raw MTS data

Force Segment Cracklength

-658.995 134884 2.711012
-66.6717 134885 2.708845
-658.053 134886 2.718237
-65.7673 134887 2.71896
-657.493 134888 2.717515
-66.6259 134889 2.71896

As seen above, the data is for every peak and valley.

E-1 Step1

The first step is to reduce the data per cycle.

function [a,n,delP]=reducean(cracklength,cycles,force,skipvariable)%Input
variables in order: peak valley cracklength

%hpeak valey segment(not cycle) number,peak-valley force values,a skip

hvariable to skip data points in case of too many data points

[maxdata,~]=size(cracklength); %to find out the size of the input
variables

%Initialize all variables to be used

a=zeros (100000,1);

tempa=zeros (100000,1);

tempn=zeros (100000,1) ;
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Algorithm for reduction of MTS data

n=zeros (100000,1) ;
delP=zeros (10000,1);

tempdelP=zeros (100000,1);

i=1;

i=L

while j<maxdata Ymove along the input variables till last
tempdelP (i)=abs(force(j)—force(j+1)); %calculate delta P
tempn (i)=floor(cycles(j+1)/2); %calualte cycle number

tempa(i)=(cracklength(j)+cracklength(j+1))/2; %icalculate average
crack length in that cycle

j=j+2; %increment j by 2 as in the input file two data points will be
transformed to one

i=i+1;)increment i by 1 as this is the output variable

end

k=1;
w=1;
[n

variable

while k<newmax Jprocedure to skip datapoints

ewmax ,~|=size(tempdelP);%calculate size of newly formed delta P

delP(w)=tempdelP(k); %save temporary variable values to final output

variables
n(w)=tempn(k);
a(w)=tempa(k);

k=k+skipvariable; Y%skip data points here

w=w+1;
end

delP=delP(delP~=0); %since the variables were initialized by zeros, this

removes the remaining =zeros

n=n (n~=0);

a=a(a~=0);

Final data after this step.

Saswat Sahu

Table E-2: Sample data after step 1

AForce N Cycles Cracklength
508.38 564443  4.67
505.30 564493  4.68
511.02 564543  4.67
507.75 564593  4.68
506.60 564643  4.68
507.75 564693  4.67
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E-2 Step 2 123

E-2 Step 2

The second step is to reduce the data in such a manner so that there is equal number of data
points per increment of cracklength. This is done as in the beginning due to low crack growth
there are higher number of data points that leads to higher scatter in da/dn.

function[newa ,newn,newdelp|=reducean_part2(a,n,delp,ablock,nr)
%input variables: a:reduced cracklength (ouput from reducean.m)
%n: reduced cycles
%delp:reduced delta P
%ablock: crack increment where reduction procedure is
%hcarried out
%nr: no of reduced points in each ablock
[maxdata,~]=size(n);
newa=zeros (10000,1);
newn=zeros (10000,1) ;
newdelp=zeros(10000,1);
aa=zeros (10000,1);
nn=zeros (10000,1) ;

t=1;%new file traverse variable
i=1;%main file traverse variable
while i<maxdata JStarts main position traverse through the array
k=i+1;
for k=i+1l:maxdata ’%starts searching for the next block size hence
from i+1 position
for j=1:k—i+1 Y%Takes everything from the position of main
control i to position of block search k (a total of k-i+1
elements)
aa(j)=a(j+i—1); %into temporary arrays of aa and nn. The main
position is traversed with i and j as i+j-1
nn (j)=n(j+i-1);

end
%quadratic fit procedure starts
c1=0.5%(nn(1)4nn(k—i+1)); %a constant made of the first and last
data points in the ’cycles’ array

c2=0.5%(nn(1)—nn(k—i+1)); %another constant made of the first and
last data points in the ’cycles’ array

nn_scaled=(nn—cl)/c2; %a scaled n variable

sx=0; %sum of linear terms

sx2=0; %sum of quadratic terms

sx3=0; % sum of cubic terms

sx4=0; % sum of quadruple terms

sy=0; ’, same as above

syx=0;

syx2=0;

for w=1:k—i+1 %finds sum for the block till now
sx=sx+nn_scaled(w);
sx2=sx2+(nn_scaled(w)) " 2;
sx3=sx3+(nn_scaled(w)) 3;
sx4=sx4+(nn_scaled(w)) 4

n
n

)
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Algorithm for reduction of MTS data

sy=sy+taa(w);

syx=syx+taa(w)*nn_scaled(w);

syx2=syx2+aa(w)x(nn_scaled(w)) 2;
end
%least square terms in following lines
terml=(sx2*sx4—sx3"2);
term2=(sx*sx4—sx2%sx3);
term3=(sx*sx3—sx2"2);
denom=T7*terml—sx*term2+sx2*xterm3;
numer2=sy*terml—syx*term2+syx2*term3;
bb(1)=numer2/denom; %first parameter

termd=syx*sx4—syx2xsx3;
termb=sy*sx4—syx2*sx2;
term6=sy*sx3—syx*sx2;
numer3=T*termd—sx*termb+sx2xtermb;

bb (2)=numer3/denom; %second parameter

term7=sx2*syx2—sx3*syx;
term8=sx*syx2—sx3*sy;
term9=sx*syx—sx2%*sy;
numer4=T*xterm7—sx*term8+sx2+xterm9;
bb (3)=numer4/denom; %third parameter
%quadratic fit procedure ends
%quadratic fit with the three parameters and scaled n variable
ai_fit=bb(1)+bb(2)*nn_scaled(1)+bb(3)*nn_scaled(l) 2; Y%cracklength a
according to fit at the begining of the block
af_fit=bb(1)+bb(2)*nn_scaled(k—i+1)+bb(3)*nn_scaled(k—i+1)"2; Y%crack
length at the end of block
deltaa=af_fit—ai_fit; %crack growth according to fit
if (deltaa<=ablock)%checking if crack growth is under the size
mentioned
continue %if crack growth is still under size continue with next
iteration of k (block position,refer to line 10)
else
break %if crack growth is more then break the iteration and come
out of the loop.
end
end %end of block position search
%at this instance block size has been determined by the if statement
as
%it stops at that k where crack growth exceeded that block size
blocksize=k—i; % i is still at that position in the main traverse and
k has moved according to the condition
if blocksize>=nr
rf=round(blocksize/nr); % for every rf number of data points
there will be one data point. nr is the number of data points
per block
else
rf=blocksize;
end
%start of reduction procedure
block_pos=1; Jblock position set again
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b=i; %b is a variable for travelling through the block again
while b<k—1 %Travelling through the block. k-1 is the last position
of the block in the main file
suma=0; %sum for average of a
sumn=0; %sum for average of n
sumdelp=0;
no_of_elements=0; ja variable to actual calculate no of elements
actually averaged into one element
for £f=0:rf—1 9 takes every rf number of elements
if (block_pos<blocksize) Ychecks if the local block postion is
under the block size
suma=suma+a(b+f); %then takes into the sum of a. The position
of the block elemenets on the main file is i=b+f
sumn=sumn+n (b+£f); %then takes into the sum of n.
sumdelp=sumdelp+delp (b+f);
block_pos=block_pos+1; %incrementing block position
no_of_elements=no_of_elements+1; %caluculates the no of
elements actually averaged to one element. In most cases
it should be equal to rf
%but in the end of a block this is not rf.
else
break %breaks the loop when block position exceeds
blocksize
end
end %end of summation
newa(t)=suma/no_of_elements; %new data point is the average of
the rf elements.
newn(t)=round(sumn/no_of_elements); %same as above
newdelp(t)=sumdelp/no_of_elements;
t=t+1; Jincrement new file position
b=b+rf; %block position has to skip to the next rf elements
end %end of block
i=i+blocksize; %increment main file position to start of next block
end %end of main position
newa=newa (newa~=0); update newfile to exclude zeros as bydefault this
file was initialized with zeros.
newn=newn (newn~=0); %same as above.
newdelp=newdelp(newdelp~=0);

Final data after this step.

Table E-3: Sample data after step 2 reduction

AForce N Cycles Cracklength

607.10 1126 2.99
636.41 3426 2.99
636.70 5726 3.00
636.62 8026 3.01
636.52 10326 3.02
636.53 12626 3.02
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Algorithm for reduction of MTS data

E-3 Step 3

The third step and the final step is to use the previously reduced data to achieve the final

da/dn v/s AK data.

function [dadn,delK|=dadnmaker (cracklength,n,delP,W,B)

%input variables: cracklength: cracklength after reducean_part?2

%n: cycles after reducean_part2
%delp: delta P as above
%W:actual width of the specimen
%B:thickness of the specimen

%#The procedure is taken from ASTM-E647 please refer to it. This exact

%algorithm is present in the standard as well.

[maxdata,~]=size(n);

dadn=zeros (maxdata,l);
delK=zeros(maxdata,l);
bb=zeros(3,1);
aa=zeros (10,1);
nn=zeros (10,1);

i=1;
=L
k=0;

for i=1l:maxdata—6

1=0;

k=k-+1;

k1=k+6;

for lindex=k:kl
1=1+1;
aa(l)=cracklength(lindex);
nn(1l)=n(lindex);

end

c1=0.5%(nn(1)4nn(7));

c2=0.5%(nn(7)—nn(1));

nn_scaled=(nn—cl)/c2;

sx=0;

sx2=0;

sx3=0;

sx4=0;

sy=0;

syx=0;

syx2=0;

for w=1:7
sx=sx+nn_scaled (w);
sx2=sx2+(nn_scaled(w)) " 2;
sx3=sx3+(nn_scaled(w))  3;
sx4=sx4+(nn_scaled(w)) 4
sy=sy+aa(w);
syx=syx+aa(w)*nn_scaled(w);
syx2=syx2+aa(w)*(nn_scaled(w)) 2;

end

terml=(sx2*sx4—sx3"2);

)
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term2=(sx*sx4—sx2%8x3) ;
term3=(sx*sx3—sx2"2);
denom=T+terml—sx*xterm2+sx2xterm3;
numer2=sy*terml—syx*term2+syx2*term3;

bb (1)=numer2/denom;

term4=syx*sx4—syx2*sx3;
termb=sy*sx4—syx2*sx2;
termb=sy*sx3—syx*sx2;
numer3=T*termd—sx*termb+sx2+xtermb;

bb (2)=numer3/denom;

term7=sx2*syx2—sx3*sSyX;
term8=sx*syx2—sx3*sy;
term9=sx*syx—sx2*sy;
numer4=T*xterm7—sx*term8+sx2+xterm9;

bb (3)=numer4/denom;

dadn (i)=bb(2)/c242+bb(3)*nn_scaled(4)/c2;

aa_fit=bb(1)+bb(2)*nn_scaled(4)+bb(3)*nn_scaled(4)

crack_ratio=aa_fit/W;
f_aW=geometric(crack_ratio);

delK(i)=delP(i)«48+f_aW/(B*xW 1.5%xsqrt(1000));

end
dadn=dadn (dadn~=0);
delK=delK (delK~=0);

Master of Science Thesis

Table E-4: Sample data after final step

da/dn

AK

4.29e-06
4.37e-06
4.44e-06
4.44e-06
4.40e-06
4.28e-06

9.12029223708689
9.14054981792035
9.16088960708057
9.17903680305518
9.19601403510931
9.21523417956377

~9.

)
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Appendix F

Precision and accuracy

Like most scientific studies, the measurements in this project also involved both systematic
and random errors. The source of these errors were mainly in the crack length acquisition by
the DCPD. The systematic errors arose from the callibration of the DCPD however separating
the random component from this measurement is not straightforward. The randomness of the
measurements comes from multiple steps. The method of making reference marks at regular
intervals on the specimen is the first source of error. This reference marks were made with
a height-meter which was basically a vertical ruler. It is possible that the marks could be
underestimated or overestimated leading to errors in crack length. This is a random error.
The second source of error is the visual estimation from these reference marks as these could
also be underestimated or overestimated. This is also an random error. The third source of
error is the precision of the DCPD. This is calculated from the scatter in the DCPD signal
at a constant crack length and is considered as a systematic error.

The first two error are generally not separable and are calculated together. The error is
calculated by measuring the reported crack lengths after tests. Although this still involves
some error in visual estimation, this is assumed to be significantly less as compared to previous
errors. This measurement is treated as the absolute value. This is shown in the table below.

Table F-1: Average Error in crack-length measurement indifferent groups

Specimen Grain Orientation Average Error

As Processed-C  Coarse Grain- Perpendicular to crack 0.06 mm

As Processed-D  Coarse Grain-Parallel to crack 0.07 mm
As Processed-E  Fine Grain 0.11 mm
HIP+H/T-C Coarse Grain- Perpendicular to crack 0.08 mm
HIP+H/T-D Coarse Grain-Parallel to crack 0.05 mm
HIP+H/T-E Fine Grain 0.11 mm

The precision of the DCPD is calculated to be within 0.12%.
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Appendix G

Fatigue plots of graded specimens

G-1 As processed

As processed-Constant AK tests
T T

1031
O Experimental data for B-B.D. || to crack-1 (with DIC) (AK =30 MPam®® )
o . » - 05
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O Experimental data for A-B.D. L to crack-1 (w/o DIC) (AK=22.5 MPam®S ) Grain
o

Experimental data for A-B.D. L to crack-2 (with DIC) (AK= 22.5MPam®® )
Corresponding curve for fine grain at AK= 30 MPam®®

Correpsonding curve for coarse grain (B.D. || to crack) at AK= 30 MPam®®
Corresponding curve for fine grain at AK= 25 MPam®®

Corresponding curve for coarse grain (B.D. || to crack) at AK = 25 MPam®®
Corresponding curve for fine grain at A K = 22.5 MPam®®
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Fatigue plots of graded specimens
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