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Abstract

This work aims to develop techniques that allow us to investigate how the
degree of undercooling during the solidification process influences defect structures
within the crystalline lattice of atoms. Understanding the mechanisms that drive
solidification is vital to predicting and achieving desired properties of metal parts.

Inconel 718 superalloy powder from the additive manufacturing facility at
NASA MSFC is being used as a model material for this research.

To quantify defect structures, the dislocation density will be estimated using the
results from powder x-ray diffractometry. There are three main factors that may
influence these results: undercooling degree, particle diameter, and heat treatment.

The Inconel 718 powder was sieved to isolate different particle size ranges. We
targeted two particle diameter ranges: 45-54pum and 90-106um. Only the 45-53um
particle size range yielded enough powder for XRD analysis. Both particle size ranges
were confirmed to be accurate using scanning electron microscopy and vision analysis.
Actual average particle size varied from expected particle size by 8.5% and 0.5% for
the 45-53um and 90-106pum respectively.

X-ray diffraction analysis techniques for control Inconel 718 samples were
successful. Face-centered-cubic atomic structure XRD intensity peaks were predicted at
diffraction angles of 43.62, 50.81, and 74.71 degrees. Observed results were within
0.2% of these predictions. These calculations and results were consistent with other
XRD Inconel 718 analyses within 1%. The diffractometer repeatability was analyzed
by repeating a partial scan twice for the same sample. Repeated tests had a 0.0134%
peak location difference and a 0.185% FWHM difference.

The Inconel 718 powder was given to us in two shipments at different points in
time. The two shipments of powder were sourced from two different lots. The different
lots likely have slight chemical composition differences. The average peak location
difference between the two shipments was 0.100% and an average FWHM difference
was 15.408%

Heat-treated samples formed precipitates which interfered with the expected
intensity peaks. Peak analysis was not conducted on these samples due to precipitate
interference. Quenching techniques will be investigated to prevent precipitation
formation in future experiments.

Intensity peaks for x-ray diffraction tests were approximated using manual data
inspection and MATLAB automated curve fitting. Two-term Gaussian curve fits were
chosen over one-term Gaussian curve fits because they provided a smaller error
between the data points and curve fit. The average R? value of the two-term Gaussian
curve fit was 0.9935.



Crystallite size, grain size, and dislocation density were also derived from the full
x-ray diffraction scan data. Further research must be conducted to identify any
dislocation density trends.

There are several future research opportunities including additional particle size
ranges using new sieves, adding a quenching step to the annealing procedure, and
performing metallography analysis to confirm results. These future steps will be taken
throughout the remainder of 2019, and spring of 2020.
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1 Introduction

Learning to cast and shape metal was one of the greatest technological
advancements in the history of humanity. Metallurgy, one of the fundamental
studies in material science, has enabled humans to create metal parts with
phenomenal physical properties. Today, metals have a profound amount of
applications in nearly every industry. To fully utilize these metal products, we
must understand how they are created. Despite a thorough history of casting
metal, there are still aspects of metal solidification that are unknown. Computer
modeling has certainly improved our ability to predict solidification, but these
models directly rely on our knowledge of the thermodynamic properties that
govern the solidification process. Therefore, understanding the mechanisms that
drive solidification is vital to predicting and achieving desired properties of metal
parts [1].

The degree of undercooling, how much the temperature of a liquid is
reduced below its melting temperature, affects the physical mechanisms involved
in the solidification process [2]. Different degrees of undercooling will alter the
microstructure of the metal and, consequently, its final properties and defect
structures.

The relationship between undercooling and defect structures can be
evaluated by analyzing the microstructure of metal samples with different
solidification histories. Metallic powders generated using gas atomization
processes inherently have different degrees of undercooling due to differences in

particle size. Smaller metal powder particles have a higher surface-to-volume



ratio than larger particles which results in much higher cooling rates and,
therefore, an increased degree of undercooling. The extreme undercooling
occurring during the solidification of these tiny molten droplets drives the
development of defects within the microstructure of these powders.

The defects, often in the form of atomic dislocations, can be quantified
using powder x-ray diffractometry. This analysis operates on the principle that x-
ray beams directed at a material will diffract as they encounter atoms within the
atomic lattice. The intensity of diffraction is monitored as a function of incident x-
ray angle. Location, intensity, and width of the diffraction peaks correspond to the
microstructural state of the material. Defects and other microstructural
irregularities will broaden the diffraction intensity peaks because of dislocations
and microstrains within the atomic lattice.

Two precautions must be used to verify that microstructural defects are
exclusively due to the degree of undercooling: particle size variation and heat
treatment. Using a variety of particle size ranges allows us to eliminate effects due
to particle size. Heat treatment will heal the defects within the microstructure.
This treatment allows us to eliminate effects resulting from solidification history.
Experiments involving all of these variables allow us to isolate the effect
undercooling has on the development of microstructural defects.

The motivation for doing this work is to develop techniques that allow us

to investigate the relationship between undercooling and microstructural defects.



2 Background

2.1 Inconel 718

Inconel 718 is a nickel base superalloy, meaning it is an alloy with high-
performance characteristics. It is used in many engineering applications including
oil and gas, chemical, nuclear, and aerospace industries. Some specific
applications of Inconel 718 include aircraft engines, rocket engines, nuclear
reactors, additively manufactured parts, and gas turbines [3]. Inconel 718 is
known for its excellent mechanical properties at elevated temperatures, great
weldability, and good resistance to corrosion and oxidation [3].

The Inconel family of Ni-Cr based alloys have many tradenames, but
Inconel 718 is always identified using the Unified Numbering System (UNS) for
metal alloys, under UNS N0O7718.

Inconel 718 is a solid solution strengthened alloy primarily consisting of
nickel, chromium, and iron (see TABLE | for the chemical composition by weight
percentage). The parent phase for Inconel 718 is a face-centered-cubic
arrangement of nickel atoms. Inconel 718 is alloyed with several additional
elements (see TABLE Il for the primary function of each alloying addition).
Atoms of these elements form secondary phase inclusions which, when properly
aged, remain coherently located within the nickel-based crystalline atomic lattice,
resulting in precipitation hardening of the alloy. Atoms of the alloyed elements
are differently sized than nickel atoms, so they create substitutional non-

uniformities in the lattice. The stretching of the atomic lattice generates



microstrains that strengthen the material as a whole. Specifically, these
deformations in the lattice impede atomic through movement.

The precipitation hardening occurs through secondary phase precipitates:
v",v’, 6 and carbides. Metastable gamma double prime (y”) is a NizNb precipitate.
The delta (8) phase is the stable Ni3sNb precipitate. The gamma prime (y”) phase is
Niz(AlTi). Finally, metal carbides (MC), also precipitate into the matrix and

strengthen the material [4].

TABLE I: Inconel 718 Sample Chemical Composition

Element Weight Percentage
Nickel + Cobalt 50.00 to 55.00 %
Iron Balance

Chromium 17.00 to 21.00 %
Columbium + Tantalum 4.75 10 5.50 %
Molybdenum 2.80t0 3.30 %
Cobalt 1.00 % (Maximum)
Titanium 0.65t01.15%
Aluminum 0.35t00.80 %
Manganese 0.35 % (Maximum)
Silicon 0.35 % (Maximum)
Copper 0.15 % (Maximum)
Carbon 0.08 % (Maximum)
Sulfur 0.015 % (Maximum)
Phosphorus 0.015 % (Maximum)
Boron 0.001 to 0.006 %




TABLE I1: Primary Function of Alloying Additions

Addition Function
Nickel fcc matrix + forms y” phase
Iron solution strengthening + affects y” phase
Chromium oxidation resistance + solution strengthening
Niobium forms y” phase + forms carbides
Molybdenum solution strengthening + affects y” phase
Titanium forms y” phase + forms carbides
Aluminum oxidation resistance + forms y” phase
Cobalt solution strengthening
Carbon forms carbides
Magnesium improves creep and fatigue [5]
Silicon oxidation resistance [6]

2.2 Additive Manufacturing

Inconel 718 can be used in additive manufacturing (AM), a relatively new
manufacturing process that has many advantages compared to traditional
manufacturing techniques. AM techniques can create parts with intricate, complex
geometries. It is also fast, inexpensive, and easily repeatable.

The additive manufacturing facility at NASA MSFC is using Inconel 718
material to make many different parts (see Figure 2-1). We used powder from
their facility in our experiments. The specification sheet for this powder is shown
in Appendix 9.2. This powder was likely created using gas atomization, one of

the most common commercial methods to create metallic powders.



Figure 2-1 Additively manufactured Inconel 718 parts with complex geometry.
My photo from NASA MSFC in the summer of 2018.

2.3 Metal Powder Atomization

Within the powder metallurgy (PM) field, the most common commercial
process to create metal powders is gas atomization. In this process, a continuous
stream of liquid metal meets a high-powered gas stream. The metal separates into
small droplets and solidifies rapidly [7]. The diameter of the particles of gas
atomized powders typically is between 10-100um.

Smaller particle diameters lead to larger surface-area-to-volume ratios. A
high surface-area-to-volume ratio means the particle will cool rapidly. Relative to

each other, smaller particles will cool more rapidly than larger particles.



Therefore, different cooling rates generate different degrees of undercooling as a
function of particle size. We will use this relationship between undercooling and

particle size to isolate and analyze different degrees of undercooling.

2.4 Undercooling

Undercooling is the process of lowering the temperature of a liquid below
the solidification temperature without the liquid solidifying. Thermal cycles

containing undercooling events are shown in Figure 2-2.
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Figure 2-2 Thermal cycle of Inconel 718 with undercooled region.
Data from NASA MSFC ESL.




Undercooling a material generates an excess of Gibb’s free energy, the
driving force for solidification [2]. This can be thought of as potential energy
stored in the undercooled liquid that drives the rapid solidification event.
Different degrees of undercooling may enable different solidification mechanisms
and, therefore, generate differing microstructures. The microstructures may have
different dislocation densities depending on the degree of undercooling [2].
Deeply undercooled liquids may generate metastable supersaturated solid
solutions that may have unique microstructures [2]. Also, deep undercooling may
result in larger dendrites during solidification ultimately resulting in fewer
dislocations. Conversely, shallow undercooling may result in smaller dendritic
structures which result in more dislocations.

Nunes has summarized the space groups and lattice parameters for all
Inconel 718 phases and precipitates [11]. This analysis allowed us to identify the
XRD intensity peaks for the annealed samples.

After we analyze a different range of particle sizes, we must also heal the
defects by annealing the samples. Another XRD analysis after the annealing step

will confirm that the defects were due to the undercooling.

2.5 Annealing

Annealing is a heat treatment that we will use to heal defects in the
microstructure that occur during solidification. A typical annealing procedure
involves heating a material above its recrystallization temperature and
maintaining this temperature for enough time to allow the material to

recrystallize. When a sufficient amount of thermal energy is added to a material



for a sufficient amount of time, atoms migrate within the crystal lattice to
decrease the number of atomic defect structures. We must anneal our samples to
verify that these defects, predominantly atomic line dislocations, occurred as a
result of the degree of undercooling and not due to some other variable, like
particle size. Note that in Figure 2-2, this transformation is evident as a hump

following slow equilibrium solidification.

2.6 X-Ray Crystallography

To analyze the crystalline atomic lattice of Inconel 718, powder x-ray
diffraction (PXRD) will be used. The theory behind this technique is that
monochromatic x-ray beams are directed towards the sample and will diffract at
different incident angles when the beam strikes an atom. A goniometer detects
diffracted x-rays and records the rate of diffraction. The configuration is rotated
through a specified angle range, stopping temporarily at each angle step. A
labeled setup is shown in Figure 2-3.

This information is useful for us because the angle at which there is
constructive interference between x-ray waves reveals the interplanar spacing of
atoms in the crystalline lattice. Figure 2-4 shows x-rays entering the lattice and
constructive interference occurring when the x-rays diffract from the second plane

of atoms.



Figure 2-3 Labeled x-ray diffractor setup from image source [a].
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Figure 2-4 X-ray diffraction diagram within
the atomic crystal lattice from image source [b].
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These results can be analyzed using Bragg’s Law (Equation 1)

=2 () (1)
Where n is a positive integer, A is the wavelength of the incident wave, d is the
interplanar distance, and 0 is the scattering angle [8].

This analysis may also be conducted independently of the incident x-ray
wavelength using reciprocal space units or momentum transfer Q [9]. Analysis
within Q-space operates on the principle that x-ray diffraction is an elastic
process, meaning there is no change in energy of the x-ray beam. Therefore, the
momentum of the beam can be analyzed independently of wavelength [9]. The

magnitude of Q shown in Equation 2.

40 -

1.7 The geometrical relation between the incident and exit
wavevectors (k and k'), and the scattering vector Q.

Figure 2-5 Diagram of scattering vector from source [9].
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Miller indices will be used to define atomic crystallographic planes where
the diffraction is occurring. Where h, k, and I are the integers (relating to x, y, and
z-axes) that define a vector orthogonal to the plane defined by (hkl):

{hkl} is the set of planes which are symmetrically equivalent to (hkl)

[hkI] is a direction in the basis of the direct lattice vectors

<hkl> is the set of all directions symmetrically equivalent to [hkl]

Examples of planes defined by Miller indices are shown in Figure 2-6. It is

important to note that each Miller index is a reciprocal value, so larger indices

indicate planes which are closer together.

Figure 2-6 Miller indices diagram from image source [c]/

12



=
=

Cubie g=b=ig a=fi=y=90°
—A

Tetragonal pubec oufisyedl

Orthorhombic daebrec asfsys=o0

Figure 2-7 Relevant atomic unit cell configurations altered from source [9].

The full-width-at-half-max, FWHM, of the XRD intensity peaks may also
be used to analyze the structure of a material. Scherrer’s equation, shown below
in Equation 3 and Equation 4, can be used to measure the crystallite size (grain

size), from the XRD diffraction peaks [9].

Scherrer Equation

(2)= (3)

()
or in Q-space:
= (4)
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where FWHM is the full width of the peak, 26 is the scattering angle in radians, A
is the wavelength, Q is the magnitude of the scattering vector, b is a constant,
which normally takes a value between 0.89 and 0.94 depending on the function
used to fit the peak, and D is the dimension of the crystallites as if they were
cubes, monodisperse in size. For polydisperse systems, D is a measure of the
volume-averaged crystal size [8] [9].

We hypothesize that XRD analysis can be used to determine the
relationship between undercooling and defects. Using this analysis, the

microstructure of Inconel 718 can be investigated over a variety of factors.

2.7 Existing Results

Liu Wenchang et al. conducted an XRD analysis of Inconel 718 in 1997
[10]. Major peaks seen in Figure 2-8 are x-ray diffractions from the FCC atomic
arrangement. Minor peaks in Figure 2-8 are a result of precipitates that form as a
result of aging. The Inconel 718 powder used in our experiments was made using
gas atomization which eliminated the possibility of precipitate formation due to
rapid cooling. Therefore, the major peaks from the diffractogram in Figure 2-8

provide a baseline for our diffractograms.
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Figure 1 X-ray diffraction patterns of Inconel 712 with different heat
treatments before the usual double ageing at 720 %C and 620 +C: (a)
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Figure 2-8 Inconel 718 diffractogram from source [10].

Nunes et al. has summarized the space groups and lattice parameters for
all Inconel 718 phases and precipitates [11]. This analysis allowed us to identify
the XRD intensity peaks for the annealed samples.

We hypothesize that a deeper degree of undercooling will result in an
increased number of defects. To test this hypothesis, we must analyze particles
with different degrees of undercooling, both large and small particles. Then, we
must heal the defects by annealing the samples. Another XRD analysis after the

annealing step will confirm that the defects were due to the undercooling.
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3 Methodology

3.1 Particle Size Isolation

The Inconel 718 metal powder had a large range of particle sizes (roughly
10-100um). To isolate samples with differing degrees of undercooling, two
different particle diameter size ranges were selected: 45-53um and 90-106um.
Several additional particle sizes will be used in the future when we procure more
sieves.

A DUAL Manufacturing Co. Inc. Model # D-4326 sieve shaker was used
with Dual Manufacturing Co. Inc. A.S.T.M. E-11 Specification sieves. The sieves
used were sizes: No. 50, No. 60, No. 140, No. 170., No. 270, and No. 325 which
respectively signified: 300um,250um, 106pum, 90um, 53um, and 45um mesh
screen sizes. At the bottom of the stack, there was a collection tin to collect any
particles smaller than 45um in diameter. Above the collection tin, the sieves were
stacked in ascending order with the smallest mesh screen size (45um) at the
bottom and the largest mesh screen size (300um) at the top. This configuration
can be seen in Figure 3-1.

First, the Inconel 718 metal powder was loaded into the top sieve. During
this powder loading process, it is important not to add too much powder, so it
stacks on top of itself and is not able to work its way down the sieve stack. Next,
the clamping bar above the sieve stack was tightened using the two wing nuts to
secure the sieve stack during the vibration. After, the sieve shaker was turned on
for a duration of 10 minutes. Next, the clamping bar was loosened by unscrewing

the two wing nuts. Then, each sieve was checked to ensure powder was not
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collected along the perimeter of the sieve screen. If this did occur, the powder was
manually distributed across the sieve screen. This process was repeated three

times.

Figure 3-1 Sieve shaker loaded with stack of sieves.

Once individual particle size ranges were isolated, they were transferred
into glass sample vials. SOLIDWORKS was used to create a CAD model of a
custom funnel. Next, the funnels were 3D printed. A different funnel was used for
each particle size range to avoid cross-sample contamination. The amount of
powder in each particle size range is shown in Figure 3-2 (b). One shipment of
Inconel 718 powder is shown in Figure 3-2 (a). The powder for our selected

particle size ranges is shown in Figure 3-3.

17



(a) (b)

Figure 3-2 (a) Inconel 718 powder source. (b) Particle size range distribution.

(a) (b)
Figure 3-3 (a) Inconel 718 powder 45-53um particle size range.
(b) Inconel 718 powder 90-106um particle size range.
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3.2 Particle Size Validation

A Pro X PHENOM Model 800-07334 scanning electron microscope (SEM)
was used to photograph the 45-53um and 90-106um particle diameter size ranges.
During this process, double-stick carbon tape was adhered to the top of a
specimen holder. Next, a small amount of powder was dropped onto the carbon
tape. After, an eye-dropper was used to blow the surface of the powder to remove
any non-adhered or stacked powder particles. This configuration is shown in
Figure 3-4. Micrographs were primarily captured at 140x magnification at 5kV.
To accurately analyze images, regions with lower particle density were preferred.
For example, the upper-right image of Figure 3-4 has an undesirably high density
of particles; the lower two images of Figure 3-4 have an appropriate density of
particles.

NI Vision Assistant Software was used on the micrographs from the SEM
analysis. Using a variety of image filters and methods, individual particles were
identified and analyzed. The masked images are shown in Figure 3-6. The average
diameter of each particle was analyzed. The 45-53um range had an average
particle diameter of 43.01pum with a standard deviation of 8.12um. The 90-106pm
range had an average particle diameter of 97.5um and a standard deviation of

15um.
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TABLE I11: Particle Size Image Analysis

Standard Deviation (um)

Mean Diameter (um)

Particle Size Range (um)

8.12
15.01

43.01

45 -53

97.50

90 - 106

Figure 3-4 SEM micrographs of 45-53um particles.
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Figure 3-5 SEM micrographs of 90-106um particles.
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Figure 3-6 Particle identification of (a) 45-53um particles (b) 90-106um particles.

o n X A e c o :
1 |Obrect® AreaCatie w  Average  Standard Devistion
: 05 43013605 812027606

F s W ' 4k | v |w|u|c

Average Standard Deviation
95605 202172605

45-53 Micron Particle Size

90-105 Micron Particle Size

HEREEE RS EUES RNy

@ T (b)

Figure 3-7 Vision analysis of (a) 45-53um particles (b) 90-106pum particles.
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3.3 Annealing Procedure

The furnace used for this experiment was a Thermo Scientific LINDBERG /
BLUE furnace. A custom piping configuration was created to seal the ends of the
furnace and pump in argon gas. An Airgas Industrial 300 CGA 580 Argon tank
was used for gas supply. This configuration is shown in Figure 3-8. The flow rate
of the argon gas was just high enough to generate a slight positive pressure in the

furnace.

Figure 3-8 Furnace argon gas feed setup.
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The furnace setpoint temperature was calibrated using a Type K

thermocouple attached to an Omega Engineering Inc. Digital Temperature

Controller model CN310-K-C (Figure 3-9). Next, the furnace quiescent cooling

rate was measured (Figure 3-10)
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Figure 3-9 Furnace setpoint calibration .
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Figure 3-10 Furnace cooling curve.
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The first annealing procedure was conducted for one hour at furnace
setpoint of 1250°C. The second annealing procedure was conducted for one hour
at a furnace setpoint of 1100°C. The ramping time from room temperature to
setpoint temperature was 3 hours. Once setpoint was reached, the chamber was
backfilled with argon gas and the sample was inserted. After one hour at
temperature setpoint, the furnace was turned off and allowed to cool quiescently.
Once the temperature dropped below 100°C, the sample was removed, and the
argon gas was turned off. A Coors™ high alumina combustion boat capacity
10mL crucible was used to contain the sample within the furnace (Figure 3-11
and Figure 3-12). This crucible was loaded into the center of the furnace tube

(Figure 3-13).

(b)

Figure 3-11 1250°C anneal (a) before anneal (b) after anneal.
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Figure 3-12 1100°C anneal (a) before anneal (b) after anneal.

Figure 3-13 Alumina boat sample holder inside of furnace tube.
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3.4 X-Ray Diffractometry

The x-ray diffraction analysis was performed in collaboration with Dr.
Peggy Cebe in the Collaborative Learning and Innovation Complex at Tufts
University. The powders were mounted on laser-cut acrylic XRD slides (Figure 3-
14a). The powder was mounted on Kapton tape (Figure 3-14b). Kapton tape was
used because it has x-ray diffraction peaks outside of the range we are interested
in. Therefore, the tape did not generate any signal attenuation, so it did not
interfere with our results.

A Phillips PW 3020 X’Pert Diffractometer system was used containing
PANalytical Long Focus Copper XRD X-Ray Tube Type PW2273/20 and
Ludlum Measurements, Inc. Model 3 General Purpose Survey Meter Part Number

48-1605. This setup is shown in Figure 3-15.

(a) (b)
Figure 3-14 PXRD sample slide preparation: (a) laser-cut acrylic slide. (b)
Inconel powder loaded onto the slide and attached with Kapton tape.
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Figure 3-15 X-Ray diffractor setup.

TABLE 1V: XRD Procedure

Test Type Angle Range (20) Step Size (20)
Full Scan 5.00° - 85.00° 0.020°
Partial Scan 73.50°-77.50° 0.010°
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4 Experimental Results

Shown in Figure 4-1 are the full scan diffractograms for four samples with
particle size ranges 45-53um. Samples included an unannealed sample performed
in 2018, an unannealed sample performed in 2019, a sample annealed for 1 hour
at furnace setpoint of 1250°C, and a sample annealed for 1 hour at a furnace
setpoint of 1100°C. The parameters for this test include a 26 range of 5.00° -

85.00° and a step size of 0.020°.

Intensity (count/sec)

800 T
—e—Unannealed 2018
700 + Unannealed 2019
—— Annealed at 1250
600 +
—— Annealed at 1100
500
400
{
300 + l
( ]
[ |
!
200 + [
\
100 +
0 T T = = - 0
0 10 20 30 40 50 60 70 80

Incident xray 2 angle (degree)

90

Figure 4-1 Diffractogram full scan: particle size range of 45-53um.
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Shown in Figure 4-2 are the partial scan diffractograms for five samples
with a particle size ranges of 45-53um. Samples included an unannealed sample
performed in 2018, another unannealed sample performed in 2018, an unannealed
sample performed in 2019, a sample annealed for 1 hour at furnace setpoint of
1250°C, and a sample annealed for 1 hour at a furnace setpoint of 1100°C. The

parameters for this test include a 26 range of 73.50° - 77.50° and a step size of

0.010°.
140 +
—e—Unannealed 2018 #1
Unannealed 2018 #2
120 1 Unannealed 2019
—e— Annealed at 1250
J —e— Annealed at 1100
100 4 }f"
— 14
a £ 13
g r |
% 80 + j‘ |
\8/ ] 1
2 { %
2 60T § i
9 1
c
40 +
20 +
0 } } } } } } } } } !
73 73.5 74 74.5 75 75.5 76 76.5 77 77.5 78

Incident xray 2 angle (degree)

Figure 4-2 Diffractogram partial scan: particle size range of 45-53um.
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Shown in Figure 4-3 is the full scan diffractograms for only the

unannealed, control samples.
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!
1
/
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0 10 20 30 40 50 60 70 80
Incident xray 2 angle (degree)

90

Figure 4-3 Diffractogram full scan: unnannealed samples.

Through data inspection, diffraction intensity peaks were located at 26 values of :

Unannealed 2018: 43.70°, 50.86°, and 74.72°

Unannealed 2019: 43.56°, 50.74°, and 74.76°
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Shown in Figure 4-4 is the full scan diffractograms for only the annealed

samples.
600 +
—— Annealed at 1250
—— Annealed at 1100
500 +
= 400 +
c
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Figure 4-4 Diffractogram full scan: annealed samples.
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Shown in Figure 4-5 is the partial scan diffractograms for only the

unannealed, control samples.

140

Unannealed 2018 #1

120 7 Unannealed 2018 #2

Unannealed 2019
100 +

(0]
o
|
T

Intensity (count/sec)
(2]
o

40 4

0 ; ; ; ; ; ; ; ; ; /

73 735 74 745 75 755 76 765 77 715 78
Incident xray 2 angle (degree)

Figure 4-5 Diffractogram partial scan: unannealed, control samples.
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Shown in Figure 4-6 is the partial scan diffractograms for only the

annealed samples.
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Figure 4-6 Diffractogram partial scan: annealed samples.
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5 Discussion

5.1 Peak ldentification

The major peaks shown in each of the diffractograms correspond to an
incident angle where the x-ray beam diffracts from an atomic plane. Each peak
corresponds to a unique atomic plane described by a unique set of Miller indices.
The angle at which the incident x-ray beam diffracts from these atomic planes can
be calculated using Equation 1. The results of these predictions are shown in

TABLE V. The observed values for diffraction are shown in TABLE VI.

TABLE V: Expected Diffraction Angle Calculations: A= 2 d sBi n

Lattice Interplanar X-Ray Expected Expected
Parameter Miller atomic Wavelength Order of Diffraction Diffraction
(A) Indices spacing (A) (A) Diffraction Angle (rad) Angle (deg)
a h | k d A n 20 20
3.501 1 1 1 2.0733 1.5406 1 0.761 43.621
3.501 2 0 O 1.7955 1.5406 1 0.887 50.810
3.501 2 20 1.2696 1.5406 1 1.304 74.706

TABLE VI: Expected Versus Observed Diffraction Angle

Expected Observed Difference
Sample Peak Angle (deg) Angle (deg) (%)
Unannealed 2018 #1 {111} 43.621 43.70 0.181
Unannealed 2018 #1 {200} 50.810 50.86 0.0989
Unannealed 2018 #1 {220} 74.706 74.72 0.0187
Unannealed 2019 {111} 43.621 43.56 0.140
Unannealed 2019 {200} 50.810 50.74 0.138
Unannealed 2019 {220} 74.706 74.76 0.0722
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Figure 5-1 Diffractogram intensity peak identification.
The expected intensity peaks calculated in TABLE V are present in the

control sample diffractograms (Figure 4-3). Observed peaks are consistent with

peaks found in [10] shown in Figure 2-7.
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Results from other studies [4] [11] [12] [13] [14] [15] confirm that minor
peaks in the annealed sample diffractograms (Figure 4-4) are a result of
precipitates that form due to aging. These precipitates include y”, y’, & and
carbides. Metastable gamma double prime (y”) is a NizsNb precipitate which has a
tetragonal atomic arrangement. The gamma prime (y") phase is Niz(Al,Ti) which
has a face-centered-cubic atomic arrangement. The delta (8) phase is the stable
NizNb precipitate which has an orthorhombic atomic arrangement. Finally, metal
carbides (MC), which have a face-centered-cubic atomic arrangement, also
precipitate into the matrix [4].

The higher temperature heat treatment resulted in more precipitation
formation. This result is evident in the increased intensity of the minor peaks in
Figure 4-4.

Shown in Figure 5-2 is the cooling data of the annealed samples plotted on
a CCT graph for Inconel 718. The cooling curve for the samples intersects both
the & phase and y” phase. Quenching is the only way to avoid these precipitation
regions.

We will not be analyzing the XRD peaks of the annealed samples because

the precipitation formation was unintentional.
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Figure 5-2 Sample cooling data plotted with CCT of Inconel 718.
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5.2 Peak Analysis

More detailed XRD scans were performed near the expected peak angles.
These “partial scans” had a smaller theta step which provides higher quality data.
Using Equation 3, the crystallite sizes were determined using an automated curve
fitting process and an inspection process. The automated MATLAB curve-fitting
process consisted of a two-term Gaussian fit (shown in Equation 5). A fitted curve
is shown in Figure 5-3. The average R? value of the two-term Gaussian curve fit

was 0.9935.

()= , (- (212 4 , (- 2)%1(2 2?) (5)

. SamplelY vs. Sample1X
Unannealed 2018 #1 Fit2 Terms | |

100

90

80

L)

60

a0

40

30

20

10

73.4 3.6 73.8 74 4.2 74.4 74.6 4.8 5 9.2 75.4

Figure 5-3 Example MATLAB 2-term Gaussian curve fit.
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degrees. Results are shown in TABLE VIl and TABLE VIII.

Further peak analysis was performed for the XRD peak at roughly 75

TABLE VII: Crystallite Size Calculations: = %
0 G FWHM L
Sample Method R? max
P (deg) (deg) (rad) (nm)
Unannealed 2-term
Automated 0.9949 14.72 0.2626 0.00540 27.246
2018 #1 . .
Gaussian Fit
Unannealed 2-term
Automated 0.9947 74.73 0.2631 0.00541 27.146
2018 #2 ) .
Gaussian Fit
Unannealed 2-temm
Automated 0.9909 74.65 0.2386 0.00490 30.380
2019 ) ;
Gaussian Fit
Unannealed Inspection N/A 74.70 ; 0.010 52.408
2018 #1 P ' ' '
Unannealed Inspection N/A 74.705 - 0.010 52.424
2018 #2 P : ' '
Unannealed .
2019 Inspection N/A 74.62 - 0.009 62.587

which is shown in Appendix 9.1. This analysis utilizes the Williamson-Hall and

Further analysis was also conducted by postdoctoral fellow, Sangho Jeon,

Warren-Averbach equations to determine grain size and dislocation density.

TABLE VIII: Dislocation Density Analysis

Sample

Grain Size (D) [nm]

Dislocation Density (p) [nm?]

Unannealed 2018

Unannealed 2019
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4.293E-4 + 2.56E-05

2.776E-4 + 1.65E-05




5.3 Error Analysis

There are several different factors that may have contributed to errors in
this analysis. The sieving techniques isolated particles outside of our targeted
ranges, as shown in TABLE Il1. Using SEM micrographs and vision analysis
techniques, we determined that the size of the particles was not a normal
distribution through the two sieve sizes. Actual average particle size varied from
expected particle size by 8.5% and 0.5% for the 45-53um and 90-106um
respectively.

There were two notable sources of error in our XRD analysis. First, there
was background noise within the signal. The signal-to-noise ratio for the smallest
XRD intensity peak was roughly 10:1. The signal-to-noise ratio for the largest
XRD intensity peak was roughly 80:1. Another source of error was the
repeatability of the diffractometer. One sample was tested twice on the
diffractometer. The peak location varied by 0.0134% and the peak FWHM varied
by 0.185%.

Two different lots of Inconel 718 powder were used for this experiment.
Differences in chemical composition caused peak variations. Between lots, the
peak location varied by an average of 0.100% and the peak FWHM varied by an
average of 15.408%.

Another source of error was the measurement of furnace temperature as
shown in Figure 3-9. There was a disagreement between the setpoint and

measured temperatures of the furnace. Also, there was a gradient of temperature
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through the furnace tube. The sample was placed in the middle of the tube, but the
variation may have caused uneven heating.

MATLAB curve-fitting software was used to fit the XRD data to a
Gaussian curve. With one term, the curve-fit had an average R? value of 0.9261.
With two terms, the curve-fit had an average R? value of 0.9935. At this point in
time, we believe that the data should conform to a one-term Gaussian equation.
However, since the two-term fit closely modeled the data, it was used for this
analysis. Different curve fits will be analyzed in future research to better estimate

the data.
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6 Conclusion

X-Ray Diffractometry
1 The signal-to-noise ratio varied between 10:1 to 80:1 for all tests
1 Analysis of a single sample was repeated twice to find a 0.0134% peak

location difference and 0.185% FWHM difference.

Unannealed Samples
1 The 3 major diffraction peaks were calculated and observed with less than
a 0.2% variation for any sample or peak.
9 The peak location results were within less than 1% of existing results [10]
via inspection.
9 Different lots of powder were used which yielded an average peak
location difference of 0.100% and an average FWHM difference of

15.408%.

Annealed samples
1 Precipitates were formed due to improper heat treatment.

1 Annealed samples were not further analyzed.

Curve fitting

f Two-term MATLAB Gaussian curve-fit yielded an average R? value

of 0.9935.
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7 Future Work

7.1 Additional Particle Size Ranges

Additional sieves will be procured in the future to isolate additional particle
size ranges. The sieves that will be used are sizes: No. 400, No. 450, No. 500, No.
635 which respectively signify: 38um, 32um, 25um, and 20pum mesh screen
sizes. This will result in four additional particle size ranges: 20-25um, 25-32um,
32-38um, and 38-45um. These ranges will accompany the existing 45-53um and
90-106um ranges. This addition will allow us to remove the effect due to particle
size. This was not possible so far because only one particle range has been

analyzed.

7.2 Changes to Annealing Methodology

The annealing technique will be altered to avoid the formation of
precipitates. The cooling rate of the samples must be increased to avoid the
regions in the CCT graph shown in Figure 5-2. The samples must be quenched to
avoid the formation of precipitates. Furthermore, the sample must not be exposed
to oxygen, which causes oxides to form. Currently, we are investigating the

feasibility of several different ideas to improve this methodology.
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7.3 Metallography Analysis

We are also investigating metallography procedures for Inconel 718 to
develop micrographs of the microstructure. Visual evidence of microstructural
changes will strengthen our results. The procedure is shown in Appendix 9.3.
Images from the metallography process are shown below.

(3 uEye Cockpit - UI146xSE-C - ID: 1 - SerNo.: 4102728788
File Edit View uEye Draw/Measure Profiles Help

i LR KR vebe COp LS WAlTE i

ORO>OHLIYN ma

= BGRAS (1024 x 768) Frames: 56403 Display: 56357 Failed:0 Recon:0

Figure 7-1 Micrograph of polished Inconel 718 powder.
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Figure 7-2 Polishing epoxy mold.
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9 Appendix

9.1 X-Ray Diffractometry Additional Analysis

Peak Analysis by Sangho Jeon:

XRD profiles of two samples

oy
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Williamson-Hall equation

v The averaged grain size D and dislocation character g of samples are can be
deduced with modifying WH equation.

AK = 0.9/D + ( M2 B22)Y2p12(KCY2) + O(K2C) T (AK*— a) /K2= f C

“heo

{d —qH?

1 c=C, (1—gH), a=(09/D)’, B =@k + PP +EP)/ (® + K+ P> f= (M b /2)p

K = magnitude of diffraction vector =2 sin@ /4, AK=2 cos 8(A8)/ A
p =dislocation density, » = magnitude of Burgers vector
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Warren-Averbach equation

¥ The Warren-Averbach analysis is based on Fourier transformation of XRD

peaks is expressed as;

In A(L) =In 4° (L) - pab*L*/2 In(R /L)(K*C) + O(K* C?)

A(L) = Fourier coefficient of XRD profile, 4*(L) = size Fourier coefficient

L= Fourier length = n. /[2(sind, — sinf )], n = Integers starting from 0

8, — 6, = angular range of measured XRD, b =Burgers vector, p = dislocation
R_= effective outer cut-off radius of dislocations

10 F T T T T T T T T T T T 3 1.0, T T T T T T T T T T T
Unannealed 2018 | It Unannealed 2019
. — (111 . — (111
3 08¢ ——(200) 13 08¢ —— (200) i
T {220} T | {220)
E 06+ E 0B
.5 - .5 . [ T
g 04} 8 o4} 1
& {8 I
= =
L§ 02 r L§ 02 L i
OO C 1 s 1 1 L 1 s 1 s 0 0 - 1 1 i -
0 5 10 15 20 25 30 "0 5 0 15 20 25 30
L (nm) L {nm)
Warren-Averbach equation
v Using the g and A (L) values, K°C vs In A(L) plot is obtained using below Eq.
— 5 _ 212y / 2 4 2
In A(L) =In 4° (L) — prb°L7/2 In(R /L)(K"C) + Q(K"C7)
0 T T T T T T T T T T T T
T 1
5l e— T =10 4L — -
| A A T
1ol v A e (=20 -6 - A ® =20 4
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T 15} I e 1
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1 L 1 L 1 L 1 L 1 L 1 L -18 1 L 1 L 1 L 1 L 1 .‘ |L:E.SO
4 6 8 10 12 14 16 4 6 8 10 12 14 1€
Kc K'C

v From the polynomial fitting, p7b’L*/2 In(R /L) values of each L are obtained from

the coefficient of the fitt

ing.
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Determination of dislocation density

v Using the coefficients, In L vs Y/L? plot is obtained using below Eq.

Y= pab’L*/2 n(R/L) T Y/L*=prb*/2 In Re — prb*/2 In L

where b°= §/4 (W*+k+F) (6 = lattice constant), b? for (111)= 0.09644 (2018), 0.09694 (2019

10 T T T T T T T T T T T
I o\ Unannealed |v Coefficient pzb*/2
8r \\\\ : %}g 7 2018 = 5.41E-04 £ 6.06E-05
— “‘x\ 1 2019 =1.93E-04 + 1.77E-05
£ 6} * 1 _ _ _
f N |v Dislocation density p
e, o (nm?)
S N | 2018 =3.5731E-3 + 4.00E-04
2L 1 2019 =1.2671E-3 £ 1.16E-04
0 1 1 1 1 1 1
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9.2 Sample Material Specification Sheet

Datasheet B

CarTech® 718 Alloy

Identification

ggg
_Z
‘

«2 4658

Type Analysis

ane nomingl except whens noled

on {(Maximum} 0.08 4% Manganess (Maximumj 035 4%
Phosphoms (Maximum) 0045 % Sulfur (Maxdmum) 0015 %
Silicen (Maximum} 035 % Chremium 1700 o 21.00 %
Mol ybd emum 280t03.30 % Coppe r {[Maxd] mum]) 0is %
Caobalt (Maxdmum) 1.00 % Titanlum 08516115 %
Aluminum 03510 0.80 % Columblum + Tantalum 475 o 550 %
Boran 0004 to 0006 % HMickel + Cobalt E0.00 o 55.00 %
Iran Batance

The Cobalt content k= on an "if determined” basis.

General Information
Desacription
CarTech 718 alloy ks a precipiiation hardenable néckel-base alloy deaigned o display exceplionally high yield, tenaile and
creep-ruphre properiies at temperatures up to 1300°F (T04°C). The shuggish age-hardening responae of CarTech 718 permits
annealing and welding without sponianeoes hardening during heating and cooling. This alloy has excellent webdabiity wien
compared io the nickel-base superalioys hardaned by aleminem and tiankem .

|

This alioy has been wsed for jet engine and high-apeed airframe parts such as wheels, buckets, spacerns, and high temperature bolls
and fasienens. it has also been used extensively in od and gas dnling and producton due to its high strength and resistance to
chiorides, sireas comosion and sulfide sireas cracking. Within the o and gas industry, fhis alloy has been used in vaivea, iubing

e Acid Good Ackd Moderate
phonic Acd Moderate Acid Good
Hydroxide Gond Spray (NaCl) Excelent
Water Moderate Ol Gas Good
uermidlity Excelant
Properties
Physical Properties
Density 0.2870 I

Page: 1065
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CarTech® 718 Alloy

Mean CTE
TT o 200°F TA0 x 10 nfin"F
TT o 400°F T.50 x 10+ nfin"F
TTF o 600°F T.70 =10 nin"F
TT o B0OF T80 x 10« nfin"F
TT o 1000°F 8.00 x 10 nfin"F
TT o 1200°F 8.40 x 10+ nin"F
T o 1400°F 8.80 x 10« nfin"F
Coefficient of Thermal Expansion
Temperature Range
10%°F 10%/°C
77°F to | 25°C to
200 83 71 12.8
400 204 7.5 13.5
600 316 7.7 13.9
800 427 79 14.2
1000 538 80 14.4
1200 649 8.4 15.1
1400 TE0 8.9 16.0
Maodulus of Elag oy [E)
TO'F 26 x 10 kai
200°F 202 x 102 ksi
A00°F 288 x 10 ksl
BO0°F 2T6 w10 ksl
B00°F 2.5 x 10 ksl
1000°F 255 w103 ksl
1200°F 245 w10 ksl
1400°F 231 x 102 k=i
1600°F 18.1 x 102 ksi
1T50°F 1 x10:ksi
Modulus of Elasticity (E}
Temperature
pEi x 108 MPa x 107
F L™
70 21 29.6 204
200 62 292 201
400 204 238 194
600 316 TG 190
200 427 235 183
1000 528 255 176
1200 Gas 245 164
1400 TEQ 231 158
1600 Br1 131 126
1750 B54 11.4 76.5
Electrical Reaistivity (TO°F) T80 ohm-cir-milit
Melting Range ) o 2450 °F
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CarTech* 718 Alloy

Typical Mechanical Properties

Effect of Solution Treating Temparature on Transverse Room Temperature
Properties ~ Pyromet Alloy 718
Tensile properties of a 4" (101.6 mm) square billet

Solution Treating 0.2% Tensile % o%
Temperature |Yield Strength| Stirength Elongation | Reduction Rockwell C Gra

°F “C | kel | MPa | kel |Mpa[n2" (508 mm)| of Area | o'"eSS fgipg
1750 | 954 | 1601 | 110¢ |183.7 1267 8.1 136 2 |7
1900 1038 163.7 | 1129 [183.7 | 1267 128 203 az o6
1950 1066 1582 | 1091 [180.9 (1247 14.0 196 42 415
2000 1093 | 1548 | 1066 |178,0 (1227 17.3 245 40 445
2050 "2 1499 | 1033 [171.1|1180 175 279 a0 KR

Note: All samples solution treated 2 hours at the temperature indicated and air
cooled. Aging consisted of & hours at 1325°F (718°C), cooled 100*F/hr to 115%0°F
(56~Cihr Lo 621°C), held 8 hours at 1150°F (621 °C), and air cooled.

Effect of Solution Treating Temperature onthe Transverse Stress Rupture Properties —
Pyromot Alioy 718
4" (101.6 mm} square billet

Solution Treating Test Rupture o %
Tomperaturs | Tomperature |  S!*°%* l’:lo Elongation | Reduction
oF °Cc oF oc ksi | mMpa | Hours | In 2" (50.8 mm) of Area
1750 954 1300 | 704 75 517 648 174 253
1900 1038 1300 704 75 57 1321 94 17.2
1950 1066 1300 | 704 75 517 952 79 10.8
2000 1093 1300 | 704 5 57 1410 25 6.8

Notes: All samples solution treated 2 hours at the temperatures indicated and air
cooled. Aging consisted of 8 hours at 1325°F (718"C), cooled 100°F/hr to 1150°F
(56 °C/hr to 621°C), held 8 hours at 1150°F (621°C), and air cooled,

All specimens were combination smooth-notch bars with 0.178" (4.52 mm) gage
diameter, 0.712" (18.1 mm) gage length and Ky = 3.8.

Stress rupture notch sensitivity may result from 1900°F (1038°C) soluticn treatment.
This is due to reduction of precipitate at grain boundaries with this treatment.

Elevated Temperature Tensile Tests — Pyromet Alloy 718
¥ (12,7 mm) bar stock

Test 0.2% Tensile %
Temperature Yield Strength Strength Elongation
°F °c ks MPa ksl MPa 2o e
70 21 175 1207 210 1448 220
200 a3 170 1172 204 1407 210
400 204 163 1124 198 1365 200
Goo 316 159 1096 195 1344 200
BOO 427 156 1076 19 1317 190
1000 538 155 1069 185 1276 180
1200 849 149 1027 168 1158 190
1400 760 110 758 110 758 270

Heat Treatment: 1 hr—1800°F (982°C), air cool + 8 hr—1325°F (718°C), ceol
100°F/hr to 1150°F (86 °Crhr to 621°C), hold &€ hr, air ccol.
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CarTech® 718 Alloy

Low Temperature Teneile Data = Pyromet Alloy 718
Transverse lests—4" (101.6 mm) square billet

| Test Tast 0.2% Tensile o %o
No. | Temperature | Yield Strangth |  Strength : EL"‘E;?;";'“” : lezlxtinn
n 2" mm| of Arca
fF | °c | ksi | MPa | ksi | mPa
1 Room | Room | 157 | 1082 | 1838 | 1267 18.0 215
2 Roam | Ream | 186 1078 18:.3 1250 16.5 233
3 | Foom | Aoom | 1525 | 1081 | 1795 | 1238 19.0 29.1
4 423 233 | 1962 | 1353 | 2509 | 1726 14.0 16.2
| 8 w23 | «253 | 200 | 1379 | 3447 | 1684 13.0 175
& 423 | 283 | 1842 | 13233 | 340 | 18BE 12.0 18.7

| |
Heat Treatmeant: 2 hr— 1950°F (1066°C), air codl + & hr—1325"°F (718°C), coo
100°Fihr 1o 1150°F (56°CMhir to 621°C), hold & hr, air cool,

Stress Rupture Data — Pyromet Alloy 718
I

Strass lor Ruptare
Test |
et e 100 Hours T R 1000 Hours
Smooth Notch Smooth Nateh

°F *C | ket | mPa | ksi | mPa | ksl | mPa | kst | mPa
1100 L 170 1172 220 1517 130 B9E 205 1413
1200 | 648 110 758 | 195 | 1344 B5 | 588 170 | 172
1200 | Tid 75 517 | 1% 836 55 | a7 80 552
1400 | 760 44 303 3 434 25 172 35 241

Hiat ‘lm-limnnt: 1 hr—1B0O*F (982°C), air cool + & hr—1325*F (718*C), furnace
cool 100°F/hr to 1150°F (56°Cihr to 621 *C), hold 8 hr, air cool.

Heat Treatment
The following heat treatment showld be used o obiain e beat combination of tenalle properfies and stress nuphure propertiea:

1 hr 1750°F fo 1800°F (854°C tp 882°C) ar cool + 8 hr 1325°F (718°C) cool 100°F/hr to 150°F (56°C/hr to 621°C), hold & hr and air
.

To obtain the beat room temperature and cryogenic tenale properiea, the following heat treatment should be waed:

1 fo 2 hr 1950°F (1065°C), air cool + & hr 1325°F (718°C) cool 100°Fhr o 1150°F (56°C/h o 621 °C), hotd & hr and air coal.

Workability

Hot Working
Huot working is camied out wsing a 2050°F (1121°C) maxmum fumace temperature. Hot-cobd working in the range 1700/ 1850°F
(#2TM010°C) will nprove the strengih of e forging if e service lemperatre is below about 1100°F (593°C). Prodonged aoaking at
e forging temperature s not desirable. The matesial showld be given wniform reductions to avosd the formation of duplex grain
aFuchmes.

Machinabdity
The alloy can be readiy machined in eiher the annealed or the age-hardenad condiion. The age-hardened condition givea befter
chip acton on chip breaker tools and produces a betier finish. The annealed condiion will give a slightly longer ool fe. Tooling and
procedures are similar to thos e used for Canpenter Pyromet alloy X-T50.

Wialdahiity

Pyromet alloy T18 can be webded in elfher e annealed or the aged condiion. Welding in the aged condifion will cause the formation
of & sofiened heat-affecied zone.

Page: 4 of 5
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CarTech® 718 Alloy

Other Information

Applicable Specifications

« AME 5862 « AME 5863

« APl BAT18 *NACE MRO1TS
Forms Manufactured

* Bar-Rouwnds » Bar-Shapes

« Billet - Sirip

«Wire « Wire-Rod

Technical Articles

» A Desgner's Manual On Specialty Alloys For Crtical Automotive Components

= AGuide ip Eiching Specialty Alloys for Microstructural Evaluation

= Aoy Selection for Cold Forming (Part [)

« Alloy Selection for Cold Fonming (Part 1)

= Carpenter 386-1Ni Alloy - A Lower Cost Option for High Temperature Auto and Truck F astenen
= Fonging Difficult Aloys: How to Get Betier Resulls, Conaistently

» How to Select the Right Stainless Steel or High Temperature Alloy for Heading

* New Reguirements for Permous-Base Asrospace Alloys

= Salecting High Temperature Alloys for Fasieners in Automotive Exhaust Systema

= Trends in High Temperature Alloys

Tha Ifoamatice ard dasa prossntad hard cal o averdge valLes ard ane Pt 3 GLARFNE of MBHmLT of min mum vakes. Applicat ficdly sLggasha for
P i o [E-] e a | (=4 i L o | 4

muauamulhp-:-m:udyu&tzﬂw-ullmummm-hmmmHﬂmuumm.mlﬂmhuw

wopreas of implac of fires s fof hadeor oher pUrpoied. Tharais Fo Mepreserfaton that the recipiend of this lberatuns wil recdyveLpcated edtors a8 thay Bacoms awailable
Urleas o warwEs P, Fagistorad raceiTarks ans of
CAS Hok nxf:uu .gfc.'I'WT P
Copytight & 2017 CRS Holdrgs inc. All rights res erved

WEE uE o tha wab al vww woared cam

Edtan Datec 071511
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9.3 Metallography Procedure

Metallography Procedure

Epoxy Mold Creation

T

Add two parts of the epoxy mix 50-50 by mass in disposable cup.
0 Use enough to fill the epoxy mold 3/4™ full.
Using the back end of the cotton swab, mix for roughly 3 minutes without
introducing air bubbles.
Using the cotton swab, apply a thin layer to the epoxy mold cap.
Sprinkle a small amount of unsorted powder onto the mold cap.
o Optional: Use plastic target to hold the powder.
Attach the other end of the epoxy mold.
Fill the epoxy mold with the epoxy mix.
Let it sit overnight.

Preparation

= =4 =4 4 4

Remove the cap from the mold and push the part out.

Remove the cover of the right lapping machine.

Add some water onto the machine and run at full speed.

Hold the part onto the lapping machine half way to the edge for 5 seconds.
Use optical microscope to take examine at every 5 second step.

Take pictures at each step.

Repeat this process until most particles are cut in half.

Etching

il
il
il

Put on plastic gloves, eye protection, and lab coat.
Using cotton swab, apply green acid mixture onto the part.
Wait 10 seconds and run the part and the cotton swab under water.

Microscopy

1

T

Use the microscope (hooked up to the computer) to observe the
microstructure.

Take pictures and take note of the magnification using the uEyeCockpit
software.
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