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Abstract

THE EFFECTS OF REDUCING CARBON CONTENT IN THE
PROCESSING OF SUPERALLOY INCONEL 718

Glenn “Joey” Scott

A thesis submitted in partial fulfillment of the requirements for the degree of
Master of Science

Materials Science

The University of Alabama in Huntsville
August 2024

The properties of Inconel 718 (IN718) are dependent on the elemental composition
and microstructure. Applications using IN718 include rocket and jet engine parts. These
parts are often complex and difficult to machine, making IN718 ideal for additive
manufacturing processes such as laser-powder bed fusion (L-PBF). The various phases that
form in IN718 rely on the niobium (Nb) content including the carbides. The precipitates
also include Nb in the strengthening phases of gamma prime (y’) and gamma double prime
(y’’). Overaging of y’’ transforms the metastable phase into the stable (3) phase, which also
controls grain size. This study evaluates the effects of reducing carbon content on phases

and properties of IN718.
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Chapter 1. Introduction

1.1 Introduction

Understanding phase formation and microstructures associated with elemental
composition is important for designing a material to meet desired mechanical properties.
In Inconel 718 (IN718), phases form in either solidification or precipitation. The
precipitates are gamma prime (y’), gamma double prime (y’’), delta (5), Laves, and
carbides, while solidification phases, are the gamma (y) matrix, 6, Laves, and carbides.
Both solidification and precipitation phases have been observed in cast, wrought, and
additively manufactured (AM) materials [1][2][3]. Laves and o phases can be detrimental
in large quantities to the overall strength of the material. Heat treatments above phase
solvus temperatures are used to help minimize those phases [2][3].

The objective of this research is to determine the effects on the phase formation and
mechanical properties of reducing carbon content in IN718. Test specimens were printed with
either a baseline or lean carbon content and heat treated using HIP prior to solutionizing and
aging. The baseline carbon content is .04 weight percent, and the lean carbon content is .01
weight percent in the powder used for fabrication. The resulting microstructures, phase
compositions, and mechanical properties are presented in this thesis.

1.2 Additive Manufacturing

AM is the process of joining materials to make parts from 3D model data, usually
layer upon layer, as opposed to subtractive or formative manufacturing methodologies

[4][5][6]. AM can be a cost-effective and time saving alternative to other subtractive



process to produce and manufacture low volume, complex parts. Some of the complexities
cannot be produced using traditional subtractive processes. AM first emerged in the late
1980’s with stereolithography (SL) from 3D Systems, with a process that solidified
polymers [5]. The first commercially available 3D printer was the SLA-1
(Stereolithography Apparatus), which became commercially available in 1987, with the
printer being patented in 1984 to Chuck Hull [7][8]. Hull was one of the founders of 3D
systems [7]. In 1993, the Massachusetts Institute of Technology first patented, three-
dimensional printing techniques, that would be defined as binder jetting (BJ). [6][9]. Since
that point, AM has made significant strides with the use of metals [6].

Classifications of AM can be reduced to many different categories which are shown
in Figure 1.1. The processes can be broken down by material. The following processes are
primarily used for metals: Selective Laser Melting (SLM), Direct Energy Deposition
(DED), Laminated Object Manufacturing (LOM), and BJ [10]. The method used to
produce the specimens in this study is SLM which is now standardized as Laser Powder
Bed Fusion (L-PBF) [4].

Figure 1.2 shows the metal additive manufacturing (MAM) processes categorized
based on their heat source and feedstock. There is an inverse relationship between precision
(or resolution) and deposition rate [11]. With PBF systems, the heat source is either laser
(L-PBF) or electron beam (EB-PBF). Due to difficulties in the machining of IN718, it is

an ideal material for any of the MAM processes, depending on design requirements.
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Figure 1.1 Overview scheme on AM processes [10].

Metallic Additive Manufacturing Processes

Laser Hot
Wire DED

Cold S
LW-DED L OICISPIaY

—

Ultrasonic
AM

Friction Stir
WEAY

Deposition Rate

Figure 1.2 Feature resolution vs. deposition rate of various AM processes [11].



1.3 Laser Powder Bed Fusion

One form of MAM is L-PBF. Since its application to metal processing, it has gone
through a variety of names including using SLM prior to standardization as L-PBF [4]. AM
processing enables the ability to produce complex geometries, reduce part counts, improve
economics of small production runs, and dramatically reduce lead times in production
environments [12][13]. L-PBF is under widespread development due to its capacity for
improved quality and freedom in designing and manufacturing complex geometries [12].

Figure 1.3 shows the principal schematic for L-PBF. L-PBF uses a laser (heat
source) that is scanned across a layer to selectively melt and consolidate metal powder.
Once that layer is scanned, an additional layer of powder is spread across the previous layer
to form the successive layers. This process is repeated to create three-dimensional layered
components with internal features that are difficult to attain through traditional
manufacturing [12][14].

Figure 1.4 illustrates the five main parameters that control the process including:
laser power, layer thickness, laser scan speed, hatch distance, and scan strategy [15]. Laser
power is the amount of power (heat) the laser imparts on the surface of the build plate or
specimen being built. Layer thickness is the thickness of each individual layer of powder
melted and solidified by the laser. Laser scan speed is the scanning velocity, or how fast
the laser is moving. Hatch distance is the distance between each laser scan pass over the
specimen. Scan strategy is the pattern or path the laser takes while it scans. Laser

processing conditions can be optimized to enhance desired mechanical properties [16].
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Chapter 2. Background

2.1 Inconel 718

The Inconel family of materials was first developed in the early 1930’s by the
International Nickel Company and IN718 was announced in 1959, with its first public
issuance was in March 1962 [18]. IN718 was developed to be a high strength, creep
resistant, and corrosion resistant material that could operate successfully in temperatures
up to 650° C [1][19]. Above 650° C, ¥’ becomes unstable and transforms into & phase
[3][18]. IN718 was first developed to be used in jet engines. Now it is used in many
applications where strength retention is needed at higher temperatures and/or in a corrosive
environment. IN718 is highly weldable due to sluggish precipitation kinetics [20]. IN718

can also be used in wrought or casting processing, as well as additive manufacturing [21].

2.2 Alloying Elements and Phases Present

IN718 is an austenitic Ni based superalloy that is precipitation strengthened. It is
composed of the elements listed in Table 2.1. While most are intentional alloying elements,
some others are left as impurities such as oxygen, nitrogen, phosphorus, and sulfur. The
major alloying elements are given within the stated range.

Table 2.2 shows why each element is added to the composition of IN718. For
example, the Cr present in IN718 provides oxidation resistance by forming a passive layer

of chromium oxide (Cr203) [22].



Table 2.1 Standard elemental composition (wt%) of IN718 [23].

Element min max

Nickel 50 55
Chromium 17 21
Iron bal

Niobium + Tantalum 4.75 5.5
Molybdenum 2.8 33
Titanium 0.65 1.15
Aluminum 0.2 0.8
Cobalt 1
Manganese 0.35
Silicon 0.35
Carbon 0.08
Oxygen 0.01
Phosphorus 0.015
Sulfur 0.015
Copper 0.3
Boron 0.006

Table 2.2 Elements and their effects in IN718 [1][3][20][22][24][25][26].

Element

Effects

Ni

Primary element in austenitic y matrix

Solid-solution strengthener, M7C3 and M23Cs carbides former, improve

Cr oxidation and hot corrosion resistance
Fe Solid-solution strengthener
Nb Strengthening phase y"’ Ni3sNb, MC and MsC carbides former
Mo Solid-solution strengthener, MC, M23C¢ and MsC carbides former
Ti Strengthening phase y' Ni3(ALTi) former
Strengthening phase y' Ni3(ALTi) former, improve oxidation and hot corrosion
Al resistance
Co Solid-solution strengthener, raises solvus temperature of y' Ni3(ALT1)
Mn Stabilize austenitic y matrix, increase weldability
Si Promote effect of solidification segregation
C M(C,N) carbonitrides former, carbide former, grain-boundary strengthener
0) Contaminant and present in the powder during LPB-F

Table 2.3 lists the phases present in IN718 include an austenitic y matrix, y’, y’’, 6

phase, Laves, and carbides [27]. The y matrix is the primary phase present, and it retains




its FCC structure over the entire temperature range through alloying with the Fe and Cr
elements. Figure 2.1 is the ternary diagram for Fe, Ni, and Cr at 750°C, showing the

compositional range for the stability of the y matrix, which is Ni 50-55, Cr, 17-21, and Fe

17-21 wt% [23].

100

7 7 7 7 7 O

i [l 7 7

Fe o 10 20 30 40 30 60 70 80 90 100 Ni

Ni wt% ——=

Figure 2.1 Ternary phase diagram for Fe, Ni, Cr at 750° C showing compositional ranges [28].

Table 2.3 lists the crystallographic structure, composition, and primary function of
phases within IN718. y' and y" are the primary strengthening precipitates with y" forming
alongside y' [29]. y" is a metastable phase with a BCT structure that remains coherent with

the y matrix. At temperatures above 650° C, the ¥" transforms to the stable § phase that has



an orthorhombic crystal structure and is incoherent with the y matrix. It can form in either
globular and/or acicular morphologies, usually along the grain boundaries [20]. The o6
phase is useful in pinning grain boundaries to inhibit grain growth [20].

The other phases are Laves phase and carbides. Laves phase has a topographical
hexagonal close packed (HCP) crystal structure and in large amounts can be detrimental to
the matrix. Laves phase tends to be initiation sites for cracks thereby impacting low cycle
fatigue (LCF) life [20]. Carbides can be either precipitates or occur in solidification. When
carbides are precipitates, carbides precipitate throughout the matrix and/or along the grain
boundaries where they can also pin grain boundaries [20]. Carbides are useful for grain

size control but can be detrimental in too high of volume fractions.

Table 2.3 Phases present and crystal structure in IN718 [1][3][18][29][30].

Phase Structure Composition Formation
Gamma (y) Face Centered Cubic Ni,Cr,Fe Solid Solution Matrix
(FCO)

Gamma Ordered Face Centered Metastable
prime (v”) Cubic (FCC) Niz(ALTi,Nb) Intermetallic
Gamma Body Centered Tetragonal Niz(Nb,Ti) Metastable

double (BCT) Intermetallic
prime (y’)
Delta (3) Orthorhombic (Ni3(Nb,T1) Intermetallic
Laves Hexagonal Topographical (Ni,Cr,Fe) 2(Nb,Ti) Intermetallic
Close Packed (TCP
Carbides Cubic NbC

2.3 Heat Treatments

Due to the complex nature and thermal cycling involved with AM processing,
postproduction heat treatments are necessary to get the optimal mechanical properties. For

L-PBF processing, a stress relief (SR) cycle can be used to minimize distortion of the part



when removing from the build plate, especially for thin walls [31]. Due to the rapid cooling,
a homogenization heat treatment is used to homogenize the material by diffusing the
elemental segregation. For precipitation strengthened alloys, additional heat treatments are
used to solutionize followed by a quench and an aging to strengthen the material [31].
Figure 2.2 shows the isothermal time, temperature, and transformation (TTT)
diagram for wrought IN718. The TTT diagram provides an understanding of the time and

temperature ranges where the various phases form and precipitate.

1100 et
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»

d-phase starts

1

y+o+Laves

v+y'+5+Laves

Y4+ +"+8

Temperature (°C)
%,
=
1

1 T T T T T T T T
0.1 05 10 50 10 50 100 500 1000

Time (h)
Figure 2.2 Time, Temperature, and Transformation (TTT) diagram for wrought IN718 [32].

The basic heat treatment for IN718 was developed for wrought and cast materials.
But for L-PBF IN718, there has been the addition of stress relief (SR) and hot isostatic
pressing (HIP), per AMS F3055 [23]. As the AM process may add residual to the material

due to the temperature gradient during the build, the additional SR was added to minimize

10



distortion in the as built AM components, especially for thin-walled components. HIP
processing, common to casting, is used to reduce the void content arising during
solidification, consequently increasing the density. Table 2.3 shows the standard heat
treatment typically used for L-PBF IN718 [23][33].

Understanding the appropriate parameters of the TTT diagram helps form a basis
for designing the appropriate heat treatment. For IN718, the two-step aging promotes the
formation of y' and y" at a range of 718°C to 760°C for 8 hours [33]. To continue the
formation of these phases, the temperature is reduced to a range of 621°C to 641°C for an
additional 8 hours, to continue the formation of the strengthening phases and delay the
formation of d phase [31]. Per the standard, the total aging time, including cooling, is not

to exceed 18 hours [33].

Table 2.4 Typical heat treatment of LPB-F IN718 [23][33].

Heat Treatment Temperature (°C) / Time (hr) | Pressure (MPa)
Stress Relief [23] 1065 °C £ 15°C NA
1.5 hr -5 min/+15 min
HIP [23] 1120 °C - 1185 °C = 15°C 100 MPa

4hr+1hr

Solution [33] 941°C—-1010°C* 14 °C NA

1-2 hr, quench
Age [33] 718 °C -760 °C + 15°C NA
8 hr

Second Aging [33] 621 °C—-641°C/ NA

approx 8 hr

2.4 Carbon in IN718

According to UNS NO07718, the maximum carbon content allowed in IN718 is .08
wt% [23][34]. Although the maximum C allowed is .08 wt%, commercially available

IN718 powder typically has .04 wt% C [35]. The initial .08 wt% C content was developed

11



for wrought and castings [1][3][36]. The primary driving force for reducing the carbon
content to .04 wt% is improving LCF life [37]. Cracks generally occur at oxide, nitride,
and carbide stringer sites. Reducing the C decreases the amount of carbide stringer sites
present, and consequently improving LCF life [37].

Although too much C can be detrimental, the primary use of C in IN718 is to
produce carbides, primarily with niobium and secondarily with titanium or aluminum
[27][34]. Carbides can form during solidification and/or also after solutionizing heat
treatments [21][38]. The stable form of carbide is a metal-carbide, MC. In Inconel, the
primary MC is NbC and the formation of NbC follows normal thermodynamic
relationships [38].

The MC carbides that form during solidification tend to form along the austenitic
grain boundaries [20][38]. Carbides can precipitate along twin boundaries [20]. The
distribution of carbides is nonuniform [27]. In IN718, NbC is the primary while M23Cs can
also form [20]. Whereas other carbides such as MeC occur in IN625, they do not occur
regularly in IN718 [20]. Carbides being beneficial or detrimental to mechanical properties

depend on the size, distribution, oxidation, and mechanical test conditions [39].

12



Chapter 3. Experimental Procedure

3.1 Feedstock

The Inconel718 powder that was used in this study had nominal diameter of 10 pm
to 50 um [24]. The mean particle size in the powder used was 34.1 um, with a D10 size of
23.1 pm and a D90 with a size of 46.1 um [40]. That is to say that 90% of the powder had
a diameter larger than 23.1 um and 90% of the powder had a diameter smaller than 46.1
pm. The manufacturer’s independent powder analysis showed that their as-received

powder met AMS 5662 nominal composition limits for IN718 [34].

Table 3.1 summarizes the chemical compositions for all powder and specimens
used in this study that were provided by the vendor. The vendor determined the values by

inductively coupled plasma (ICP) and combustion characterization techniques [41][42].

Table 3.1 Chemical composition (wt%) of IN718 powder and bulk used in current study [35].

Sample |[Ni [Cr |Fe |Nb |Mo |Ti |Al [Co | Mn |Si C 0

Lean C
Powder 535 180 1891 50| 3.0] 095 0.56| 0.00| 0.02] 0.04| 0.01 ]| 0.01

Lean C
Bulk 536 179] 186 53| 3.0 098 055 0.01| 0.03] 0.04] 0.01 ] 0.03

Baseline
Powder 5331 1891 179 ] 5.1 30094 047] 0.10] 0.04 ] 0.04] 0.04 | 0.01

Baseline
Bulk 526 189 ] 184 52| 3.1 | 097 0.51| 0.10| 0.04 | 0.05| 0.04 | 0.02

Wrought | 53.2 | 18.1 | 189 5.1f 2.0 09] 0.55] 0.22 | 0.05| 0.07] 0.04 | 0.01
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3.2 Sample Fabrication

All samples in this study were manufactured by the Aerospace Corporation, using
a Concept Laser M2 SLM AM system, with no base plate heating. The SLM AM system
is classification of a laser-powder bed fusion (L-PBF) process [4]. The Concept Laser M2
used a single 400-W YAG (yttrium aluminum garnet) continuous fiber laser with a
wavelength of 1070 nm and an f-theta lens system with fixed optics and nominal spot size
of 50 um. The print parameters used a 180-watt laser setting and a scan rate of 600 mm/s
for the bulk. For the contour layers, a reduced laser power of 160 W and a scan rate of 350
mm/s was used. Layer thickness was 30 um. An argon purge gas was used with an island
scanning strategy with 5 by 5 mm island size. Cylindrical samples were printed in both the
vertical and horizontal positions with nominal dimensions of a 12.7 mm diameter by 90
mm length [40]. Figure 3.1 shows the build plate and build direction and Figure 3.2 shows

the cylindrical specimens.

Vertical

Horizontal

Figure 3.1 Build plate with build directions schematic [43].
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Figure 3.2 Vertical and horizontal specimens used in this study.

3.3 Metallurgical Preparation

To characterize the microstructure and their differences between the as built and
heat treated conditions, the samples were cut and mounted at the University of Alabama in
Huntsville, in phenolic to view the XY plane and XZ build directions, shown in Figure 3.3.

Figure 3.4 shows an example of how they appeared in the black phenolic mounting resin.

Building direction

R Y plane

L=

XZ plane = ° i
. \_‘1:’ o

Figure 3.3 Cut plan Schematic for horizontal and vertical specimens [44].
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Figure 3.4 Specimens mounted in black phenolic mounting resin [45].

The samples were cut in the relative middle of their build to ensure that the maximal
uniformity within the samples and alleviate anomalies at the baseplate. For
characterization, the XY and XZ specimens were mounted into Allied High Tech black
phenolic mounting resin, utilizing standard metallurgical techniques for IN718 [46]. The
machine used for mounting is a Buehler SimpliMet 4000 mounting system for metallurgical
preparation. After mounting, the samples were ground using a Struers Tegramin-20. The
SiC grinding series started with 240 grit through to 1200 grit. The samples were then

polished using a 1 um diamond suspension polishing medium and a Vel-cloth pad.

3.4 Heat Treatments
Table 3.2 Heat treatment schedule [23][33].
Designation | Build HIP (°C/hr) Solution | Age Second
Orientation (°C/hr) (°C/hr) | Aging
(°C/hr)
Baseline Vertical 1163/3 at 103 MPa | 954/1 718/8 621/8
* *
Lean Vertical/Horizonal (FC) (FC)

*FC = furnace cooled
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The specimens in this study were heat treated according to Table 3.2. The HIP cycle
was run at1163 + 12°C and 103 + 2 MPa in an argon environment for 3 h, followed by a
slow furnace cooling (FC). After the HIP processing, the test specimens underwent a two-
step aging process per ASM 5663 [33]. Test specimens were solution treated for 1 h at 954
+ 14°C with air cool, followed by two-step aging at 718 = 8°C for 8 h, followed by a
furnace cool to 621 £ 8°C for 8 h, for a total aging time of 18 h. Figure 3.5 shows how the

heat treatment is applied to the TTT diagram.

1100 L L 1 L L | s L 1 " " ] L L
,Laves
¥
1000 - 5-phase starts
A yr+6+Laves

Tl y+y'+3+Laves
[+]
Py H'+1"+D )
=
s 800 -
=
=%
=
S

700 =

600 -

T T T T T T T T T
0.1 05 10 5.0 10 50 100 500 1000
Time (h)

Figure 3.5 Heat treatment schedule applied to TTT diagram [32].

3.5 Optical Microscopy

Images of the polished samples were taken to conduct void analysis. The images

were taken using a Zeiss AX10 inverted microscope at 5x, 10x, and 20x objective in the
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XY build plane and the XZ build direction. Using the as polished samples in optical
microscopy, sufficient imaged were recorded for an average of 100 voids using a 5x
objective. Analysis was conducted using ImageJ for each representative sample after the
specified heat treatment [47]. The process used in ImageJ was ensuring the image was 8-
bit, threshold the image to void size, make the image binary, set measurements for area,

feret diameter, and area fraction, lastly, analyze particles.

3.6 Tensile Testing

After the heat treatment schedule discussed in Section 3.4, the tensile specimens
were machined into tensile samples per Figure 3.5 where dimensions are in mm. The
samples printed in the vertical orientation were machined to align the tensile axis the build
direction (Z) and those in the horizontal orientation were machined to align the tensile axis

along the build plane (XY).

vl
e

6.3+0.1 I

413+0.1

Figure 3.6 Tensile sample geometry with dimensions in mm.

The uniaxial tensile tests were conducted using an Instron 5985 with a 250 kN load
cell in accordance with ASTM Standard ES/E8M [48]. The tensile tests were completed at

room temperature on 19 dogbone specimens with a constant crosshead speed of 1.27
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mm/min. All specimen gauge section diameters were between 6.29 mm and 6.39 mm.

3.7 X-Ray Diffraction

X-ray diffraction (XRD) was performed with a Malvern Panalytical Empyrean with
a 255-channel detector on all specimens used in this study to determine the phase
composition of each sample. XRD patterns were collected with an Empyrean diffraction
system with Co-Ka radiation source (A = 0.179 nm) operated at 40 kV and 40 mA over a
continuous 2-0 range of 35 to 55°. The 2-0 range was scanned with a step size of 0.013
with a dwell time of 1200 seconds. No monochromator was installed on the XRD and the
instrumental peak broadening was not measured. Thus, the measured peak widths were
used to observe relative changes in peak width. One specimen from baseline HT vertical,
lean C HT vertical, lean C HT horizontal, baseline as built vertical, and a lean C built

horizontal was used.

3.8 Scanning Electron Microscopy

Scanning Electron Microscopy (SEM) was conducted using a Hitachi S-3700N.
The Silicon Drift Detector (SDD) is a X-MaxN 80. Imaging was conducted using
Backscattered Electron mode. Images of the specimens were taken at a resolution of 70x,
100x, 200x, 500x, 750%, and 1500x. The SEM images at a 100x magnification were used
for the grain size analysis averaging 100 grains per sample. Using Imagel, the feret

diameter and aspect ratios were determined.
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Chapter 4. Results

4.1 Hot Isostatic Pressing and Heat Treatment

Figure 4.1 compares the microstructure of the lean carbon HT samples from the
horizontal and vertical build directions in the XY plane. Specimens were removed and
mounted in accordance with the cut schematic in Figure 3.3. Figure 4.2 shows the
microstructure of the baseline HT sample in the XY plane. Figure 4.3 compares details of
the grain boundaries for lean HT and baseline HT samples. Figure 4.4 shows coarse delta
formation at grain boundaries of lean C HT samples. Figure 4.5 shows less coarse acicular
delta at grain boundaries in the baseline HT sample.

Table 4.2. summarizes the average grain size of HT specimens. An average of 100
grains per sample was used. One image in both XY and XZ planes were used with a
resolution of 100x. Similar grain size in the two orientations are interpreted as evidence of

equiaxed grains in the specimens.

Table 4.1 Average grain size after HT for IN718 specimens.

Sample Number of Specimens | Grajn Size XY | Grain Size XZ
Baseline Vertical 2 32+24 33+32
Lean C Vertical 2 54 + 37 44 £ 28
Lean C Horizontal | 2 25+ 14 36 +21
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Figure 4.1 SEM/BSE images (100x) lean C HT specimens in XY plane (a) horizontal and (b) vertical build.
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Figure 4.2 SEM/BSE image (100x) of microstructure of baseline HT vertical build IN718 specimen
in XY plane.
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Figure 4.3 SEM/BSE images (1500x) of delta phase and carbides in XY plane for HT IN718 samples from
(a) baseline vertical (b) lean C horizontal and (¢) lean C vertical build.
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Figure 4.4 SEM/BSE images (5000x) of lean C HT specimens XY build plane with coarse acicular 6 phase
formation at grain boundaries from (a) horizonal and (b) vertical build.
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Figure 4.5 SEM/BSE image (5000x) of baseline HT specimens XY build plane with acicular 6 phase
formation at grain boundaries.

Table 4.3 summarizes the void size analysis from the polished optical microscopy

images. The measurements taken include area fraction of the image as well as average size,

and standard deviation, and feret diameter. Figure 4.6 shows the difference between as built

and HT specimens for the baseline; lean C had the same results. The as built specimen void

average area percentage for both the baseline vertical and lean C horizontal both averaged

3.0 = 0.3%.

Table 4.2 Summary of void analysis after HT for IN718 specimens.

# of Images Count | % Area | Average Size (um)
Baseline - Vertical - XY 6 99 0.042 27 +£37
Baseline - Vertical - Z 6 92 0.060 22 +21
Lean C - Vertical - XY 6 101 .079 28+ 19
Lean C - Vertical - Z 6 98 .044 26 +£32
Lean C - Horizonal - XY 5 118 .097 30 £45
Lean C - Horizonal - Z 4 95 0.139 43 + 35
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Figure 4.6 Optical microscopy images for void analysis with 5x objective of (a) baseline HT vertical and (b)
lean C HT vertical build.
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4.2 Tensile Testing Results

The tensile properties for all specimens tested are summarized in Table 4.4 and

graphically represented with Figure 4.7.

Table 4.3 Mechanical properties for Inconel specimens.

Number
of YS (MPa) | UTS (MPa) | Elongation (%)
Samples
Baseline Vertical 41 1148+2 1299 + 6 17.7+0.3
Lean C Vertical 2 1145+3 1302 £ 6 16.7+0.1
Lean C Horizontal 3 1163+ 8 1314+ 9 17.8 +£0.2
Baseline As Built 3| 773+56 969 + 12 25.6 £3.7
Lean C As Built 3 808 +4 1040 +2 23.3+0.2
Wrought (solutionized) 4] 691+73 976 + 14 26.2+3.4
1400 35
1200 30
1000 25
m
800 20 §
g 5
Z 600 15 g‘-
=1
400 10 X
200 5
0 0
Baseline HT Lean C Vertical LeanC Baseline As Lean CAsBuilt  Wrought
Vertical Horizontal Built Horizontal  (solutionized)

B YS (MPa) mUTS (MPa) ®Elongation (%)

Figure 4.7 Mechanical properties for Inconel specimens.

4.3 Phase Analysis Results

The phases present were evaluated on the basis of XRD for crystal structure. The

major peak shown is associated with the gamma phase (Y) and the minor peaks identified

were for carbides and Laves phases. All phases are indexed with the PDF files from
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International Center for Diffraction Data (ICDD) is given in Table 4.4 and Figure 4.8
compare the XRD data for the HT baseline and lean C specimens as well as the as built
specimens. Figure 4.9 primarily shows the major peak for Ni, but indicates where the
expected peaks for NbC, delta phase and Laves phase are along the 2-theta axis. The minor
phases have very small peaks when compared to the intensity of the Ni peak. The y matrix
exhibits a major peak associated with face centered structure Ni in the 111 diffraction plane.
Overlapping of minor strengthening phases, Y’ and y*’, with the Ni peak occurs and will be
further explored in the discussion chapter. Figure 4.10, Figure 4.11, and Figure 4.12 show
the XRD for peaks for Ni, Carbides, Laves phase, and Delta phases for baseline and lean

C samples, identifying the minor phases.

Table 4.4 ICDD PDF numbers for corresponding phase.

Name PDF #
Gamma (y) 01-004-0850 [49]
Gamma prime (y’) 04-012-8012 [50]
Gamma double prime (y’”) 04-012-8012 [50]
Delta (3) 00-015-0101 [52]
Laves 04-004-7304 [52]
Carbides 00-038-1364 [53]
Ni 01-004-0850 [49]
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Figure 4.8 XRD analysis of IN718 for (a) as built and (b) HT.
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Figure 4.9 XRD analysis for Ni peak with range of 49-52° for (a) as built and (b) HT.
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Figure 4.10 XRD analysis for NbC peak with range of 40.5-41.5° for (a) as built and (b) HT.
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Figure 4.11 XRD analysis for Laves phase peak with range of 45.3-46.5° for IN718 (a) as built and (b) HT.
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Figure 4.12 XRD Analysis for & phase peak with range of 46.4-47.4° for IN718 (a) as built and (b) HT.
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Chapter 5. Discussion

Using a 90% confidence interval, there was no statistical difference in the grain
sizes between the HT specimens, which include the baseline vertical, lean C vertical, and
lean C horizontal builds. Grain sizes can be seen in Table 4.2. Literature reports that
reduction in carbon leads to a reduction in total amount of NbC carbides [54]. The reduced
total number of carbides is also supposed to be correlated to an increase in the grain size
[54][35][21]. In a similar study, using SEM imaging to determine area%, NbC accounted
for 1.40% of the area in the baseline (.04 wt% C) and 0.35% in the lean (.01 wt% C) [35].
A reduction from 0.04 wt% to 0.01 wt% has been reported to allow for those samples to
have larger grains, increasing from 50.9 pm to 77.3 um [35].

In a different study about the effects of reducing the carbon content found similar
results. That IN718 was produced using vacuum induction melting plus electro-slag
remelting, then high temperature homogenizing treatment [21]. After this, their specimens
were solutionized and dual aged [21]. That study looked at three different carbon contents
which were, 0.027 wt% C, 0.0098 wt% C, and .0029 wt% C. Their reported grain sizes
were 54.6 um, 58.1 um, and 75.1 respectively [21].

The Hall-Petch equation is 6y = 6o + kD 2. oy is yield strength, cois frictional
stress required for dislocations, k is the H-P slope, and D is grain size [55]. Applying the
H-P equation to grain size, the expected result would be to have an increase in yield
strength as the grain size decreases, but that was not the case with both studies mentioned.

The first study where the baseline had an average grain size 50.9 um, and the lean C had
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an average grain size of 77.3 um, had different yield strengths. The reported yield strength
for the baseline was 1041.8 +£ 4.8 MPa and 1161.1 = 11.0 MPa for the lean C [35]. The
other study did not report exact numbers, but they did show a graph. Based on
approximation, their yield strengths for the 0.027 wt% C samples was 1150 MPa, 0.0098
wt% C samples was 1140 MPa, and .0029 wt% C samples was 1100 MPa [21]. The second
study had different yield strength results than the first. The lowest amount of C was the
weakest of the three. They concluded the precipitation of NbC could improve the strength
of IN718 to a certain extent [21].

Comparing the grain sizes with the H-P equation and relationships, the larger grains
should be weaker, but they are not in the first study. The second study concluded that some
carbides are needed for strengthening IN718 [21]. The conclusion drawn is that in IN718,
although grain size is important for strength, grain size is not the primary strengthening
mechanism. The strengthening precipitates ' and y" have a greater influence than grain
size on strength.

Grain growth is also influenced by 6 phase. NbC and d phase inhibit grain growth
and prevent grain boundary sliding [56]. Nb is used in all phases present in IN718,
excluding the ¥ matrix. Laves phase requires 10-12% of the Nb, 6 phase requires 6-8% of
the Nb, 7" needs 4% of the Nb, and y' can form at Nb levels below 4% of the Nb [56].

The d phase forms during solidification or precipitation. In precipitation, acicular 6
occurs due to achieving appropriate solutionizing temperature and time to drive the existing
delta into solution and allowing it to precipitate along the grain boundaries, which appears
to be the case for the baseline. The lean C conditions may have not been favorable to drive

the existing 6 phase back into the solution, thus the existing 6 phase coarsened. The
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solutionizing time and temperature was the same for all specimens in this study
[29][39][57]. Referring to the TTT diagram, § phase occurs at temperatures greater than
650°C. 8 phase over 4% at grain boundaries can efficiently inhibit grain growth during heat
treatments and working [39]. In a different study, spray formed and wrought IN718 were
solution treated and characterized before and after aging. After solution treatment, d phase
dissolved completely in the spray form and 6 phase, and less than 1 vol% in the wrought
remained [57]. After the solution treatment, the grains grew by 10% [57]. Once aging
occurred, grains returned to their original size. The study concluded & phase can contribute
to grain growth inhibition, but in its absence other precipitates such as NbC also inhibit
grain growth [57].

The lack of difference in grain sizes in this current study would suggest that there
may have been a tradeoff between grain boundary growth inhibiting phases, specifically
NbC and & phase. With XRD, NbC was only observed in the baseline HT specimen,
meeting the detection limit. Concluding, the volume fraction was higher in than the lean C
HT specimens, which was not detectable. The grain size was expected to be larger in the
lean carbon samples due to theorizing that less NbC would be present to pin grain
boundaries thereby resulting in larger grains, but this was not found [38]. The & was
qualitatively coarser in the lean C specimens, which may have resulted in grain growth
inhibition.

The process history also influences the grain size in AM IN718 [39]. But the heat
treated specimens in this study had the same manufacturing and processing, the only
structural difference was the compositional carbon on the powder, which also carried over

to the final composition of the bulk as seen in Table 3.1. The .01 wt% carbon is the lower
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limit possible to produce due to trace amounts of carbon found in the raw materials used
for powder production in commercial atomization practices [35].

The void analysis for all specimens confirmed that the HIP process was effective
in reducing voids and increasing density. The void average went from = 3% to under =
0.1% for all specimens, as seen in Table 4.3 and Figure 4.6. HIP processes are designed to
improve the density of the specimens. In AM IN718, temperature should be higher than
1150°C to obtain significant reduction in voids [58]. The voids may be caused by trapped
gasses or embedded in the powder particles [58].

Phase analysis with XRD showed only the baseline HT specimen had a peak for
NbC as observed in Figure 4.10. The baseline specimen had a peak intensity of about
1.3%. The lack of a peak for NbC in the lean C and as built specimens does not mean NbC
is not present, but rather the volume fraction or the size of the phase may be below the
detection limit for XRD. XRD is a bulk technique which is dependent on the volume
fraction and phases present. Detection limits for nanoparticles is in a reported range of 2—
2.5 nm [59]. Volume fractions with particle concentrations less than 1-4 wt% will not be
detected [60]. NbC was observed in all specimens in the SEM based on morphology and
location. Measured with SEM images, the average sizes of NbC particle in all specimens
range from 1-2 pm. NbC meets the nanoparticle size detection limit of 2 - 2.5 nm in all
specimens. Therefore, both lean C HT specimens and as built specimens did not meet the
volume fraction threshold.

All samples had the Ni peak, which was normalized and associated with the y

matrix. The Ni peak reflects the FCC structure of the y matrix. No peaks associated with y’

or Y’ were seen in any of the samples due to their expected overlap with the matrix since
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the crystal structures are similar.

The Laves phase was observed for all specimens with XRD, as identified in Figure
4.11. Laves had intensities of about 1.2% in the HT specimens and 1.4% in the as built
specimens. Referring to the TTT diagram with heat treatment schedule, Figure 3.5, Laves
phase was not reached during the solution phase of the heat treatment. Laves phase did not
fully dissolve either. Thus, Laves phase was not precipitated, it formed during
solidification.

The 6 phase was not observed with XRD for any specimens. This may be due to
the small size or amount present which is below the limit of XRD detection. & phase was

observed in the SEM and confirmed based on morphology and location along the grains.
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Chapter 6. Summary

This study evaluated the effects of reducing carbon content in the processing of
superalloy Inconel 718. Specimens were fabricated into cylinders with a diameter of 12.7
mm and a length of 90 mm using L-PBF. Heat treated specimens were produced in
accordance with Table 3.2. The baseline as built specimens were built in the vertical
direction and the as built lean C specimens were built in the horizontal direction. The HIP
temperature is above the Laves and 6 phase solvus temperatures. The specimens were
characterized through elemental analysis, microstructural analysis, phase analysis with
XRD, and mechanical properties.

e The difference in C content between the baseline powder and bulk was .04
wt% C for the baseline and .01 wt% C for the lean specimens. The vendor
determined this with ICP.

e With a 90% confidence interval, no statistical difference was found in grain
size of the HT baseline and HT lean C specimens. This is likely due to a
tradeoff between phases pinning grain boundaries. In the baseline HT, NbC
was observed present with XRD, meaning the volume percent was high
enough to be detected. NbC would be the primary grain pinning phase in
the baseline and 6 in the lean C specimens.

e HIP was effective in reducing voids and increasing density of the
specimens. After HIP, void size between HT specimens had no statistical

differences with a 90% confidence interval.
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e No statistical difference observed with tensile properties of baseline and
lean C specimens with a 95% confidence interval. Given the lack of
difference in grain size, the result is logical.

e The NbC phase was only measurable in XRD for the baseline HT
specimens. NbC was observed with SEM imaging for all specimens, which
was determined by morphology.

e The Laves phase was identified in all specimens using XRD analysis. The
HT schedule did not reach the Laves phase curve on the TTT diagram,

therefore some amount of Laves phase formed during solidification.
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Chapter 7. Future Work

Literature evidence suggests that varying the carbon content should result in
different grain sizes for the lean C and baseline specimens, but this behavior was not
observed. To test the influence of 8 phase and NbC on grain boundary formation, changing
the solutionizing time from 1 hour to 30 minutes would limit the amount of time 6 phase
can precipitate. Keeping all else the same with the heat treatment parameters, this could
give a different resulting grain size. Since the 8 phase was qualitatively coarser in the lean
C, reducing the amount by varying the solutionizing time of the heat treatment will lead to
understanding whether there was a tradeoff between NbC and 6 phase at controlling grain
growth.

For further study, the wrought should be fully characterized and compared to the as
built specimens since it was solutionized. The wrought could theoretically have smaller
grains since it has been worked. The smaller grains would show a decrease in strength with
an increase in ductility. The wrought should also be heat treated to see how it compares to
the AM HT specimens.

To fully appreciate the differences between lean C and the baseline, baseline HT
horizontal build, baseline as built horizontal build, and lean C as built vertical build should
be fabricated with at least 4 specimens of each to conduct tensile testing as well as 3
specimens of each to conduct full characterization. Experiments should be executed as
stated in this study. Results can be used to fully characterize the difference in heat treated

lean C and baseline, as well as the as built lean C and baseline, and wrought. More fully
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characterized differences between lean C and baseline would also be more fully
characterized with SEM imaging. The images should be used to analyze area fractions of
NbC and o phase. This information would allow us to fully appreciate the difference in

those phases between the baseline and lean C specimens.
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