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ABSTRACT

Laser-based powder bed fusion (LPBF) is an additive manufacturing method
that fabricates parts layer by layer by fusing the raw material powder using laser
as the energy source. Originally, LPBF was used for rapid prototyping due to its
capability to fabricate prototypes whenever changes are introduced to the concept
CAD model without lead-time or the need to modify the fabrication line. Due to
the inferior mechanical properties such as strength and stiffness of the fabricated
parts compared to conventionally manufactured parts, and the limited options of
materials, additive manufacturing was not used to fabricate end user functional
parts. However, the recent developments in the last decade such as the introduction
of high-power lasers with more compatible wavelengths, and higher quality raw
materials, provide the opportunity to produce functional parts with high mechanical
properties. Currently, LPBF is capable of producing parts with near full relative
density. However, these parts still suffer from high anisotropy, defects, residual
stresses, and inferior tensile strength, and fatigue life. This dissertation investigates
different approaches to render the manufacturing of load-bearing metallic parts using
LPBF more effective and reliable. The work presented focuses on two alloys, 15-5PH
stainless steel and Inconel 718, due to their comparability with LPBF and their use
in aerospace and automotive industries where additive manufacturing can be used
cost-effectively.

The microstructure and mechanical properties of LPBF parts are highly sen-
sitive to the processing parameters during fabrication and post-processing. Metallic
parts are sensitive to the laser power, laser scanning speed, hatch spacing, powder
layer thickness, and the orientation of the part during fabrication. Several stud-
ies investigated the effect of the processing parameters on the relative density and
mechanical properties of LPBF parts. It was found that the set of processing pa-
rameters required to obtain high relative density is usually different than the set of
processing parameters required to optimize the mechanical properties. To achieve
the full potential of LPBF parts this work aims at optimizing the microstructure
and mechanical properties of parts fabricated with the set of processing parameters
that maximizes the relative density of the part. Therefore, the first objective of
this dissertation is to characterize the microstructure and mechanical properties of
as-fabricated LPBF parts at room and elevated temperatures.

The second objective is to develop and investigate different post-processing
heat treatments that aim to homogenize the microstructure, improve the reliability

xxi



of the parts, and identify the treatments that have the potential to improve fatigue
strength and life.

Finally, the last objective of this dissertation is to develop predictive models
that assist in estimating the effect of different heat treatments on the mechanical
properties of LPBF produce parts. A hybrid approach of physical and data-based
derived models was used to evaluate the influence of post-processing heat treatment
on the tensile strength of additively manufactured Inconel 718.
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Chapter 1
INTRODUCTION

Additive manufacturing (AM) is a generic term used to refer to all manu-
facturing methods that fabricate parts layer by layer by adding material instead
of removing material as in machining. Additive manufacturing is defined by the
American Society of Materials and Testing (ASTM) as a process of joining mate-
rials to make objects from 3D model data, usually layer upon layer, as opposed to
subtractive manufacturing methodologies [1|. The idea of fabricating 3D parts layer
by layer from 3D CAD models is 30 years old approximately with a patent by Pierre
Ciraud which was later developed and licensed by DTM Corporation. Currently,
there are different groups of AM technologies based on how the raw material is
introduced and the method of fusing the material.

1.1 Types of Additive Manufacturing
1.1.1 VAT Photopolymerization

VAT Photopolymerization is an AM technology that uses photopolymer resins
as the raw material out of which the part is fabricated layer by layer. Usually, a
UV-light source is used to scan and cross-link the resin selectively to solidify the
resin. The process starts by fusing a thin film of the resin on a substrate that moves
away from the UV light whenever the fusion of a layer is completed alloying a new
layer of the uncured resin to flow on top of the completed layers. This process is
repeated until the parts is completed [2,3]. This technology is limited to polymers
that can be cured using UV light.

1.1.2 Material Jetting

Material jetting is an AM technology that is very similar to traditional ink
printers. However, instead of jetting ink, material jetting uses cartridges that move
horizontally across the build platform to deposit uncured photopolymer resin on
a substrate. The deposited resin is cured using UV light. When the first layer is
completed, the build platform moves down and the cartridge continuous to deposit
the next layer. When the part is completed, it is cleaned up and further exposed
to UV-light to further cure [4,5]. This technology is limited to photopolymer resins
that have suitable flow properties for jetting.



1.1.3 Binder Jetting

Binder jetting refers to AM methods that create objects from raw material
in the form of fine powder by fusing it using a binder that is usually in a liquid
state. The powder is introduced using a roller that pushes the powder from the
storage bed and levels it on the powder bed. The printing head then deposits the
binder on the powder to fuse it and create a solid layer. After the layer is completed
the powder bed drops down in increments equal to the layer thickness chosen by
the designer. Then a new layer of powder is introduced to the bed upon which the
binder is deposited again to create a new solid layer [6,7]. Usually, the as-fabricated
part is called a green part, which is then post-processed by heat to strengthen the
fusion between the layers.

1.1.4 Material Extrusion

Material extrusion refers to AM methods that use filaments as the raw ma-
terial, which is fed to an extruder where it is heated and pushed through a nozzle.
The extruded material is deposited on a substrate where it cools and solidifies. Once
a layer is completed either the build platform drops down or the extruder goes up
in increments equal to the desired layer thickness. The deposition of the next layer
then starts and the process is repeated until the whole part is completed [8]. This
process is suitable for thermoplastics and metals that have low melting tempera-
tures. In addition to that, the raw material should have good flow characteristics so
that the deposition is controlled. Fused Deposition Modeling (FDM), or sometimes
called Fused Filament Fabrication (FFF), falls in this category.

1.1.5 Sheet Lamination

Sheet lamination refers to AM methods that use materials in the form of
thin sheets which are bonded and cut to the shape of the desired object. The thin
sheets can be fused using different methods depending on the material. Using a
binding material between the sheets or using ultrasonic vibration are two of the most
common joining methods in sheet lamination [9,(10]. Sheet lamination was applied
successfully using metals such as aluminum, copper, and stainless steel. However,
sheet lamination parts are usually used as prototypes and not for structural use.

1.1.6 Directed Energy Deposition

Directed energy deposition (DED) is one of the most promising AM methods.
It uses fine metal powder as the raw material and laser as the energy source for
melting and fusing the powder. Different variations use small cylindrical filaments
as the raw material or electron beam as the energy source instead of the laser. The
powder or filament is deposited coaxially with the laser which melts the powder and
fuses it to the substrate. Subsequent layers are deposited and fused to the previous



layers until the part is completed. The layer thickness and deposited line width are
controlled by processing parameters such as the laser power and powder feed rate.
DED is currently capable of producing parts with near full relative density [11}|12].
One of the advantages of DED is its capability to produce parts with graded chemical
composition by feeding different mixtures of powders at different regions of the
part. However, the production of parts with overhanging features using DED is
challenging, unless sufficient supports are provided [13}14].

1.1.7 Powder-Bed Fusion

Similar to DED, powder-bed fusion (PBF) uses powder as the raw material,
however, instead of supplying the powder coaxially with the laser, PBF uses a bed
filled with powder mounted on a piston. Usually, laser energy is used to melt or sinter
the powder to fuse it. Once a layer of the object is completed, the piston supporting
the powder-bed drops down to allow for a new layer of powder to be leveled on
top of the previous layers. The laser then fuses the new layers of powder to the
previous layers until the part is completed. Due to the low energy of the laser and
poor absorptivity of metal powders to the laser energy, powders of low melting points
were mixed with metal powders to act as a binder. Once the green part is completed
it was heat-treated to complete the fusion. However, these parts suffered from high
porosity and low mechanical properties and were usually subjected to infiltration by
other metals to densify them and improve their mechanical performance. Currently,
high-power lasers are used with more compatible wavelengths to improve the metal
powder’s absorption of laser energy. Different brands of AM methods belong to the
PBF group such as selective laser sintering, electron beam melting, and direct metal
laser sintering [15-17].

1.2 Direct Metal Laser Sintering

This dissertation focuses on direct metal laser sintering (DMLS) because of its
ability to produce near full dense parts with greater than 99% relative density. DMLS
is a powder bed laser-based additive manufacturing method. It uses fine metal
powder as the raw material and laser as the heating energy source to fuse the
powder according to the 3D CAD model. The DMLS process starts by laying a thin
layer of powder on the powder bed ranging between 20-40 pm. The powder is then
fused by the laser by melting the powder or partially melting it. The small laser
spot follows computer-controlled paths as in CNC machines. The laser paths are
generated by a slicing software, that draws these paths by slicing the 3D CAD model
into finite-thick layers and calculating paths to fuse the powder in these layers. The
commands are sent by the slicer to the DMLS system using G-codes. After each layer
is finished, the powder bed moves down by a distance equal to the layer thickness
while the powder supply bed rises by the same amount, after which a roller helps in
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distributing the powder evenly on top of the powder bed. This process is repeated
until the part is completed. Figure shows a schematic of the DMLS process.

Researchers studied the utilization of Ti-6Al1-4V, Inconel 718 and 625, stain-
less steel 316 and 316L, precipitation hardening stainless steels 17-4 PH and 15-5PH,
and the aluminum alloy AlSil0Mg metals in AM application [18]. These materials
are suitable for AM due to the ability to produce it in powder form in addition to
the ability to control metal flow during melting or sintering [19].

This research focuses on 15-5PH and Inconel 718 (IN718) metals. Both metals
have good corrosion resistance, high stiffness, and tensile strength at elevated tem-
peratures. In addition, both metals are precipitation hardenable materials, which
makes them suitable for aerospace, automotive, chemical, and food processing ap-
plications [20H27]. 15-5PH can be precipitation hardened at different temperatures
and durations resulting in a range of different tensile strengths, hardness values,
and ductility values. This makes it suitable for a wide range of applications. IN718,
on the other hand, is very hard to machine because of its high hardness and poor
thermal conductivity . Therefore, producing parts at or near-net shape mitigates
this problem. Their use in the aerospace industry does not require mass production
in many cases, which makes using them in parts produced using DMLS feasible.



1.3 Advantages of DMLS

The fabrication of parts layer by layer using DMLS directly from a 3D CAD
model provides many advantages and bypasses many of the disadvantages of con-
ventional manufacturing methods. DMLS can fabricate complex parts with shapes
that would be otherwise impossible or very costly to produce. Using DMLS parts
can be fabricated with internal features such as channels for heat exchangers or flow
devices [29] or have internal structures that can support the mechanical loadings
while minimizing the weight of the part and the material used [30]. This opens new
opportunities for designs that focus more on the functionality of the part than on
the fabrication process or design for manufacturing [31]. Topology optimized parts
can be fabricated with no extra cost, where such parts might take long hours of
machining to achieve [32]. This makes DMLS cost-effective for parts with high buy-
to-fly ratios [33]. Furthermore, DMLS enables the production of functionally graded
parts, where one or more properties can vary along the dimensions of the part. This
is possible because the parts are fabricated layer by layer. The parts can have vary-
ing porosity across their length and varying support structures where needed [34].
Also, the material can vary continuously or discreetly across the layers which can
produce parts with varying mechanical, thermal, or electrical properties [35]. This
can open new fields of application for AM.

Economically, DMLS can be very advantageous in low volume production be-
cause every part’s cost will be the material and energy required for its production.
In conventional manufacturing, however, the production line, mold, tooling, labor
and any dedicated machine for producing that parts will be added cost. Therefore,
if the required production volume is small, these costs will be divided over a small
number of parts making them very expensive |36]. Changing the design in conven-
tional manufacturing might require a new casting or forging molds or modifying the
production line. Additive manufacturing solves this problem by moving away from
static designs and enabling engineers to produce multiple versions of a single design
in a cost-effective manner and without additional lead time [37]. This makes it
very convenient for highly customized products such as jewelry, dental and medical
implants [38].

DMLS reduces material waste as most of the material not used can be directly
recycled and used for later parts [39,40]. DMLS produces parts that are at or
near-net shape, post-processing such as machining and surface finishing are reduced
significantly. DMLS can significantly reduce energy usage by using less material and
eliminating steps in the production process |[41]. No assembly is required, moving
parts such as hinges and bicycle chains can be printed in metal directly into the
product, which can significantly reduce the part numbers [42].

There are several economic advantages that are a product of the previous
advantages. For example, additively manufactured topology optimized parts can
have a high strength-to-weight ratio making them ideal for aerospace and automotive



industries. Since DMLS can produce parts combined, this reduces the number of
parts and the assembly steps required. This has an impact on the storage needs and
the transportation required to carry out these additional steps [43].

DMLS can be used to support conventional manufacturing methods. Rapid
tooling is a technique where the molds are additively manufactured and then used
for casting or injection molding. Different fixtures and special purpose tools can
be manufactured on-site to support the operation or production in conventional
manufacturing [44,45].

1.4 Materials

This research focuses on 15-5PH and Inconel 718 (IN718) metals. Both metals
have good corrosion resistance, high stiffness, and tensile strength at elevated tem-
peratures. In addition, both metals are precipitation hardenable materials, which
makes them suitable for aerospace, automotive, chemical, and food processing ap-
plications [20-27]. 15-5PH can be precipitation hardened at different temperatures
and durations resulting in a range of different tensile strengths, hardness values,
and ductility values. This makes it suitable for a wide range of applications. IN718,
on the other hand, is very hard to machine because of its high hardness and poor
thermal conductivity [28]. Therefore, producing parts at or near-net shape mitigates
this problem. Their use in the aerospace industry does not require mass production
in many cases, which makes using them in parts produced using DMLS feasible.
This section describes the metals and their applications, composition, and crystal
structures.

1.4.1 Traditional 15-5PH

The 15-5PH steel is a complex iron-based alloy. The main alloying elements
in 15-5 PH are chromium, nickel, and copper as listed in Table [I.1] It is consid-
ered a low Carbon steel with a composition weight% less than 0.007wt% Carbon
which is demonstrated in Figure [[.2] Chromium increases the corrosion resistance
by creating an impermeable Cr203 scale on the alloy to reduce further corrosion in
addition to stabilizing the Martensite body-centered cubic (BCC) phase structure.
On the other hand, nickel stabilizes the Austenite phase face-centered cubic (FCC)
structure and increases the corrosion resistance and toughness. The copper is added
to introduce the precipitate hardening effect to the alloy. Manganese is kept higher
than the expected sulfur content and acts as a sulfur getter [46]. Manganese sul-
fides form evenly throughout the grains instead of the detrimental iron sulfides at
grain boundaries. Manganese is limited because it is an Austenite stabilizer. Excess
quantities have a similar effect as nickel. Silicon is also used in limited quanti-
ties. Small amounts will increase corrosion resistance, but larger amounts can cause
unwanted brittle phases to form. It is also a Martensite/Ferrite phase promoting
element. Molybdenum is also a Martensite/Ferrite phase promoting element and, in
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Figure 1.2: Stainless steel phase diagram

small quantities, can increase corrosion resistance when paired with chromium. In
controlled amounts, niobium will preferentially be a carbon getter to form carbides
that are less harmful to the alloy than other undesired carbides that would otherwise
form. The carbides will form preferentially in the Martensite lath and grow to a
size of approximately 35 to 45 nm. It is also a Martensite/Ferrite phase promoter.
Carbon is limited because in excess it will promote Austenite phase formation by
preferentially precipitating carbides in the grain boundaries.

Traditional 15-5PH steel is usually heated above its A3 temperature (1038 +
14 °C) to transform its phase from BCC crystalline structure of Ferrite to the FCC
phase of Austenite [47] refer to Figure [1.2] [48]. The extra space in the FCC crystal
structure of the Austenite phase allows more carbon to be dissolved. The alloy
is cooled rapidly so that the dissolved carbon does not have time to diffuse back
from the FCC resulting in a highly strained body-centered tetragonal (BCT) crystal
structure, which is known as Martensite |[49]. To guarantee full transformation the
rapid cooling should not stop until the temperature of the part is below 100°C as

Table 1.1: Accepted chemical composition in weight percentage of the 15-5PH alloy

15-5PH Cr Ni Cu Mn Si C Mo Nb Fe
14.0-15.5 | 3.5-5.5 | 2.5-4.5 | 1.00 max | 1.00 max | 0.07 max | 0.5 max | 0.15-0.45 | Bal




shown in the time-temperature-transformation (TTT) diagram Figure[1.3] [50]. The
steel is further strengthened without heat treatment, because of the shear defor-
mation caused by the dissolved carbon atoms. The heat precipitation hardening
treatments for 15-5PH steel are done by heating the alloy to a lower temperature
ranging between 900 and 1150 F (482 -621 °C) during which a copper-rich e-phase
regions nucleate and grow until a designed particle size of 4 nm to 45 nm is reached
based on the selected precipitation hardening heat treatment . The copper-rich
precipitates form 9R crystal structures. They grow with higher temperature heat
treatments to become elliptical in shape and have an FCC crystal structure .
These particle sizes are effective in impeding dislocation movement and provide a
semi-coherent interface, therefore hardening the alloy.
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Figure 1.3: Stainless steel TTT diagram



1.4.2 'Traditional Inconel 718

Nickel-based superalloys such as IN718 are currently used in many high-end
applications such as aerospace and nuclear industries. IN718 has a high-temperature
strength and excellent corrosion resistance needed for components such as jet en-
gines, gas turbines, and rocket motors. It is used in nuclear reactors and cryogenic
tanks, as well. Specifically, Inconel alloy 718 is used for high strength, corrosion-
sensitive applications, between -423 and 1300°F [53]. The structure of nickel-based
superalloys is primarily that of nickel, which has an FCC crystal structure. This is
beneficial for high-temperature applications because it provides a good combination
of toughness and ductility. In addition, IN718 has no phase transformation from
room temperature to the melting point, so the alloys maintain their properties well
over a large temperature range. Nickel-based superalloys are relatively light and
inexpensive [54]. The acceptable chemical composition of IN718 alloy is listed in
Table [I.2] Wrought Inconel mainly exhibits FCC Nickel v phase due to the rela-
tively low Nb wt% as can be observed from Figure |1.4] [55]. Three more metastable
intermetallic phases that precipitate out of the v matrix: v (FCC), ~” (BCC), and
d (simple orthorhombic) constitute the main phases present in IN718 [56,57]. Each
alloying element has a purpose determined by its properties Ni, Co, Fe, Cr, Ru,
Mo, Rh, and W all have similar atomic radii to Ni and, therefore, act as y-matrix
stabilizers. Al, Ti, Nb, and Ta promote ordered phase formations and tend to have
larger atomic radii (though Al is smaller than some stabilizers). Both much smaller
(B and C) and much larger (Zr) atoms tend to segregate to grain boundaries. Creep
resistance is improved by the low interdiffusion coefficients of Ir, Re, Ru, Pt, W,
Rh, and Mo [58]. During solidification, Nb, Mo, and Ti segregate to the interden-
dritic regions [59]. Cr adds corrosion resistance, and Co increases the solubility
temperature of 4”7, which increases the maximum service temperature.

The 7’ phase (Ni3Al) and 47 (Ni3Nb) phase are the main strengthening
phases in IN718. Therefore, after IN718 parts are solution annealed they undergo
precipitation strengthening heat treatment at temperatures between 620°C - 750°C
to precipitate 4’ and 4” as shown in Figure [60]. The 6 (Ni3Nb) orthorhombic
delta phase, has the same composition as «” precipitates but with a different crystal
structure. This phase is usually found along grain boundaries after homogenization
and solution heat treatments but can also be within grains coincident with the 111
planes [61]. A 7v”-BCT phase is present in the v-FCC (face-centered cubic) matrix
as a precipitate of oblong geometry with an average size of 250 nm long by 7 nm

Table 1.2: Acceptable chemical composition in weight percentage of the IN718 alloy

IN718 | Ni Cr Nb Mo Ti Al Co Cu C Si, Mn P, S B Fe
wt% 50-55 | 17.0-21.0 | 4.75-5.5 | 2.8-3.3 | 0.65-1.15 | 0.20-0.80 | 1.0 max | 0.3 max | 0.08 max | 0.35 max | 0.015 max | 0.006 max | Bal
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in height |62]. The size of 4”-BCT precipitates controls mechanical properties in
IN718, with courser precipitates yielding higher tensile strength [63]. The +”-BCT
precipitate is coherent with the 7-FCC matrix causing distortion of the lattice.
The strain induced adds an extra barrier for dislocation movement, thus increasing
the strength of the material. Furthermore, the v”-BCT phase is stable to 600
°C. Following stability loss of the precipitate, the mechanical properties drop off
exponentially [64]. Though preferred, 47 is much more difficult to observe in the
microstructure since it is in the nanoscale [54,/65].
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1.5 Literature Review
1.5.1 Influence of DMLS Processing Parameters on Additively Manu-
factured Parts

Laser additive manufacturing has been studied considerably in the last two
decades. Much of that research aimed at optimizing the processing parameters to
increase the relative density of the fabricated parts in addition to improving the
mechanical properties such as the tensile strength and Young’s modulus [66]. First
laser-based additive manufacturing techniques such as selective laser sintering (SLS)
employed a binding material powder mixed with the raw metal powder or pre-coat
the metal powder with the binding material [67]. This binding material was usually
a thermoplastic polymer. This was necessary because the laser powers used were
not sufficient to melt the metal powder in addition to the poor absorptivity of the
metal powder to the laser energy as compared with the polymer powder at the laser
wavelength used at the time [68]. The laser would melt the binding powder or the
binding coat around the metal powder thus creating the green part [69]. Then the
green part would be placed in an oven to fuse the metal powder and remove the
binding material. This would leave the part with low relative density due to the
porosity left by the binding material. Different techniques were used to densify the
part such as diffusion densification usually using infiltration |[70]. This problem was

11



solved by using higher laser powers 200 watts up to 1 kW and sometimes up to 3kW
with wavelengths more suitable for metals to absorb. Preheating the powder bed
also reduced the required energy from the laser to melt and fuse the powder [71].

Currently, steels and Inconel alloys are additively manufactured with full
density by optimizing the scanning speed and laser power [72-74]. It was found
that high laser densities, i.e., lower scanning speed and higher laser power result
in lower porosity by melting and fusing the powder better. However, if the laser
density was too high bubbling could occur and cause porosity and poor surface
finish [75]. Researchers studied the tensile and compression properties of 15-5 PH
and IN718 in [76,/77] and [78-81], respectively. Previous work also compared tra-
ditional manufacturing properties such as casting and wrought specimens to the
DMLS parts, where the DMLS samples were found to fall within standards in terms
of compressive and tensile strength. In addition, the microstructure of both metals
has been investigated for specimens fabricated in different orientations in the work
of [46,82,83]. It was found that the anisotropy, is a direct result of the building
orientation, which affects the tensile and compression mechanical properties. This
anisotropy is inherent in most DMLS parts [84-89]. The vertically sintered spec-
imens (Z direction) are usually inferior to the horizontally fabricated specimens.
The extent of the difference in the mechanical properties of different orientations
varies between different studies, which could be caused by using different processing
parameters for specimen fabrication.

While the as-built parts show high tensile strength and hardness due to the
rapid cooling during laser sintering, they suffer from high residual stresses [90], un-
molten regions, and porosity. This causes unpredictable failures, shorter fatigue
lives, and lower overall reliability. Therefore, most manufacturers recommend stress
relief heat treatments. In most applications such as aerospace and automotive, the
loads are primarily not static. Therefore the high and low cyclic fatigue lives of
these metals have been studied taking into account building orientation and surface
finishing [91-94]. Gribbin et al. [93] showed that DMLS IN718 parts lasted longer
at low strain amplitudes than the wrought samples at low cycle fatigue. However,
at higher strain amplitudes, the wrought samples had a longer life than the DMLS
ones. The porosity and unmolten/fused powder defects in DMLS parts contribute
significantly to the shorter fatigue life. Since fatigue life is affected highly by the sur-
face condition, the DMLS specimens with surface treatment showed a longer fatigue
life than as-built specimens. However, despite surface treatment, the AM metal
samples resulted in shorter fatigue life than traditionally manufactured specimens.
This is attributed to the subsurface defects that can initiate cracks [95].

The fatigue life of AM 15-5PH and the similar 17-4PH has been investigated.
The high and low cyclic fatigue lives of these metals have been studied taking into
account building orientation and surface finishing [96-99]. Researchers found that
vertically fabricated specimens have a much lower fatigue life than horizontally built
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ones [96]. In general, both building directions have a lower life than traditionally
manufactured specimens, especially at long life cycles [100,101]. Furthermore, the
influence of different loading conditions is being investigated |102]. It was shown
that the fully reversed case survived a smaller number of cycles before failure.

In most aerospace and automotive industries’ applications of AM metal parts,
the loading condition will not take place at room temperature. Instead, it usually
occurs at elevated temperatures. IN718 is a high-temperature alloy that can preserve
its high stiffness and strength for temperatures as high as 600 °C, while the 15-5 PH
can handle temperatures around 300 °C [103]. However, there is no guarantee that
AM parts will behave similarly to traditional manufacturing parts. In [83], the influ-
ence of environmental temperature on the tensile and yield strength of SLM IN718
was investigated and compared with forged and cast IN718 at room temperature,
450 °C and 650 °C. However, the change in microstructure and chemical composi-
tion as a result of the elevated temperatures were not investigated. No similar work
was done on DMLS 15-5PH. Therefore, it is important to verify experimentally the
influence of elevated temperature and fill this gap in the body of literature. One of
the objectives of this study is to investigate the influence of elevated environmental
temperature on the mechanical properties, and microstructure of IN718 and 15-5PH
stainless steel parts fabricated by DMLS for a temperature range of up to 350 °C.
The presented work also compares the microstructure and the failure pattern of the
specimens with similar samples loaded at room temperature.

1.5.2 Influence of Post-Processing Heat Treatments on Additively Man-
ufactured Parts

In literature, different heat treatments have been investigated. Some inves-
tigated stress relief heat treatments [104-107], while some investigated precipitate
hardening the as-built parts [46,[96.|108]. It was shown that stress relief heat treat-
ments reduced the residual stresses. However, this was insufficient to improve the
reliability of DMLS parts. The stress relief heat treatments did not change the mi-
crostructure resulting from the laser sintering. In the work of Rafi et al. [109] as-built
and solution annealed specimens were precipitate hardened, and it was found that
as-built parts had reduced the precipitation due to the presence of phases other than
martensite that restricts the diffusion process required for the precipitation of cop-
per. Different precipitation or aging heat treatments were investigated in [77,(110]
but the anisotropy remained and the fatigue life of AM 15-5PH remained inferior to
traditionally manufactured parts. Studies showed that precipitation hardening heat
treatments could increase the tensile strength and stiffness. However, it was shown
that precipitation hardened DMLS specimens had a shorter fatigue life than as-built
specimens due to the hardening around unmolten powder. The hardening effect
causes faster crack initiation [100]. Also, some research showed that heat treatment
reduced the influence of building orientation over tensile strength. However, other
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research showed an increase in the anisotropy of heat-treated specimens [77,(100].
The inconsistency among the studies’ results for heat-treated DMLS metal samples
calls for more investigation. Furthermore, none of the literature investigated the
influence of different solution annealing heat treatments for 15-5PH, which might
be required to homogenize the AM parts. Therefore, one of the objectives focuses on
investigating different solution treatments prior to the H900 precipitate hardening
and their effect on the microstructure and mechanical properties such as Young’s
modulus tensile strength, ductility, and fatigue life of 15-5 PH steel fabricated using
DMLS. Homogenizing DMLS parts can reduce design and manufacturing consider-
ations [31,87,/111] required due to the limited fabrication orientations without re-
quiring supports or increasing the residual stresses. Thus, a part can be fabricated
in the most feasible orientation without worrying about the resulting mechanical
properties, which can be improved by suitable heat treatment.

Different heat treatments for IN718 have been investigated in the literature.
In [112] a different aging heat treatment was investigated in which the aging was
done at 700°C for 28 hours. In addition to that two different solution annealing heat
treatments were investigated at 1100°C and 1200°C both for 2 hours. It was found
that the modified aging resulted in similar tensile properties as the standard aging
process. The modified solution annealing resulted in decreasing the tensile strength
while improving the ductility. The grain size was increased due to the extended time.
Similar results were found in [113] where solution annealing at 1100°C and 1250°C
for 7 hours was investigated. It was shown that Laves phase and metal carbide
phases did not dissolve. This disagrees with the results of [114] which claimed that
the laves phase was completely dissolved at 1100 °C. Hot iso-static pressing (HIP)
is investigated in [115,/116] where high pressure around 100MPa is applied during
homogenization heat treatment. It was shown that the porosity size was reduced
but the grain size increased which resulted in reducing the tensile strength.

1.5.3 Data-Driven Modeling in Additive Manufacturing

There are considerable efforts that aim to use machine learning algorithms
to aid in improving the quality of additively manufactured parts. This is due to
recent improvements in computational power and the availability of machine learn-
ing tools. Machine learning has been used considerably in manufacturing to help
in recommending design features [117], cost estimation [118], topology optimiza-
tion |119] and tolerancing [120]. Convolutional neural networks have been used for
defect detection, and in-situ thermal analysis, and process classification, in addition
to part geometry compensation [121-124]. Correlating the processing parameters
to the quality of additive manufactured parts using machine learning is an increas-
ingly common approach in published literature [17,|125]. Support Vector Machine
(SVM) and artificial neural network (ANN) as main supervised machine learning
approaches were used to predict the dimensional accuracy of FFF parts for different
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layer thicknesses, nozzle temperatures, and infill densities [126]. ANN and genetic
algorithm hybrid approaches were used to optimize the processing parameters for
improving the dimensional accuracy in [127].

Artificial neural network (ANN) is one of the most dominant machine learn-
ing approaches in recent years. Its ability to use previous data to model complex
systems made it practical for many applications. While a single hidden layer in
ANN with a sufficient number of hidden neurons can be used to approximate any
function [128], multilayer deep neural networks can improve the efficiency and re-
duce the computational cost [129,/130]. The adaptive nature of ANN; the ability
to change its structure, activation function, and cost function make them suitable
for classification and regression problems [131,/132]. ANN has been used in the
manufacturing industry to optimize forming processes and predicts the properties
of materials produced using different processing parameters [133]. Previous research
has demonstrated the efficiency of ANN in optimizing manufacturing processes such
as machining and metal forming |134]. ANN was applied to optimize the milling
process for hard-to-machine materials where the cutting tool is suspect to rapid
wear when subject to severe cutting conditions |135-137]. Traditional sheet metal
bending and laser sheet bending were optimized using ANN by modeling the spring
back [138]. Neural networks have proven useful in novel manufacturing methods
where limited previous knowledge is available. A series of recent studies on addi-
tive manufacturing employed ANN to predict the porosity, surface roughness, and
mechanical properties of laser or electron beam-based metal additive manufactured
parts [139]. These studies often employ the design of experiments and material
characterization techniques to improve the performance of the ANN by providing
additional information about the process or planning the investigated values of the
processing parameters for the training data [140]. The ANN model takes the pro-
cessing parameters of the additive manufacturing method such as laser power, layer
thickness, and scanning speed as model inputs, and using the training data, the re-
sponse such as tensile strength and porosity are predicted. The training data can be
obtained from tested samples prepared based on factorial design, Taguchi’s orthog-
onal arrays, or from the available literature. Characterization techniques such as
microstructure imaging, X-ray diffraction, and CT-scans are often used to support
the model [141].

Hybrid modeling refers to models where part of the model can be formulated
based on first principles and part of the model has to be inferred from data due to
lack of understanding of the physical mechanism details |[142]. The physics involv-
ing the powder bed fusion process is complex due to the high interactions between
the processing parameters in addition to the complexity of the powder metallurgy.
Therefore, modeling and simulating the influence of the processing parameters and
post-processing heat treatments on the microstructure and mechanical properties
of additively manufactured parts remains a challenge in further improving their
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quality. Hybrid modeling utilizes the available knowledge to reduce the number
of free parameters that need to be determined using data-driven machine learn-
ing. In [143-145] a thermal model and a Bayesian machine learning algorithm were
used to predict the melt pool geometry in PBF. In [146] the inter and intra-layer
bond strength and porosity in FFF parts were modeled using a hybrid approach
that utilized neural networks, thermal modeling, and geometric analysis of the de-
posited filament. The work reported ;94% accuracy. Kapusuzoglu et. al. [147]
investigated three hybrid approaches that combine physical models and deep neural
networks (DNN) to correlate the temperature profile during the FFF process to the
layer bond strength and tensile strength of FFF parts. It was demonstrated that
implementing physics-informed constraints significantly improves the accuracy and
physical consistency of the DNN model. Thermophysical models combined with ge-
netic algorithm were combined in [148] to simulate the influence of PBF processing
parameters on the balling susceptibility of molten powder. The model was able to
predict the balling susceptibility with an accuracy of 90% for 6 different alloys with
only 166 data points collected from the literature.

The literature demonstrates the potential of hybrid machine learning ap-
proaches in improving the quality of additively manufactured parts with limited
data by employing physics-derived models to alleviate the need for big data to sim-
ulate complex systems.

1.5.4 Objectives

Considering the literature and the state of the art of laser-based powder
bed fusion, the goal of the work presented in this dissertation is to understand the
influence of the DMLS process on the microstructure and mechanical properties
of the as-built condition 15-5PH steel and Inconel 718 superalloy. Then develop
heat treatments that aim at improving the mechanical properties and the reliability
of additively manufactured parts made from these metals. Furthermore, the heat
treatments aim at reducing the anisotropy in the mechanical behavior of DMLS
parts and the dependency of the mechanical properties on the part’s orientation
during the DMLS process. This can alleviate the design consideration which may
restrict the part’s topology due to the limited feasible orientations the part can
be fabricated in. By optimizing the heat treatment, the part can be fabricated
in the most feasible orientation and then post-process heat-treated to achieve the
desired mechanical properties. Finally, a hybrid model is proposed to understand
the influence of solution annealing and homogenization heat treatment on the tensile
strength of additively manufactured Inconel 718.
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The work presented here aims at answering the following questions:

How does the orientation of the part during the DMLS process affect the
microstructure and mechanical properties of as-built 15-5PH steel and Inconel
718 parts?

How is the mechanical behavior of DMLS 15-5PH and Inconel 718 affected at
elevated environmental temperatures?

What is the impact of post-processing heat treatments on the microstructure,
mechanical properties, and anisotropy of DMLS Inconel 718 and 15-5PH parts?

What is the influence of the temperature and duration of the homogenization
and solution annealing heat treatments on the strengthening mechanisms in
additively manufactured Inconel 7187
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Chapter 2
METHODS

This chapter describes the experimental characterization methods used through-
out this dissertation, their background, and the theory required to analyze the ex-
perimental results.

2.1 Tensile Test

The tensile test was used to characterize the mechanical behavior of the
material after the additive manufacturing process. In this work, tensile testing
was used to investigate Young’s modulus, the yield strength, tensile strength, and
ductility. These values can be extracted from the stress-strain diagram produced
during the testing. Young’s modulus is defined as the slope of the linear or elastic
region. To obtain robust results, the slop was calculated by fitting the linear region
of the stress-strain diagram. Since the material investigated in this work does not
exhibit a distinct yield point, Young’s modulus was calculated in a region far from
the yield point. Furthermore, the yield strength as the stress level required to
produce a plastic strain of 0.2%. It can be calculated by constructing a line with an
offset of 0.002 in the X-axis (the strain axis) and a slop equal to Young’s modulus.
The 0.2% offset yield strength is equal to the Y-axis (stress axis) component of the
intersection between the line and the stress-strain curve as can be seen in Figure [2.1]
The tensile strength is defined as the maximum stress level in the engineering stress-
strain curve. Finally, the ductility is defined as the maximum elongation percent
(relative to the original length) sustained by the tested specimen before fracture.
The tensile test speed was controlled by setting a constant extension rate. This
is done by controlling the speed of the cross-head of the tensile testing machine.
In this work, the tensile test setting was chosen based on appropriate American
Society for Testing and Materials (ASTM) standards. The load was measured using
a load cell installed between the moving grips and the cross-head of the tensile test
machine. The strain was directly measured using an extensometer attached to the
gauge length of the specimen. A Digital Image Correlation (DIC) system (described
below) was also used to calculate Poisson’s ratio.
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Figure 2.1: Engineering stress-strain diagram

2.2 Digital Image Correlation

Aramis Digital Image Correlation (DIC) system was used during the testing
to evaluate Poisson’s ratio and observe the breaking patterns and the strain fields
associated with it. The DIC system used in this study consists of two digital cameras
with a resolution of (2752 x 2200) pixels observing the same spot from two different
angles, therefore forming a 3D surface of the tested specimens as seen can be seen
in Figure 2.2 The distance and angle between the two digital cameras were set up
to provide the volume of focus required based on the specimen’s size and expected
deformation. The specimens were painted with white and black patterns to aid the
system in measuring the strains as the tensile test progresses. The DIC system
took two images per second during the test. Strains in X, Y, and Z directions are
measured by tracking the changes in the distances between points aligned in those
directions. Multiple measurements were taken for strains associated with relatively
small dimensions to reduce the effect of noise in the measurements.

2.3 Optical Microscopy

An upright-style Olympus BX51 microscope was used for the imaging using
bright field mode and epi-illumination. An objective lens with 10x magnification
was used for the low magnification images and a 50x objective lens for the high
magnification images. The sample was illuminated by a mercury illumination sys-
tem. The images were collected using the MU900 digital camera with a resolution
of 3488x2616 pixels.
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Figure 2.2: DIC system schematic

The microstructure analysis was done on regions on the specimen’s grip sec-
tion to avoid strain hardening effects on the microstructure. The microstructure was
imaged in two planes one normal to the tensile force vector and one plane containing
the tensile force vector, labeled A and B respectively, as shown in Figure If
otherwise not mentioned, the microstructure is imaged on plane A.

2.4 Scanning Electron Microsopy

Scanning electron microscopy (SEM) uses a focused electron beam to scan
over the surface of a material, which gives off various signals after interacting with
different depths within a specimen. The depth of interaction is known as the inter-
action volume. Usually, the size of the interaction volume depends on the acceler-
ating voltage of the primary electron beam and the atomic density of the specimen.
The electron beam accelerating voltage can range from as low as 0.1 kV to 30 kV,
and the types of signals given off at different depths include: auger electrons, sec-
ondary electrons (SE), characteristic x-rays, back-scattered electrons (BSE), and
Bremssarahung x-rays, as shown in Figure 2.4, The SEM used in the studies pre-
sented here is a field emission gun-SEM (Zeiss Gemini 500 FEG-SEM). The SEM
has various detectors including an in-lens detector, secondary detector, and back-
scatter detector. Since the objectives of using SEM in the studies presented here are
to characterize the fractured surface topography and characterize the microstructure
morphology the in-lens and Everhart-Thornley secondary electron detector detec-
tors were used. In addition, relatively low voltages were used (equal to or less than 3
kV) to avoid extensive electron beam penetration of the specimen. Operating at low
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Figure 2.3: The planes on which the microstructure was investigated

voltage has the advantage of obtaining the surface signals of the material without the
noise given off by electrons scattering from a larger interaction volume. In addition,
operating at this low accelerating voltage also prevents the specimen from heating
up and altering the microstructure. Even though the specimens were grounded us-
ing carbon tape, operating at a lower accelerating voltage prevents charge build-up
on the surface of the specimen which has a negative impact on the image quality.
However, operating at low voltage can lower the electron signal intensity and can
affect the image quality and resolution, especially when higher magnifications are
required.

2.5 X-Ray Diffraction

X-Ray Diffraction (XRD) is a material characterization technique that helps
in determining the structure of a crystal. Crystalline material diffracts the incident
X-rays beam into specific patterns. By measuring the angles and intensities of the
diffracted beams a 3D model of the studied crystal can be produced. One of the
most important accomplishments in crystallography was the idea of thinking of X-
ray diffraction and scattering as reflections caused by the crystal planes. This led
to the development of Bragg’s law (n\ = 2dsin(0)). X-ray diffraction is based on
constructive interference of monochromatic X-rays and a crystalline sample. These
X-rays are generated by a cathode ray tube, filtered to produce monochromatic radi-
ation, aligned, and directed toward the sample. The interaction of the incident rays
with the sample produces constructive interference when conditions satisfy Bragg’s
Law. This law relates the wavelength of electromagnetic radiation to the diffraction
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Figure 2.4: Principle of scanning electron microscopy

angle and the lattice spacing in a crystalline sample, as shown in Figure [2.5] These
diffracted X-rays are then detected, processed, and counted. By scanning the sam-
ple through a range of angles, all possible diffraction directions of the lattice should
be attained due to the random orientation of the powdered material. Conversion
of the diffraction peaks to d-spacings allows identification of the crystal because
each crystal has a set of unique d-spacings. However, as crystal structures get more
complex it gets more difficult to use the d-spacings solely to determine the different
phases present in a sample. Therefore, to determine the different phases present in
a sample we compare the spectra with standard references or with databases such
as maintained by the International Center of Diffraction Data (ICCD).

In this work, PANalytical X’Pert PRO Theta/Theta Powder X-ray Diffrac-
tion System was used to perform the XRD characterization. The system was
equipped with a solid-state 3 kW X-ray generator with maximum settings of 60kV
and 60mA and Cu and Co tubes. The measurements in this work were produced
using the Co K(alpha) anode with a monochromatic wavelength of 0.1789 nm.

2.6 Rietveld Refinement

Rietveld refinement is a technique that involves fitting the complete experi-
mental XRD spectrum by producing a calculated XRD spectrum from the known
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crystal information. The term refinement refers to the adaptation of certain crys-
tallographic parameters to minimize the square error between the experimental and
calculated spectra. The method requires reasonable initial values for crystal and in-
strumental parameters such as the peak shape, unit cell dimensions, and coordinates
of all atoms in the crystal structure. Therefore, crystal information from databases
such as the ICCD are very useful when performing Retrieved refinement. The tech-
nique was used in the presented studies to perform a quantitative analysis of the
phases in the studied specimens. The relative intensity ratio method was not suit-
able due to the presence of peak overlap between the present phases. Therefore, full
spectra analysis was used to calculate the volume fraction of the phases. The initial
crystal parameters were determined from crystallography open database (COD) and
ICCD to start the quantitative Rietveld refinement. The fitting processes started by
determining the background noise signal. The refinement protocol starts by refining
the scale factor, the sample displacement, then the Caglioti coefficients W, V, and
U, and finally the preferred orientation. The refinement of the lattice parameters
was avoided because of the huge number of parameters required for the refinement,
which will reduce the probability of convergence or produce non-physical values
only to reduce the sum of squared errors between the calculated spectra and the
experimentally observed spectra.
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Chapter 3

CHARACTERIZATION OF AS-BUILT DMLS PARTS AT
ROOM AND ELEVATED TEMPERATURES

3.1 Introduction

Additive Manufacturing (AM) started as a Rapid Prototyping (RP) technol-
ogy to aid in visualizing and validating designs in the design process. However, with
the recent improvements in metal AM parts, functional parts can be manufactured
using laser-based AM. Currently, metal AM parts have comparable mechanical prop-
erties to traditional manufacturing parts. 15-5 PH stainless steel and Inconel 718
are two of the most commonly used metals in laser-based AM, and they have a high
modulus of elasticity, corrosion resistance, and tensile strength, and can be pre-
cipitate hardened to increase their strength and hardness by aging heat treatment.
These properties make 15-5 PH stainless steel and Inconel 718 suitable for many
industrial applications such as aerospace and automotive. However, due to the lay-
ering nature of AM, AM parts usually suffer from anisotropy, porosity, defects, and
low reliability. In this chapter, the mechanical properties such as tensile strength,
modulus of elasticity, yield strength, and ductility are experimentally evaluated.

However, In most aerospace and automotive industries’ applications of AM
metal parts, the loading condition will not take place at room temperature. Instead,
it usually occurs at elevated temperatures. IN718 is a high-temperature alloy that
can preserve its high stiffness and strength for temperatures as high as 600°C, while
the 15-5 PH can handle temperatures around 300°C |103|. However, there is no
guarantee that the AM parts will behave similarly to the traditional manufacturing
parts. In [83], the influence of environmental temperature on the tensile and yield
strength of SLM IN718 was investigated and compared with forged and cast IN718
at room temperature, 450°C and 650°C. However, the change in microstructure and
chemical composition as a result of the elevated temperatures were not investigated.
Therefore, it is important to verify that experimentally and fill this gap in the body
of literature. This chapter will investigate the influence of elevated environmental
temperature on the mechanical properties, and microstructure of IN718 and 15-5PH
stainless steel parts fabricated by DMLS for a temperature range of up to 350°C.
The presented work also compares the microstructure and the failure pattern of
the specimens with similar samples loaded at room temperature. The mechanical
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Figure 3.1: The three orientations used in fabricating the specimens

properties are evaluated using specimens fabricated in three different orientations
to capture the effect on the anisotropy. In addition to that, the microstructure of
the specimens is studied to investigate the influence of elevated temperature on the
microstructure.

3.2 Methodology
3.2.1 Experimental plan

To investigate the influence of the elevated environmental temperatures on
the mechanical properties of 15-5PH steel and IN718 parts, a total of 18 patches of
specimens were fabricated, 9 patches for each metal type. Every six patches were
fabricated in one of the three principal orientations XYZ, YZX, ZXY described
in ASTM-F2971-13 standards [1] and abbreviated in this work as X, Y, and Z,
respectively as, shown in Figure [3.1 The patches were tested at three different
environmental temperatures: at room temperature, 200°C, and 350°C. For each
testing chamber temperature, three orientations are tested. Table lists the sam-
ple number, the material type, the assigned building direction, the testing chamber
temperature in degree Celsius, and the number of tested specimens for each sample.
The goal of the testing plane is to capture the influence of the elevated temperatures
on the samples’ mechanical properties, anisotropy, and microstructure. Each sample
was repeatedly tested using three specimens to check for repeatability.
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Table 3.1: Specifications of DMLS Samples

Sample No. | Material | Build Direction Test Tempe Replicas
1 15-5PH (X) Room temperature 3
2 15-5PH (Y) Room temperature 3
3 15-5PH (2) Room temperature 3
4 15-5PH (X) 200°C 3
5 15-5PH (Y) 200°C 3
6 15-5PH (Z) 200°C 3
7 15-5PH (X) 350°C 3
8 15-5PH (Y) 350°C 3
9 15-5PH (Z) 350°C 3
10 IN718 (X) Room temperature 3
11 IN718 (Y) Room temperature 3
12 IN718 (2) Room temperature 3
13 IN718 (X) 200°C 3
14 INT18 (Y) 200°C 3
15 IN718 (2) 200°C 3
16 IN718 (X) 350°C 3
17 IN718 (Y) 350°C 3
18 IN718 (Z) 350°C 3

3.2.2 Specimens preparation

All the 15-5PH steel specimens were fabricated on the EOSINT M 270 system
using the commercialized powder PH1 from EOS, while the IN718 specimens were
fabricated on the EOSINT M 280 using the commercialized powder IN718. Table
lists the weight percentage by the chemical composition of the raw powders we
used for fabricating the IN718 and 15-5PH specimens. Table lists the processing
parameters used during the additive manufacturing of the specimens such as the
laser power, scanning speed, hatch spacing, layer thickness, etc. The specimens
were fabricated according to the ASTM-E8/E8M [149] with dimensions as shown in
Figure [3.2

Table 3.2: Raw powder chemical composition in weight percentage of the DMLS
Samples

15-5PH | Cr Ni Cu Mn Si C Mo Nb Fe
14.0-15.5 | 3.5-5.5 2.5-4.5 | 1.00 max | 1.00 max | 0.07 max | 0.5 max | 0.15-0.45 | Bal

IN718 | Ni Cr Nb Mo Ti Al Co Cu C Si,Mn P, S B Fe
50-55 17.0-21.0 | 4.75-5.5 | 2.8-3.3 0.65-1.15 | 0.20-0.80 | 1.0 max | 0.3 max | 0.08 max | 0.35 max | 0.015 max | 0.006 max | Bal
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Figure 3.2: The dimensions of the fabricated specimens (all dimensions are in mm)
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3.2.3 Mechanical proprieties test

To investigate the mechanical properties of the DMLS fabricated samples
for 15-5PH And IN718, the authors performed tensile tests on an Instron universal
testing machine 3369 with an environmental chamber with a type N thermocouple.
We carried the test according to ASTM E8/E8M and E21 for axial tension tests of
metallic specimens with elevated temperature. To minimize any compression caused
by the thermal expansion, the tensile machine grips were closed after reaching the
testing temperature. The tests started after 30 min minimum of reaching the testing
temperature to ensure thermal equilibrium. The testing speed was controlled by an
extension rate of 0.16 mm/min, which should maintain a strain rate of 0.005/min in
the region before yield in the stress-strain diagram per the ASTM E21 standards.
The data collected were time, extension, load, and the strain recorded by a high-
temperature extensometer with 25 mm gauge length.

Table 3.3: DMLS processing parameters used to fabricate the samples

Metal | System | Laser Power (W) | Laser Diameter (pm) Scan Style Layer Thickness (nm) | Inert Gas
15-5PH | M 270 200 W 100 microns Alternating Stripes 40 microns N2
IN718 | M 290 400 W 100 microns Alternating Stripes 40 microns Ar
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3.2.4 Imaging analysis

Optical and Scanning Electron Microscope (SEM) images of the used powder
were taken to verify the powder particle size. Also, fractography SEM images of
the broken specimens’ surfaces were taken to observe the presence of porosity and
unmolten powder at the surface of the fracture. The microstructure analysis was
done on regions on the specimen’s grip section to avoid strain hardening effects
on the microstructure. The specimens were cut and mounted in epoxy at room
temperature to avoid further exposure to elevated temperature. The specimens
were then polished with silicon carbide paper with grit 120 and increased gradually
to 1200. Much care was taken not to overheat the sample so that the martensite
phase does not revert to austenite [46]. Then they were polished using diamond
suspensions with particles sizes 1 pm then 0.25 pm. To reveal the microstructure,
different chemical etchants were used. For the 15-5PH Fry’s reagents (40 ml HCL +
5 g CuCl2 + 30 ml water + 25 ml methanol) was used while for the IN718 waterless
Kalling’s reagent (2 g CuCl2 + 40 ml HCI + 40 ml Methanol) etchant was used.
All etchants were applied by swapping for a few seconds to a few minutes and then
rinsed with deionized water and isopropanol. The microstructure was imaged on
two planes, plane A, which is normal to the tensile force, and plane B, which is
parallel to the force as shown in Figure 2.3

3.3 Results and Discussion
3.3.1 Mechanical Properties Test Results

The presented results of the mechanical properties are Young’s modulus,
the yield strength, ultimate tensile strength and the ductility or strain at fracture.
The averaged results of the tests are summarized in Table To illustrate the
influence of elevated temperature on the mechanical properties of the specimens
with different orientations we studied the relationship between each of the processing
parameters and the resulted mechanical properties. To better illustrate the influence
of the environmental temperature on the mechanical properties, Figures [3.3] and
show the relationship between the samples building orientation and the mechanical
properties for samples at room temperature, abbreviated as RT, 200°C, and 350°C.
Each point shown in the figures is located using the average of the three repeated
samples for each testing specimen listed in Table [3.1]
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Table 3.4: Mechanical properties test results for DMLS samples of 15-5PH and
IN718 materials. Each row results are the average of three repeated specimens

Sample | Modulus | Yield | Yield Strain | Tensile Strength | Ductility Condition
Number [GPa] [MPa] | [mm/mm] [MPa] [mm/mm]

15-5PH-1 | 149.65 | 1015.87 |  0.00880 1156.58 0.1638 X RT
15-5PH-2 | 164.68 | 1028.23 0.00831 1212.50 0.1414 Y RT
15-5PH-3 | 129.48 948.20 0.00934 1196.31 0.14080 Z RT
15-5PH-4 | 143.28 935.50 0.00854 1019.98 0.1190 X 200
15-5PH-5 | 147.40 | 945.40 0.00892 1074.98 0.0897 Y 200
15-5PH-6 | 131.05 956.85 0.00930 1035.66 0.0942 Z 200
15-5PH-7 | 114.15 848.25 0.00908 988.66 0.0835 X 350
15-5PH-8 | 144.04 869.00 0.00729 1049.77 0.0609 Y 350
15-5PH-9 | 113.66 | 892.20 0.00990 1021.52 0.0643 Z 350
IN718-10 | 134.61 694.77 0.00736 1007.04 0.2864 X RT
IN718-11 127.01 662.90 0.00727 1004.21 0.2792 Y RT
IN718-12 82.16 604.43 0.00941 912.63 0.3363 Z RT
IN718-13 | 120.70 | 702.82 0.00896 1016.54 0.2508 X 200
IN718-14 | 121.23 | 634.35 0.00726 968.86 0.2451 Y 200
IN718-15 90.27 539.90 0.00793 850.76 0.3143 Z 200
IN718-16 | 108.44 667.97 0.00820 955.15 0.2645 X 350
IN718-17 | 121.64 | 615.30 0.00695 931.03 0.2498 Y 350
IN718-18 | 70.03 | 517.935 0.00936 786.57 0.3139 Z 350

Figure [3.3h-c shows that Young’s modulus, the yield strength, and the tensile
strength of the 15-5PH specimens have decreased with increasing the environmental
temperature during the test as expected. However, unlike traditionally fabricated
steel specimens, the ductility of the 15-5PH specimens has dropped at higher tem-
peratures as can be seen in Figure [3.3d. In addition, the results show that Young’s
modulus is affected by high anisotropy where the samples with Y-built orienta-
tion demonstrated the highest stiffness followed by X-built and then Z-built. The
anisotropy existed at higher temperatures and slightly increased at 350°C.

The yield and tensile strength results vary around 50 MPa between the three
different orientations built, where generally Z-built or Y-built orientations are usu-
ally higher than the X-built. The tensile strength of Y-built specimens showed
the highest tensile strength closely followed by Z-built specimens and then the X-
built specimens with strength difference close to 50 MPa at all testing temperatures

29



as shown in Figure [3.3b. Unlike the tensile strength where the Y-built specimens
showed the highest tensile strength, in the yield strength (Figure ), Z-built speci-
mens showed the highest strength than the Y-built specimens and X-built specimens
showed the lowest yield strength. This pattern is observed at all testing tempera-
tures except at room temperature where the Z-built specimens showed the lowest
yield strength, while the Y-built specimens retained a higher yield strength than the
X-built specimens. The difference in strengths can be explained by the favorable
thermal history due to the smaller cross-section and smaller interlayer scanning time
in the Z- and Y-built specimens compared to the X-built specimens.

The anisotropy in the ductility remained the same among all of the testing
temperatures, with the X-built orientation showing a higher ductility than the Y and
Z-built orientations. In addition to that, the ductility decreased with increased test-
ing temperature as shown in Figure [3.3d, which is unlike conventionally fabricated
parts.

The mechanical properties of IN718 showed a decrease as the testing temper-
atures increased similar to 15-5PH (see Figure . However, different anisotropy
trends are observed. The X-built orientation had the highest Young’s modulus value
at room temperature while the Y-build samples showed the highest Young’s modulus
value at 350°C with the Z-built specimens showing the lowest Young’s modulus at
all testing temperatures as seen in Figure [3.4h. While results showed no significant
effect on Young’s modulus between the X and Y-builds samples as the temperature
increased to 200°C. The results also showed that the Y-build orientation demon-
strated a minimum change in Young’s Modulus value as the testing temperature
increased from room temperature to 350°C.

The results in Figure |3.4b, ¢ showed that the tensile strength and the yield
strength of IN718 showed higher anisotropy than those of 15-5PH. The difference
between different orientations in yield and tensile strengths for 15-5PH was close
to 50 MPa for the same testing temperature, while for IN718, the difference can
reach close to 200 MPa for specimens tested at the same temperature but built in
different directions. Also, the X-build orientation showed the maximum tensile and
yield at all testing temperatures unlike in 15-5PH where X-built specimens showed
the lowest strength.

For the ductility, the Z-built specimens demonstrated the highest value for all
temperatures followed by the X-built orientation and then the Y-built orientation,

See Figure [3.4{(d).

3.3.2 Microstructure analysis

The microstructure analysis of 15-5PH and IN718 was done using brightfield
optical microscopy. The images were taken at magnifications of 100x, 200x, 500x,
and 1000x.
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Figure 3.3: Mechanical properties of DMLS 15-5PH with different heat treatments
vs building orientation.

3.3.2.1 Microstructure of 15-5PH

In the microstructure analysis for 15-5PH etched specimens, we observed the
effect of the specimens’ building direction layer by layer in addition to the fusing of
each layer along the laser’s scan lines. In Figure [3.5p, the results show a stack of
layers from left to right, which shows the building direction. We can also see the
cross section of the overlapping scanning lines, which were scanned in a direction out
of the plane. The size of the grains at the center of a scanline is significantly larger
than at the border of the scanline’s cross section. This can be seen easily in Figure
at 500x magnification. By comparing panels a and b to ¢ and d of Figure [3.5],
we can see that the microstructure on plane A for both building directions X and
Y shares the same pattern. However, the microstructure on plane A for building
direction Z is completely different as can be seen in Figure[3.5k, f. The scan lines can
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Figure 3.4: Mechanical properties of DMLS IN718 with different heat treatments vs
building orientation.

be seen since they are in plane A for the building direction Z as opposed to building
directions X and Y, where we can only see the cross sections of the scan lines and
melting pools. The grain size at the center of the scanlines in building direction
Z is slightly larger than at the borders of the scan lines making the grains size in
the Z-built specimens more uniform compared to the X- and Y-built specimens. In
addition, the grain size in the Z-built specimens in plane A is generally smaller than
the grain sizes in X- and Y-built specimens at the center of the scan lines’ cross
sections.
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Figure 3.5: Microstructure of DMLS 15-5PH tested at room temperature imaged
from plane A for different building directions. a X-building direction at x100 mag-
nification. b X-building direction at x500 magnification. ¢ Y-building direction at
x 100 magnification. d Y-building direction at x500 magnification. e Z-building
direction at x100 magnification. f Z-building direction at x500 magnification

The micrographs of the DMLS 15-5PH tested at 350°Cshow that the speci-
mens tested at 350°C retained there microstructure’s shape and grain size as can be
observed by comparing Figure 3.6p with Figure and Figure 3.6k with Figure
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Figure 3.6: Microstructure of DMLS 15-5PH tested at 350°C. All images are taken
at x200 magnification. a X-building direction imaged on plane A. b X-building
direction imaged on plane B. ¢ Z-building direction imaged on plane A. d Z-building
direction imaged on plane B

[B.5k. Figure[3.6h, b shows that the microstructure on plane A for specimens printed
in the X direction is similar to the microstructure on plane B. Figure [3.6, d, how-
ever, shows that the microstructure on plane B for Z-built specimens is different
than the one observed on plane A. The microstructure of plane B of the Z-built
specimens is similar to the microstructure of plane A of specimens built in the X
and Y directions.

The observed difference in the mechanical properties of the X- and Y-built
specimens compared to the Z-built specimens can be explained by the difference
in the microstructure on the planes normal to the tensile force as observed in pan-
els a and ¢ compared to e of Figure [3.5. The similarity in the microstructure of
plane A, the plane normal to the tensile force, for X- and Y-built as seen in Figure
.5k, b compared to Figure [3.5¢, d samples, suggests similar mechanical properties
for specimens printed in these directions. However, the results of the tensile tests
suggest that there might be other strengthening mechanisms not observed in this
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microstructure analysis that resulted in tensile test variations.

3.3.2.2 Microstructure of IN718

The optical micrographs of IN718 are represented in Figure 3.7, The cross-
section of the scan lines can be clearly observed in the X- and Y-built specimens
on the plane A, the plane normal to the tensile force, as shown in Figure [3.7h-
d. In Z-built specimens, we can see the scan lines as shown in Figure [3.7, f.
The micrographs of the X- and Y-building specimens show that plane A is full
of the dendritic microstructure. In Figure [3.7p-d, we can see that this dendritic
microstructure has grown in patches pointing in different directions in different
scan line cross-sections. Some scan lines’ cross sections have more than one patch,
each grown in a different direction. However, for Z-built specimens, the dendritic
microstructure is observed to have much lower density and smaller size, as can be
seen in Figure [3.7f, compared to specimens built in the X and Y directions. This
could be due to the dendritic microstructure growing out of plane A for specimens
built in the Z direction.

Figure |3.§ shows that the microstructure of the specimens tested at 350°C is
similar to the ones tested at room temperature in both shape and grain size. The
X-built specimens imaged on plane B, shown in Figure |3.8b, indicate that the mi-
crostructure of the specimens built in the X direction has similar microstructure in
planes A and B. However, the Z-built specimens imaged on plane B, shown in Figure
3.8, show that the microstructure of specimens built in the Z direction has a differ-
ent microstructure in plane B compared to plane A. The microstructure observed in
plane B of Z-building direction specimens is similar to planes A and B of specimens
printed in X- and Y-building directions with similar dendritic microstructure.

Like the 15-5PH, the difference in the microstructure normal to the tensile
force explains the different mechanical properties between the 7 direction and the
X and Y directions. However, since the microstructure on plane A, which is perpen-
dicular to the tensile force as indicated in Figure[2.3] for both the X- and Y-building
directions are similar, this suggests that there are different mechanisms that affect
the strength of the DMLS specimens other than the shape and size of the grains.
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Figure 3.7: Microstructure of DMLS IN718 tested at room temperature imaged from
plane A for different building directions. a X-building direction at x 100 magnifica-
tion. b X-building direction at x500 magnification. ¢ Y-building direction at x100
magnification. d Y-building direction at x500 magnification. e Z-building direction
at x100 magnification. f Z-building direction at x500 magnification

3.3.2.3 DMLS Powder SEM micrographs
The SEM micrographs of the powder show that the powders of both 15-5PH
and IN718 have, generally, a spherical shape, with few deformed particles. The
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Figure 3.8: Microstructure of DMLS IN718 tested at 350°C. All images are taken
at x200 magnification. a X-building direction imaged on plane A. b X-building
direction imaged on plane B. ¢ Z-building direction imaged on plane A. d Z-building
direction imaged on plane B

particles have a range of diameters up to 60 pm, as can be seen in Figures [3.9] and
m This confirms to the data-sheets from the vendor . The range in sizes
of the powder particles aids in reducing the gaps between the powder particles, which
in turn reduces the porosity in the produced parts. This is apparent in the high
tensile testing mechanical properties as a result of the nearly full relative density as
compared to traditionally manufactured parts.

3.3.2.4 Fractography

The fractured surfaces of the 15-5PH specimens built in the X and Y direc-
tions have similar fracture surfaces to the fracture surfaces of the specimens built in
the Z directions as can be seen in Figure [3.11a, c¢. The similarity can be observed
better at 20k x magnification as in Figure[3.11p, d. In addition to that, the fracture
surface of the specimens tested at room temperature is similar to the specimens
tested at 350°C as observed in Figure [3.11k, f. Similarly, from Figure [3.12] it can
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Figure 3.9: SEM micrographs of 15-5PH powder. a x150 magnification. b x350
magnification

EHT= 3.00kV. Signal A= SE2 Date :8 Apr 2018
W= 4.3mm Mag= 100X Time :23:26:29

(a)

Figure 3.10: SEM micrographs of IN718 powder. a x100 magnification. b x350
magnification

be seen that IN718 specimens built in the X and Y directions have similar fractured
surfaces to Z-built specimens. However, in IN718 the topography is more prominent
for Z-built specimens than for X- and Y-built specimens, while in 15-5PH the to-
pography is more prominent for X-built specimens compared to Y-built specimens
or Z-built specimens, which have the least prominent features in 15-5PH as can be
seen in panel b compared to panels d and e of Figure This can be explained by
the different strains suffered before fracture. The ductility of the X-building direc-
tion specimens of the 15-5PH material is larger among the three building directions,
while the samples with the Z-direction showed the lowest ductility. Refer to Figures
B.3d and B.4d.

On the other hand, for IN718 specimens, the results showed that the samples
with Z-build direction had the greatest ductility in all of the three building orienta-
tions.While the samples with Y-build directions showed a slightly less ductility than
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the X- build direction specimens as observed in panel f compared to panels b and d
of Figure Refer to Figure for the strain values.

Although the fractured surfaces of the specimens show nearly full relative
density, there are locations in the specimens with observable porosities. Some of
these locations are easily observed in Figures and [3.12h, ¢, which are cir-
cled. These porosities did not have a significant impact on the tested mechanical
properties but will significantly impact the fatigue life.
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Figure 3.11: SEM fractography of 15-5PH. a X-building direction tested at room
temperature x 35 magnification. b X-building direction tested at room temperature
x 20k magnification. ¢ Z-building direction tested at room temperature x35 magni-
fication. d Z-building direction tested at room temperature x20k magnification. e
Z-building direction tested 350°C x35 magnification. f Z-building direction tested
at 350°C x20k magnification
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Figure 3.12: SEM fractography of IN718. a X-building direction tested at room
temperature x35 magnification. b X-building direction tested at room temperature
x 20k magnification. ¢ Z-building direction tested at room temperature x35 magni-
fication. d Z-building direction tested at room temperature x20k magnification. e
Z-building direction tested 350°C x35 magnification. f Z-building direction tested
at 350°C x20k magnification
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3.4 Coclusions

This study has investigated the influence of elevated environmental tempera-
tures on the tensile test mechanical properties of 15-5PH and IN718 fabricated using
DMLS in three different orientations to observe changes in the inherent anisotropy of
additive manufacturing. Based on the results, this study concludes that 15-5PH and
IN718 produced using DMLS can be used in applications with elevated environmen-
tal temperatures, as there was no observable permeant change in the microstructure.
Reduction in the tensile mechanical properties is to be expected. However, these
applications should not be sensitive to sudden failures because 15-5PH and IN718
DMLS parts have shown reduced ductility with elevated temperatures which reduce
the ability to predict failure. The observed anisotropy at elevated temperatures up
to 350°C shows that heat treatments geared toward reducing the anisotropy should
be done at higher temperatures. This agrees with the results of |[100}/110][41], [67],
where aging the specimens at temperatures up to 482°C for longer periods than
standard heat treatments did not reduce the anisotropy and if done without an-
nealing at 1038 °C, precipitation hardening was not successful, which was related
to slow diffusion. Finally, the difference in the microstructure between Z-building
direction and X and Y directions explains the difference in the mechanical behavior
of vertical and horizontal specimens. However, the difference between the tensile
strength and Young’s modulus of the X and Y-building directions regardless of the
similarity of the microstructure on the plane perpendicular to the tensile force sug-
gests that there are other strengthening mechanisms present causing the difference,
which invokes further investigation.

42



Chapter 4

MICROSTRUCTURE AND MECHANICAL
PROPERTIES OF HEAT TREATED 15-5PH DMLS
PARTS

4.1 Introduction

15-5PH parts fabricated using direct metal laser sintering (DMLS) have
shown mechanical properties comparable to conventionally manufactured parts.
However, DMLS fabricated 15-5PH parts have shown high anisotropy in their me-
chanical properties due to the layering nature of additive manufacturing. In ad-
dition, the fatigue life and strength of DMLS 15-5PH varies significantly between
horizontally and vertically fabricated parts and both orientations are inferior to
conventionally manufactured parts. Reliability and large variations in performance
remain as a barrier from employing 15-5PH parts fabricated using DMLS. Standard
heat treatment of 15-5PH was shown insufficient to eliminate the anisotropy and
homogenize the DMLS parts. Modified precipitation hardening heat treatments did
not show further improvement.

The differences between the microstructure observed on the planes parallel to
the layer plane and the planes transverse to the layer plane remained after standard
heat treatment and the modified precipitation hardening heat treatments.

Therefore, this work focuses on investigating different solution treatments
prior to the H900 precipitate hardening and their effect on the mechanical and
microstructure of 15-5 PH steel fabricated using AM. Furthermore, this work utilizes
Digital Image Correlation (DIC) to capture real-time strain fields instead of only
two-point strain provided by standard extensometers. This gives the ability to
detect localized strains which enables a better understanding of the failure modes
and enables the prediction of the regions of failure. In addition, DIC makes it
possible to measure strains for different directions and on different planes when
used to generate a 3D surface of the specimens. This enables the measurement of
Poisson’s ratio for different directions.

Homogenizing AM parts can reduce design and manufacturing considera-
tions [87,[111] required due to the limited fabrication orientations without requiring
supports or increasing the residual stresses. Thus, a part can be fabricated in the
most feasible orientation without worrying about the resulting mechanical proper-
ties, which can be improved by suitable heat treatment.
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4.2 Methodology
4.2.1 Experimental plan

To investigate the influence of the different solution annealing heat treat-
ments on the mechanical properties of DMLS 15-5PH steel, a total of 12 patches
of specimens were fabricated. Each patch contained three specimens to check the
repeatability. Every four patches were fabricated in one of the three principal ori-
entations XYZ, YZX, ZXY as described in the ASTM-F2971-13 standards |1] and
abbreviated in this work as X, Y, and Z, respectively. Building orientations are
shown in Figure [4.1, Three patches, one X, one Y, and one Z, were tested in as-
built condition and called HTO0 in this work. The rest of the patches were subjected
to different solution annealing conditions and then precipitate-hardened using the
same aging heat treatment. Table lists the patch number, the building direction,
the heat treatments, and the number of tested specimens for each patch. The first
investigated solution treatment is the standard solution annealing for 15-5PH which
is done at 1038°C =+ 14°C for one hour then air cooling. This heat treatment is called
HT1 in this work and referred to as Condition A in the industry. The second solution
annealing heat treatment investigated had the same temperature as the standard
with the duration extended to three hours instead of one and this heat treatment
is called HT?2 in this paper. The third heat treatment included heating the speci-
mens up to 1200 °C, which is in the range recommended for forging 15-5PH parts
then furnace cooled before solution annealing using the standard solution annealing
method. This heat treatment is called HT3. All of these heat treatments were then
followed by standard H900 aging heat treatment, which is done at 482 °C, for 1.5
hours and then air cooling. The goal of the testing plan is to capture the influence
of the different solution annealing treatments on the samples’ mechanical proper-
ties, anisotropy, and microstructure in a structural method that relates the material
type, the building direction, the mechanical properties and the microstructure with
specific heat treatment.

4.2.2 Specimens preparation

All the 15-5PH steel specimens were fabricated on EOSINT M 270 system
using the commercialized powder PH1 from EOS, Table lists the weight per-
centage by the chemical composition of the raw powders we used for fabricating the
DMLS 15-5PH specimens. Table lists the processing parameters used during the
additive manufacturing of the specimens such as the laser power, scanning speed,
hatch spacing, layer thickness, etc. The specimens were fabricated according to the
ASTM-E8/E8M [149] with dimensions as shown in Figure [1.2] For each tested heat
treatment and fabrication direction, three specimen replicas were tested to check for
results’ repeatability.
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Figure 4.1: The three orientations used in fabricating the specimens

Table 4.1: 15-5PH samples and heat treatment specifications

Patch Build Heat
Heat Treatment Treatment | Replicas
No. Direction

label
1 As-built (X) HTO X 3
2 | Asbuilt Y) HTO Y 3
3 As-built (2) HTO Z 3
4 1038 C for 1 hr then air-cooled (Condition A) + H900 for 1.5 hr and air-cooled (X) HT1 X 3
5 1038 C for 1 hr then air-cooled (Condition A) 4+ H900 for 1.5 hr and air-cooled (Y) HT1Y 3
6 1038 C for 1 hr then air-cooled (Condition A) 4+ H900 for 1.5 hr and air-cooled (2) HT17Z 3
7 1038 C for 3 hrs then air-cooled + H900 for 1.5 hr and air-cooled (X) HT2 X 3
8 1038 C for 3 hrs then air-cooled + H900 for 1.5 hr and air-cooled (Y) HT2Y 3
9 1038 C for 3 hrs then air-cooled + H900 for 1.5 hr and air-cooled (Z) HT2 Z 3
10 | 1200 C for 1.5 hrs then Furnace-cooled + Cond A + H900 (X) HT3 X 3
11 | 1200 C for 1.5 hrs then Furnace-cooled + Cond A 4 H900 (Y) HT3 Y 3
12 | 1200 C for 1.5 hrs then Furnace-cooled + Cond A + H900 (2) HT3 Z 3
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Figure 4.2: The dimensions of the fabricated specimens (all dimensions are in mm)

Table 4.2: Raw powder chemical composition in weight percentage of the 15-5PH
DMLS Samples

15-5PH Cr Ni Cu Mn Si C Mo Nb Fe

14.0-15.5 | 3.5-5.5 | 2.5-4.5 | 1.00 max | 1.00 max | 0.07 max | 0.5 max | 0.15-0.45 | Bal

Table 4.3: DMLS processing parameters used to fabricate the 15-5PH samples

Metal | System | Laser Power | Laser Diameter Scan Style Layer Thickness | Inert Gas

15-5PH | M 270 200 W 100 microns Alternating Stripes 40 microns N2

4.2.3 Mechanical proprieties test

To evaluate the mechanical properties of the DMLS fabricated samples of
15-5PH steel, the authors performed tensile tests on the heat-treated and as-built
specimens using an Instron universal testing machine 3369. We carried the test ac-
cording to ASTM E8/E8M for axial tension tests of metallic specimens. The testing

46



speed was controlled by an extension rate of 0.48 mm/min, which should maintain
a strain rate of 0.015/min in the region before yield in the stress-strain diagram per
the ASTM E8/E8M standard. The data collected were time, extension, load, and
the strain recorded by an extensometer with 25 mm gauge length. In addition to
that, a DIC system was used during the testing to evaluate Poisson’s ratio and ob-
serve the breaking patterns and the strain fields associated with it. The DIC system
used in this study consists of two digital cameras with a resolution of (2752 x 2200)
pixels observing the same spot from two different angles, therefore forming a 3D sur-
face of the tested specimens as seen can be seen in Figure [£.3] The specimens were
painted with white and black patterns to aid the system in measuring the strains
as the tensile test progresses. The DIC system took two images per second during
the test. Strains in X, Y, and Z directions are measured by tracking the changes
in the distances between points aligned in those directions. Distances 1 and 2 are
aligned in the X direction, distance 3 in the Y direction and distances 4 and 5 in
the Z direction. Two distances are assigned for the X and Z directions to improve
the quality of the measurements in these directions due to the smaller dimensions
associated with these directions as can be seen in Figure[4.3] The specimen’s dimen-
sions were measured before and after the heat treatments. Although the changes in
the cross-sectional area’s width and thickness were negligible, the measured values
after the heat treatment were used for calculating the mechanical properties. It
should be noted that while the transformation from Austinite to Martensite usually
results in expansion [152], in this study, there was a slight shrinkage that can be
seen in the change of the overall length of the specimens in Figure As Figure
illustrates, most heat treatments yielded a negative length change which means
the length after the heat treatment was less than before the heat treatment. Since
the HTO specimens were tested in the as-built condition, there is no length change.
For HT1, HT2 and HT3 there was a 0.05 mm to 0.15 mm of shrinkage. Since the
original average length of the specimens was 101.0 mm this translates to 0.05% -
0.15% shrinkage. This shrinkage can be explained by the reduction of porosity and
unmolten regions.

4.2.4 Imaging analysis

Scanning Electron Microscopy (SEM) was used to take fractography images of
the broken specimens’ surfaces to observe the fracture behavior and the presence of
porosity and unmolten powder at the surface of the fracture. The SEM images were
taken using a field emission gun SEM-Gemini 500, with Everhart Thornley secondary
electron detector, an acceleration voltage of 3.0 kV for the low magnification images
and 1.0 kV for high magnification images with working distances ranging between
2.4-8.0 mm.

Optical microscopy images of the microstructures were taken, as well. The
microstructure analysis was done on regions on the specimen’s grip section to avoid
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Figure 4.3: The generated 3D surface using DIC for the tensile specimens. The left
image showing the surface imposed on the image of the specimen, while the right
image showing the surface by itself.

strain hardening effects on the microstructure. The specimens were cut and mounted
in epoxy at room temperature to avoid further exposure to elevated temperature.
The specimens were then polished with silicon carbide paper with grit 120 then
gradually increased to 1200. Much care was taken not to overheat the samples so
that the martensite phase does not revert to austenite . Then, the samples were
polished using diamond suspensions with particles sizes 1 micron followed by 0.25
microns.

To reveal the samples’ microstructure, Fry’s reagents (40 ml HCL + 5 g CuCl2
+ 30 ml water + 25 ml methanol) was used. The etchant was applied by swapping for
a few seconds to a few minutes and then rinsed with deionized water and isopropanol.
The microstructure was imaged on the plane that is normal to the tensile force. An
upright -style Olympus BX51 microscope was used for the imaging using bright
field mode and epi-illumination. An objective lens with 10x magnification was used
for the low magnification images and 50x objective lens for the high magnification
images. The sample was illuminated by a mercury illumination system. The images
were collected using the MU900 digital camera with a resolution of 3488x2616 pixels.
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Figure 4.4: Change in the length of the heat-treated specimens after the heat treat-
ments. Negative values signify shrinkage.

4.3 Results and Discussion
4.3.1 Mechanical Properties Test Results

The presented results of the mechanical properties are Young’s modulus, the
yield strength, ultimate tensile strength and the ductility or strain at fracture in
addition to Poisson’s ratio. The results of the tests are listed in Table [4.4l These
properties were calculated according to each specimens’ dimensions after the heat
treatments to avoid artifacts caused by dimensional errors of the AM specimens.
Figure illustrates the influence of the different solution annealing heat treat-
ments on the mechanical properties of DMLS specimens with respect to different
fabrication orientations. Each point showed on the figures is located using the av-
erage of the three repeated specimens for each testing patch listed in Table [.1]

Figure[4.5]shows that Young’s modulus, the yield strength, the tensile strength,
and the ductility of the 15-5PH specimens are highly affected by the heat treatments.
Generally, all the mechanical properties increased after the solution annealing and
H900 precipitation hardening except for the ductility. This effect is expected of the
H900 precipitation hardening, which is supposed to increase the hardness, yield and
tensile strengths on the expense of reducing the metal’s ductility [110]. Looking at
Figure [4.5(a), we can see that all the solution heat treatments resulted in a sig-
nificant increase in Young’s modulus for all orientations except Y-built specimens
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which already had a high Young’s modulus. HT1 resulted in the highest modulus
in the X-built specimens but in the Y and Z-built specimens, HT2 and HT3 had
close values or even higher with HT2 having the least variations across all build-
ing directions. The as-built Young’s modulus results agree with literature showing
that horizontally fabricated specimens had larger Young’s modulus than vertically
fabricated specimens [153].

The yield strength of the as-built specimens (HT0) showed high dependency
on the fabrication orientation with the X-built specimens showing the highest yield
strength followed by the Y-built and the Z-built specimens showing the lowest yield
strength this disagrees with [153] which found that the yield strength of 15-5PH does
not depend on orientation. The yield strength increased significantly after the heat
treatments. The increase was comparable for all heat treatments with the exception
of HT3 for the Z-built specimens, which all failed unpredictably before reaching the
yield point. The increase in the yield strength was at least over 100 MPa in the case
of X-built specimens and over 300 MPa for the Z-built specimens, which had the
lowest yield strength for the as-built (HT0) specimens which agrees with the results
of Sarkar et al. [101]. HT2 had the highest yield strength across all the building
directions slightly higher than HT'1 and HT3 with very low variations depending on
the building direction as can be seen in Figure (b) Similarly, the tensile strength
increased after the heat treatments except for the HT3 Z-built specimens which had
lower tensile strength than the as-built specimens as can be seen in Figure [4.5c).
Both HT1 and HT2 had comparable strengths for all building directions with very
low variations depending on the building direction with HT2 being slightly higher for
the X and Z-built specimens. The tensile strength of vertically fabricated specimen
having higher tensile and yield strength than horizontally fabricated specimens when
heat treated using the standard heat treatment HT1 agrees with the results of Lum
et al [77].

The ductility of the heat-treated specimens was significantly lower than the
as-built specimens (HT0) as can be seen in Figure [£.5(d). This is expected from
specimens that were precipitate-hardened using H900 heat treatment. The Z-built
specimens had higher ductility than the Y-built specimens and slightly higher than
the X-built specimens. This agrees with the findings of [154] where the ductility of
vertically fabricated specimens was higher than horizontally fabricated specimens.
HT3 has resulted in the biggest reduction in ductility. HT1 had the highest ductility
among the heat treatments with strains ranging between 6-8% at fracture, while HT'2
had strains ranging between 2-5% at fracture compared to at least 13% strain at
fracture for the as-built specimens. The ductility of solution annealed then H900
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Table 4.4: Mechanical properties test results for DMLS samples of IN718 materials.
Each row results are the average of three repeated specimens

Patch | Condition / | Modulus | Yield | Tensile Strength | Ductility Vxy Vay
Number | orientation | [GPa] [MPal] [MPa] [mm/mm]
1.A HTO X 185.45 | 1038.12 1181.04 0.16709 0.2257 | 0.4333
1.B HTO X 173.24 | 1015.03 1148.30 0.15987 0.2553 | 0.3241
1C HTO0 X 180.35 | 1020.98 1156.87 0.16344 | 0.2561 | 0.3512
2.A HTOY 195.51 | 1006.52 1173.68 0.13831 0.1885 | 0.2608
2B HTOY 198.76 966.40 1153.82 0.12962 0.2017 | 0.2855
2.C HTOY 198.13 982.91 1160.56 0.13401 0.2217 | 0.2915
3.A HTO Z 174.86 | 879.98 1179.77 0.157591 | 0.3433 | 0.334
3B HTO0 Z 138.26 874.62 1149.58 0.17510 0.2914 | 0.2815
2.C HTO0 Z 155.56 873.14 1159.42 0.16641 0.3159 | 0.3342
4.A HT1 X 239.52 | 1139.02 1275.91 0.05380 0.3246 | 0.3523
4B HT1X 237.57 | 1119.83 1298.77 0.06545 | 0.2597 | 0.315
4.C HT1 X 239.54 | 1114.13 1269.76 0.06112 0.2679 | 0.3223
5_A HT1Y 200.37 | 1138.75 1267.70 0.06672 | 0.39252 | 0.4486
5B HT1Y 203.20 | 1158.52 1291.05 0.06090 0.3016 | 0.3956
5.C HT1Y 202.79 | 1148.39 1273.78 0.06392 | 0.2998 | 0.3533
6-A HT1Z 204.95 | 1179.36 1303.79 0.06731 | 0.2142 | 0.4166
6B HT1Z 195.38 | 1170.04 1302.25 0.09138 0.2708 | 0.3795
6-C HT1 Z 199.16 | 1177.29 1303.85 0.07935 0.2781 | 0.3896
7_A HT2 X 209.36 | 1174.51 1310.11 0.03687 | 0.2833 | 0.3777
7B HT2 X 205.38 | 1175.63 1310.10 0.05649 | 0.2675 | 0.2821
7-C HT2 X 206.37 | 1165.15 1299.18 0.04671 0.2835 | 0.2871
8_A HT2Y 188.17 | 1154.80 1252.91 0.01516 0.2900 | 0.3776
8B HT2Y 192.17 | 1166.99 1295.70 0.03115 0.2922 | 0.2862
8.C HT2'Y 191.17 | 1164.80 1282.12 0.02316 0.2981 | 0.2972
9_A HT2 Z 202.84 | 1192.73 1316.65 0.05882 0.4016 | 0.4091
9B HT2 Z 211.91 | 1179.89 1310.53 0.04332 0.3214 | 0.5028
9.C HT2 Z 206.37 | 1182.36 1303.02 0.05111 | 0.3319 | 0.4533
10_A HT3 X 211.48 | 1139.04 1185.78 0.00900 0.229 | 0.373
10.B HT3 X 22241 | 1146.49 1244.04 0.01150 0.2890 | 0.4972
10_C HT3 X 217.94 | 1144.95 1333.13 0.01019 0.2909 | 0.3437
11.A HT3Y 211.32 | 1131.84 1260.91 0.02999 0.2783 | 0.4026
11.B HT3Y 207.94 | 1157.49 1252.38 0.01215 0.2852 | 0.3646
11.C HT3Y 210.63 | 1147.40 1258.92 0.02110 0.2952 | 0.3665
12_.A HT3 Z 196.30 - 860.09 0.00454 0.2879 | 0.3798
12.B HT3 Z 184.76 - 1104.94 0.00713 0.328 | 0.3516
12.C HT3 Z 191.53 - 984.45 0.00589 | 0.3328 | 0.3616
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Figure 4.5: Mechanical properties of DMLS 15-5PH with different heat treatments
vs building orientation.
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hardened specimens are lower than specimens hardened by H900 directly without
annealing by comparing the results of this study with the results of Rafi et al. [96]
and Dempsey et al. |154] where the former reported a minimum 12% strain and the
latter reported minimum 21.1% strain before fracture. This can be explained by the
retained austenite in specimens directly hardened without annealing [101,/154-156].
The ductility can be better illustrated with the aid of Figure [4.6}Figure 4.9, which
show the strain fields just before and after the fracture.

The influence of the heat treatments on Poisson’s ratios vy, = —de,/de,
and v,, = —de,/de, are presented in Figure (e) and Figure (f), respectively.
Poisson’s ratio for the heat-treated specimens was generally higher than the as-built
specimens. In addition, we can see that vzy was generally higher than vxy, which
suggests that Poisson’s ratio depend more on the geometry of the part than on the
building direction.

Figure [4.6}Figure show the strain fields of tensile specimens just before
and after a fracture. From the results shown in 4.6, we can see that as-built speci-
mens suffered from high strains before failing. The effect of necking is clear with high
strains in the necking area going up to 30%. High deformation and area reduction
are clear in the strain fields just after a fracture. HT'1 specimens were able to hold
less strain before failing and less necking occurred before fracture as can be seen
from Figure [4.7 The strain around the necking area dropped to 10%. In addition,
one of the Y-built specimens broke slightly below the area with high strain as can
be seen in Figure (c,d) indicating the presence of defects allowing the failure to
occur there instead of the area with the high strain slightly above. From the images
after fracture, we can still see that the fracture surface is not smooth, and some
deformation has occurred before failure. HT2 specimens behaved similarly to HT'1
specimens however they held even less strain, around 7%, and necking is not clear as
can be observed in Figure [1.8] One of the Y-built specimens had two areas of high
strain, one inside the gauge length and one slightly above. The specimen ultimately
failed at the location slightly above as can be seen in Figure (b,c). From Figure
[4.9] we can see that HT3 specimens held the lowest strains before fracture with no
necking at all. Furthermore, the fractures usually occurred outside the gauge length
in unpredictable locations. The fractured surfaces were mostly flat.

To investigate the influence of the heat treatments on the repeatability and
anisotropy, the standard deviation of each property for each heat treatment was
calculated and presented in Table The values in column o represent the scatter
of the measured property for all the specimens sharing the same heat treatment
regardless of the orientation during fabrication. The values in column A represent
the standard deviation of the averaged property values for each orientation for a
specific heat treatment which means it only calculates the variations of the averaged
value for the X orientation, Y orientation, and Z orientation, which are the averaged
points shown in Figure 4.5 For example, it can be seen from Table that the A
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Figure 4.6: Strain fields of as-built (HT0) DMLS 15-5PH specimens generated by
the DIC system. a) X-built specimen just before fracture. b) X-built specimen just
after fracture. c¢) Y-built specimen just before fracture. d) Y-built specimen just
after fracture. e) Z-built specimen just before fracture. f) Z-built specimen just
after fracture.

value for HTO for the tensile strength is equal to 0.44. This means that the tensile
strength of the X, Y and Z orientations are very close, which can be confirmed by
looking at Figure (c) However, by looking at the ¢ value we can see that there
is still a significant scatter in tensile strength for HT0 even though the averages of
the X, Y and Z orientations are very similar.

HT1 slightly reduced the scattering (o) in Young’s modulus, yield strength,
and ductility. HT1 did not reduce the anisotropy (A) except in the yield strength.
From Table we can see that HT2 has a significantly lower A and o values for
Young’s modulus and Yield strength properties. In addition, HT2 has the second

o4



lowest ¢ and A for the tensile strength after HT0, however, HT2 has the second
largest A and o values for the ductility. HT3 showed the second lowest anisotropy
(A) and scatter (o) in Young’s modulus after HT2. However, HT3 showed the
worst scatter and anisotropy in the yield and tensile strength. The small scatter
and anisotropy in the ductility shown by HT3 are caused by the sudden fracture at
very small strains. Overall HT2 shows the most promising results in reducing the
anisotropy and the scatter in most of the properties.
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Table 4.5: Standard deviation of the resulting mechanical properties for different
heat treatments of DMLS 15-5PH

Heat Young’s Modulus | Yield Strength | Tensile Strength Ductility

Treatment A o A o A o A o

HTO 20.68 20.37 77.09 | 67.81 0.44 12.53 | 0.0179 | 0.1640
HT1 21.91 19.15 25.63 | 23.78 | 13.69 15.20 | 0.0104 | 0.0112
HT?2 9.55 8.69 11.45 | 11.34 | 13.38 13.32 | 0.0150 | 0.0150
HT3 13.64 12.50 94.99 | 572.3 | 157.45 | 154.02 | 0.0078 | 0.0082

4.3.2 SEM Fractography

The study of the fractured surfaces of the 15-5PH specimens is presented in
Figure[4.10}Figure d.13] From Figure we can see that the topography of as-built
specimens is very prominent and rise high from the surface. Also, from the high
magnification images in Figure (b,d,f) we can see clear topography, however,
it is more prominent in X and Z-built specimens, which agrees with the higher
ductility associated with these building directions than the Y building direction. The
fracture patterns of the as-built specimens are similar to the vertically fabricated
conventional condition A specimens reported in the work of Chae et al. [157], in
addition to [110]. The presence of porosity should be noted as can be seen in
panels ¢ and e of Figure For the HT1 and HT2 heat-treated specimens, the
fractured surfaces were mostly flat in the center but had high changes in topography
at the edges as can be seen in Figure [f.11}(a,c,e) and Figure [f.12(a,c,e). These
patterns are similar to the fractured surfaces present in the work of Jafarlou et al.
[158], where the fractured surfaces had a central flat zone and shear lips around the
edges. The flat central zone was smaller in the work of Jafarlou et al. however, but
that can be due to precipitation-hardening the specimens (H900) without solution
annealing them. Porosity is still present however only near the edges and more can
be observed in HT1 compared to HT2 and both in less density than the as-built
specimens. The topography observed in the high magnification images of HT'1 and
HT?2 is similar to the ones observed in the as-built specimens. However, the holes
in HT1 are more plentiful than in HT2. HT3 specimens’ fractured surfaces are
almost completely flat, even at the edges. Porosity is more scarce in HT3 specimens
compared to the as-built specimens and the rest of the heat treatments as can be
seen in Figure M(a,c,e). Moreover, the holes are more sparse as can be seen in the
high magnification images in Figure [4.13|(b,d.f), which could be caused by the much
lower ductility shown by the HT3 specimens. The flat fracture surfaces described
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in Figure for HT3 illustrate a brittle fracture behavior, while the prominent
topography shown in Figure for the as-built specimens illustrates a ductile
behavior. The presence of small spheres in the halls can be observed in the high
magnification images of the fractured surfaces in Figure [£.10}Figure [4.13] which was
pointed to be precipitation strengthening phases in [66]. However, it should be noted
that their presence in HT0 specimens is rare and can only be seen in frequency in
the X-built specimen as in Figure (a) but they are very abundant in HT1 and
HT?2 specimens as can be seen in Figure [1.11|(b,d,f) and Figure [4.12(b,d,f). In HT3
specimens the presence of these spherical particles is less than in HT1 and HT2
specimens but still significantly more than the as-built (HT0) specimens. Also, we
can see that in Z-built specimens in HT3 very few of these strengthening precipitates
compared to the X and Y-built specimens which can explain the poor yield and
tensile strength of these specimens.

29



EHT= 3.00 kV
WD = 5.4mm

Date : Mar 2018
Time :23:29:02

EHT= 1.00kV Signal A= Intens Dafe :9 Mar 2018
WD = 7.6 mm Mag= 20.00KX Time :0:14:43

100 pm EHT= 3.00 kV Signal A= SE2 Date :6 Mar 2018

WD = 5.4 mm Mag= 35X Time :23:43:49 W

(b)

EHT= 1.00 kV Signal A = InLens Date :9 Mar 2018

WD = 7.3 mm Mag= 20.00KX Time :1:01:27 w

Signal A= SE2 Date :9 Me

) o
H WD= 7.3 mm Mag= 35X Time :1:30:58

(d)

EHT= 1.00 kV Signal A = InLens Date :9 Mar 2018
WD= 7.4mm Mag= 20.00KX Time :3:01:55

(e)
Figure 4.10: SEM fractography of as-built

(f)
15-5PH (HTO0). a) X-building direction

at 35X magnification. b) X-building direction at 20KX magnification. ¢) Y-building
direction at 35X magnification. d) Y-building direction at 20KX magnification. e)

Z-building direction at 35X magnification.
fication.

60

f) Z-building direction at 20KX magni-



EHT = 3.00kV i Date :31 Oct 2018 ZEISS] 1 um EHT = 1.00kV Signal A = InLens Date :1 Nov 2018 ZEISS]
WD = 54mm Mag= 35X Time :20:38:02 [ wo= 3.0mm Mag= 500K X Time :0:29:18

100 ym EHT = 3.00 kV Signal A= SE2 Date -1 Nov 2018 ZEISS] 1 pm EHT= 1.00kV Signal A= InLens Date -1 Nov 2018 ZEISS]
WD= 3.0 mm Mag= 35X Time :0:55:59 i wo= 24mm Mag= 5.00KX Time :1:14:34

g WD-girm  Kom WE e 4 AR rerall - L |
() ()
Figure 4.11: SEM fractography of HT'1 15-5PH. a) X-building direction at 35X mag-
nification. b) X-building direction at 20KX magnification. ¢) Y-building direction

at 35X magnification. d) Y-building direction at 20KX magnification. e) Z-building
direction at 35X magnification. f) Z-building direction at 20KX magnification.

61



100 prm EHT= 3.00 kV Signat A= SE2 Date :1 Nov 2018 1pm . Signat A= Int.ens Date :1 Nov 2018
H wp= 26 mm Mag= 34X Time :2:56:40 H Wwp= 3.6 mm Mag= 5.00KX Time :3:06:11

100 ym EHT = 3.00 kV Signal A= SE2 Date -1 Nov 2018 ZEISS] 1 pm EHT= 1.00kV Signal A= InLens Date -1 Nov 2018
WD= 3.6 mm Mag= 34X Time :3:21:33 [l wD= 29 mm Mag= 5.00KX Time :3:32:41

(e) (f)
Figure 4.12: SEM fractography of HT2 15-5PH. a) X-building direction at 35X mag-
nification. b) X-building direction at 20KX magnification. ¢) Y-building direction

at 35X magnification. d) Y-building direction at 20KX magnification. e) Z-building
direction at 35X magnification. f) Z-building direction at 20KX magnification.

62



100 pm EHT= 3.00 kV Signal A= SE2 Date :1 Nov 2018
H wp= 33mm Mag= 34X Time :4:34:51

oY

1 ym EHT= 1.00 kV Signaf A= Intens Date :1 Nov 2018
wp= 30mm Mag= 500KX Time :4:48:23

100 pm EHT= 3.00 kV Signal A= SE2 Date :1 Nov 2018 ZEISS|
WD= 3.0 mm Mag= 34X Time :4:55:49

£ Signal A= InLens Date :1 Nov 2018 ZEISS|
WD= 3.4mm Mag= 5.00KX Time :5:12:06

100 pm EHT= 3.00kV Signal A= SE2 Date :1 Nov 2018
H Wo= 3.4mm Mag= 34X Time :5:16:35

X Signal. ns Date :1 Nov 2018
wo= 3.2mm Mag= 5.00KX Time :5:32:28

(e)

(f)
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4.3.3 Microstructure analysis

The microstructure analysis of 15-5PH was done using brightfield optical mi-
croscopy. The images were taken at magnifications of 100x, 200x, and 500x. In the
microstructure of as-built specimens, we can see the effect of the specimens’ building
direction layer by layer in addition to the fusing of each layer along the laser’s scan
lines. In Figure [1.14{a) the image shows a stack of layers from right to left, which
indicates the building direction. We can also see the cross-section of the overlapping
scanning lines, which were scanned in a direction out of the plane. The size of the
grains at the center of a scanline is significantly larger than at the border of the
scanline cross-section. This can be seen easier in Figure [£.14|b) at 500X magnifi-
cation. By comparing Figure [4.14(a,b) and Figure 1.14(c,d) we can see that the
microstructure on the plane normal to the tensile force for both building directions
X and Y share the same pattern. However, the microstructure on the same plane for
building direction Z is completely different as can be seen in Figure [4.14(e,f). The
scan lines can be seen since they aligned in the plane for the Z-built specimens as
opposed to the X and Y-built specimens, where we can only see the cross-sections
of the scan lines and melt pools. The grain size at the center of the scanlines in
Z-built specimens is slightly larger than at the borders of the scanlines making the
grains size in the Z-built specimens more uniform compared to the X and Y-built
specimens. In addition, the grain size in the Z-built specimens in the imaged plane is
generally smaller than the grain sizes in X and Y-built specimens at the center of the
scanlines cross-sections. These patterns are similar to the microstructure revealed
in previous studies such as [77,[154}|157,|159] which also reported the microstructure
to be mostly martensitic with a small percentage of austenite ranging 4%-15% with
a maximum of 20% reported in [154]. In [21] it was shown that martensite BCT is
very close to BCC due to the low carbon content, therefore it is hard to distinguish
from the ferrite phase using X-ray diffraction alone. In [160] it was shown that in-
stead of the matrix being martensite it is delta ferrite. However, this study was done
on 17-4PH stainless steel which is not ferrite free. The similarity in the mechanical
properties between the X and Y-built specimens can be explained by the similarity
in the microstructure on the planes normal to the tensile force as observed in Figure
[.14a, c¢). On the other hand, the different microstructure pattern developed in
the Z-built specimens as shown in Figure M(e) explains the difference in Young’s
modulus and yield strength displayed by the Z-built specimens compared to the
X and Y-built specimens. Furthermore, the differences between the X and Y-built
specimens mechanical properties can be explained by the different retained austenite
percentage, which was shown to depend on the orientation during fabrication |101].

The heat-treated specimens have shown a completely different microstruc-
ture than the ones present in the as-built specimens as can be seen from Figure
.15} Figure[d.17 HT1, HT2, and HT3 have displayed microstructure patterns more
resembling to the martensitic microstructure [21}23] than the as-built specimens.
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Also, by comparing panels a, ¢ and e of Figure 4.15| we can see that the microstruc-
ture of HT'1 specimens is similar regardless of the building orientation during fabrica-
tion. Similarly, from Figure and Figure we can see that the microstructure
of HT2 and HT3 does not depend on the orientation during fabrication. This ex-
plains the more isotropic behavior of the heat-treated specimens compared to the
as-built specimens. Although the microstructure patterns displayed by HT1, HT2,
and HT3 are quite similar in shape and there is no obvious size difference in the
grains, however, HT3 specimens have shown significantly more brittle behavior than
HT1 and HT2 specimens. The higher temperature used for homogenizing the HT3
specimens might be the reason, according to [161] annealing at higher temperatures
than the standard will cause delta ferrite to form and lower elongation values, In
addition to the possibility of forming carbides during the hardening treatment at
the ferrite boundaries. However, [160] suggests that if another solution annealing
was conducted at 1050°C followed by air quenching the ferrite should transform
to martensite, which will result in the 15-5PH responding in a proper way to the
precipitation hardening.
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Figure 4.14: Microstructure of as-built DMLS 15-5PH (HTO0) imaged on the plane
normal to the tensile force. a) X-building direction at 100X magnification, b) X-
building direction at 500X magnification, ¢) Y-building direction at 100X magni-
fication, d) Y-building direction at 500X magnification, e) Z-building direction at
100X magnification, f) Z-building direction at 500X magnification.
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Figure 4.15: Microstructure of HT1 of DMLS 15-5PH imaged on the plane normal
to the tensile force. a) X-building direction at 200X magnification, b) X-building
direction at 500X magnification, ¢) Y-building direction at 200X magnification,d)
Y-building direction at 500X magnification, e¢) Z-building direction at 200X magni-
fication, f) Z-building direction at 500X magnification.
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(f)

Figure 4.16: Microstructure of HT2 of DMLS 15-5PH imaged on the plane normal
to the tensile force. a) X-building direction at 200X magnification, b) X-building
direction at 500X magnification, ¢) Y-building direction at 200X magnification,d)
Y-building direction at 500X magnification, e) Z-building direction at 200X magni-
fication, f) Z-building direction at 500X magnification.
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Figure 4.17: Microstructure of HT3 of DMLS 15-5PH imaged on the plane normal
to the tensile force. a) X-building direction at 200X magnification, b) X-building
direction at 500X magnification, ¢) Y-building direction at 200X magnification,d)
Y-building direction at 500X magnification, e) Z-building direction at 200X magni-
fication, f) Z-building direction at 500X magnification.
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4.4 Coclusions

In this study, the authors presented an investigation on the influence of dif-
ferent solution annealing heat treatments followed by H900 precipitation hardening
on the mechanical properties of DMLS 15-5PH samples. The study investigated
a total of 12 patches with three different heat treatment conditions in addition to
the as-built condition. Each patch of the different heat treatment conditions and
building condition was tested using three identical specimens to include repeatabil-
ity. Specimens were built in different directions relative to the building bed. The
microstructure of these specimens has been investigated to explain the mechanical
behavior. This study has concluded the following:

e The mechanical properties of DMLS parts such as the tensile strength, yield
strength and Young’s modulus of as-built specimens depend on the orienta-
tion during fabrication. This was explained by the different microstructures
developed on the plane normal to the tensile force.

e The mechanical properties of DMLS 15-5PH samples have shown significant
improvement after solution annealing and then precipitate hardening. The
increase in stiffness, yield, and tensile strengths was at the expense of reducing
the ductility of the specimens.

e By increasing the duration of the solution annealing heat treatment from one
hour to three hours the yield and tensile strengths were slightly increased at
the expense of further reducing the ductility of the specimens. This suggests
the opportunity to optimize the duration to improve the homogeneity of the
parts and reduce and defects and porosity. In addition, extending the solution
annealing heat treatment time resulted in the highest overall repeatability and
reduction in anisotropy. This means DMLS parts can be manufactured in the
most convenient orientation for fabrication and still obtain similar mechanical
properties to parts fabricated in the optimum orientation for the mechanical
properties.

e Heat treating 15-5PH specimens fabricated by DMLS at 1200°C and furnace
cooling it before solution annealing has proved to be detrimental and caused
the specimens to fail suddenly sometimes before yielding and at unpredictable
locations.

e Using an extended solution annealing coupled with a different precipitation
hardening heat treatment such as H1150 might improve the fatigue life of
DMLS 15-5PH parts, which showed better performance over H900 with the
standard solution annealing [101].

70



Chapter 5

MICROSTRUCTURE AND MECHANICAL
PROPERTIES OF HEAT TREATED INCONEL 718
DMLS PARTS

5.1 Introduction

The processing parameters of metal-based additive manufacturing can be
optimized to produce parts with comparable tensile test mechanical properties to
wrought and forged parts. However, it was found that the processing parameters re-
quired to optimize the mechanical properties are usually different than the processing
parameters required to maximize the relative density [162]. This is due to the rapid
cooling required to develop a microstructure with a small grain size, which improves
the strength of the material. This, however, does not allow enough time to fully melt
the metal powder and produce fully dense parts with minimum porosity. Pores and
defects significantly reduce the reliability of the fabricated parts. This issue is more
severe for parts under dynamic loading as will be discussed in later chapters. In ad-
dition, as-fabricated parts suffer from high anisotropy in their mechanical properties
due to the different microstructure during the layer-by-layer fabrication. Therefore,
to achieve the absolute optimum part quality, this work adopts processing parame-
ters that maximize the relative density and then proposes different heat treatments
that aim at improving the mechanical properties of the completed part. The heat
treatments proposed aim at homogenizing the microstructure without increasing
the grain size significantly. Standard heat treatments have proven insufficient to
homogenize the microstructure and reduce the anisotropy. In addition to that, the
standard solution annealing temperature of IN718 is below the solvus temperature
of 6 and laves phases, therefore, it will fail in dissolving any ¢ and laves precipitates
that might have developed during laser melting. Two proposed heat treatments with
temperatures above the solvus temperature of the detrimental phases are investi-
gated and compared with the as-fabricated and standard heat-treated specimens.

5.2 Methodology
5.2.1 Experimental plan

A total of 12 patches of specimens were fabricated to examine the influence of
the different solution heat treatments on the mechanical properties of DMLS IN718.
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Each patch contained three specimens to check for repeatability. Four patches were
fabricated in the XYZ orientation, another four in the YZX orientation, and the last
four in the ZXY, as described in the ASTM-F2971-13 standard [1], and abbreviated
in this work as X, Y, and Z, respectively. Figure |5.1| shows the orientation of the
samples. Three patches were tested in the as-built condition; one patch for each
direction and labeled as HTO0 in this work. The rest of the patches were subjected
to three different solution heat treatments and then aged using the same aging
heat treatment. The first investigated solution treatment is the standard solution
annealing for IN718, which is done at 980°C + 14 °C for one hour then water
quenched, which is labeled as HT'1 in this work. The second solution heat treatment
investigated held the specimens at 1200 °C for 20 minutes then furnace cooled to
980 °C and held there for 20 minutes before water quenching. This heat treatment
is labeled as HT2 in this paper. The third heat treatment we performed included
heating the specimens up to 1270 °C, then furnace cooled before solution annealing
using the standard solution annealing method. This heat treatment is labeled as
HT3. All performed heat treatments were then followed by standard aging heat
treatment at 720 °C for 8 hours then furnaced cooled to 620 °C in 2 hours and
held at that temperature for another 8 hours followed by air cooling. Table
lists the patch number, the assigned building direction, the heat treatments, and
the number of tested specimens for each patch. The experiment plan follows a full
factorial design of experiments to determine the number of samples by investigating
all combinations of heat treatments and build orientations. The goal of the testing
plan is to capture the influence of the different solution annealing treatments on the
samples’ mechanical properties, anisotropy, and microstructure.

5.2.2 Specimens preparation

All the IN718 specimens were fabricated on EOSINT M 270 system using the
commercialized powder IN718. Table lists the weight percentage by the chemical
composition of the raw powders we used for fabricating the DMLS IN718 specimens.
Table lists the processing parameters used during the additive manufacturing of
the specimens such as the laser power, scanning speed, hatch spacing, layer thickness,
etc. The specimens were fabricated according to the ASTM-E8/E8M [149] with
dimensions, as shown in Figure [5.2]

5.2.3 Mechanical proprieties test

To evaluate the mechanical properties of the DMLS fabricated samples of
IN718, the authors performed tensile tests on the heat-treated and as-built speci-
mens using an Instron universal testing machine 3369. We carried the test according
to the ASTM E8/E8M standard for axial tension tests of metallic specimens. The
testing speed was controlled by an extension rate of 0.48 mm/min, which should
maintain a strain rate of 0.015/min in the region before yield in the stress-strain
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Figure 5.1: The three orientations used in fabricating the specimens
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Figure 5.2: The dimensions of the fabricated specimens (all dimensions are in mm)
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Table 5.1: IN718 samples and heat treatment specifications

Patch Build Heat
o, Heat Treatment Direction Treatment | Replicas

label
1| Asbuilt (X) HTO X 3
2 As-built (Y) HTOY 3
3 As-built (Z) HTO Z 3
4 980 °C for 1 hr then WQ (X) HT1 X 3
5 980 °C for 1 hr then WQ (Y) HT1Y 3
6 980 °C for 1 hr then WQ (Z) HT17Z 3
7 1200 °C for 20 min FC to 980 °C and hold for 20 min then WQ (X) HT2 X 3
8 1200 °C for 20 min FC to 980 °C and hold for 20 min then WQ Y) HT2Y 3
9 1200 °C for 20 min FC to 980 °C and hold for 20 min then WQ (2) HT2 Z 3
10 | 1270 °C for 5 min WQ then 980 °C for 40 min then WQ (X) HT3 X 3
11 1270 °C for 5 min WQ then 980 °C for 40 min then WQ (Y) HT3Y 3
12 | 1270 °C for 5 min WQ then 980 °C for 40 min then WQ (Z) HT3 Z 3

Table 5.2: Raw powder chemical composition in weight percentage of the IN718
DMLS Samples

IN718 | Ni Cr Nb Mo Ti Al Co Cu C Si, Mn P, S B Fe
wt% | 50-55 | 17.0-21.0 | 4.75-5.

2.8-3.3 | 0.65-1.15 | 0.20-0.80 | 1.0 max | 0.3 max | 0.08 max | 0.35 max | 0.015 max | 0.006 max | Bal

[

diagram per the ASTM E8/E8M standard. The data collected were time, exten-
sion, load, and the strain recorded by an extensometer with a 25 mm gauge length.
In addition, a Digital Image Correlation (DIC) system was used during the testing
to evaluate Poisson’s ratio and observe the breaking patterns and the strain fields
associated with them. The DIC system used in this study utilizes two digital cam-
eras that observe the same spot from two different angles, therefore forming a 3D
surface of the tested specimens, as can be seen in Figure [5.3] The specimens were
painted with white and black patterns to aid the system in measuring the strains as
the tensile test progresses. Strains in the vertical (Y) and horizontal (X) directions
are measured by tracking the changes in the distances between points aligned in
those directions. Distances 1 and 2 are aligned in the X horizontal direction and
distance 3 in the Y vertical direction. Two distances are assigned for the X direc-
tions to improve the quality of the measurements in this direction due to the smaller
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Table 5.3: DMLS processing parameters used to fabricate the IN718 samples

Metal | System | Laser Power | Laser Diameter Scan Style Layer Thickness | Inert Gas

IN718 | M 290 400 W 100 microns | Alternating Stripes 40 microns Ar

dimensions associated with these directions as can be seen in Figure 5.3

(b)

Figure 5.3: The generated 3D surface using DIC for the tensile specimens. The left
image showing the surface imposed on the image of the specimen, while the right
image showing the surface by itself.

5.2.4 Imaging analysis

Fractography images of the broken specimens’ surfaces were taken using scan-
ning electron microscopy (SEM) to observe the fracture patterns and the presence
of porosity and unmolten powder at the surface of the fracture. The microstructure
of the as-built and heat-treated specimens were investigated to observe the grain
patterns, grain sizes, and the presence of precipitates. The SEM images were taken
using a field emission gun SEM-Gemini 500, with Everhart-Thornley secondary elec-
tron detector. An acceleration voltage of 3.0 kV for all the images with a working
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distance of 3.0-5.5 mm for the microstructure images and 9.4-16.1 mm for the frac-
tography images. The microstructure analysis was done on regions on the specimen’s
grip section to avoid strain hardening effects on the microstructure. The specimens
were cut and mounted in epoxy at room temperature to avoid further exposure to
elevated temperature. The specimens were then polished with silicon carbide paper
with grit 120 and increased gradually to 1200. Much care was taken not to over-
heat the samples. Then they were polished using diamond suspensions with particle
sizes 1 micron followed by a suspension with particle sizes of 0.25 microns. To reveal
the microstructure, waterless Kalling’s reagent (2 g CuCl2 + 40 ml HCI + 40 ml
methanol) was used. The etchant was applied by swapping for a few seconds up to a
minute and then rinsed with deionized water and isopropanol. The microstructure
was imaged on the plane that is normal to the tensile force.

5.2.5 X-ray diffraction analysis

Quantitative phase analysis was carried out to aid in explaining the differ-
ences in the tensile strength corresponding to different heat treatments. The XRD
analysis was done on mirror polished sections of the flat side of the grips of the tensile
specimens. The data was collected using PANalytical X’Pert PRO Theta Diffraction
system, using a step size 0.002°and starting from 26 = 20 - 130°with Cobalt target
anode of wavelength 1.789 A°. Crystal information files from the inorganic crystal
structure database (ICSD) and crystallography open database (COD) were adapted
as initial data for the quantitative Rietveld refinement. The analysis included the
matrix phase 7, the main strengthening precipitates v’ and +”, in addition to the §
phase precipitates and Laves phase. Table lists the initial crystal information of
the phases included in the analysis, such as the space group, lattice parameters, and
atom positions. Using a predetermined background noise signal, the refinement pro-
tocol starts by refining the scale factor, the sample displacement, then the Caglioti
coefficients W, V, and U, and finally the preferred orientation. The refinement of the
lattice parameters was avoided because of the huge number of parameters required
for the refinement, which will reduce the probability of convergence or produce non-
physical values only to reduce the sum of squared errors between the calculated
spectra and the experimentally observed spectra. Moreover, the lattice parameters
used closely match refined data in the literature for IN718 phase quantification, and
while the lattice might change due to the different solution heat treatments, the
resulting change is marginal [163,164].
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Table 5.4: Crystal information of the phases included in the quantitative XRD
analysis

Phase | Space group | Lattice [A°] | Atom Location Partial occupancy | Reference code
Ni (0, 0, 0) 0.5
Y Fm-3m a= 3.598 Cr (0, 0, 0) 0.3 10219-ICSD
Fe (0, 0, 0) 0.2
Ni (0,0.5, 0.5) 1
v Pm-3m a= 3.57 Al (0, 0, 0) 0.63 58039-1CSD
Ti (0, 0, 0) 0.37
Nb (0, 0, 0) 1
_ a= 3.62
v I4/mmm 741 Nil (0, 0, 0.5) 1 105175-1CSD
c=1T.
Ni2 (0, 0.5, 0.5) 1
a= 4.25 Nb (0.25, 1.75, 0.167) 1
0 Pmmn b= 5.11 Nil (0.25, 0.25, 0.167) 1 COD-1522733
c=454 | Ni2 (0.25, 0, 0.667) 1
Nb | (0.333, 0.666, 0.563) 1
a= 4.796
Laves | P63mmc Fel | (0.17,0.34, 0.25) 1 198050-ICSD
c= 15.666
Fe2 (0, 0, 0) 1

5.3 Results and Discussion
5.3.1 Mechanical Properties Test Results

The results of the tensile tests are summarized in Table [5.5] which lists
Young’s modulus, yield strength, tensile strength, ductility, and Poisson’s ratio.
These properties were calculated according to each specimens’ individual dimen-
sions to avoid variations caused by dimensional errors of the additively manufac-
tured specimens. The influence of the proposed different solution annealing heat
treatments on the mechanical properties of DMLS IN718 is better illustrated in
Figure [5.4] It shows the relationship between the samples’ building orientation and
the mechanical properties of as-built specimens (HT0), HT1, HT2, and HT3 heat-
treated specimens. Each point showed on the figures is located using the average
of the three repeated samples for each testing specimen listed in Table 5.1} Fig-
ure shows that Young’s modulus, the yield strength, the tensile strength, the
ductility, and Poisson’s ratio of the DMLS IN718 specimens are highly affected by
the heat treatment scheme. Generally, all the mechanical properties increased after
the solution annealing heat treatments and the aging except for the ductility. Ex-
amining Figure [5.4f(a), it can be seen that all the solution heat treatments resulted

7



in a significant increase in Young’s modulus for all orientations, especially the Z-
built specimens which were significantly lower in the as-built condition (HT0). HT'1
resulted in the second-highest modulus for all orientations with HT2 being the high-
est. HT3 had the third-highest modulus. HT0 had the lowest modulus of elasticity
with more than 40 GPa difference compared to the solution annealed specimens. In
terms of solution annealed specimens, they all had lower variations in their Young’s
modulus among the different orientations compared to the as-built condition. It
is noticed that the Z-built specimens had significantly lower modulus than the X
and Y-built specimens with a difference around 50 GPa, as well. In comparison,
the difference in Young’s modulus for the solution annealed specimens among differ-
ent orientations was up to 15 GPa. Results show that the yield strength increased
significantly after the solution annealing heat treatments. HT1 showed the highest
increase in yield strength with 500 MPa on average, followed by HT3 then HT2 with
over 300 MPa increase compared to HT0 as can be seen in Figure [5.4|(b). Similarly,
the tensile strength increased after the heat treatments, which can be illustrated in
Figure [5.4]c). The increase in the tensile strength, however, is less than the one
in the yield strength with around 400 MPa for HT1 and 160 MPa for HT2 and
HT3. The difference among different orientations for HT0O, HT1, HT3 was about
100 MPa for the tensile and yield strengths and about 50 MPa for HT2. It should
be noted that while the difference between the X and Y-built specimens is much
smaller compared to the difference between them and the Z-built specimens, the
X-built specimens had higher stiffness and strength than Y-built specimens in every
condition. The ductility of the heat-treated specimens was significantly lower than
the as-built specimens as can be seen in Figure[5.4(d). HT1 and HT3 had the lowest
ductility with strains ranging between 10-15% at fracture, while HT0 had the maxi-
mum ductility with strains ranging between 27-32%. HT2 had the highest ductility
among the solution annealed specimens with strains ranging between 16.5-19.0% at
fracture. Moreover, we can see that the Z-built specimens have the highest ductility
in the ah-built condition and HT1 with the X-built specimens a close second and
Y-built specimens showing the lowest ductility. In HT2 and HT'3 the variation in the
ductility of specimens fabricated in different orientations is reduced and the X-built
specimens having slightly higher ductility in both HT2 and HT3. The influence of
the heat treatments on Poisson’s ratio v,, = —‘Cil%z is presented in Figure (e). It
can be seen that Poisson’s ratio for the heat-treated specimens was generally higher
than the as-built specimens. In addition, we can see that Poisson’s ratio is generally
lower for the X-built specimens and that the difference among the different orienta-
tions is minimum for HT2, which suggests improved isotropy. Figures[5.5]- 5.8 show
the strain fields of tensile specimens just before the fracture. From Figure [5.5| we
can see that as-built specimens suffered from high strains before failing. The effect
of necking is clear with high strains in the necking area going up to 40% in addition
to a large portion of the specimen enduring 20-25% strain as can be seen from the
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histograms. HT'1 specimens were able to hold significantly less strain before failing
and significantly less necking occurred before fracture as can be seen from Figure
5.6l The strain around the necking area dropped to less than 20% for both X and
Z-built specimens and about 10% for the Y-built specimens, these results reflect
the ductility results in Figure [5.4d). Also, the strain seems to be more uniformly
distributed along the length of the specimens.

HT?2 specimens seem to have recovered some of their ductility around 23-29%
and slight necking can be observed in Figure with more strain concentrated
around the failure area. From Figure |5.8 we can see that HT3 strain around the
necking area had slightly higher values than HT1, but with less uniform strain
distributed along the length of the specimens.

To evaluate the influence of the different solution annealing heat treatments
on the anisotropy and repeatability of additively manufactured IN718, an anisotropy
index (o4) is proposed. The anisotropy index (o4) is calculated by taking the
standard deviation of the averaged property values for each orientation for a specific
heat treatment which means it only calculates the variations of the averaged value for
the X orientation, Y orientation, and Z orientation, which are the bar values shown
in Figure |5.4] without the error bars. The values for o4 are summarized in Table
6. The o4 values indicate that HT2 has the lowest variations in the mechanical
properties of specimen fabricated in different orientations for all the mechanical
properties except for Young’s modulus, where it was a close second after HT'1, and
for the ductility, where HT2 was a close second after HT3. A similar observation
can be made by calculating the standard deviation for all specimens belonging to a
specific heat treatment, without averaging them for each orientation before taking
their standard deviation. This indicates that HT2 has the lowest anisotropy resulting
from manufacturing the specimens in different orientations. In addition to that,
HT2 has the highest reliability as the standard deviations for all of the specimens
belonging to HT2 showed the lowest variations in their mechanical properties overall.
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Table 5.5: Mechanical properties test results for DMLS samples of IN718 materials.
Each row results are the average of three repeated specimens

Condition / | Modulus | Yield | Tensile Strength | Ductility | Vxy
orientation | [GPa] | [MPa] [MPa] [mm/mm)]
HTO X-1 161.3 713.2 1039.2 39.01 0.31
HTO X-2 138.5 696.0 1022.1 27.84 0.32
HTO X-3 141.1 727.2 1040.1 28.96 0.3
HTO Y-1 164.8 665.7 991.5 27.32 0.41
HTO Y-2 128.7 654.5 976.0 27.79 0.43
HTO Y-3 114.1 647.1 1005.5 27.05 0.39
HTO Z-1 102.5 580.0 882.9 30.97 0.37
HTO Z-2 83.1 615.6 930.4 33.63 0.36
HTO Z-3 84.9 629.3 948.3 34.41 0.39
HT1 X-1 184.8 1208.3 1433.1 13.74 0.25
HT1 X-2 186.4 1214.8 1444.8 14.14 0.25
HT1 X-3 186.8 1216.4 1445.1 13.48 0.3
HT1Y-1 179.0 1150.5 1361.9 9.07 0.27
HT1Y-2 185.5 1162.5 1372.3 8.48 0.37
HT1Y-3 182.5 1154.1 1369 8.86 0.34
HT1 Z-1 174.3 1114.5 1346.7 14.61 0.34
HT1 Z-2 169.1 1102.1 1319.2 14.53 0.37
HT1 Z-3 168.9 | 1102.0 1329 14.33 0.36
HT2 X-1 189.8 949.2 1203 18.08 0.31
HT2 X-2 196.1 945.2 1207.6 19.17 0.32
HT2 X-3 191.4 1014.8 1248.5 20 0.25
HT2 Y-1 187.6 940.6 1182.2 19.24 0.29
HT2 Y-2 193.6 960.0 1188.6 16.45 0.34
HT2 Y-3 187.2 979.3 1193.8 16.10 0.31
HT2 Z-1 174.6 908.7 1146.8 19.49 0.31
HT2 Z-2 174.4 908.5 1125.5 14.56 0.34
HT2 Z-3 180.3 980.4 1192.1 16.07 0.32
HT3 X-1 189.2 1060.3 1261.0 12.09 0.32
HT3 X-2 186.0 1055.8 1252.7 11.84 0.31
HT3 X-3 186.5 1050.2 1255.6 11.95 0.31
HT3 Y-1 179.0 965.7 1183.2 9.98 0.37
HT3 Y-2 173.1 956.4 1188.0 10.18 0.36
HT3 Y-3 175.5 959.9 1180.1 10.11 0.39
HT3 Z-1 170.9 1044.8 1213.7 114 0.4
HT3 Z-2 169.3 1035.2 1201.3 11.51 0.38
HT3 Z-3 171.2 1039.1 1211.4 11.55 0.36

80



Young's Modulus Yield Strength
200 1300

180 - 1200
1100 M
1000

900

800

Young's Modulus
[GPa]
Yield Strength
[MPa]

700

600 m
500

|
60
HTO HTI HT2 HTO HTI HT2 HT3
Heat Treatment Heat Treatment
(a) (b)
Tensile Strength Ductility
0.4
1400 <
™ Yy
1200 Z
| M =
= — 1000 = £
2 & %€
22 £ &
5 800 =
= )
) m
400
HTO HTI1 HT2 HTO HT1 HT2 HT3
Heat Treatment Heat Treatment

() ()

Poisson's Ratio
0.5

0.4

0.3

Vxy

0.2

0.1

HTO HTI1 HT2
Heat Treatment

(e)

Figure 5.4: Tensile test mechanical properties of DMLS IN718 fabricated in different
orientations X,Y, and Z and post processed with different solution annealing heat
treatments HT1, HT2, HT3 in addition to the as-built condition HT0. a) Young’s
modulus, b) Yield strength, ¢) Tensile strength, d) Ductility, e) Poisson’s ratio
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Figure 5.5: Strain fields of as-built (HT0) DMLS IN718 specimens generated by
the DIC system. a) X-built specimen just before fracture. b) Y-built specimen just
before fracture. ¢) Z-built specimen just before fracture.
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Figure 5.6: Strain fields of HT1 DMLS IN718 specimens generated by the DIC
system. a) X-built specimen just before fracture. b) Y-built specimen just before
fracture. c) Z-built specimen just before fracture.
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Figure 5.7: Strain fields of HT2 DMLS IN718 specimens generated by the DIC
system. a) X-built specimen just before fracture. b) Y-built specimen just before
fracture. c) Z-built specimen just before fracture.
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Figure 5.8: Strain fields of HT3 DMLS IN718 specimens generated by the DIC
system. a) X-built specimen just before fracture. b) Y-built specimen just before
fracture. c) Z-built specimen just before fracture
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Table 5.6: Standard deviation of the resulting mechanical properties for different
heat treatments

Young’s Modulus | Yield Strength | Tensile Strength Ductility Vxy
Heat treatment
o [GPa] o4 [MPa] o4 [MPa] o4 [mm/mm] | o4 [dex/dey]
HTO + 29.87 + 54.26 =+ 58.88 =+ 0.026 =+ 0.052
HT1 + 7.93 + 53.54 =+ 55.74 + 0.031 =+ 0.046
HT2 + 8.53 + 19.26 + 32.48 + 0.012 + 0.015
HT3 + 8.89 + 51.59 =+ 36.50 =+ 0.010 =+ 0.037

5.3.2 SEM Fractography

The fractured surfaces of the IN718 specimens are presented in Figure [5.9
Figure [5.12] From Figure we can see that the topography of as-built specimens
is very prominent and rise high from the surface. Also, from the high magnification
images in Figure (b,d,f) we can see clear topography. No clear distinction in
the high magnification fractography can be discerned of the as-built condition of
different orientations. For the HT1 and HT2 heat-treated specimens, the fractured
surfaces were mostly flat in the center, but had high changes in topograph at the
edges as can be seen in Figure [5.10a,c,e) and Figure [5.11f(a,c,e). However, the
lips of the HT2 specimens are thicker, describing more ductile fracture than HT'1
specimens. The topography observed in the high magnification images of HT1 is
more similar to the ones observed in the as-built specimens than in HT2. The HT?2
topography in the high magnification images shows wider pools and less deep than
in the as-built condition specimens. HT3 specimens’ fractured surfaces are almost
completely flat, even at the edges. In addition, the holes are more sparse as can be
seen in the high magnification images in Figure [5.12|(b,d,f), which could be caused
by the much lower ductility shown by the HT3 specimens.
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Figure 5.9: SEM fractography of as-built IN718 (HTO0). a) X-building direction at
36X magnification. b) X-building direction at 20KX magnification. ¢) Y-building
direction at 36X magnification. d) Y-building direction at 20KX magnification. e)

Z-building direction at 36X magnification.
fication.
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Figure 5.10: SEM fractography of HT1 IN718. a) X-building direction at 30X mag-
nification. b) X-building direction at 20KX magnification. ¢) Y-building direction

at 30X magnification. d) Y-building direction at 20KX magnification. e) Z-building
direction at 30X magnification. f) Z-building direction at 20KX magnification.
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Figure 5.11: SEM fractography of HT2 IN718. a) X-building direction at 30X mag-
nification. b) X-building direction at 20KX magnification. ¢) Y-building direction
at 30X magnification. d) Y-building direction at 20KX magnification. e) Z-building
direction at 30X magnification. f) Z-building direction at 20KX magnification.
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Figure 5.12: SEM fractography of HT3 IN718. a) X-building direction at 30X mag-
nification. b) X-building direction at 20KX magnification. ¢) Y-building direction
at 30X magnification. d) Y-building direction at 20KX magnification. e) Z-building
direction at 30X magnification. f) Z-building direction at 20KX magnification.
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5.3.3 Microstructure analysis

The microstructure of as-built specimens and heat-treated specimens is pre-
sented in Figures - B.I7 We can see the effect of the specimens’ building
direction layer by layer in addition to the fusing of each layer along the laser’s scan
lines on the microstructure of the as-built specimens. In Figure [5.13|a) the image
shows a stack of layers from the bottom to the top, which indicates the building
direction. We can also see the cross-section of the overlapping melt pools, which
were scanned in a direction out of the plane. The needle-like microstructure can
be observed in the X-built specimens. The needle-like microstructure seems to be
aligned in some preferred orientations. This can be seen easier in Figure [5.13(b) at
5kX magnification, where small spherical particles are aligned to create the needle-
like patterns in the low magnification micrographs. By comparing Figure (a,b)
and Figure [5.13|c,d) we can see that the microstructure on the plane normal to the
tensile force for both building directions X and Y share the same pattern. However,
the microstructure on the same plane for building direction Z is completely different
as can be seen in Figure [5.13|e, f). The top of scan lines can be seen since they
are aligned in the plane for the Z-built specimens as opposed to the X and Y-built
specimens, where we can only see the cross-sections of the scan lines and melting
pools. No needle-like microstructure can be observed on the Z-built specimens, as
shown in Figure [5.13|(e). Also, the high magnification micrograph of the Z-built
specimens Figure @(f), shows that the particles are evenly distributed without
preferred orientation, thus eliminating the needle-like patterns.

The similarity in the mechanical properties between the X and Y-built speci-
mens can be explained by the similarity in the microstructure on the planes normal
to the tensile force, as observed in Figure [p.13(a, ¢). On the other hand, the differ-
ent microstructure pattern developed in the Z-built specimens as shown in Figure
5.13|(e) explains the difference in Young’s modulus and yield strength displayed by
the Z-built specimens compared to the X and Y-built specimens.Texture is one of
the most important factors influencing the lattice strain during loading [165].Figure
highlights the difference in texture between the X and Z-built parts by thresh-
olding the microstructure image to facilitate the estimation of the area fraction of
the dendritic ~.

HT1 specimens have shown similar microstructure in the low magnification
images to the as-built (HT0) specimens. The melt pools in the X and Y-built
specimens can be observed in Figure m(a,c), and the top of the scan lines can
be seen in Figure m(e). However, needle-like patterns are not present. The high
magnification micrographs show completely different plate-like particles than the
ones present in the as-built specimens, as can be seen from Figure (b, d, and f).
These precipitates are one of the strengthening mechanisms of IN718, which resulted
in the high yield and tensile strengths of the HT1 specimens. Plate-like particles,
that were not observed in the as-built condition, can be seen from Figure (b,d
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and f). The shape and size of these precipitates perfectly match the § precipitates
of IN718. These precipitates appear to be uniformly distributed with orientations
of +45°with respect to the building direction. The difference in the patterns in
the low magnification images explains the different mechanical properties of X and
Y-built specimens compared to the Z-built specimens.

Figure shows the micrographs of HT2 specimens. As can be seen from
the low magnification images. In Figure M(a, ¢ and e) the melting pools and
laser scan lines are completely replaced by a more homogenous microstructure with
defined grain grains. This explains the more isotropic behavior of HT2 specimens.
The high magnification micrographs Figure [5.16[b, d, and e) reveal the absence of
precipitates even at the grain boundaries, which explains the lower tensile and yield
strength of the HT2 specimens compared to the HT1 specimens. HT3 micrographs
show similar grains to HT2 specimens; however, with more defined grain boundaries
due to the large plate-like precipitates present along the grain boundaries as can
be seen in Figure [5.171 The high magnification images in panels b and f show a
high abundance of these plate-like precipitates along the grain boundaries. Figure
5.17(d), on the other hand, shows less presence of these precipitates, which explains
the slightly lower strength of the Y-built specimens compared to the X and Z-built
specimens.
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Figure 5.13: Microstructure of as-built DMLS IN718 (HTO0) imaged on the plane
normal to the tensile force. a) X-building direction at 200X magnification, b) X-
building direction at 5kX magnification, ¢) Y-building direction at 200X magnifica-
tion, d) Y-building direction at 5kX magnification, e) Z-building direction at 200X
magnification, f) Z-building direction at 5kX magnification.
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Figure 5.14: Thresholded as-built condition microstructure images highlighting the
dendritic vy phase, left X-orientation and right Z-orientation.
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Figure 5.15: Microstructure of HT'1 of DMLS IN718 imaged on the plane normal
to the tensile force. a) X-building direction at 150X magnification, b) X-building
direction at 10kX magnification, ¢) Y-building direction at 125X magnification,d)
Y-building direction at 10kX magnification, e) Z-building direction at 125X magni-
fication, f) Z-building direction at 10kX magnification.
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Figure 5.16: Microstructure of HT2 of DMLS IN718 imaged on the plane normal
to the tensile force. a) X-building direction at 125X magnification, b) X-building
direction at 5kX magnification, c¢) Y-building direction at 126X magnification,d)
Y-building direction at 5kX magnification, e) Z-building direction at 127X magnifi-
cation, f) Z-building direction at 5kX magnification.
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Figure 5.17: Microstructure of HT'3 of DMLS IN718 imaged on the plane normal
to the tensile force. a) X-building direction at 125 magnification, b) X-building
direction at 5kX magnification, ¢) Y-building direction at 123X magnification,d)
Y-building direction at 10kX magnification, e) Z-building direction at 122X magni-
fication, ) Z-building direction at 5kX magnification
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5.3.4 XRD quantitative analysis

The Rietveld refinement of the v, 7’ v and § phases was completed suc-
cessfully. However, the refinement failed to detect the presence of the Laves phase.
Figure [5.18| shows the experimentally observed X-ray spectra, the Rietveld refine-
ment calculated X-ray spectra, and the intensity difference between the observed
and calculated spectra for the different heat treatment conditions of the DMLS
IN718. The difference plots show that most of the fitting error is caused by the low
diffraction angle peaks especially at 20 = 51°which corresponds to the 111 of the
matrix phase, which could be due to small changes in the lattice of the phases. The
results of the quantitative analysis, in addition to the Rietveld profile fitting indices,
are summarized in Table 7. The Rietveld refinement has shown that the as-built
condition, HTO0, has a minimal amount of precipitates, which included 6% for ~”
and 3.6 for the ¢ phase. This explains the low tensile strength of HT0. The standard
heat treatment has shown a significant amount of 4" in addition to 3.6% of 7’ and
the maximum amount of § precipitates, which explains the increase in the tensile
strength. HT2, on the other hand, showed the maximum volume fraction of v’ and
small amounts of 4" and ¢ precipitates. This increase in 7’ explains the improvement
in the tensile strength over the as-built condition and due to smaller amounts of 7"
and 0 HT2 showed less degradation in its ductility compared to HT1. HT3 showed
comparable amounts of precipitates for +’, 4", and § phases. This makes HT3 the
heat treatment with the highest amount of precipitates overall. This confirms the
abundance of the plate-like § found in the grain boundary of HT3. Therefore, HT3
showed an increase in yield strength over HT2. However, it suffered from low ductil-
ity comparable to HT'1. This means that the grain boundary ¢§ precipitates acted as
stress concentration regions and led to an intergranular fracture. An additional heat
treatment, labeled HT4, was explored where the dwelling time of the first step of the
solution annealing heat treatment at 1270 °C was increased to 10 minutes instead of
5 minutes with the rest of the heat treatment kept exactly as HT3. The result was
a further increase in the § phase to 18.6% and a decrease in the 4" precipitates to
8.6%. The ~’ remained similar to HT3 with 11.2% instead of 10.3%. The specimens
post-processed with this heat treatment performed very poorly and fractured before
reaching the yield. The amount of § precipitates was confirmed by thresholding
the SEM micrographs and calculating the highlighted areas. Figure shows the
thresholded micrographs and the calculated areas occupied by the 0 phase. This
indicates that the morphology of the § precipitates has a significant impact on the
mechanical properties. The faction volume of the 6 phase in HT1 is between HT3
and HT4 but the tensile strength and fracture behavior were significantly different
than both, which proves that the different morphology of the d phase in HT'1 is the
reason and not just the fraction volume. Increasing the homogenization tempera-
ture and increased the growth rate of the ¢ phase at the grain boundaries. This
indicates that depending on the heat treatment, different modes of strengthening
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will be involved. Furthermore, if the mode of failure is anticipated during the design
process, then proper heat treatment can be chosen.
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Figure 5.18: Observed and calculated X-ray data using Rietveld refinement for
different heat treatments of IN718 using a Co target with a wavelength of 1.789 A°
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Figure 5.19: Thresholded SEM microstructure images highlighting the ¢ phase plate-
like precipitates area fraction in the heat treated specimens

Table 5.7: Rietveld refinement results summary

Volume fraction [%)] Rietveld Refinement agreement
Heat treatment
5y O 0 | R expected | R weighted | Goodness of fit
HTO 904 | 0.0 | 6.0 | 3.6 3.106 6.606 4.523
HT1 7171 44 | 9.1 | 14.8 3.118 4.77 2.348
HT2 75.9 1 16.7 | 4.6 | 2.8 3.086 5.885 3.636
HT3 65.9 | 10.3 | 12.9 | 11.0 2.972 6.989 5.529

5.4 Coclusions

In this study, two solution annealing heat treatments were proposed and in-
vestigated to understand their influence on the phase composition of precipitates,
microstructure, and tensile mechanical properties of the additively manufactured
IN718. The as-built condition and standard heat treatment were also investigated
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for comparison. To study the effect of the heat treatments on the anisotropy, sam-
ples were fabricated in three different orientations, namely X, Y, Z, for each heat
treatment. To account for repeatability, three identical specimens were tested for
each heat treatment and building direction. This work demonstrated that:

e The mechanical properties such as tensile strength, yield strength, and Young’s
modulus of as-built DMLS IN718 and standard heat treatment condition de-
pend on the orientation of the specimens, which demonstrates high anisotropy.
The microstructure exposed on the surfaces normal to the tensile stress showed
different patterns depending on the orientation of the specimen. The similarity
in the microstructure in the as-built condition and the standard heat treat-
ment demonstrates the failure of the standard heat treatment to homogenize
the microstructure and reduce the anisotropy in the mechanical properties.

e The proposed modifications to the solution annealing heat treatments by in-
cluding an initial step at 1200 or 1270°C for less than 20 minutes and shorting
the duration of the 980°C step to 20-40 minutes instead of one hour resulted
in homogenizing the microstructure and making it similar to heat-treated
wrought or cast IN718. This reduced the anisotropy and improved the re-
peatability of the mechanical properties regardless of the specimen’s orienta-
tion.

e The XRD analysis and Rietveld refinement have proved that changing the
solution annealing heat treatment by including an additional step prior to the
980°C has a significant impact on the phases that can precipitate during aging.
In the standard heat treatment ~” is usually 3-4 times the volume fraction of
~" but for additively manufactured IN718 the volume fraction of 7’ was larger
than +' by a factor of 2, in addition to 15% ¢. By adding the 1200°C step the
volume fraction ' is four times the volume fraction of " precipitates. This
change in the volume fraction of the strengthening phases has shown a good
combination of high strength and ductility in comparison to the standard heat
treatment which has higher strength but lower ductility. This can be correlated
to the volume fraction of the strengthening precipitates, in which +" provides
superior strength in comparison to +" but reduces the ductility. Replacing
the 1200°C step with 1270°C resulted in a significant increase in the o phase
precipitates in the grain boundaries which resulted in reducing the ductility
without significant improvement to the strength.

e This work demonstrates that adding prior heating steps at 1200°C or 1270°C
and limiting the dwelling time to 5-20 minutes has proved effective in limiting
the grain growth of the microstructure, while effectively homogenizing the
microstructure. In comparison, work in the literature has shown significant
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grain growth when homogenization is done by increasing the dwelling time
to 3 hours or by including a hot isostatic pressing treatment. Furthermore,
reducing the duration of the initial step and the 980°C step to 20-40 minutes
reduces the energy cost and the total post-processing time.

Homogenizing the microstructure at 1200°C prior to solution annealing (HT2)
is a suitable heat treatment program for parts in low-cycle fatigue application,
which requires good ductility and HT2 provides a good combination of strength
and ductility. HT1 provides the maximum tensile strength which makes it a
suitable candidate for high-cycle fatigue applications.
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Chapter 6

MODELING THE EFFECT OF HEAT TREATING DMLS
PARTS

This chapter describes the methodology used to model the influence of dif-
ferent post-processing heat treatments on the tensile strength of additively manu-
factured parts.

6.1 Introduction

Due to the layering nature of additive manufacturing, additively manufac-
tured parts have a unique microstructure and are more susceptible to defects such
as trapped gasses and unmolten powder. In addition to that, due to non-uniform
cooling additively manufactured parts suffer from residual stresses. These character-
istics cause the mechanical properties of as-built additively manufactured parts to be
inferior to traditionally manufactured parts []. Heat treatment is a common post-
processing technique used to modify the microstructure and mechanical behavior
of the material. Post-processing heat treatments of additively manufactured parts
have shown great promise in improving their quality and reliability. However, the
previous studies presented here demonstrated that additively manufactured parts
respond to heat treatments differently compared to their traditional counterparts.
This has motivated researchers to investigate modified heat treatments to improve
the quality of additively manufactured parts. This demonstrates a need for models
that can predict the influence of different heat treatments on the mechanical behav-
ior of additively manufactured parts. This work focuses on Inconel 718 because it is
one of the most studied additively manufactured alloys which resulted in producing
more data that can be used to model its behavior.

6.2 Physical and Data-based Hybrid Modeling

The tensile strength of heat-treated Inconel 718 is modeled using a hybrid
approach that combines known physical models with data-based models. The total
tensile strength of Inconel 718 is assumed to be the sum of the strength of the ~
matrix phase, the added strength of the grain boundaries, and the precipitates 9,
7/, and 7”. The total strength can be written as in Equation 6.1, The following
sections will discuss how each of these terms is modeled.
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Figure 6.1: Heat treatment parameters

The hybrid model is capable of handling two-step heat treatments, usually,
the first step aims to homogenize the microstructure and dissolve undesired phases.
The second step prepares the alloy for the precipitation hardening heat treatment.
Finally, the model predicts the influence of applying double aging treatment. The
heat treatment parameters are described in Figure|6.1} 7} and ¢; are the temperature
and duration of the first step of the heat treatment usually called the homogenization
treatment. 75 and t5 are the temperature and duration of the second heat treatment
and are usually called the solution annealing. Both of the steps are followed by rapid
cooling usually water quenching. Finally, the aging step is fixed at 720°C for 8 hours
followed by another 8 hours at 620°C. The decision to fix the aging step temperature
and duration was made because most of the work in the literature either used the
aging parameters described or did not apply the aging step. Therefore, the aging
treatment is handled as a switch input parameter that can be either on or off. The
model also handles the influence of the part’s orientation during the LPBF process
in addition to the environment temperature at which the strength of the part is
evaluated.

Otot = Oy + 0GB + 05 + 0y + Oy (6.1)
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6.2.1 Effect of grain size

The grain size has an inverse relationship with the required shear stress to
allow a dislocation to flow A7 = d%. The relationship between the yield strength
and mean grain size is described by the Hall-Petch equation in Equation [6.2]]. This
means that the x exponent in the previous equation is substituted by x=0.50. The
effect of the grain size on the strength ogg can be written as in Equation [6.3] The
grain size d depends on the duration of the heat treatment and the growth rate k
which depends on the temperature of the heat treatment T as described in Equations
and . The activation energy Q, k,,gas constant R, and k¢ can be combined
and replaced by ¢ and c3. The added strength due to the grain boundaries is a
function of the grain size and can be modeled by knowing the heat treatment’s
temperature T, time t, initial grain size dy, and the alloy specific constants n, ¢y, ¢o,
and c3 as shown in Equation[6.6] In one approach the initial grain size was given the
average value reported by different works in literature 100 pum, the second approach
was to consider the initial grain size as another adaptive parameter to be learned
from the data collected from the literature. The exponent n=2 fits well for pure
metals, however, for highly alloyed metals the exponent n is was found to have a
significantly lower value [166]. Constants ci, co, and ¢3 are model parameters.

The grain size is highly affected by the thermal history of the part. However,
the aging heat treatment temperature is low enough to ignore its effects on the
grain size, and only the homogenization and solution annealing heat treatments are
considered for modeling the grain size effect on the tensile strength.

k
oy = 00+ \/—ya (62)
1
Ogs = — 6.3
os = (6.3)
d" —dy =kt (6.4)
_ _Q . Co
k = koexp (ﬁ — k=rcexp (_T) (6.5)
ogs = 0as (d) = ogs (T, t,c1,ca,¢3,dp, 1) (6.6)

6.2.2 Effect of § precipitates

The strengthening effect of precipitates in an alloy depends on the size and
distance between the precipitates. If the precipitates are relatively small or dis-
tributed closely, the dislocations flow by cutting the precipitates. If the precipitates
are large and strong or sparsely distributed in the matrix, dislocations flow by bow-
ing the dislocation line around the precipitates. The strengthening effect of the

103



precipitates depends on the dislocation flow mechanism as described by Equation
[6.7In this equation, r is the radius of the precipitates and r. is the critical pre-
cipitate radius at which the dislocation flow mechanism changes. The size of the
precipitates and their number density in the matrix is a function of the tempera-
ture since it affects the diffusion rate of the Nb atoms and the duration of the heat
treatment as it controls the time for the precipitates to grow. The growth rate of
the precipitates can be described by Equation [6.8] The rate of nucleation can be
described by Equation [6.9) By combining these equations the volume fraction of
the precipitates can be evaluated.

Furthermore, the strength contribution by the precipitates is a function of
the volume fraction of the precipitates. The volume fraction can be predicted by
Avrami’s equation as described in Equation [6.10 where the time exponent ns ranges
between 1-4 depending on the shape of the precipitate, and k, is the precipitation
rate and takes the form of Equation [6.5]

Finally, the strength of the § precipitates can be modeled by Equation [6.11],
a simplified version of the equation used in [167], where the first term accounts for
cutting strength and the second term accounts for Orowan bowing strength.

1

Obowing X — for 1 <Te  Ouy o< /T for r>r. (6.7)
r

r o< exp (%) : (1 — exp (%)) -ty (6.8)

by —bs )

Lyyeoxbsexp| — | exp| ———— 6.9

’ p(T) p(Tl(Tm—Tlf (09

fs =1 —exp(—k,t") (6.10)

gs (Ccut7 Cbowy bla b27 b37 b47 bSa ns, t, T) =05 = C(cutlf(sccutgrfsl5 + CbowlfJCbow2 (611)

6.2.3 Effect of v and ~/ precipitates

The strengthening effect of 4/ and +” take similar forms to the § precipitates.
However, since most of the data from literature used the same precipitation heat
treatment, the influence of the aging heat treatment on the precipitation of 7' and
+" can be modeled as a switch factor (on or off). This switch factor, however, does
not take into account the influence of the homogenization and solution annealing
heat treatments. In addition to that, v and § precipitates share the same chemical
composition. This means that some of the alloying atoms necessary to form the ~”
precipitates may be consumed during the solution annealing heat treatment to form
the ¢ precipitates. Furthermore, the grain size and the distribution of the alloying
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atoms are influenced by the homogenization and solution annealing heat treatments,
which may have an impact on the diffusion and precipitation of the 7" and 4" during
the precipitation (aging) heat treatment.

In this work, the effect of the homogenization and solution annealing heat
treatments on the 7" growth rate during aging is modeled by Equation [6.12] Since
prior knowledge of the influence of the solution annealing heat treatment duration
and temperature on the aging heat treatment precipitation rate is limited the con-
stant C.,» and time exponent n.~» were allowed to take values from negative infinity
to positive infinity. The volume fraction of the " was also adjusted by the volume
fraction already taken by the § phase. Therefore, the 4" contribution to the tensile
strength of IN718 due can be modeled by Equation [6.13] which takes into account
strength due to Order and Coherency (Orowan bowing is negligible [168]). The
1.1 — fs multiplier is added to account for the amount of alloying atoms consumed
in the 0 precipitates, and Age is the switch factor that indicates whether the aging
heat treatment was applied or not.

Similar to 4", the strength contribution of 4" precipitates takes the form of
Equation without the volume fraction correction factor since 7" does not sure
the same chemical composition as the § precipitates.

—O 7
RW” — R’y(’)’ . 6;Up< T7 ) Ly (612)

O-'YN (t, T, C’Y”cut’ C’W’bow’ f&, Age, Cry//, Tﬂ”)
= (al (f’y”R’Y">O.5 — a,gf,y//) : Age (613)
= ay (1.1 = f5) - Ry)"” —ay (1.1 — f5) - Age

oy (6, T, Corons Coytyon s Ag€, Cry n) = (a1 (fyRW/)O'E’ — agfy) - Age (6.14)

6.2.4 Effect of preferred orientation

Due to the layering nature of laser-based additive manufacturing, a tempera-
ture grandaunt usually develops parallel to the building direction. This temperature
gradient affects the preferred orientation of the grains in addition to the growth di-
rection of the v dendrites. This affects the effective grain size of the matrix v in
direction of loading. This intern has an impact on strength of the part depending
on the angle between the loading vector and the building direction.

To model the influence of the part’s orientation during the LPBF process,
two angles that describe the part’s orientation are proposed as inputs. The first
angle, 6, describes the angle between the width of the specimen and the substrate
(build plate). The second angle, ¢, describes the angle between the length of the
part and the substrate.
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7% (7)

Figure 6.2: Two input angles describing the part’s orientation during the LPBF

The proposed model uses sinusoidal functions multiplied by the intrinsic
strength of v and the grain boundary contribution to the strength as described
in Equation The constants Cyp; and Cy; describe the significance of the input
angles 6 and ¢ respectively, while Cpy and Cyy are phase shift constants to allow
the model more degrees of freedom. The exponential term at the end of Equation
is added to evaluate the dampening impact of the homogenization and solution
annealing heat treatments on the anisotropy.

Oraqy = (04 +0aB) - [1+ (Cprsin (0 + Cpz) + Cyy sin (¢ + Cp)) - exp (cor T)] (6.15)

6.2.5 Effect of environmental temperature

Inconel 718 is a Nickel superalloy suitable for applications with environmental
temperatures up to 600°C. At environmental temperatures higher than 600°C the
~" precipitates start transforming to the more stable phase, §. In addition to that,
the elevated temperature reduces the energy required for dislocations to move which
reduces the strength of the alloy. Therefore, it is important to evaluate the influence
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of the environmental temperature in combination with the different heat treatments
which influence the significance of each of the strengthening mechanisms.

Several models were investigated, however, the model shown in Equation
[6.16] a modified version of the Johnson-Cook model [169], was chosen due to its
ability to handle normalized values of strength. The strength ogepateq T€presents
the strength contribution of a phase at the environmental temperature Tg,vironment,
where 0 goom represents the strength contribution of the phase at room temperature,
T,, the solvus temperature of the phase, and C,,; and C,,» are model parameters.

< TEnm‘ronment - TRoom Cev

O Elevated — O Room * €ETP _Cevl < ) > (616>
Tm - TRoom

6.3 Methodology

Physics-Data driven hybrid modeling requires data to train the model and
evaluate the model’s constants. The data was collected from relevant work in liter-
ature [82,[83,|112}/170-182]. The data was also complemented by experimental data
presented in this dissertation. The total number of independent data points used
to train the model is 97. The model has 33 constants that need training. This
implies that 33 carefully selected data points should be sufficient to train the model.
Using the design of experiment practice would be an efficient method to accomplish
this. However, due to the cost of PBF, the data was collected from the literature.
Furthermore, since the data was collected from different publications in literature,
the tensile strength of the heat-treated specimens was normalized by the tensile
strength of the as-built condition reported in that publication. This was done to re-
duce measurement errors, variance due to the specimens’ shape and size, and tensile
testing settings.

The least-square error algorithm was used to train the model and evaluate
the constants. The error minimization problem has proved to be non-convex with
multi-local minimum points. To avoid non-physical values for the constants, con-
straint conditions were applied to the optimization problem. The intrinsic strength
of annealed 7 phase 0., Hall-Petch constant ky Equation , and all Arrhenius
equations constants Equation [6.8] were constrained to positive values. The time
exponent for the § precipitate size models and Avrami equations [6.846.10] were also
constrained to positive values. Due to the limited information about the effect of the
solution annealing and homogenization heat treatments on the precipitation during
the aging treatment, the time exponent in Equation |6.12| was allowed positive and
negative values to explore the effect of the solution annealing heat treatment more
thoroughly. The coefficients of the cutting and Orowan bowing strengthening effects

due to precipitates Ceys, Chow in Equations [6.11] [6.13] and as well as constants
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Cev1 and C,yo in Equation [6.16| were constrained to positive values. No constraints
were placed on the constants in Equation [6.15]

The constrained least square error minimization problem resulted in a fitness
index R? = (.88, which was considered acceptable considering the scarcity of data
and the fact it was collected from different publications in the literature. Figure (6.3
demonstrates the correlation plot of the model with observed data. In comparison,
an unconstrained minimization resulted with R? = 0.9, this demonstrates that the
model does not have sufficient degrees of freedom and more complex models of the
precipitation strength might be necessary. However, due to the limited data, simpler
versions of these equations were adopted in this work.

6.4 Results and Discussion
6.4.1 Effect of homogenization

The influence of the temperature and duration of the homogenization heat
treatments are illustrated in Figures [6.446.8. The model demonstrates that the
strength of fully annealed IN718 is around 355 MPa. This value is lower than the
reported value in [183] for annealed IN718 with coarse grains with a tensile strength
of 524 MPa. The strength added due to the grain boundaries ranges between 120
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MPa and 200 MPa. From Figure [6.4] it can be seen that at higher elevated tem-
peratures less time is required to increase the grain size significantly resulting in
a reduction in the grain boundary contribution to the tensile strength. The Hall-
Petch coefficient reported by the model is K- peten = 882.4 MPa -um!/?, which
is comparable to values reported in [168] (710 MPa -pum'/?). The larger value re-
ported by the model could be explained due to not including dislocation density
in the analysis. Additionally, the time exponent in Equation was found to be
n = 0.19 which is in the range reported by [166] (n=0.067-0.206) with the exponent
increasing toward the upper range at higher temperatures in the range 1050-1200 K
in which homogenization and solution annealing are usually performed.

The influence of the homogenization heat treatment on the strength contri-
bution by the +’ appears to be negligible as can be seen by Figure [6.5] However,
it could be that the effect of homogenization heat treatment on the +’ strength is
hidden and included in either the 7” or the ¢ strength contribution. More data
might be needed to de-confound the effects.

Figure|6.6|show that the homogenization heat treatment has an impact on the
strength contribution by 4”. The model shows that the strength decreases slightly
as the duration of the homogenization heat treatment increases. This could be due
to the increase in the ¢ volume fraction which depletes the alloying atoms required
to precipitate v”. The temperature appears to have a limited effect in the window
of homogenization and solution annealing heat treatments.

The duration of the homogenization heat treatment has a significant im-
pact on the tensile strength contributed by the § phase. At most homogenization
temperatures the maximum strength increase to the IN718 alloy appears after 25
minutes of homogenization. The maximum contribution appears at 1200 °C and 25
minutes. After 55 minutes, however, a significant drop in strength is observed. At
lower temperatures, the drop in strength is observed earlier only after 35 minutes
as can be seen in Figure [6.7, The time exponent ns; in Equation [6.10] was found
to be ng = 0.34. This value is smaller than the values expected for the Avrami
exponent were usually 1 < n < 4. However, it matches well with reported values
in the literature focused on the precipitation kinetics of the § phase in Inconel al-
loys [184.|185]. It should be noted that the precipitation mechanism of the ¢ phase
is controlled by the diffusion rate of Nb in the matrix v therefore non-integral values
for the exponent n are expected.

The total influence of the homogenization heat treatment on the tensile
strength is illustrated in The surface plot shows that the combined effect of the
grain boundary, v”, and § strengths results in the strength reaching a maximum
value after 30 minutes of homogenization. The value of the maximum strength
decreases as the temperature increases.
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6.4.2 Effect of solution annealing

The solution annealing heat treatment has a similar impact on the grain
boundary, 7', and ¢ phase strengths as can be seen in Figures 6.946.11 The grain
boundary strength is reduced by further heat treating the alloy. The strength of +’
phase is independent of the solution annealing temperature and duration. The addi-
tional energy provided by the solution annealing increases the strength contribution
of the § phase even further with a similar pattern as observed in the homogenization
heat treatment. The solution annealing heat treatment increases the 7" strength
as the duration increases as can be seen in Figure [6.12] This could be a result of
the improved diffusion causing the precipitates to grow further and increasing their
shear strength, since by the time the solution annealing occurs most of the impact
of the § phase consuming the alloying material from the ~” already occurred during
the homogenization heat treatment.

The combined impact on the total strength of solution annealed IN718 has
a similar pattern as the homogenization heat treatment. However, the duration
has less impact compared to the homogenization heat treatment. After reaching
the maximum value approximately at 50 minutes the tensile strength decreases less
compared to the homogenization heat treatment.
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6.4.3 Effect of part orientation

The effect of the part’s orientation on the tensile strength of additively man-
ufactured IN718 is illustrated in Figure The effect of the angle between the
length of the specimen and the build plate, ¢, is more significant than the effect of
the angle between the width of the specimen and the build plate, 6. It is clear that
parts with a large ¢, in a vertical orientation, have lower tensile strength. The max-
imum Ao due to orientation for a part after two steps of heat treatment is around

130 MPa, which is mostly due to ¢. In comparison, the maximum variation due to
0 is about 18 MPa.
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Figure 6.14: Influence of the part’s orientation during PBF on the tensile strength

6.4.4 Effect of environmental temperature

The effect of the environmental temperature on the tensile strength of IN718
is presented in Figure[6.15 The curve representing the total tensile strength closely
resembles that reported by SpecialMetals [186] and illustrated in Figure . The
individual effect of the environmental temperature on the ~, 7', 4”7, and d phases
should not be interpreted directly as the degrees of freedom allowed for the effect
environmental temperature on their strength might be confounded. However, it is
clear that the tensile strength contributed by the ¢ phase decreases significantly as
the temperature approaches its solvus temperature. The decrease in the ~ phase
before its melting temperature is explained by the increase in the grain size and
reduction in the dislocation density.
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6.5 Conclusions

In this study, the influence of the homogenization and solution annealing heat
treatments on the tensile strength of additively manufactured IN718 parts is modeled
using a hybrid machine learning approach. The influence of the part’s orientation
during the PBF process and environmental temperatures were considered in the
model. The model uses physically derived information and enforces constraints on
the model’s constants so that the model report physically meaningful values.

e Hybrid modeling using physically derived equations and physically informed
constraints can model the influence of heat treatments on the tensile strength
of additively manufactured IN718. The results show great potential in using
hybrid modeling to achieve accurate models with relatively small data. The
model presented here achieved a fitness index of R? = 0.88. However, a totally
unconstrained model achieved a fitness index of R? = 0.90. The higher index
of fitness, however, is achieved at the cost of losing physical meaning to the
different strengthening mechanisms in the IN718 alloy. The improvement in
R?, however, indicates room for improvement in the constrained model.

e The strength contribution from the grain boundary drops significantly after
the homogenization heat treatment. The solution annealing heat treatment
further reduces that contribution but to a significantly less degree. Also, the
contribution of the grain boundary closely matches results from experimental
work in literature.

e The strength of the v’ does not appear to be affected by the solution anneal-
ing and homogenization heat treatments. However, the effect on +’ might be
confounded and hidden in the effects on the 4" or § phases. Additional experi-
mental work might be necessary to separate the effects on the different phases.
The effect on the 6 and +” phases are more observable and their contribution
significantly affects the total strength of IN718.

e The model simulating the influence of the orientation of the parts during
powder bed fusion (DMLS/SLM) successfully demonstrates experimentally
observed results. However, the impact of the homogenization and solution
annealing heat treatments on the anisotropy was only modeled on the grain
size and intrinsic strength of the matrix . The preferred orientation due to the
thermal gradient may cause the precipitates to form in preferred orientations.
A more complex model might be necessary to further improve the accuracy of
the model.

e The environmental temperature influence on the total tensile strength of IN718
was closely modeled using the proposed model. The impact on the envi-
ronmental temperature on the individual phases, while closely matching the
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expected behavior near their respective solvus temperatures might be con-
founded and additional data might be necessary before they can be interpreted
numerically.
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Chapter 7
CONCLUSIONS

The research conducted in this dissertation investigated the microstructure
and mechanical properties of additively manufactured 15-5PH and Inconel 718 in
their as-built condition. Then proposed modified heat treatments that can improve
the reliability of these parts in structure and load-bearing applications. Finally,
a hybrid model was developed to understand the influence of solution annealing,
homogenization heat treatment, and part orientation in the tensile strength of In-
conel 718 at room and elevated temperatures. The following summarizes the most
important conclusions of the work presented here:

e As-built additively manufactured 15-5PH and Inconel 718 can be used in appli-
cations with environmental temperatures up to 350°C without any permanent
changes to the microstructure. However, reductions in the modulus of elastic-
ity, strength, and ductility are observed at these temperatures.

e The difference in the microstructure patterns (texture) in parts fabricated
in different orientations during the DMLS process is a major factor in the
anisotropy in the modulus of elasticity, strength, and ductility.

e Solution annealing the DMLS 15-5PH parts before the precipitation hardening
significantly improves the modulus of elasticity, yield strengths, and tensile
strength. This improvement is achieved, however, at the cost of reducing the
ductility.

e The standard solution annealing heat treatment of 15-5PH steel, usually called
Condition A, is not sufficient to eliminate the anisotropy observed in the DMLS
as-built condition. By extending the duration of this heat treatment from 1
hour to 3 hours a slight improvement in the tensile and yield strength is ob-
served at the cost of further reduction in the ductility. However, this results
in further reducing the anisotropy. This means DMLS parts can be manufac-
tured in the most convenient orientation for fabrication and still obtain similar
mechanical properties to parts fabricated in the optimum orientation for the
mechanical properties.
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e Heat treating 15-5PH specimens fabricated by DMLS at 1200°C and furnace
cooling it before solution annealing has proved to be detrimental and caused
the specimens to fail suddenly sometimes before yielding and at unpredictable
locations.

e Using an extended solution annealing coupled with a different precipitation
hardening heat treatment such as H1150 might improve the fatigue life of
DMLS 15-5PH parts, which showed better performance over H900 with the
standard solution annealing.

e The mechanical properties such as tensile strength, yield strength, and Young’s
modulus of as-built DMLS IN718 and standard heat treatment condition (as
described by AMS 5662) depend on the orientation of the specimens, which
demonstrates high anisotropy. The microstructure exposed on the surfaces
normal to the tensile stress showed different patterns depending on the orien-
tation of the specimen. The similarity in the microstructure in the as-built
condition and the standard heat treatment demonstrates the failure of the
standard heat treatment to homogenize the microstructure and reduce the
anisotropy in the mechanical properties.

e The proposed modifications to the solution annealing heat treatments by in-
cluding an initial step at 1200 or 1270°C for less than 20 minutes and shorting
the duration of the 980°C step to 20-40 minutes instead of one hour resulted
in homogenizing the microstructure and making it similar to heat-treated
wrought or cast IN718. This reduced the anisotropy and improved the re-
peatability of the mechanical properties regardless of the specimen’s orienta-
tion.

e The XRD analysis and Rietveld refinement have proved that changing the
solution annealing heat treatment by including an additional step prior to the
980°C has a significant impact on the phases that can precipitate during aging.
In the standard heat treatment, " is usually 3-4 times the volume fraction of
~" but for additively manufactured IN718 the volume fraction of v’ was larger
than +' by a factor of 2, in addition to 15% ¢. By adding the 1200°C step the
volume fraction ' is four times the volume fraction of " precipitates. This
change in the volume fraction of the strengthening phases has shown a good
combination of high strength and ductility in comparison to the standard heat
treatment which has higher strength but lower ductility. This can be correlated
to the volume fraction of the strengthening precipitates, in which 4" provides
superior strength in comparison to 4" but reduces the ductility. Replacing
the 1200°C step with 1270°C resulted in a significant increase in the o phase
precipitates in the grain boundaries which resulted in reducing the ductility
without significant improvement to the strength.
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e This work demonstrates that adding prior heating steps at 1200°C or 1270°C
and limiting the dwelling time to 5-20 minutes has proved effective in limiting
the grain growth of the microstructure, while effectively homogenizing the
microstructure. In comparison, work in the literature has shown significant
grain growth when homogenization is done by increasing the dwelling time
to 3 hours or by including a hot isostatic pressing treatment. Furthermore,
reducing the duration of the initial step and the 980°C step to 20-40 minutes
reduces the energy cost and the total post-processing time.

e Homogenizing the microstructure at 1200°C prior to solution annealing (HT?2)
is a suitable heat treatment program for parts in low-cycle fatigue application,
which requires good ductility and HT2 provides a good combination of strength
and ductility. HT1 provides the maximum tensile strength which makes it a
suitable candidate for high-cycle fatigue applications.

Future work
This research can be extended in the following areas/direction.

e Utilize Electron Backscatter Diffraction (EBSD) to characterize the microstructure-
grain size, preferred orientation, and precipitates volume fraction of additively
manufactured Inconel 718 with different solution annealing heat treatments.
This will lead to a better understanding of the mechanisms that control the
volume fraction of the precipitates after the aging heat treatment.

e Investigate the influence of DMLS processing parameters and heat treatments
on the tetragonality degree (c/a) of the Martensite in 15-5PH parts. Due to
the low Carbon wt% in 15-5PH steel, Martensite is usually described with a
body-centered cubic (BCC) structure instead of a body-centered tetragonal
(BCT) structure. This knowledge will lead to a better understanding of the
strengthening mechanisms in 15-5PH, which can lead to the development of
application tailored heat treatments.

e Investigate the influence of homogenization and different solution annealing
heat treatments on the fatigue strength and life of additively manufactured
15-5PH and Inconel 718 parts. DMLS 15-5PH and Inconel 718 in their as-built
condition and respective standard heat treatment condition showed orders of
magnitude inferior fatigue life compared to traditionally manufactured parts.
The heat treatments proposed in this work show potential in improving the
fatigue life and reliability of Inconel 718 and 15-5PH parts.

e Improve the accuracy of the hybrid model predicting the tensile strength of
heat-treated Inconel 718 by implementing more complex models for evaluating
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the strengthening effect of 4/ and /7 precipitates in additively manufactured
Inconel 718. This will require additional experimental data to evaluate the
additional constants needed in these models.
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