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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: 45-54μm and 90-106μm. Only the 45-53μm 

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 45-53μm and 90-106μm 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 R2 value of the two-term Gaussian 

curve fit was 0.9935.  
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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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Nomenclature 
 

γ’  a Ni3(Al,Ti) precipitate with an FCC atomic arrangement 

γʺ  a Ni3Nb precipitate with a tetragonal atomic arrangement 

δ stable Ni3Nb precipitate with an orthorhombic atomic arrangement 

θ incident x-ray angle 

λ x-ray wavelength 

a lattice parameter 

AM Additive Manufacturing 

CCT Continuous Cooling Transformation  

d spacing between diffracting atomic planes 

ESL Electrostatic Levitator 

FCC Face-Centered-Cubic atomic arrangement 

FWHM Full Width at Half Maximum 

hkl Miller indices 

MC Metal Carbide precipitates  

MSFC Marshall Space Flight Center 

n order of diffraction 

PM Powder Metallurgy 

PXRD Powder X-Ray Diffraction 

Q momentum transfer 

TL equilibrium solidification temperature 

UNS Unified Number System 

XRD X-Ray Diffraction 
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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 
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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.   
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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 N07718.  

Inconel 718 is a solid solution strengthened alloy primarily consisting of 

nickel, chromium, and iron (see TABLE I 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 II 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 
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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: 

γʺ, γ´, δ and carbides. Metastable gamma double prime (γʺ) is a Ni3Nb precipitate. 

The delta (δ) phase is the stable Ni3Nb precipitate. The gamma prime (γ´) phase is 

Ni3(Al,Ti). 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 to 5.50 % 

Molybdenum 2.80 to 3.30 % 

Cobalt  1.00 % (Maximum) 

Titanium 0.65 to 1.15 % 

Aluminum 0.35 to 0.80 % 

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 % 
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TABLE II: Primary Function of Alloying Additions 
 

Addition Function 

Nickel fcc matrix + forms γ´ phase 

Iron solution strengthening + affects γ´ phase 

Chromium oxidation resistance + solution strengthening 

Niobium forms γʺ phase + forms carbides 

Molybdenum solution strengthening + affects γ´ phase 

Titanium forms γʺ phase + forms carbides  

Aluminum oxidation resistance + forms γ´ 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.   
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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 10-100µm.  

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. 
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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. 

 

 

Figure 2-2 Thermal cycle of Inconel 718 with undercooled region. 

Data from NASA MSFC ESL. 
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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 
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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.  
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Figure 2-3 Labeled x-ray diffractor setup from image source [a]. 

 

 

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) 

 

𝑛𝜆=2𝑑𝑠𝑖𝑛(𝜃) (1) 

Where n is a positive integer, λ is the wavelength of the incident wave, d is the 

interplanar distance, and θ 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.  

𝑄=
4𝜋𝑠𝑖𝑛(𝜃)

𝜆
(2) 

 

 
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 l 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) 

[hkl] 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]/ 
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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  

𝐹𝑊𝐻𝑀(2𝜃)=
𝑏𝜆

𝐷𝑐𝑜𝑠(𝜃)
(3) 

or in Q-space: 

𝐷=
𝑏2𝜋

𝐹𝑊𝐻𝑀(𝑄)
(4) 
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where FWHM is the full width of the peak, 2θ is the scattering angle in radians, λ 

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 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 

10-100μm). To isolate samples with differing degrees of undercooling, two 

different particle diameter size ranges were selected: 45-53µm and 90-106µm. 

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: 300µm,250µm, 106µm, 90µm, 53µm, and 45µm mesh 

screen sizes. At the bottom of the stack, there was a collection tin to collect any 

particles smaller than 45µm in diameter. Above the collection tin, the sieves were 

stacked in ascending order with the smallest mesh screen size (45µm) at the 

bottom and the largest mesh screen size (300µm) 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 

https://www.globalgilson.com/iso-test-sieves#/specFilters=9m!#-!321&pageSize=15&orderBy=0&pageNumber=1
https://www.globalgilson.com/iso-test-sieves#/specFilters=9m!#-!321&pageSize=15&orderBy=0&pageNumber=1
https://www.globalgilson.com/iso-test-sieves#/specFilters=9m!#-!321&pageSize=15&orderBy=0&pageNumber=1
https://www.globalgilson.com/iso-test-sieves#/specFilters=9m!#-!321&pageSize=15&orderBy=0&pageNumber=1
https://www.globalgilson.com/iso-test-sieves#/specFilters=9m!#-!321&pageSize=15&orderBy=0&pageNumber=1
https://www.globalgilson.com/iso-test-sieves#/specFilters=9m!#-!321&pageSize=15&orderBy=0&pageNumber=1
https://www.globalgilson.com/iso-test-sieves#/specFilters=9m!#-!321&pageSize=15&orderBy=0&pageNumber=1
https://www.globalgilson.com/iso-test-sieves#/specFilters=9m!#-!321&pageSize=15&orderBy=0&pageNumber=1
https://www.globalgilson.com/iso-test-sieves#/specFilters=9m!#-!321&pageSize=15&orderBy=0&pageNumber=1
https://www.globalgilson.com/iso-test-sieves#/specFilters=9m!#-!321&pageSize=15&orderBy=0&pageNumber=1
https://www.globalgilson.com/iso-test-sieves#/specFilters=9m!#-!321&pageSize=15&orderBy=0&pageNumber=1
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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.  
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        (a)                                                               (b) 
Figure 3-2 (a) Inconel 718 powder source. (b) Particle size range distribution. 

 

 

(a)                        (b) 
Figure 3-3 (a) Inconel 718 powder 45-53µm particle size range. 

(b) Inconel 718 powder 90-106µm particle size range. 

https://www.globalgilson.com/iso-test-sieves#/specFilters=9m!#-!321&pageSize=15&orderBy=0&pageNumber=1
https://www.globalgilson.com/iso-test-sieves#/specFilters=9m!#-!321&pageSize=15&orderBy=0&pageNumber=1
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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 45-53μm and 90-106μm 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 45-53μm range had an average 

particle diameter of 43.01μm with a standard deviation of 8.12μm. The 90-106μm 

range had an average particle diameter of 97.5μm and a standard deviation of 

15μm.  
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TABLE III: Particle Size Image Analysis 

     

Particle Size Range (μm)  Mean Diameter (μm)  Standard Deviation (μm) 

45 – 53  43.01  8.12 

90 – 106  97.50  15.01 

 

  
 

  
                            

Figure 3-4 SEM micrographs of 45-53μm particles. 
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Figure 3-5 SEM micrographs of 90-106μm particles. 
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(a)                                                                  (b) 

 

Figure 3-6 Particle identification of (a) 45-53μm particles (b) 90-106μm particles. 

 

   
(a)                                                                  (b) 

 

Figure 3-7 Vision analysis of (a) 45-53μm particles (b) 90-106μm 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) 

 
(a)                                                                  (b) 

 

Figure 3-9 Furnace setpoint calibration . 

 
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 CoorsTM 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). 

      
 

(a) (b) 

 
 

 

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

 

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 IV: XRD Procedure 

 

Test Type  Angle Range (2θ)  Step Size (2θ) 

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 45-53μm. 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 2θ range of 5.00° - 

85.00° and a step size of 0.020°. 

 

Figure 4-1 Diffractogram full scan: particle size range of 45-53μm. 
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 Shown in Figure 4-2 are the partial scan diffractograms for five samples 

with a particle size ranges of 45-53μm. 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 2θ range of 73.50° - 77.50° and a step size of 

0.010°.  

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

unannealed, control samples.  

 

Figure 4-3 Diffractogram full scan: unnannealed samples.  

 

 

Through data inspection, diffraction intensity peaks were located at 2θ 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.  

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.  

 

  

Figure 4-5 Diffractogram partial scan: unannealed, control samples. 

 

 

 

 

 

 

 

0

20

40

60

80

100

120

140

73 73.5 74 74.5 75 75.5 76 76.5 77 77.5 78

In
te

n
si

ty
 (

co
u

n
t/
s
e

c)

Incident x-ray 2̒ angle (degree)

Unannealed 2018 #1

Unannealed 2018 #2

Unannealed 2019



34 

 

Shown in Figure 4-6 is the partial scan diffractograms for only the 

annealed samples.  

 

 

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

5.1 Peak Identification 

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: 𝑛λ=2dsinθ  

             

Lattice 

Parameter 

(Å) 

 

Miller 

Indices 

 Interplanar 

atomic 

spacing (Å) 

 X-Ray 

Wavelength 

(Å) 

 

Order of 

Diffraction 

 Expected 

Diffraction 

Angle (rad) 

 Expected 

Diffraction 

Angle (deg) 

a  h l k  d  λ  n  2θ  2θ  

3.591  1 1 1  2.0733  1.5406  1  0.761  43.621 

3.591  2 0 0  1.7955  1.5406  1  0.887  50.810 

3.591  2 2 0  1.2696  1.5406  1  1.304  74.706 

 

 

 

 

 

TABLE VI: Expected Versus Observed Diffraction Angle 

Sample  Peak  

Expected 

Angle (deg)  

Observed 

Angle (deg)  

Difference 

(%) 

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 γʺ, γ´, δ and 

carbides. Metastable gamma double prime (γʺ) is a Ni3Nb precipitate which has a 

tetragonal atomic arrangement. The gamma prime (γ´) phase is Ni3(Al,Ti) which 

has a face-centered-cubic atomic arrangement. The delta (δ) phase is the stable 

Ni3Nb 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 δ phase and γʺ 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 R2 value of the two-term Gaussian curve fit 

was 0.9935.  

 

𝑓(𝑥)= 𝑎1𝑒
−(𝑥−𝑏1)

2/(2𝑐1
2)+𝑎2𝑒

−(𝑥−𝑏2)
2/(2𝑐2

2) (5) 

 

 

 
 

Figure 5-3 Example MATLAB 2-term Gaussian curve fit. 
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Further peak analysis was performed for the XRD peak at roughly 75 

degrees. Results are shown in TABLE VII and TABLE VIII.  

 

TABLE VII: Crystallite Size Calculations: 𝐿=
0.9𝜆

𝐹𝑊𝐻𝑀(2𝜃)𝑐𝑜𝑠(𝜃)
  

 

Sample  Method  R2  
max θ 

(deg) 
 

σ  

(deg) 
 

FWHM 

(rad)  
 

L 

 (nm) 

Unannealed 

2018 #1 
 

2-term 

Automated 

Gaussian Fit 

 0.9949  74.72  0.2626  0.00540  27.246 

Unannealed 

2018 #2 
 

2-term 

Automated 

Gaussian Fit 

 0.9947  74.73  0.2631  0.00541  27.146 

Unannealed 

2019 
 

2-term 

Automated 

Gaussian Fit 

 0.9909  74.65  0.2386  0.00490  30.380 

Unannealed 

2018 #1 
 Inspection  N/A  74.70  -  0.010  52.408 

Unannealed 

2018 #2 
 Inspection  N/A  74.705  -  0.010  52.424 

Unannealed 

2019 
 Inspection  N/A  74.62  -  0.009  62.587 

 

  

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

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

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

TABLE VIII: Dislocation Density Analysis 

 

Sample  Grain Size (D) [nm]  Dislocation Density (ρ) [nm-2] 

Unannealed 2018  35  4.293E-4 ± 2.56E-05 

Unannealed 2019  33  2.776E-4 ± 1.65E-05 
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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 III. 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 45-53μm and 90-106μm 

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 



42 

 

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 R2 value of 0.9261. 

With two terms, the curve-fit had an average R2 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. 

 

 

  



43 

 

6 Conclusion 
 

X-Ray Diffractometry 

¶ The signal-to-noise ratio varied between 10:1 to 80:1 for all tests 

¶ Analysis of a single sample was repeated twice to find a 0.0134% peak 

location difference and 0.185% FWHM difference. 

 

Unannealed Samples 

¶ The 3 major diffraction peaks were calculated and observed with less than 

a 0.2% variation for any sample or peak. 

¶ The peak location results were within less than 1% of existing results [10] 

via inspection. 

¶ 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 

¶ Precipitates were formed due to improper heat treatment. 

¶ Annealed samples were not further analyzed. 

 

Curve fitting 

¶ Two-term MATLAB Gaussian curve-fit yielded an average R2 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: 38µm, 32µm, 25µm, and 20µm mesh screen 

sizes. This will result in four additional particle size ranges: 20-25µm, 25-32µm, 

32-38µm, and 38-45µm. These ranges will accompany the existing 45-53μm and 

90-106μm 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. 

 

 

 

 

https://www.globalgilson.com/iso-test-sieves#/specFilters=9m!#-!321&pageSize=15&orderBy=0&pageNumber=1
https://www.globalgilson.com/iso-test-sieves#/specFilters=9m!#-!321&pageSize=15&orderBy=0&pageNumber=1
https://www.globalgilson.com/iso-test-sieves#/specFilters=9m!#-!321&pageSize=15&orderBy=0&pageNumber=1
https://www.globalgilson.com/iso-test-sieves#/specFilters=9m!#-!321&pageSize=15&orderBy=0&pageNumber=1
https://www.globalgilson.com/iso-test-sieves#/specFilters=9m!#-!321&pageSize=15&orderBy=0&pageNumber=1
https://www.globalgilson.com/iso-test-sieves#/specFilters=9m!#-!321&pageSize=15&orderBy=0&pageNumber=1
https://www.globalgilson.com/iso-test-sieves#/specFilters=9m!#-!321&pageSize=15&orderBy=0&pageNumber=1
https://www.globalgilson.com/iso-test-sieves#/specFilters=9m!#-!321&pageSize=15&orderBy=0&pageNumber=1
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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.  

 

 

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: 
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9.2 Sample Material Specification Sheet 
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9.3 Metallography Procedure 

 

Metallography Procedure 

 

Epoxy Mold Creation  

 

¶ Add two parts of the epoxy mix 50-50 by mass in disposable cup.  

o Use enough to fill the epoxy mold 3/4th 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  

 

¶ 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  

 

¶ 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  

¶ Use the microscope (hooked up to the computer) to observe the 

microstructure. 

¶ Take pictures and take note of the magnification using the uEyeCockpit 

software. 

 


