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ABSTRACT

Additive manufacturing (AM) technology is capable of producing free-from geometries
for large scale applications. Fabricating entire structures in a continuous layer-by-layer fashion can
mitigate possible material property mismatch problems that have been noted in various welding
operation studies. Inconel® 625 would be primarily used as the overlay material in a weld clad
because of the high corrosion and wear resistance it exhibits. However, instead of only adding a
few layers of material to a dissimilar base material, there is interest in using AM to process entire

components made from Ni base alloys that will exhibit the material properties in bulk form.

Alloying element compositions in Inconel® 625 can vary over rather wide ranges, with Fe,
in particular, ranging from 0 to 5 wt%. The impact of changes in the Fe content on the properties
of AM materials is investigated using a series of laser-based directed energy deposited (DED)
builds with Fe contents of 1 wt% and 4 wt% in both the as deposited and post processed hot
isostatically pressed (HIP) conditions. While similar solidification structures and microhardness
values of the fabricated builds are observed with both powder feedstocks, the low Fe content
feedstock samples displayed higher yield (520 MPa + 12 MPa) and tensile strengths (860 MPa +
27 MPa) and lower elongation values (36 % + 5 %) in the as-deposited condition compared to
yield (450 MPa £ 27 MPa) and tensile strengths (753 MPa £ 25 MPa) and elongation values (44
% + 9 %) with the high Fe content feedstock samples. The differences in mechanical properties
were highly dependent on the condition and were connected to differences in the strengthening

mechanisms associated with the two different Inconel® 625 powder compositions.

Low Fe content samples had an average grain size 10x smaller than that of high Fe content
samples in the as deposited condition, which led to differences in mechanical properties. After
HIP, Low Fe content samples displayed smaller grains, but compared to the as deposited condition,
there was not substantial grain growth or recrystallization. The yield strength of both low and high
Fe content builds decreased by 14%, while elongation increased by 15%. While on the other hand,
post processed tensile strengths changed by only 3%. This small change in tensile strength can be
traced to higher levels of strain hardening for high Fe content feedstocks. These differences in
mechanical behavior can be attributed in part, to changes in precipitate formation after HIP. It is
speculated that in low Fe content samples large Nb and Mo rich precipitates form that pin grain



boundary motion while in the high Fe content samples, tiny Ti rich precipitates form that pin

dislocation motion.

Precipitate formation is denoted as secondary phase formation. In order to study the impact
alloying elements had on the resulting secondary phase constituents, thermodynamic phase
stability calculations were conducted. Calculations showed different phase formation tendencies
for each powder feedstock material. In addition, phase stability calculations helped set guidelines
in order to distinguish between secondary phase constituents based upon the Nb content. Coupled
with a low C/Nb ratio and verified using an electron probe microanalysis (EPMA), secondary

phase constituents were characterized as Laves phase.
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Chapter 1
INTRODUCTION
1.1 Background

Inconel® 625 is a versatile and widely used Ni-Cr-Fe solid solution strengthened alloy that
is known for its combination of high strength, outstanding corrosion resistance, and excellent
fabricability [1,2]. Its high resistance to oxidation is produced by the Ni and Cr alloying element
additions, while Mo provides corrosion resistance and Nb improves its stiffness [3]. A summary

of the impact of alloying elements in Ni-base alloys is shown in Table 1.1.

In the as welded condition, Inconel® 625 maintains its strength and ductility across a wide
range of temperatures from cryogenic conditions through temperatures in excess of 980°C [3].
When used in weld overlays on high carbon steels for corrosion and wear resistant applications,
Inconel® 625 is able to be diluted by Fe and C yet still maintain its ductility providing good
machining characteristics [3]. The weldability of Inconel® 625 has also allowed it to be used as a
filler material for dissimilar welds, specifically between carbon steels and austenitic stainless
steels, where it provides a smooth transition between the two materials and avoids cracking during
the welding process. These properties make Inconel® 625 an attractive candidate for use in a wide
range of applications from jet turbine engines, marine components, and chemical processing

equipment [4].

Table 1.1: Summary of the general effect of various alloying elements on phase stability for Ni
base alloys [3].

Effect Element
Solid Solution Strengthener Co, Cr, Fe, Mo, W, Ta
v"-Ni;(Al Ti) Former AL Ti
Solid Solution Strengthening of y’ Cr, Mo, Ti, Si, Nb
v"-Ni;Nb Former Nb
Carbide Formers:
MC and M(C,N) W, Ta, Ti, Mo, Nb
M,C5 Cr
M,:Cs Cr, Mo, W
M,C Mo, W




A typical hot rolled, annealed wrought microstructure of Inconel® 625 is shown in Figure
1.1a. During welding, the solidification mode becomes dendritic as shown in Figure 1.1b. The
redistribution of alloying elements during solidification can result in the formation of secondary
phases. Microstructural features associated with Inconel® 625 solidification operation are denoted
in Figure 1.2. These ordered secondary phases, which include various carbides (MC, M¢C, and
M23Cs) and Laves phase, are shown to have a detrimental impact on mechanical properties [5,6].
Laves phase is a brittle microconstituent composed primarily of Nb and Mo that adversely affects
ductility and acts as a crack initiation site [6-12]. Formation of this undesired phase is typically
limited by controlling composition. Previous work has been directed at tightly controlling the Si,
C, and Nb compositions to limit Laves phase formation. When there is high Si and low C
compositions, Laves phase was promoted [5,13]. Increased levels of Nb, for example, were also
shown to increase secondary phase constituents as well as the solidification temperature range,

which increased crack susceptibility [5].

Figure 1.1: (a) A hot rolled annealed Inconel® 625 wrought microstructure. (b) Typical weld-
base microstructure displaying the dendritic constituents that are a result of the high growth and
cooling rates.
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Figure 1.2: Micrograph displaying the solidification features that are associated with Inconel®
625 solidification operations.

The weldability of Inconel® 625 make it an attractive candidate material for additive
manufacturing (AM) processes. It has been widely used for welds and clad overlays, which has
allowed its solidification kinetics and thermodynamics to be extensively studied and understood
[5,13-18]. Expected solidification structures, secondary phase formation, and resulting
microstructural properties formed during welding have been identified in much of this work
[5,13,14]. With AM processes, it is now possible to fabricate 3-dimensional Inconel® 625
structures with varying levels of geometric complexity. However, the deposited material
experiences complex thermal processing cycles, which the solidification path and final
microstructure of the material. Since there is limited information presented on large scale AM

fabrication for Inconel® 625, there is a limited understanding of the underlying process-structure
relationships.

Depending on the geometrical complexities and the required size of the structure there are
two categories of AM for metal materials: Powder bed fusion (PBF) and directed energy deposition
(DED). Current research interests in the AM field have focused on PBF. These systems, shown in
Figure 1.3a, have the ability to produce high resolution features. Due to the small build volume (<
0.03 m®), only small scale complex parts can be fabricated [19]. There is a wide range of other
potential applications where AM of larger material structures desired. Powder delivered laser

based DED systems, shown in Figure 1.3b, allow for larger build volumes than PBF (> 1.2 m®) to



be achieved and can improve deposition rates. Powder feedstock material is fed through a co-axial
deposition head that is given coordinate points to follow based on the developed program code.
This setup includes a laser that rapidly melts and solidifies location specific points on an AM
deposit. The laser melts the powder and continues to scan across the deposit in order to complete

a layer. This process is repeated and translated vertically until the structure is complete.

LASER Beam Guidance System

Carrier Gas
LASER SCANNER ' P

CHAMBER
L v 7

& POWDER BED

Figure 1.3: (a) General illustration of an AM powder bed system. (b) General illustration of an
AM powder feed DED system [19].

1.2 Motivation

The overall goal of this work is to investigate the role Fe content has on DED Inconel®
625 fabricated structures and to shed light on the need to have tighter compositional control to
ensure more consistent properties. AM technologies rely on traditional powder processing
techniques to produce powder that will be utilized by AM deposition systems. Currently, the
industry operates on the assumption that as long as powders meet ASTM specifications governing
wrought materials, the powder feedstock material can be used for AM practices and the fabricated
structures should behave similarly. The impact of powder processing conditions on AM structures

is not well understood.

1.3 Objectives

- To develop an understanding of the role of Fe content has on the properties of DED AM

Inconel® 625 structures



- Toinvestigate the impact post processing has the as deposited structures after a hot isostatic

press (HIP) cycle was performed.

1.4 Thesis Structure

This research seeks to develop a fundamental understanding of the role Fe composition has on
the microstructure, condition, and mechanical properties of an AM Inconel® 625 component. The
content of this work is divided into 7 chapters.

In chapter 1, the context of the research project, the motivation and objectives are presented.

In chapter 2, a comprehensive review of the current research on the solidification and

microstructural evolution in Inconel® 625 during welding and AM processes is presented.

In chapter 3, the experimental procedure used to fabricate all the structures, the metallurgical

preparation, and the characterization and testing methods used are provided.

In chapter 4, the impact of Fe composition on the as deposited structures will be presented.
The solidification structures obtained will be studied using various microstructural analyses and

the grain sizes associated with the samples will be correlated to the mechanical testing results.

In chapter 5, the role of post processing will be investigated. Precipitate formation after the
heat treatment will be studied and the impact it had on the mechanical properties and strengthening

mechanisms will be presented.

In chapter 6, thermodynamic calculations were conducted on each powder feedstock material
in order to demonstrate that there was an initial difference in solidification between the low and
high Fe content materials. Scheil solidification calculations showed differences in the
solidification range and based upon the thermodynamic calculations, characterization of the
secondary phase, combined with EPMA analyses, is predicted.

In chapter 7, the summary and conclusions of the research are presented. In addition, based on

the knowledge gained over the course of the study, future areas of research are suggested.



Chapter 2
LITERATURE REVIEW

2.1 Introduction

Inconel® 625 is a solid-solution strengthened Ni base alloy that obtains its strength from
the substitutional alloying of Nb and Fe [8]. Originally designed for applications in steam and gas
turbines, the alloy has also seen wide use as a clad or weld overlay in corrosion and wear
environments. For example, it is widely used in marine environments, where high corrosion

resistance and moderate strength is required [13].

2.2 The Impact of Alloying Elements on Secondary Phase Formation

Alloying element compositional ranges provide versatility to the system and expand the
application range. Multiple studies have been conducted to investigate the role Si, Nb, and C
alloying elements have on the properties of gas tungsten arc (GTA) weld overlays [5,13,14,20,21].
These studies focused on the impact alloying elements had on the formation of secondary phases.
With systematic variations of Nb, Si, and C, DTA and microstructural characterizations showed
that Si additions increased the amount of the y/Laves constituent, C additions promoted the y/NbC
constituent, and the influence of Nb depended on the levels of C. When C content was high, Nb
promoted the formation of the y/NbC constituent, otherwise the y/Laves constituent formed.
Furthermore, dissimilar Inconel® 625 overlays on Cr-Mo steel substrates showed that Laves phase
was also promoted specifically due to the dilution of Fe from the substrate [14]. In addition, for
Nb-bearing superalloys when Fe content was increased, the Nb distribution coefficient, Knp,
decreased [20]. As a consequence, this behavior led to the promotion of eutectic-type constituents
for Fe-rich alloys.

Secondary phase formation is dependent upon the solidification routes, which are shown
in Figure 2.1 for Nb-bearing superalloys [21]. The dominating solidification reaction is the
enrichment of the remaining interdendritic liquid in Nb, and the consequent formation of Nb-rich
Laves phase and/or Nb-rich MC carbides during the final stages of solidification [8]. The Laves
phase (A2B) constituent has a hexagonal crystal structure, in which Cr, Fe, and Ni occupy the A
positions, while Si, P, Nb, and Mo occupy the B positions. It has been commonly identified by its
lamellar morphology shown in Figure 2.2. In addition to the formation of the Laves phase, NbC,



which has a cubic crystal structure and a spherical morphology could be attached to a Laves phase
constituent, as shown in Figure 2.3.

1 o ] S 3

(a) (b) (©) (d)

Figure 2.1: The general solidification process that exhibit both L > (y + NbC)and L = (y +
Laves) eutectic-type reactions. (a) As dendrites grow into the liquid there is an (b) enrichment of
Nb and C. (b) Once the saturation limit is reached by the liquid composition, solidification
continues however constituents form simultaneously. The exact path depends upon the exact
liquid composition. At point (c), the L = (y + NbC) reaction is replaced by the L - (y + Laves)
reaction and the remaining liquid transforms to the y/Laves eutectic-type constituent as
solidification proceeds on to completion (d).[21]

Figure 2.2: A SEM photomlcrograph of a Laves phase constituent dlsplaylng the lamellar
morphology [14].



Figure 2.3: TEM image that shows the formation of blocky-like Laves phase and small MC
carbides attached to it [13].

Floreen et al. evaluated the roles alloy composition and processing history had on the
microstructure and properties of Inconel® 625 [8]. They found that the composition range of
Inconel® 625 is overly broad and tighter control of the composition would help ensure more
consistent properties between different heats of the alloy. The study recommended that minimizing
Nb, Fe, Mo, C, and Si would help improve weldability. However, minimizing C content would
promote Laves phase during solidification and minimizing Si content would promote carbide
precipitation during heat treatment. Additions of Al and Ti were used for refining purposes and
with a sufficient amount of Al and Ti content joined with Nb, precipitation hardening by y” could

be achieved in Inconel® 625.

2.3 The Impact of Secondary Phase on Material Properties

As the combination of alloying elements is necessary to improve the properties of Inconel®
625, the element additions and subtractions can also be detrimental to the performance of the
superalloy. Laves phase is a brittle constituent that adversely affects mechanical performance,
specifically, the ductility [6]. When Laves phase is minimized, there are significant improvements
to the toughness of the material [8]. In addition, the solidification cracking resistance is decreased
with increasing the total minor element content, which is generally attributed to the increased
solidification temperature range and tendency to form secondary phases [14]. An increased



solidification range maximizes the amount of segregation of elements during solidification,

therefore, diminishing the hot workability.

2.4 Directed Energy Deposition of Inconel® 625

Directed energy deposition (DED) AM of Inconel® 625 has been studied in areas of
powder feedstock by varying the sieve range of the feedstock material[22], processing parameter
control[23-25], microstructural impact[6,12,26-28], post processing[26], and mechanical
properties[6,12,29]. Additional AM work using the powder bed fusion (PBF) process have also
been performed, concentrating on microstructural characterization and the impact of hot isostatic
pressing (HIP) on mechanical properties [30,31]. When the deposition process is scaled to these
larger 3-dimensional structures, commonly encountered in AM processes, the governing process-
structure-property relationships can change in unknown ways [32]. In addition, dilution of the weld
composition combined with complex thermal cycles from the continuous layer-by-layer melting
and remelting and heat inputs are factors that influence the solidification path and final
microstructure of the material [27]. After AM structures are fabricated, they typically require an
additional post processing step to remove porosity and stress relief the part. HIP, is currently the
prominent technique used, however, its impact on the final solidification structure and resulting

microstructure has not been studied [33].

Foster et al. investigated the impact of interlayer dwell times on the microstructural and
mechanical properties using a laser-based DED process [34]. The study found that increasing the
interlayer dwell time would decrease the substrate temperature, which therefore resulted in a finer
microstructure. Along the height of the build, as the distance from the substrate increased, the
secondary dendrite arm spacing (SDAS) was shown to coarsen. The coarsening of the dendrites
resulted in a decrease in the Vickers microhardness measurements, shown in Figure 2.4
respectively. The interlayer dwell time and the height did not seem to impact the amount of
secondary phase formation as there was a consistent measureable amount between 3.5 - 5.5 vol%.
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Figure 2.4: (a) Plot that describes along the build height, the dendrite arm coarsens; (b) plot that
describes microhardness values decreased with height.

Murr et al. and Lass et al. recently investigated the microstructure for structures made using
laser PBF, which were also heat treated [6,35]. These two studies characterized the secondary
phase formation either as NisNb and/or Laves phase. In addition after a HIP treatment, Murr et al.
reported a decrease in the strength and an increase in ductility. The HIP treatment homogenized

the matrix and saw NbCr, Laves phase distributed throughout the grain structure.

Lass et al. built off of the work done by Murr et al. and characterized the secondary phase
after stress relieving the components as NisNb o-phase. Interdendritic regions where high
concentrations of Nb and Mo existed enhanced the susceptibility of 6-phase to form. Because it is
necessary to stress-relief AM components, it was recommended that a homogenization heat

treatment should be included to ensure microstructural stability [35].

In past AM studies, the Fe content was held constant in the powder feedstock at levels
either below[12,36,34,27,22,37] or above [6,26,29,25] 3 wt %. The resulting secondary phase
constituents were characterized as NbCr, Laves phase, y” (NizAl), 6 (NisNb), or a various carbide.
However no work has been done in order to investigate how the alloying element compositions
impact the resulting secondary phase and the properties of fabricated structures. In order to
characterize the impact of Fe content on the resulting microstructure and mechanical properties of
AM fabricated Inconel® 625 components, powder feedstocks with Fe contents 1 wt% and 4 wt%,

respectively, are used.
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Chapter 3
EXPERIMENTAL PROCEDURE

3.1 Powder Feedstock Characterization

Provided by the powder supplier, nitrogen atomized powder feedstocks® with a low Fe
content (1 wt% Fe) and a high Fe content (4 wt% Fe) were sieved to a size range between -
100/+270 sieve sizes for the low Fe and -120/+270 sieve sizes for the high Fe powder. Chemistries
for the as received powder feedstock were measured at a certified testing laboratory? and are listed
in Table 3.1. In addition to the increase in Fe composition there is a noticeable change in Mn, Si,
and Ti content between the two powder feedstock powders. Standard characterization of the
powder feedstock was also conducted and the results for these tests are listed in Table 3.2. The
volume based particle-size distribution was measured using a Mastersizer 3000 (software version
V3.62)2 laser diffraction particle size analyzer with a Hydro MV wet dispersion attachment. A
small amount of dry powder was placed directly in small increments into the Hydro MV unit with
a constant stirrer speed of 2390 RPM until an obscuration rate of 5% was achieved. The particle
size distributions, including particle size at 10% (D10), 50% (Dso), and 90% (Dgo) of the volume
distribution were calculated using refractive (1.86) and absorption (3.7) indices of dispersed
droplets. Each powder feedstock was also characterized using traditional powder metallurgy
techniques including Hall flow rate (ASTM B213)[38], apparent density (ASTM B212)[39], tap
density (ASTM B527)[40], and angle of repose (ASTM C1444)[41].

3.2 Directed Energy Deposition Setup

A series of L-shaped builds, schematically shown in Figure 3.1, were fabricated using a
laser based DED system on 150 x 150 x 13 mm Inconel® 625 substrates*. An IPG Photonics®
YLR-12000 ytterbium fiber laser system that operates at a near-infrared wavelength between 1070
and 1080 nm, was used as the energy source. The laser was delivered through a 600 um diameter
fiber to a water-cooled copper reflective optics system, which consisted of a 49.5 mm diameter

collimator with a 125 mm focal length lens and focusing optics with a focal length of 600 mm.

1 Carpenter Powder Products (Bridgeville, PA)

2 Luvak Laboratories (Boylston, MA)

3 Malvern Instruments (Westborough, MA)

4 American Special Metals (Pompano Beach, FL)
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The powder feedstock was delivered through a Powder Feed Dynamics Mark XV Precision
Powder Feeder to a custom coaxial, four nozzle powder delivery system, with each nozzle having
an orifice size of 2 mm and located 10 mm above the deposition surface. At this stand-off distance,
the measured defocused laser beam diameter was approximately 4 mm with a Gaussian energy
density distribution confirmed using a PRIMES® Focus Monitor [43].

Table 3.1: Chemical compositions of low and high Fe content Inconel® 625. Standard
composition is according to ASTM B705-05.[42]

Element Alloy Compositions (wt %o)
Low Fe High Fe
Standard Powder Deposit Powder Deposit
Ni >58.0 64.8 64.06 61.3 60.62
Cr 20.0 —23.0 21.0 21.59 21.3 21.46
Fe <5.0 1.02 1.07 4.34 4.14
Mo 8.0 -10.0 8.73 8.83 8.70 8.96
Nb 3.15-4.15 3.43 3.47 3.83 4.11
Si <0.50 0.37 0.39 0.035 0.051
Mn <0.50 0.31 0.28 0.010 0.085
C <0.10 0.008 0.009 0.005 0.006
Ti < 0.40 0.019 0.033 0.19 0.21
I 3
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Figure 3.1: (a) Isometric view of the CAD model of the fabricated L shaped test structures via
DED along with (b) the build paths for the L shaped structure. Also showing are the locations of
where tensile specimens were extracted from in the fabricated structures. Longitudinal specimens
are parallel to the substrate and transverse specimens are oriented perpendicularly.
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3.3 Deposition Processing Parameters

All builds were fabricated using a laser power of 2000 W, a travel speed of 10.6 mm/s,
and a mass flow rate of 14 g/min. A hatch spacing of 2.54 mm was used for the low Fe content
builds and was adjusted to 2.29 mm for high Fe content builds to alleviate the formation of
surface irregularities and defects. An argon gas flow rate of 2 L/min was used to deliver the
powder and additional argon shielding gas was coaxially delivered along the laser path. During
the fabrication of the L-shaped structures, successive layers were deposited in an alternating
pattern [44], as shown in Figure 3.1b. Selected builds underwent a standard HIP treatment at a
temperature of 1163 + 25 °C and a pressure of 101 MPa for 14400 seconds®. All builds were
inspected for internal pores and defects using a X-ray Computed Tomography (CT) system (GE,
phoenix vitome|x m 300) equipped with a 300 kV micro-focus x-ray source at a potential of 200
kV and current of 50 pA, with a voxel size of 100 um. Shown in Figure 3.2, after an X-ray CT
scan was performed, an image of the L-structures is developed based upon rendering the scanned
data. Once an identified volume was determined a porosity analysis was conducted in order to
detect observable defects shown in Figure 3.2b. Based upon the observable defects a volume

percent was able to be calculated.

(a) (b)

Figure 3.2: A representative X-ray CT scan of a fabricated structure (a) before and (b) after
conducting a porosity analysis to measure the defects levels in the as deposited condition. Noted
in the porosity analysis scan are where defects were detected.

> Bodycote (Andover, MA)
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Table 3.2: Powder measurement results from the PSD results and additional powder
characterization.

Low Fe High Fe
Particle Size Distribution (um)
Dy 58.44 + 0.67 4518+ 0.82
Dy 94.96 + 0.09 69.92+ 029
Dy 15320 £ 0.45 1080+ 0
Powder Characterization
Flow Rate, FRy (scc) 139 +0 135+ 0.06
Appa([;/“ctme)c“‘“ity 4631001 43510
Tap Density (g/cm?) 534 0.01 5140
A“’iﬁ‘;{g"’“ 27 30.5

3.4 Microstructural Characterization

Microstructural characterization was conducted to provide initial insight into the build
quality. After solidification operations are conducted on Inconel® 625 samples, the resulting
microstructure depends on the solidification mode, which is characteristic of the cooling rates and
temperature gradients during deposition. Important inferences that can be made from the
microstructure include the thermal conditions experienced along the build height, the secondary
phase size and distribution throughout the microstructure, and the localized strength of the
structure through microhardness measurements. To investigate the role of height, samples were
sub-sectioned at different distances away from the substrate and characterization was conducted

throughout the entire extracted sample.

3.4.1 Metallurgical Preparation
After fabrication and post processing, samples approximately 25 x 13 x 13 mm in size were

extracted along the build height and used for metallurgical characterization. Samples were ground
with a series of silicon carbide papers up to P2000 ISO grit size, polished with 3 um and 1 pm
polycrystalline diamond suspension, and had a finish polish with 0.05 um colloidal silica for 480
seconds. Samples were immersed in a 10% oxalic solution and electrolitically etched at a potential
of 2V for a time of 5s to prepare samples for optical microscopy using a Nikon Epiphot

microscope.
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3.4.2 Secondary Dendrite Arm Spacing
Solidification structures of Inconel® 625, obtained optically using microscopy and shown

in Figure 3.3 contain primary and secondary dendrite arms and secondary phases. The secondary
dendrite arm spacing (SDAS) is an important solidification feature, which can be quantitatively
correlated with cooling rates related to solidification [45]. SDAS was measured by locating at least
five consecutive secondary dendrite arms and measuring the spacing between them. A minimum
of 32 intercepted secondary dendrites arms were measured along the build height using ImageJ®
(National Institutes of Health, Bethesda Maryland) to determine peak gray values which signified
the center of each secondary dendrite arm. The length of the line across the secondary dendrite
arms was determined by using the image pixels to micron conversion feature within the software
[34]. Once the length of the line and the number of dendrites the line intercepted was determined,
the SDAS, 12, was calculated using equation 1, where L is the length of the line and n is the number

of intercepted dendrites.

(1)

-
o]
o

T
U\WW‘\/WWW\[;

Gray Value

Secondary dendrite arm :

Secondary phase

Figure 3.3: Image analysis was used to measure the SDAS depicted above. The peaks for the plot
profile, where the y-axis is gray value, denote the interdendritic regions. Also denoted in the
figure are constituents that form upon solidification

3.4.3 Secondary Phase Volume Fraction Analysis
Analysis of the optical microscopy image was also used to determine the average secondary

phase particle size and volume fraction. The threshold feature in ImageJ® was used to calculate
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the size and volume fraction of the secondary phases depicted in Figure 3.4. In the threshold
process, a standard optical micrograph is converted to an 8-bit, black and white image. The
microstructural features are then filtered so that only secondary phase particles remain. Once a
threshold limit has been set, the size of each particle and volume fraction are calculated using a

grey scale color analysis.

Figure 3.4: Image analysis was used to measure the average secondary phase particle size. The
threshold technique was used to remove certain features and then determine the size of all the
dark colored particles.

3.5 Elemental Composition Measurements

To identify small microstructural features and investigate the segregation of elements of
the solidification structures, a scanning electron microscope (SEM) (FEI, Quanta 200) equipped
with an energy dispersive X-ray spectroscopy (EDS) detector was used. An accelerating voltage
of 20 kV, working distance of 10 mm, and a spot size of 6.8 mm was used to obtain the necessary
high signal count needed for quality EDS scans. The EDS composition maps were used to show
the microsegregation of Nb and Mo to the interdendritic regions in the as deposited condition and

the formation of precipitates in the HIP condition.

To verify the measurements of the elemental composition of the secondary phase
constituents, point analyses and line scans were conducted using an electron probe micro-analyzer
(EPMA). This supplementary analysis of the constituents could possibly allow for a more in depth
characterization of whether Laves phase or carbides was the predominately forming species. The
microprobe was operated at an accelerating voltage of 20 kV and a beam current of 20 nA.
Elemental standards of SiC, Ti, Nb2Os, Inconel® 600, and Mo were used to identify Ni, Cr, Fe,

16



Nb, Mo, C, Si, and Ti composition in the Inconel® 625 alloy microstructure. K, lines were used
for Ni, Fe, Cr, Ti, Si and C while L, lines were used for Nb and Mo.

3.6 Grain Size Measurements

To analyze grain size and morphology of the fabricated Inconel® 625 samples, electron
backscatter diffraction (EBSD) was performed using a FEI Helios NanoLab 660 FEG-SEM
coupled with an Oxford Instruments NordlysMax? detector. A 70° pre-tilt specimen holder was
used, and the sample was oriented towards the detector. EBSD specimens required a final polish

using a Buehler VibroMet Vibratory Polisher with 0.05 um colloidal silica for 12 hours.

Following metallographic preparation, in order to quantify the findings of the EBSD scans,
imageJ® was used to determine the average grain size area, major axis, minor axis, and aspect
ratio, which is shown in Figure 3.5. The elliptical tool was utilized to make approximations of the
columnar grain morphology. Based on the measurement settings of the software, the area, fit
ellipse, shape descriptors, centroid, and center of mass identifier were all reported. The display
label setting, which numbered the grains as measurements were taken was used to avoid duplicates.

Averages and standard deviations were calculated and reported in the results and discussion
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Figure 3.5: Schematic diagram describing how grain size was determined from the EBSD scans.
Also identified in the figure are the major and minor axes.

3.7 Mechanical Property Characterization

Microhardness measurements generally correspond to the same general trends observed in
the microstructure. Testing was also conducted along the build height using a Leco® M-400-G1
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Vickers hardness tester. Hardness indentations were spaced 3 mm horizontally and vertically to
avoid any interactions between measurements. An applied load of 300 g with a dwell time of 5s
was used for all indentations. The average and standard deviation from the measurements taken at

each height are reported.

Room temperature mechanical testing, with a strain rate of 0.3 s, was conducted in
accordance with ASTM E8[46] at a certified testing laboratory®. Tensile specimens, shown in
Figure 3.6, which met ASTM EB8 standards[46] with a gauge diameter of 6.35 mm and a gauge
length of 25.4 mm were extracted from selected locations and at different orientations from the
builds using electrical discharge machining (EDM). Figure 3.7 provides location specific
information on where tensile specimens were extracted. The 0.2% offset yield strength and tensile
strength were obtained from the resulting stress-strain curves, and the elongation was determined

by measuring the gage length before and after failure.

1270 25.40 3.555 0

e ] g‘)b

Figure 3.6: Representative tensile specimen that was extracted from the fabricated structures and
used for mechanical testing. All measurements are in mm.

& Westmoreland Mechanical Testing & Research, Inc. (Youngstown, PA)

18



2.29

21.19

76.20

101.40

2.03
| 2.41

31.24 ‘
43.18

16.26

1.27
1.27

Figure 3.7: Schematic diagram detailing the location at which tensile specimens were extracted.
All measurements are in mm.

3.7.1 Strain Hardening Coefficient Measurements
In order to calculate the strain hardening exponent [47], the engineering stress (o) and

strain (e,) data was converted to the true stress (o;) and strain (e;) data by using equations 2 and
3.

&= In(1+ &) ()

0y = 0e(1+ &) (3)

True stress vs. elastic stress was plotted and then a power trendline was fitted to the data. The plot
was modeled in the form of an equation seen in equation 4, which is the stain hardening power-

law equation:

o, = Ke," (4)
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where o is true stress, &, is plastic strain, K is the strength coefficient of the material, and
n is the strain hardening exponent. From the equation the n-value can be determined. Twelve

measurements were made for each recorded strain hardening value.
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Chapter 4
ANALYSIS OF STRUCTURES IN THE AS DEPOSITED CONDITION

Two powder feedstock materials with Fe composition at the 1wt% and 4 wt% are initially
characterized. Subsequently, the feedstock material was utilized for deposition. Three
dimensional, free-form structures are fabricated and characterized in the as deposited condition.
Analysis of microstructures, mechanical properties, and solute segregation is presented in this
chapter. Characterization of the as deposited condition provides a baseline for comparisons made
in the following chapter on the role of hot isostatic pressing (HIP) on the fabricated structures.

4.1 Powder Feedstock Characterization

Powder feedstocks that meet the chemistry specifications for Inconel® 625 are typically
considered equivalent and expected to behave in similar ways. However, the wide range of
allowable compositions in the standards governing this alloy system can have unexpected effects
on the powder feedstock and the resulting build as listed in Table 3.1. For example, a change in Fe
content from 1 wt% to 4 wt% resulted in differences in the morphology of the powder feedstocks,
as shown in Figure 4.1. The low Fe content powder was generally spherical in shape and free of
satellites, while the high Fe content powder displayed a large number of satellites and fines, which

resulted in an increase in the appearance of particle roughness.

(b)

Figure 4.1: SEM micrograph of the (a) low and (b) high Fe Inconel® 625 nitrogen atomized
powder. High Fe content powder particles show presence of satellite formation.

Particle size distribution (PSD) curves are shown in Figure 4.2, and the resulting D10, Dso,
and Dgo are listed in Table 3.2. Low and high Fe content powder feedstocks were sieved at slightly

different ranges, and this difference is portrayed by the shift in the Gaussian distribution in Figure

21



4.2 and resulting PSD values. Low Fe content powder feedstock had a wider distribution and a
larger average (Dso) of 95.0 + 0.1 um, compared to 69.9 + 0.3 um for high Fe content powder
feedstock. The larger mean particle size for the low Fe content powder feedstock did not impact
the flowability, apparent density, and tap density, with each powder feedstock displaying similar
values. The angle of repose, however, differed between the low and high Fe content powder
feedstocks. Low Fe content had an angle of repose value of 27°, compared to the high Fe content
angle of repose value of 30.5°. The change in angle of repose value is attributed the change in size
of the powder feedstock particles and also the amount of fines each powder feedstock contained
[48]. High Fe content powder feedstock contains more fines, as shown in the SEM image in Figure
4.1. As a consequence, the interparticle friction increases [49], which affects the flowability of the

powder particles and produces higher angle of repose values.
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Figure 4.2: Particle size distribution curves of low and high Fe powder feedstock material
detailing the difference is size and spread between low and high Fe feedstock materials

4.2 Analysis of Fabricated Structures

Each powder feedstock was then used to fabricate a series of L-shaped structures in order
to evaluate the impact of changes in powder feedstock Fe composition on the resulting as deposited
build characteristics. From a processing perspective, the volume fraction of defects, typically
resulting from lack of fusion, is an important consideration. CT X-ray scans were used to report
porosity levels below 0.005 vol % for both powder feedstocks. All analyzed defects were randomly
distributed, indicative of lack of fusion, and had a calculated volume of less 0.2 mm?®seen in Figure
3.2[32].
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Microstructural analysis of low and high Fe content builds displayed similar structures
comprised of primary and secondary dendrites and secondary phases, as shown in Figure 4.3 and
Figure 4.4. Overall, there was very little change in the microstructural appearance between the
builds even at higher magnification, as shown in Figure 4.3b and Figure 4.4b for the low and high

Fe content builds, respectively.

(a) (b)

Figure 4.3: Optical microscopy images of low Fe, as deposited. (b) is a magnified micrograph of
a representative location to depict the secondary phase formation.

(a) (b)

Figure 4.4: Optical microscopy images of high Fe, as deposited. (b) is a magnified micrograph of
a representative location to depict the secondary phase formation

SDAS has been quantitatively correlated with cooling rates for Ni base alloys and can offer

location specific information on how the cooling rate evolved throughout the height of the build
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[45]. SDAS measurements were also made for each build and plotted as a function of build height,
as shown in Figure 4.5. There was no change in SDAS between Fe contents and with height with
the average SDAS measurements. For low Fe content samples, SDAS values of 4.43 = 0.22 um
were measure, while for high Fe content samples these values were approximately 4.12 + 0.38 um.
The similar SDAS measurements indicate that both samples experienced similar thermal

conditions during AM fabrication.
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Figure 4.5: SDAS measurements for low and high Fe content samples in the as deposited
condition.

Microhardness measurements for low and high Fe content builds are plotted in Figure 4.6
as a function of height. These results generally expand on what is observed microstructurally
through the SDAS measurement, since much of the strength of Inconel® 625 is derived from its
solidification structure [34]. In the as deposited condition, the average Vickers microhardness
value for the low Fe content builds is 257 £ 9 HV and for the high Fe content builds is 258 + 3
HV. No location dependence is observed in measurements made at different heights. Finer SDAS
will have higher microhardness values, but because the SDAS is similar between low and high Fe

content samples, the microhardness measurements are similar as well.
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Figure 4.6: Microhardness measurements of low and high Fe content samples in the as deposited
build condition

The similarities in microstructure and microhardness measurements for the low and high
Fe contents were expected to lead to similarities in mechanical properties. Static mechanical
testing was conducted on specimens extracted from the build at various heights and orientations,
as shown in Figure 3.1. Results of these mechanical tests are listed in Table 4.1. In the as deposited
condition, the Fe content had a significant impact on the mechanical properties. Low Fe content
specimens exhibited higher yield and tensile strengths but lower elongations. Low Fe content
specimens, for example, had an average yield strength of 520 MPa + 12 MPa, compared to an
average yield strength of 450 MPa + 27 MPa for high Fe content specimens. While low Fe content
specimens had greater strengths, high Fe content specimens exhibited an average elongation value
of 44 £ 9 % compared to an average of 36 £ 5 % for the low Fe content samples. Mechanical

testing results did not show a dependence on height or orientation.

A comparison between the engineering and true stress-strain curves in Figure 4.7 revealed
that as high Fe content tensile specimens elongated, the slope of the line from the proportional
limit to UTS increased from 0.33 + 0.04 to 0.38 £ 0.02. The larger strain hardening exponent
allowed high Fe content specimens to reach a UTS value of 753 MPa + 25 MPa. The strain
hardening exponent was greater in the as deposited high Fe content specimens, and as a
consequence tightened the range between the ultimate tensile strength (UTS) values for the low

and high Fe content specimens.
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Table 4.1: Mechanical property results for low and high Fe, as deposited and HIP,
Inconel® 625 tensile specimens. Strain hardening exponent values are calculated and shown as
well. Standard values are from Special Metals certification.[2]

Number of Yield Strain
Fe Content & Build A A Tensile UTS Elongation i
Condition Orientation Specimens Strength (MPa) (%) Hardening
Tested (MPa) Exponent
Low Fe As deposited Longitudinal 6 531+7 874+ 25 32+3
Transverse 6 508+ 10 846+ 24 40+ 4
Average 12 520+ 12 860+ 27 365 0.33£0.04
HIP Longitudinal 6 39417 84125 42+£4
Transverse 6 402+ 15 848+ 29 46+ 4
Average 12 398+ 16 845+ 26 44+ 4 0.40+0.01
High Fe As deposited Longitudinal 6 460+ 35 763+ 27 40+ 7
Transverse 6 439+ 6 74327 49+8
Average 12 450+ 27 753+ 25 44+ 9 0.3810.02
HIP Longitudinal 6 383=17 781+128 48+4
Transverse 6 3876 774+ 16 55£3
Average 12 385+ 12 778+ 22 51+5 0.42+0.01
Standard As-rolled 414-758 827-1103 30-60
Annealed 414- 655 827-1034 30-60

While the observed microstructures for both sets of builds with different Fe contents were
similar, these difference in mechanical properties can be attributed to differences with the
secondary phase formation or grain size. It is known that secondary phases, such as Laves phase
and carbides, are also observed in AM, cladding, and welding processes using Inconel® 625 [18].
Both solidification structures had blocky, irregularly shaped morphologies for the secondary phase
constituents in the as deposited condition. The overall average measured secondary phase particle
size and volume fractions are shown in Figure 4.8, and there was no indication height influenced
particle size or volume fraction. The average amount of secondary phase in low Fe content was
4.9 + 0.4 % compared to 3.9 £ 0.5 % for high Fe content. In terms of particle size, the low Fe
content samples reported an average particle size of 0.88 + 0.21 um and high Fe content samples
had a size of 0.66 = 0.29 pum. Previous solidification studies of Inconel® 625 suggested that
increased amounts of Fe promoted secondary phase, specifically, Laves phase formation [8,14].

However in this study there is no strong supporting evidence for such a connection.
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Figure 4.7: Representative engineering stress-strain and true stress-strain curves comparing the
impact of Fe content on the strain hardening of Inconel® 625 during tensile testing.

Particle Size Volume Fraction
6
Low Fe - Low Fe
= . X 5. .
€ 5] High Fe = High Fe
10 S 3.
g L
E Q 2
T 05- =
< g 14
0.0 - 0

(a) (b)

Figure 4.8: Graphs displaying the similar amounts of secondary phase (a) particle size and (b)
volume fraction for low and high Fe content samples.
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A more in depth analysis to determine any differences in secondary phase formation was
conducted using backscattered-electron (BSE) imaging along with EDS maps of low and high Fe
content samples, as shown in Figure 4.9. Interdendritic regions for both low and high Fe content
samples were significantly enriched with Mo and Nb. Randomly dispersed throughout the matrix
are remnants of additional alloying elements such as Si in low Fe and Ti in high Fe content
samples. In Figure 4.9b, the black dots are indicative of Ti rich regions as seen in the EDS
elemental map for Ti. However, similar segregation patterns are observed and do not appear to be
responsible for these differences in mechanical properties.

(b)

Figure 4.9: EDS maps of (a) low Fe and (b) high Fe in the as deposited detailing the secondary
formation enriched in Mo and Nb.

Grain size, on the other hand, presented a clear link with the differences in mechanical
properties. The impact of Fe content on the size and morphology of the grains was investigated
using EBSD. Figure 4.10 shows representative grain structures in low and high Fe content samples
extracted from a location approximately 80 mm above the substrate, where a single location was
investigated. There are distinct differences in grain size between the Fe compositions. Using the
ellopisoid approximation technique, the low Fe content samples had an average grain area of
39,600 um?, while the high Fe content samples had an average grain area of 441,500 pm?. The
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average area, major and minor axis, and aspect ratio of the as deposited grains are listed in Table
4.2.

(b)

Figure 4.10: EBSD images in the as deposited condition of (a) low Fe and (b) high Fe.
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Table 4.2: Statistical information for grain size and morphology for low and high Fe content

builds
Low Fe High Fe

As deposited HIP As deposited HIP
Grain size and morphology
measurements
Mean of grain area (um?) 39600 37000 441500 422900
Average aspect ratio 4426 40+22 55+46 75+35.8
a (um) 429 390 1085 1468
b (pm) 108 106 280 254

The aspect ratio is the ratio of the major axis, a, to the minor axis, b [50]. An aspect ratio
of 1 would signify that the grain is equiaxed. Low Fe content samples had columnar grains that
had an aspect ratio of 4.4 + 2.6 and an average major axis average of 429 um. High Fe content
builds had a similar aspect ratio of 5.5 + 4.6 with a major axis of 1085 um. The difference in grain
size is shown by the average grain size value. Low Fe content as deposited grains had an average
size that was approximately ten times smaller than the average grain area in the high Fe content
samples. Figure 4.10 distinctly shows that high Fe content samples resulted in larger grain sizes,
which can be directly correlated with decreased strength and increased ductility in the as deposited
condition. How the composition of the alloy impacted the resulting grain area is not entirely

understood and more work into this relationship would need to be investigated.

4.3 Summary and Conclusions

Structures fabricated using two Inconel® 625 powder feedstock materials with Fe content
at 1 wt% and 4 wt% were investigated using laser-based DED builds that were characterized in
the as deposited condition. Standard metallographic preparation was completed and multiple

characterization techniques were conducted in order to come up with the following conclusions.

e Initial microstructural characterization of the as deposited structure showed no change
between Fe content. Once static tensile testing was conducted, differences in performance

were discovered.
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Low Fe content specimens exhibited higher strengths while high Fe content specimen
exhibited more ductility. Mechanical properties did not change with height or orientation
as well.

EDS elemental maps revealed upon solidification elements segregated to similar locations
for both Fe content samples. Interdendritic regions were Nb and Mo rich while dendritic
features were composed of Ni, Cr, and Fe.

EBSD scans were done in order to investigate grain size. Scans showed that high Fe content
samples had much larger grain size formation on the order of ten times larger than the
resulting average size for low Fe content samples. As a result, it is hypothesized that grain

size is the primary strengthening mechanism for as deposited structures.
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Chapter 5
ANALYSIS OF STRUCTURES IN THE HOT ISOSTATIC PRESSED CONDITION

HIP is currently the post processing technique used to remove possible porosity formation
during fabrication. Structures were microstructurally characterized and correlations between the
mechanical properties, grain size formation, and precipitate formation are developed. In most
cases, post-process HIP operations are shown to significantly alter the as deposited structure as
well as the resulting tensile properties for AM components [51].

5.1 Characterization of Post Processed Structures

A post processing HIP step is primarily used on AM structures to reduce internal porosity
and other process related defects, such as lack of fusion [33]. For a range of materials, mechanical
properties of wall structures fabricated using a laser based DED process have been shown to
decrease after HIP post processing [6,44,52,31]. This temperature treatment is sufficient to
recrystallize and promote grain growth of the microstructure leading to distinct microstructural
and mechanical property changes from measurements in the as deposited condition [6]. Selected
Inconel® 625 builds fabricated here were also subjected to a standard HIP cycle. X-ray CT
scanning after the HIP cycle displayed no detectable levels of porosity in the build, shown in Figure
5.1. The detected levels of defect were not observed after the fabricated L-structure was post-

processed using the same scanning parameters.

@ /,__

(a) (b)

Figure 5.1: X-ray CT scans demonstrating the ability of a post processing HIP heat treatment to
minimize defect level from the (a) as deposited condition to (b) HIP condition.
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Representative microstructures of the post processed HIP structures are shown in Figure
5.2 and Figure 5.3, for the low Fe and high Fe content builds, respectively. The primary and
secondary dendrite arms, prevalent in the solidification structure in the as deposited condition, are
not observed in the HIP microstructure. Rather, secondary phases are readily distributed
throughout the material matrix with no discernible sub-structure. Figure 5.4 shows the average
particle size and volume fraction of the secondary phase. The particle size for low Fe content HIP
structures grows in size from that observed in the as deposited condition to 1.36 + 0.12 um, while
the particle size for the high Fe content HIP structures stays nearly the same at 0.56 = 0.08 pm.
The post processed volume fractions of measured secondary phase also show no significant
difference with the as deposited condition, and the particles have spherical, irregular blocky shaped

morphology with no distinguishable differences between the two Fe compositions.

(@) (®)

Figure 5.2: Optical microscopy image of (a) low Fe, HIP and (b) a magnified image of the
secondary phase formation of the representative location within the same sample.

33



(@) (b)

Figure 5.3: Optical microscopy image of (a) high Fe, HIP and (b) a magnified image of the
secondary phase formation of the representative location within the same sample.
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Figure 5.4: Secondary phase formation measurements of the (a) average size and (b) volume

fraction.

Microhardness measurements were plotted as a function of height and shown in Figure
5.5. Measurements showed that there was no dependence on Fe content or height in the post
processed condition. The average Vickers microhardness value for low Fe content was 224 + 5
HV and for high Fe content was 220 + 2 HV. The hardness values drastically decreased from the
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averages of the as deposited condition shown in Figure 4.6 but remained consistent between the

different Fe content feedstocks.
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Figure 5.5: Microhardness measurements of low and high Fe content samples in the HIP
condition.

To further investigate the impact of post processing, mechanical testing was conducted on
samples extracted from both the low Fe content and high Fe content structures. The mechanical
property results are reported in Table 4.1. Similar to the microhardness measurements after the
HIP cycle, yield strengths in the HIP condition significantly decreased from 520 MPa + 12 MPa
to 398 MPa + 16 MPa for the low Fe content builds and from 450 MPa = 27 MPa to 385 MPa +
12 MPa for the high Fe content builds. The span which the specimens decreased from as deposited
to HIP was 122 MPa for low Fe contents and 65 MPa for high Fe contents. An increase in ductility
is exhibited by the HIP specimens with low Fe content elongation averages of 44 + 4 % compared

to high Fe content elongation averages of 51 = 5 %.

HIP specimens tended to achieve higher stress values for a given strain value, which was
due to the larger strain hardening exponents, listed in Table 4.1[31,53]. As a result, higher UTS
values, particularly for the high Fe content, were achieved by the HIP specimens because the strain
hardening exponent from as deposited to HIP increased from 0.33 + 0.04 to 0.40 + 0.01 for low Fe
content samples and from 0.38 £ 0.02 to 0.42 £ 0.01 for high Fe content samples. The UTS values
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for high Fe tensile specimens were comparable in each condition with reported UTS values of 753
MPa + 25 MPa in the as deposited condition and 778 MPa £ 22 MPa in the HIP condition. The
large strain hardening exponent permitted higher strengths to be achieved as the specimens

elongated.

It was shown in the as deposited condition that Fe content influenced the grain size, which
impacted the mechanical properties. Similar to the as deposited EBSD scans in Figure 4.10,
columnar grains were also seen in the HIP condition, as shown in Figure 5.6. The average aspect
ratio for low Fe content samples was 4.0 + 2.2 with a major axis of 390 pum, and the average aspect
ratio for high Fe content samples was 7.5 + 5.8 with a major axis of 1468 um, which are shown in
Table 4.2 with the rest of the grain morphology measurements. Grain morphology in the HIP
condition did not grow as much as expected and possible precipitate formation prevented

significant grain growth.,

Precipitates and secondary phases are known to form after post processing heat treatments
of Inconel® 625 [8,36,54-56]. As shown in the EDS maps in Figure 5.7, low Fe content samples
exhibited evidence of a high degree of segregation, which resulted in Mo and Nb rich precipitate
formation with an average diameter of 0.84 £ 0.22 um. In the high Fe content images, Mo or Nb
precipitate formation is not observed. Expected elements that tend to have strong propensity to
segregate instead dissociated into the matrix. Instead, small Ti rich precipitates with an average

diameter of 0.5 £ 0.2 um are present.
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Figure 5.6: EBSD images in the HIP condition of (a) low Fe and (b) high Fe
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Figure 5.7: EDS maps of (a) low Fe and (b) high Fe in the HIP condition detailing the
precipitation formation and the dissociation response in low Fe and high Fe.

Post-process heat treatments are typically characteristic of recrystallization and grain
growth. However, between the as deposited and HIP condition samples, comparable grain
morphologies are measured. It is speculated that the large Mo and Nb rich precipitates in the low
Fe content samples are preventing grain growth at high temperatures. The size of precipitates is
dictating which microstructural features are being pinned with larger precipitates impeding larger
obstacles [57]. The large Mo and Nb precipitates are impeding the motion of grain boundaries in
the low Fe content samples, which restricts grain growth. In the high Fe content samples, smaller
Ti rich precipitates form that do not impede grain boundary motion but instead pin dislocations.
This phenomenon resulted in the larger strain hardening exponent values. Figure 5.8 describes the
two different phenomena that led to different strengthening mechanisms associated with the Fe
content samples. Looking back at powder feedstock compositions, Fe additions were also
combined with Ti additions from 0.019 wt % to 0.19 wt%, which is an order of magnitude increase.
With sufficient levels of Nb, Ti additions have been known to be used for matrix refining purposes

8.
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Figure 5.8: Diagrams describing the possible phenomena occurring in each HIP sample with
respect to Fe content. In (a) the low Fe content case, large precipitates are impeding grain
boundary motion and in (b) the high Fe content case, small precipitates, distributed readily are

impeding dislocation motion.

5.2 Summary and Conclusions

Structures fabricated and characterized in the as deposited condition were further

characterized in the post processing HIP condition. Identical characterization techniques were used

to study the builds and comparisons were made between low and high Fe content HIP samples as

well as to results in the as deposited condition. From the post processing study the following

conclusion can be made:

X-ray CT inspection confirmed that after the HIP treatment, no levels of defects were
identified or seen in the inspection analysis. Defects that were present in the as deposited
structures were not made out in the HIP structures while the same analysis parameters
were used.

Microstructural characterization showed that solidification structures disappeared and
secondary phase formation was identified. Secondary phases were distributed through the
material matrix and no significant changes in particle size or volume fraction were
observed in the HIP samples. Similarities in the microstructure lead to comparable
Vickers microhardness measurements in both Fe contents, however there was a sharp
decreased in values compared to the as deposited measurements.

Mechanical testing revealed differences between Fe contents for material strength and
ductility. Low Fe content HIP specimens exhibited higher strengths but lower ductility.

Similar to the as deposited condition, there was no dependence on tensile specimen
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height or orientation. Compared to the as deposited mechanical properties, UTS values
did not change as much as seen in the yield strength and elongation values. HIP
specimens were found to increase the strain hardening induced during testing. As a result,
low and high Fe content HIP UTS values resulted in values close to the as deposited UTS
values. HIP specimens exhibited an increase in strain hardening and overall high Fe
content specimens had higher strain hardening exponents.

From the as deposited to HIP condition low Fe content samples still showed significantly
smaller grains, on the order of 15x, compared to the average grain size of the high Fe
content samples. In addition, EDS maps revealed Nb and Mo rich precipitate formation in
Low Fe content samples however these two elements were dissociated into the matrix for
high Fe content samples. Instead, Ti rich precipitates formed and were distributed
through the matrix.

Based on the mechanical properties, EBSD scans, and EDS maps the large Nb and Mo
precipitates in the low Fe content are pinning grain boundaries, which result in small
grains after HIP. Small Ti precipitates form in high Fe content samples, which are

pinning dislocation motion.
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Chapter 6
THEORIETICAL ANALYSIS OF PHASE STABILITY

In order to help explain the resulting secondary phase formation and characterize the type
of constituents that formed, further investigation was done to understand the impact of Fe content.
Presented in this chapter are thermodynamic calculations that help predict possible secondary
phase formation and EPMA chemistry analyses that substantiate, which secondary phase are

present.

6.1 Thermodynamic and Microstructural Characterization of the As Deposited Condition

6.1.1 Thermodynamic Stability
Preliminary thermodynamic calculations demonstrated that Fe content impacted the

solidification of Inconel® 625. The solidification range is defined by the liquidus and solidus
boundaries. Within this range, secondary phase constituents nucleate and grow until the melt pool
temperature is below the solidus temperature. Initial calculations of the phase composition
indicated that high Fe content Inconel® 625 had a solidification range of 263 K compared to a
solidification range of 248 K for low Fe Inconel® 625. Expanding the solidification range
increases the possible amount of secondary phase constituents that can form, as a result the crack
susceptibility is increased [14]. During solidification, Mo and Nb partition to the liquid phase,
which is seen in the as deposited condition where the interdendritic regions are rich in Mo and Nb
as shown in Figure 6.1. The columnar dendrites are characteristic of high cooling rates. The
dendrites arms that formed were rich in Ni, Cr, and Fe and seen in Figure 6.2 and Figure 6.3. How
elements segregate is dependent on the distribution coefficient. Mo and Nb have distribution
coefficients less than unity, which means these elements have strong segregation tendencies and
segregate to the liquid during solidification. Cr, Fe, and Si have distribution coefficients near unit

and therefore enrich the dendrite cores.
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(b)

Figure 6.1: BSE photomicrographs of (a) low and (b) high Fe content microstructures denoting
the EPMA line scan across interdendritic regions
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Figure 6.2: EMPA composition trace conducted across a low Fe content sample dendrite arm.
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Figure 6.3: EMPA composition trace conducted across a high Fe content sample dendrite arm.

A compositional increase in the wt% Fe was also coupled with the addition of Ti and
decrease in Si. Therefore, calculations were made to determine if secondary phase formation was
influenced by the change in composition of Fe, Ti, and Si. Plots displaying secondary phase
formation as a function of composition are shown in Figure 6.4. Specifically the formation of
Laves phase, MC carbides, and MsC carbides were looked at because previous work indicated
secondary phase was primarily composed of one of these constituents [5,14]. Solidification routes
of L > y + Laves or L - y + NbC are the most popular types of routes taken for Inconel® 625,
however, Cieslak demonstrated that remaining Nb concentration could lead to a y/MsC constituent
respectively, therefore it was also included in the plot.

In order to differentiate between the possible secondary phase constituents, equilibrium
phase calculations shown in Figure 6.5 display the Mo and Nb elemental compositions within each
constituent. In order to be characterized as a Laves phase constituent, the Nb wt% would need to
be approximately 30 wt%, 88 wt% for an NbC, and 28 wt% with Mo composition near 40 wt%
for a MeC. These plots also show during solidification, which constituent will form first. Initially,
the liquid phase will partition into an NbC carbide, followed by a Laves phase constituent, and if
enough Nb remains, a MsC carbide will form. The solubility of Nb has been shown to be influenced
by the addition of Fe content [3,14,20,21]. Though previous work indicated that the increase in Fe
inhibited Nb solubility, at equilibrium shown in Figure 6.6, there is a small change in the

composition of Nb in the matrix.
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Fe; (b) Ti; (c) Si on secondary phase formation.
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Figure 6.5: Representative wt% compositions of Nb and Mo in specific secondary phases: (a)
Laves phase; (b) MC carbide; (c) MsC carbide. Nb wt% can be used to identify which secondary
phase is forming after solidification.
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Figure 6.6: Element composition of Nb wt% in matrix (y) as a function of temperature. The Nb
wit% compositional is higher in the high Fe content Inconel® 625.
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6.1.2 Characterization of the Secondary Phase
EPMA analysis helped characterize the resulting secondary phase formation in the as

deposited condition. Point specific quantitative compositional measurements were made to
identify secondary phase formation, which are shown and listed in Figure 6.7 and Table 6.1. The
morphological shape of the constituent would appear to be Laves phase based on previous
secondary phase characterization work [5,13]. The measured composition of Nb, which is listed
in in Table 6.1, for the secondary phase constituent is between 17 — 25wt%. As a result, this
supports the equilibrium phase calculations in Figure 6.5 because the Nb and Mo compositions are
too low to be considered an NbC or MeC carbide.

(a) (b)

Figure 6.7: EPMA chemistry analysis of the resulting secondary phase constituents that formed
in the as deposited condition for (a) low Fe and (b) high Fe content samples.

Table 6.1: Chemical compositions of the constituents shown in Figure 6.7.

Element Wt % of Secondary Phase Constituent
Low Fe High Fe
Ni 35.95 4125
Cr 17.02 1555
Nb 2421 17.82
Mo 12.21 15.19
Fe 0.63 3.33
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In addition, another way to characterize the secondary phase formation is using the C/Nb
ratio [20]. When the C content is minimal so that the C/Nb ratio is low, Laves phase is the
dominating constituent. Based on literature that would characterize and identify the resulting
constituents produced after welding operations, carbides would only form with sufficient amount
of C in the initial feedstock material [5,13,20,21]. Therefore, when C content is increased, the
formation of carbides, along with Laves phase, would then be expected to form. From the chemical
composition for both low and high Fe content powder feedstock samples, Laves phase would be
expected. The C content is 0.008 wt%, which is very low and therefore very little C can be utilized
to promote carbide formation. In combination with the EPMA measurements, the primary
secondary phase constituents that are forming in the low and high Fe content samples in the as

deposited condition are presumably Laves phase.

6.2 Thermodynamic and Microstructural Characterization of the HIP Condition

6.2.1 Thermodynamic Stability
In the HIP condition, Mo and Nb rich precipitates are observed in the low Fe content

samples, but Ti rich precipitates formed in the high Fe content samples. Changes in chemistries
lead to possible speculation that the increase in Ti composition promoted MC carbide formation.
In order to study the solute segregation during solidification of the HIP samples, Scheil
solidification calculations were conducted. The phase stability of low and high Fe content samples
during solidification is shown in Figure 6.8. Overall, negligible amounts of secondary phase are
expected to form. However, as shown in Figure 6.8b, MC phase formation is stable at the HIP
temperature (1533 K) while no MC phase is present for the low Fe content samples. The
differences in phase stability for low and high Fe HIP samples impact the microstructure which
was initially seen in Figure 5.7 of the EDS maps in chapter 5.
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Figure 6.8: Scheil calculations of the resulting phase fraction upon solidification for (a) low Fe
and (b) high Fe content compositions. The HIP treatment was conducted at 1433 K. MC carbide
formation is present in the high Fe content calculation but not for low Fe.

6.2.2 Microstructural Characterization of Secondary Phase Constituents
Quantifying the elemental compositions of each secondary phase constituent for low and

high Fe samples was done using EPMA.. Because no identifiable Laves or carbide phase formed
in the high Fe content HIP samples, another analysis was conducted on the dark spots that were
distributed throughout the matrix. The measured compositions are listed in Table 6.2 and the point
analysis areas that were analyzed are shown in Figure 6.9. In the low Fe content HIP sample, the
composition of Mo and Nb wt% is indicative of Laves phase. Compositional matrix values were
measured in the high Fe content sample, respectively. An additional chemical analysis was
conducted on the high Fe content HIP sample as shown in Figure 6.10 and found that the dark
sports were enriched with approximately 10 wt% Ti. There was minor intensity pick up of Nb near
these Ti precipitates, which would support the argument that for matrix refining purposes, Ti

would need to be combined with Nb [8].
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(a)

(b)

Figure 6.9: EPMA chemistry analysis of the resulting secondary phase constituents that formed
in the HIP condition for (a) low Fe and (b) high Fe content samples.

Table 6.2: Chemical compositions of the constituents that formed in the HIP condition.*High Fe
content samples do not form Laves phase or carbides.

Element Wt % of Secondary Phase Constituent  Ti rich Precipitates
Low Fe High Fe* High Fe
Ni 32.54 56.54 3625
Cr 13.90 18.88 1541
Nb 22.59 3.54 17.05
Mo 18.90 8.54 5.49
Fe 045 4.89 2.57
Ti — — 9.94
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Figure 6.10: EPMA chemistry map analysis portraying measureable Ti intensity specifically
where black spots are located in the BSE image. The color scale is in wt%.

6.3 Summary and Conclusions

The impact of chemistry on resulting secondary phase formation was identified using
characterized using EPMA and phase stability calculations. At the HIP temperature, the various
combinations of alloying elements can impact what secondary phase constituent forms. Findings
from this chapter include:

e The resulting secondary phase constituents are Laves phase due to the measured Nb wt.%
from EPMA and the low C content in the powder feedstock material.

e Based upon the phase stability calculations for the two different powder feedstock
compositions. At the HIP temperature, MC carbide formation was stable for high Fe
content Inconel® 625 and MeC carbide formation was stable for low Fe content Inconel®
625.
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Chapter 7
CONCLUDING REMARKS

7.1 Summary and Conclusions

Additive manufacturing is an enabling technology that has capitalized on the technological
innovation that has occurred over the previous decades. Laser processing improved, robotics
advanced, and equipment costs have decreased. However, there is one factor that has not been
improved upon and that is the powder feedstock material. Results in this thesis have demonstrated
the need to control powder composition should be considered for AM work. Cieslak et al. initially
brought alloying element composition to the forefront with the factorially-designed Inconel® 625
alloy element matrix [5,13]. Floreen et al. concluded that in order to produce consistent, reliable
components tighter controls of the alloying composition needed to be made [8]. Numerous factors
have been improved that has led to the mainstream publicity of AM. However, the powder
characterization techniques used for the welding operations in the past are still being implemented
to validate powder feedstock material in the same way but now the feedstock material is utilized
for AM processes.

Analysis of the Inconel® 625 system for Fe contents at the 1 wt% and 4 wt% were
investigated. The Fe content addition was also coupled with a compositional increase in Ti and a
decrease in Si. Characterization the AM DED fabricated structure showed no differences after
preliminary metallurgical characterization of the microstructure was conducted. It was not until
mechanical testing was preformed that changes in the resulting properties for the two powder
feedstock materials was identified. Low Fe content samples exhibited higher strengths and lower
ductility. For both samples in the as deposited condition, alloying elements segregated similarly
with Nb and Mo partitioning into the interdendritic regions and Ni, Cr, and Fe enriching the
dendrite arms. The primary strengthening mechanism in the as deposited condition was grain size.
The average grain size area in the high Fe content samples was ten times larger than the average
grain size in the low Fe content samples. Therefore, strength was minimized for higher Fe contents

and improvement in the ductility was reported.

A standard HIP treatment was conducted on the as deposited DED structures to remove the
possible defect formation via lack of fusion or porosity. Microstructurally, materials responded

similarly to each other with no defect formation detected, the solidification structures disappeared
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leaving only secondary phase constituents, and the hardness significantly decreased compare to
the as deposited condition. Low Fe content HIP samples reported higher strengths and lower
ductility. However compared to the as deposited condition mechanical results, there was little
change in the reported UTS HIP value. In response to being exposed to the HIP temperature and
held there for elongated times, HIP tensile specimens exhibited higher strain hardening exponents,
which diminished the large difference in yield strength and led to the as deposited and HIP UTS
values for each Fe content samples to be comparable. Grain size differences remained consistent
between low and high Fe content samples. Possible explanation of the varying mechanical property
results is due to the secondary phase formation after HIP. Low Fe content samples formed large
blocky, irregularly shaped Mo and Nb rich precipitates which are assumed to be Laves phase while
in the high Fe content samples, Mo and Nb dissociated into the matrix. Instead, smaller spherical
Ti rich precipitates formed in the high Fe content samples. Precipitates in the low Fe content
samples are pinning grain boundary motion which restricts grain growth for the HIP samples and
therefore increases the strength. Ti precipitates impede dislocation motion, which increases the
strain hardening exponents in the high Fe samples. Thermodynamic calculations confirmed the
phase stability of an MC carbide near the HIP temperature. EPMA chemical mapping revealed
that the dark spot formation seen in BSE imaging corresponded with Ti rich intensities signifying

Ti rich precipitates.

7.2 Future Work

In order to determine the exact role Fe content has on the Inconel® 625 system, additional
research directions should be explored. More alloy compositions should be investigated and the Si
and Ti compositions should be carefully examined. Low Fe, low Si, and low Ti content Inconel®
625 should be compared with high Fe, Si, and Ti content in order to set fundamental boundaries
of the Ni base system. In addition, secondary phase could be characterize more in depth using
DTA and TEM. DTA would supplement the computational results in this study with experimental
results on whether the alloying additions would increase or decrease the liquid and solidus
temperatures and solidification temperature range. TEM would provide a high quality in depth
characterization of the morphology and chemical composition of the resulting secondary phase
constituents in both the as deposited and HIP conditions. A TEM chemical analysis would be able
to discriminate between Laves phase or carbide formation, which would allow powder

composition to be adjusted in order to intentionally mitigate or exacerbate secondary phase
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formation. The expansion of knowledge for common AM deposited materials is growing, however
attention must be directed to powder composition in order to continually innovate the

manufacturing field.
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