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ABSTRACT 

This study examines the microstructure and mechanical properties (tensile, 

hardness, and fatigue endurance) of laser powder-directed energy deposition (LP-

DED) printed specimens with varying deposition parameters. Five samples with 

power inputs ranging from 350 to 2620W, all of similar thicknesses, were evaluated 

to enable a direct comparison. The varying specimens were heat treated, including 

stress relief, hot isostatic pressing, solution, and two-step aging. The resulting 

microstructures and their corresponding hardness values were compared at each heat 

treatment stage. The fully heat-treated specimens' tensile properties and fatigue life 

were also examined and compared. Key findings of this study indicate that complete 

heat treatment will recrystallize and homogenize the microstructures of specimens 

printed, regardless of the varying parameters. This transformation shifts the 

microstructure from a predominantly dendritic structure to an austenitic one, 

incorporating annealing twins and increasing its hardness correspondingly. This heat 

treatment schedule produced nearly comparable tensile and fatigue properties, 

irrespective of the parameter variations. This investigation reveals that samples 

produced at the lowest laser power (350W) demonstrated a finer microstructure, 

improving overall mechanical properties.  This research provides an efficient post-

processing HT schedule for LP-DED Inconel 718 for aerospace applications. It 
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contributes to the material's characterization and the printing process's 

standardization. 
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CHAPTER 1: INTRODUCTION 

Inconel 718 is a Ni-Fe alloy recognized as the most popular Nickel superalloy 

globally, accounting for 54% of the Nickel-based superalloy market share. Its 

popularity is due to its excellent thermomechanical properties; this alloy can 

maintain its mechanical properties at high temperatures up to 650°, making it 

exceptional at evading creep, fatigue, and corrosion failure. Alloying elements such 

as Cr, Fe, Nb, Mo, Ti, and Al are added into a Ni gamma matrix to create a 

precipitation-hardened alloy with a face-centered cubic (FCC) lattice. The main 

strengthening phases are gamma and gamma prime; the incoherency between these 

two allows the strain-hardening properties of alloy 718, which is renowned for this. 

Inconel 718 is extensively used in the aerospace industry to fabricate gas turbines, 

jet engines, manifolds, rotor shafts, and other components, which can add up to 50% 

of the weight of an aircraft engine. [1-2] 

Traditional manufacturing of Inc 718 has proven especially challenging; 

mechanical stresses on tools and cutting temperatures rise high. This can result in 

high manufacturing costs and low productivity. These challenges are solved when 

manufacturing Inconel 718 with Metal Additive Manufacturing (AM). [1,3] Metal 

Additive Manufacturing offers several other advantages: the ability to build 

complex-shaped structures, material optimization, and a short manufacturing cycle. 
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[3,4] Moreover, the laser or electron beam energy density is high enough to process 

many materials, including most metals.  [4] 

Moreover, the laser or electron beam energy density is high enough to process 

many materials, including most metals.  [4] 

Understanding the capabilities and constraints associated with each AM process 

is critical to producing high-quality components. Out of the seven process 

categories comprised by the international standard ISO/ASTM 52900 [79], 

directed energy deposition (DED) and laser powder bed fusion (L-PBF) both allow 

for the fabrication of metal components with near full density, while other process 

categories remain in development. [80] 

L-PBF technology uses a high-power laser to melt and fuse individual layers of 

metal powder. The feedstock is delivered onto the building platform, where the 

powder is selectively melted and solidified according to a CAD design. [81] This 

method is the leading technology in metal AM due to its capability to produce 

high-resolution and high-quality parts with superior mechanical properties, surface 

finish, and complex geometries. Minimum feature sizes can reach ~ 0.2–0.4 mm, 

and maximum part sizes reach 300-400 mm. [13,14,80] Compared to DED, L-PBF 

feature resolution is finer, and cooling rates are notably higher. [82] Conversely, 

DED technology stands out for its ability to deliver a feedstock material and an 

energy source simultaneously to a specific location (melt pool). [27] This 
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technology, used for larger components with lower resolution than those produced 

by L-PBF, with minimum feature sizes of ~ 1 mm, is a fascinating tool in the 

aerospace industry. The DED process, with its dimensional freedom, allows for the 

production of larger components with coarser resolution. What's more, this process 

is not limited to specific materials, as it can print Inconel, Titanium, stainless steel, 

and more. [84] 

NASA has demonstrated large-scale Laser Powder Direct Energy Deposition 

applications focusing on rocket engine components such as large-scale wall 

nozzles and power head components. [39] 

 LP-DED presents many advantages to the industry, but as with any other 

manufacturing method, it faces challenges. During manufacturing, internal defects 

such as balling, porosity, cracks, powder agglomeration, and thermal stresses 

between printed layers can be developed. Post-processing operations such as heat 

treatments and machining are required to remove these defects and improve the 

build's mechanical properties and surface quality. [4, 25,26] 

The present study examines and compares Inconel 718 alloy printed with LP-DED 

varying laser powers (350W, 750W,1070W, 2000W, and 2620W) with the added 

post-processing HT consisting of stress relief anneal at 1065°C, HIP at 1165°C, 

solution treatment at 1065°C, and precipitation treatment (double aging) at 760°C 

and 650°C to observe changes in microstructure and mechanical properties. The 
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mechanical properties investigated in this study were tensile, Vickers hardness, and 

low cycle fatigue. 

 

 

1.1. Motivation 

To report how different laser powers (350W, 750W, 1070W, 2000W, and 

2620W) and heat treatments (SR, HIP, SOL, AGE) affect the microstructures and 

mechanical properties (fatigue, tensile, and hardness) of LP-DED Inc 718 fabricated 

samples.  

1.2. Thesis Objectives  

• To assess the relationship between process parameters and material 

properties. 

• ·To study the effects of the selected heat treatment on the properties and 

microstructure of Inconel 718. 
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CHAPTER 2: LITERATURE REVIEW 

 

2.1 Different AM Technologies 

Additive Manufacturing, often called 3D printing, is a developing 

manufacturing method that employs layer-by-layer systems using aided computer 

design to build 3D products with complex shapes and functional properties. 

Different approaches to AM have been developed, such as techniques like fused 

deposition modeling (FDM), stereolithography (SLA), selective laser sintering 

(SLS), powder-blown direct energy deposition (DED), etc. Each of these offers 

unique advantages and applications, and each method uses different materials and 

processes to build parts with tailored properties from polymers to ceramics and 

metals. These can be categorized based on the processes and technologies involved. 

Various industries have adopted AM due to the range of possibilities it poses. In the 

aerospace and automotive sectors, it allows the production of lightweight yet durable 

components, enhancing performance, lowering build times, and optimizing material 

usage. It enables the customization of medical implants and prosthetics tailored to 

individual patient needs in healthcare. Fig 1. Shows a schematic of the industrial 

adoption of additive manufacturing. [5,6,99, 100]  
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Figure 1. Industrial adoption of additive manufacturing 

AM additionally proposes advantages that traditional manufacturing lacks, 

such as greater design freedom, allowing for creating complex geometries that 

would otherwise be impossible to manufacture. Furthermore, AM optimizes 

material usage efficiency compared to traditional manufacturing methods, as it 

only utilizes the material required to build the part. More advantages of this rising 

manufacturing method include rapid prototyping and cost reduction. [5,6,99] 

Significant advancements in AM have made it a practical choice for mass 

production. This is evidenced by the increasing number of companies integrating 

AM into their production processes to meet the ever-evolving market demands. 

[99] 

Fig. 2 shows the varying AM technologies available. These will be briefly 

described below. [6]  
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Figure 2. Flow chart of varying AM technologies [5] 

 

2.1.1. Stereolithography  

Stereolithography is an AM technique that builds layer by layer using a 

photosensitive polymer. Building with stereolithography starts with a CAD 

model, which is converted into a standard tessellation language (STL) file. 

Further, the STL file is sliced, translating the model from 3D into a 2D model 

containing the cross-section information.  

Each layer will be cured on a build platform by an ultraviolet laser and 

solidified until the desired structure is obtained (Fig. 3). [6,7,9] The duration of the 
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resin is an exothermic polymerization process characterized by cross -linking 

reactions. [8] Furthermore, the printed part will undergo a subsequent UV curing 

cycle to solidify the outermost layer of the part completely. 

 

 

Figure 3. Schematic of stereolithography process [6]. 

 

2.1.2. Fused Deposition Modeling (FDM) 

Fused Deposition Modeling (FDM) is a layer-by-layer process where a nozzle 

deposits a semi-liquid thermoplastic filament onto a build plate. This extrusion will 

be approximately 0.25mm and lower. FDM is mostly used for fast prototyping since 

it can build large geometries at lower costs without requiring chemical post-

processing. The most used materials in FDM are polycarbonate (PC), acrylonitrile 
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butadiene styrene (ABS), wax metals, and ceramics. However, FDM structures can 

have lower resolution than other AM methods due to poor layer thickness control. 

[5,6,8,9] 

 

Figure 4. Schematic of FDM process [9]. 

 

2.1.3 Polyjet  

The Polyjet technology combines the inkjet technique and 

photopolymerization process to manufacture 3D models. An inkjet head moves in 

the x and y directions, depositing droplets of photopolymer, which are later cured 

and solidified by ultraviolet lamps. The process will be repeated after printing a 

thin material layer until the model is completely formed. Polyjet models have good 

resolution; the layer thickness achieved is 16um or lower. Post -processing is 
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required since structures are built with supports or overhangs. However, these 

structures can be weaker than others produced by stereolithography or selective 

laser sintering. [5,6,11,12] 

 

Figure 5. Schematic of polyjet process [6]. 

 

2.1.4 Laminated Object Manufacturing (LOM) 

Laminated Object manufacturing (LOM) is a solid-based approach that 

combines additive and subtractive techniques to create a part layer by layer. LOM 

employs material in sheets; each sheet will be coated in an adhesive before 

bonding to another sheet. This lamination will be consecutive until the build 

finishes. Further, a carbon dioxide laser will be used to cut the material to its 

desired shape, and the depth of each cut must be the same as the layer thickness 

during lamination to avoid destroying previous layers. LOM is a versatile 
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technique as it can be built with various materials such as composites, metallic 

materials, paper, plastics, fabrics, and synthetic materials. Moreover, this technique 

is cost-effective, reduces internal stresses, and prevents changes to the material's 

properties. However, as with any other AM technique, it has downturns, including 

poor z-axis accuracy and material waste. [5,6] 

 

Figure 6. Schematic of LOM process [5]. 

 

2.1.5 Laser Powder Bed Fusion (L-PBF)/Selective Laser Melting (SLM) 

Laser powder bed fusion (L-PBF), as we know, was first created with the 

name selective laser melting (SLM) by Carl Deckard from the University of Texas 

at Austin in 1987. More commonly known today as L-PBF, it has been the leading 

candidate for fabricating critical components in industry due to its ability to 
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produce near-net-shape parts with superior mechanical properties, surface finish, 

and complex geometries. This process is adequate for building multifaceted parts 

with densities as high as 99.9% via a high-power-density laser. [13,14] SLM/L-

PBF systems consist of three major components: (i) laser and scanning system, (ii) 

controller system, and (iii) build chamber (Fig. 7).  

The printing process is initiated by applying a thin layer of powder onto the 

build platform. A high-energy laser beam melts the metallic powder, rapidly 

solidifying it into a layer. This process repeats until the part is fully printed.   

Parameters shall be selected based on machine specification, types of 

materials, and interaction with each other. Understanding the effects of each 

parameter is essential for build optimization, given that the final products' 

mechanical properties depend on process parameters. Energy density and scan 

strategy are optimal parameters that minimize internal defects that can cause poor 

mechanical properties if misconfigured. Further, most printed parts need post-

processing to improve surface roughness and remove internal defects such as 

porosity, cracks, thermal stresses, and powder agglomeration that appear between 

printing layers. [4] 
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 L-PBF uses metal powders as feedstock materials. These can include metals 

and alloys such as nickel-based alloys, stainless steel, aluminum, titanium, copper, 

etc. It is recommended to use a powder feedstock with a diameter size range 

between 15-45µm and a predominant spherical morphology exhibiting a uniform 

size distribution. Particle shape has been shown to significantly affect flow, 

discharge rates, and clogging in hopper systems.  

  

Figure 7. Laser powder bed fusion build chamber [11]. 

2.1.6 Electron Beam Melting  

Electron beam melting (EBM) is a process comparable to SLM as both are a 

layer-by-layer powder bed fusion technology. These systems form a powder bed by 

raking powder fed from cassettes or hoppers into a thin layer, which is then melted 

selectively by a laser or electron beam respectively and solidified in an inert 
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environment. [16] Some differences are the beam type: SLM employs a laser beam, 

EBM an electron beam with a voltage range 30-60kV. The powder bed is also kept 

at a higher temperature (>870K) in EBM. Further, this system involves more process 

parameters than SLM, such as beam diameter, beam power, beam scanning velocity, 

beam focus, beam line spacing, scan strategy, and contour strategies. Thus, 

parameter optimization is more challenging. [4,17] 

Fig. 8 illustrates the build chamber (a), where the powder is preheated by the 

focused electron beam with a voltage of approximately 30mA to 0.8Tm (melting 

temperature) and scanned. Following, the powder is released from the hoppers and 

raked onto the build platform, which is lowered with each layer until the component 

is finished (b). [16,18] 

EMB can be potentially more expensive and time-consuming; however, 

oxidation and porosity are generally prevented because of its vacuum atmosphere. 

EBM can also process brittle materials due to slower cooling rates.   
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2.1.7 Binder Jetting  

Binder Jetting is a non-fusion additive manufacturing technology where a 

shape is formed and solidified only after post-processing. Fig. 9 shows the 

different components of a binder jetting system, including a powder supply 

platform, build platform, leveling roller, and binder printhead. A layer of 

metallic/ceramic powder will be spread by the roller over the build platform, where 

a liquid binder is selectively deposited to adhere to the loose particles in that layer. 

Like other AM techniques, the build platform will be lower by the distance equal 

to the thickness layer of the part. This process will be repeated until the “green 

Figure 8. EBM a) build chamber b) build process [16.18]. 
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part” is finished and post-processed. After the build is completed, it will be 

submitted for post-processing, which may include curing, de-powdering, sintering, 

infiltrations, annealing, and finishing. Although binder jetting is a cost -effective 

and versatile AM method, post-processing can be costly. However, as BJ does not 

involve heating, no residual stresses are created as in parts built with other 

techniques. 

 

Figure 9. Schematic of BJ system [5] 

2.2 Laser Power Directed Energy Deposition (DED): LP-DED History, LP-

DED Process Characteristics, LP-DED Workflow and Machine Operation 

Review 

2.2.1 History/Timeline 

Directed energy deposition (DED), also known as laser-engineered net 

shaping (LENS), originated in the “Welding AM” circa the 1980s, using various 
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welding and thermal spray technologies. [26,27] In his 1984 patent [26], Harter 

described this process as “a manner of producing a metal article by depositing 

metal by the arc process in successful intersecting fusion beads along a non-

adherent base… until the desired thickness dimension is attained”. 

Directed Light Fabrication (DLF) was introduced in 1995 by Los Alamos National 

Laboratory as a computer-aided technology with the capacity to produce an 

entirely deposited planar metal layer of approximately 0.1mm in thickness 

successionally until the completion of a 3D part as depicted in Fig. 10. The main 

components of DLF were specified as a Nd:YAG laser, a metal powder delivery 

system, and a beam positioner. Furthermore, the principal parameters were listed 

as laser power, velocity between the laser focal spot, layer thickness, and powder 

mass flow rate. [28]  

In the late 1990s, Laser Engineered Net Shaping (LENS) was invented by Dr. 

Donald Godfrey and his team at Sandia National Labs, influenced by laser 

cladding. [27] The LENS process is the most common means to achieve powder -

based DED today. [29] 

Throughout the 2000s, advancements in laser technology and materials science 

allowed companies like Optomec to commercialize DED/LENS technology, 

expanding into the aerospace, automotive, and medical industries. In 2017, 
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standardization efforts by ASTM International further solidified the terminology 

and recognition of DED. [21] 

Different commercially available technologies, categorized by their energy 

source and the type of feedstock they use, include directed light fabrication (DLF), 

direct metal deposition (DMD), laser metal deposition (LMD), laser solid forming 

(LSF), electron beam additive manufacturing (EBAM!), LENS, and wire plus arc 

additive manufacturing (WAAM). [21] Some DED systems are capable of 

depositing multiple materials simultaneously and can deposit material across 

various axes to produce reasonably complex geometries. DED is also used to repair 

pre-existing parts. [21] 

Figure 10. Depiction of 3D 316 SS part by LANL [26]. 
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2.2.2 Laser and Feedstock Delivery; Powder vs Wire  

DED allows the delivery of a feedstock material and an energy source 

simultaneously at a given location. The laser and its power capabilities vary among 

DED machines. Most systems utilize an ND:YAG (neodymium-doped yttrium 

aluminum garnet) laser with a typ ical power raging between 1 and 5kW. 

Nevertheless, any laser with sufficient power to melt the material, including carbon 

dioxide and pulsed-waved lasers, is acceptable. [27] 

 DED processes can utilize a powder (LP-DED) or a wire feedstock (HRW-DED) 

[33,35] (Fig. 11). A powder DED powder feeding subsystem includes a powder 

feeder, powder nozzle, and tubing connecting these components. It also includes a 

laser subsystem consisting primarily of a high-power laser source, a zoom optic 

device, and optic fibers. Additionally, inert gas sources will be present along with 

process monitoring and control devices, compressed air sources, a cooling device, 

etc. Moreover, this process is accomplished by simultaneously increasing mass 

input and energy input by optimizing laser power and augmenting powder feeding 

rates. HP-DED will require a high-power laser source and an innovative nozzle for 

continuous powder delivery. [34] Alternatively, HRW-DED continuously feeds 

metal wire into a melt pool at a specific speed (usually 0.5-5m/min). The wire is 

subsequently melted and solidified. Wire DED is known for material utilization 

optimization, high-energy utilization optimization, and the absence of powder 
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pollution. However, energy input insufficiency can lead to defects such as un -

melted wire in builds. Thus, the build quality allowed by wire feeding depends on 

energy density and wire feeding rate. Low heat input and a higher process speed 

result in difficulty in fully melting the filler wire. [34]  

 

 

Figure 11. Schematics of Powder and Wire laser deposition [27,34]. 

 

One drawback of powder deposition is that, despite its widespread use as a 

feedstock for metals and ceramics, not all powder is effectively captured in the 

melt pool, resulting in excess powder utilization. In contrast, wire deposition 

boasts a high deposition rate, ensuring that the volume of the deposit closely 

matches the volume of the wire fed. However, this can lead to near shape builds 

with compromised dimensional accuracy and surface finish. [35] 
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2.2.3 Feedstock Materials  

Feedstock materials are limited for wire deposition DED compared to 

powder-blown DED; hence, powder is the most common feedstock in the DED 

industry. Most commonly, this powder is administered via pneumatic powder 

metering. Powder particle size will be significantly larger in DED than in PBF, 

ranging between 50-150um and 10-50um. Larger particle size powders are 

preferred in DED, as well as a spherical powder shape due to increased flowability; 

additionally, larger particles will most likely break the surface tension of the melt 

pool upon impact, thus increasing catchment efficiency. However, substantial 

powder particles will lead to higher surface roughness. [35-37]  

Defects related to porosity in DED builds can be attributed to the quality of the 

powder feedstock and, unfortunately, can’t be improved by any post-processing as 

a build parameter or alloy design-related defect could. Lower fatigue strength and 

fracture toughness caused by voids in the build must be avoided by including high-

quality feedstocks that target successful properties in a built component. [37]  

 

2.2.4 LP-DED Workflow  

Fig. 14 shows a schematic of a typical workflow for the LP-DED process [39]:  
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1. File preparation: Prepare a CAD model using the “rules of thumb.” The 

designated computer-aided design (CAD) 3D model will be exported as a 

Standard Tessellation Language (STL) file and sliced into horizontal layers 

representing each cross-section of the final build. These files will include “rules 

of thumb” regarding overhangs and support structures, orientation, material 

considerations, layer thickness, part size, tolerances, etc.[39,40,42]  

Figure 12. CAD model, mesh representation, and sliced sequence of toolpath vectors. [39] 

Figure 13. Example of "sliced" model in layers. [39] 

2. Toolpath generation: After having the 3D CAD model sliced into horizontal 

layers, a toolpath must be generated based on the sliced layers. This toolpath 

will determine the movement of the laser during the printing process and 

trace the outline of the area rastering the laser back and forth in a serpentine 
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pattern. Strategies like contouring and infill are employed as well as 

considerations such as supports, and processing needs are integrated. 

[39,40,42] 

3. Machine preparation: Machine setup involves cleaning, installing, aligning, 

loading metal powder, and leveling the build plate or substrate. This could 

be a plate or a component being added or repaired.  

Before starting the DED build, thorough machine preparation is important to 

ensure ideal printing conditions. First, the build platform must be clean and 

aligned to guarantee precise material deposition. Next, the nozzle must be 

checked and calibrated. Moreover, it is important to ensure the chamber is 

purged of impurities, verify the material feed system is working well, etc. 

[39,41,46] 

4. Additive manufacturing process/DED build of part: The powder will be 

dispensed into a carrier gas stream, which will transport it through tubes to 

the printing nozzle, and the laser will be activated to deposit a melt pool onto 

the build plate layer by layer from bottom to top according to the pre-

determined toolpath until the final part is completed. [40,46]  

5. General Powder Removal: Refers to removing excess powder from the build 

that didn’t fully melt. After completing the DED process, powder removal is 

required to extract the printed part from the surrounding powder in 
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preparation for post-processing. Commonly, de-powdering is done with wire 

brushes or vacuums. [39,42]  

6. Stress relief: Stress relief minimizes residual stresses and internal distortions 

formed during the printing process. Because of its unique thermal cycles, 

DED builds often require stress relieving to remove residual stresses caused 

by thermal gradients. This can be achieved by a post-annealing heat 

treatment of 70% after de-powdering and removal. After heat treatment, the 

part is gradually cooled to avoid the formation of new stresses. Stress 

relieving improves the mechanical properties of the build, improves 

dimensional stability, and reduces the risk of distortion or cracking during 

machining or in service. [43-45] 

7. Build plate removal: After de-powdering the build plate must be carefully 

extracted from the machine. [39] 

8. Post processing operations: During manufacturing, internal defects such as 

balling, porosity, cracks, powder agglomeration, and thermal stresses 

between printed layers can be developed. Post-processingPost-processing 

operations such as heat treatments, machining, cleaning, polishing, welding, 

and brazing are required to remove these defects and improve the build's 

mechanical properties and surface quality. [4, 39, 46] 
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2.3 LP-DED Fabrication of Inconel 718: Feedstock and Build 

Characterization 

2.3.1 Chemical Composition and Feedstock Properties  

Inconel 718 is a hardenable nickel-chrome-iron-molybdenum alloy (Table 1 

shows the chemical composition per AMS 5596). Hardening is possible by adding 

alloying elements such as niobium, titanium, and aluminum and induced by heat 

treatment in the temperature range of 593 to 816°C. [51] It is extensively used in 

the aerospace industry, steam generators, nuclear power plants, and the defense 

department due to its outstanding mechanical properties, creep resistance, fatigue 

endurance, and corrosion resistance. [52]   

Figure 14. DED typical workflow 
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Alloy 718 is available for AM in rod, bar, wire, forging stock, plate, sheet, 

strip, and powder. Powder is typically fabricated by gas atomization, where molten 

metal is atomized into fine droplets using a high-pressure gas stream. These 

droplets solidify into powder particles upon contact with a substrate or metal plate. 

[53] 

Spherical powder particles are preferred for feedstock powders to increase 

flowability. [37] Moreover, a particle size from 50-150um will also allow for easy 

flowability and higher catchment efficiency; this is larger than the particle size 

used for SLM. [35] Fig. 15 a) and b) show a cross-section and a scattered electron 

microscope (SEM) image of Inc 718 powder particles with evident gas entrapment 

and satellite formations. [52] Gas porosity entrapment in powder can compromise 

the quality of the final printed product as it can lead to poor mechanical properties 

and lower density. It has been discussed [37], and the best way to lessen these 

features is to control the entrapment in the original powder-making process.  
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Table 1. AMS Inc 718 chemistry spec 

* maximum content 

Alloy 

718 

Comp

onent 

Element wt.% 

Ni Cr Fe Nb Mo Ti Al Co C Mn Si P S 

AMS 

5596

A 

Stand

ard 

Wt% 

50 

- 

55 

17-21 Bal 4.75-

5.50 

2.80 

- 

3.30 

0.65 

- 

1.15 

0.20 

- 

0.80 

1.0* 0.08* 0.035* 0.03

5* 

0.015* 0.01

5* 

 

 

Figure 15. Micrograph and SEM image of Inc 718 powder particles with satellites [52]. 

 

2.3.2 Microstructure: LP-DED 

It is hard to predict the microstructure of DED printed Inconel 718  with 

certainty due to the complicated thermal cycling it undergoes during printing 
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(exemplified in Fig. 16): the deposited material experiences remelting, re-

solidification, and solid-state phase transformation depending on factors such as 

heating rates, cooling rates that can reach up to 103-105K/s, thermal gradients, 

number of thermal cycles, etc. [47] Some process parameters that affect the 

thermal history of the material are powder feed rate, laser power, and laser 

scanning strategy. [49]  

 

Figure 16. Time-temperature history measured at 1st deposited layer [47]. 

It has been observed [49] that a higher traverse velocity and lower laser 

power result in a finer microstructure due to higher cooling rates. Conversely, 

lower cooling rates resulting from slower traverse speeds and higher laser powers 

will yield coarser microstructures.  
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Bontha et al. [54] established the relationship between dendrite morphology, 

temperature gradient (G), and solidification velocity (R) during the DED process. 

This allows for predicting the microstructure between a columnar, equiaxed, or 

mixed morphology. [31]  

The typical as-built microstructure of a 718 printed sample consists of 

columnar dendrites, which usually grow in the <1 0 0> orientation parallel to the 

deposition, as depicted in Figure 16. The columnar morphology extends through 

the deposited layers due to the re-melting of previous layers and heterogeneous 

nucleation of γ dendrites.  

 

Moreover, it has been shown [47] that upon solidification, alloying elements 

molybdenum (Mo), niobium (Nb), and titanium (Ti) segregate into interdendritic 

Figure 17. Typical as deposited microstructure of DED Inc 718 showing a 

dendritic columnar morphology [50]. 
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regions. This micro-segregation is evident in the Nb and Mo-rich and Laves 

phases. Post-heat treatment processes are required to eliminate these brittle phases 

(Laves phase, δ) and reduce residual thermal stresses. Heat treatment will also 

improve the microstructures of deposited builds, which will positively influence 

their mechanical and physical properties. [2]   

2.3.3 Microstructure: LP-DED HT  

LP-DED Inconel 718 in the as built condition contains the brittle Laves and 

δ phase which will form because of micro-segregation of Nb and Ti mostly into the 

inter-dendritic zones [2]. NbC and Laves phase are a product of eutectic reactions 

when the concentration of Nb, Mo and C in the melt is too high [56]. Such phases 

can negatively impact the mechanical properties of alloy 718. Post processing heat 

treatment is needed to dissolve the Laves and δ phases, uniformly distribute 

alloying elements Ti al and Nb through the matrix and precipitate γ’ and γ’’ to 

reach peak strength. [2] 

Standard AMS 5662 indicates standard heat treatments for Inc 718 as a 

solution treatment followed by a two-step or double aging (see Table 2). Solution 

treatment intends to dissolve the leaves phase and additional precipitates that form 

during fabrication. Double aging is performed to produce strengthening γ’ (Ni3 

Nb) and γ’’ (Ni3 (Ti, Al)) phases. [57]  
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Table 2. AMS spec heat treatment for Inc 718 

 

  

 

 

 

Moreover, this section will discuss stress relieving, homogenizing (HIP), 

solutionizing, aging, and quenching to understand further the effects of ST-age 

heat treatments on the microstructure and properties of DED Inconel 718.  

 

2.3.3.1 Stress Relieving  

Spec 

AMS 5662 [58] 

Temp(°C) Time  Cooling  

 

Solution 

Treatment 

954°C “time 

commensurate 

with 

thickness” 

AC or faster 

1.Precipitation 

Treatment 

(aging) 

718-746°C 8 hr Furnace cool 

to 649°C 

2. Double Aging  649°C Hold for total 

time of 18 hr 

AC 
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The objective of solution annealing or stress relieving is to provide an equilibrium 

state for the processed material by removing residual stresses and minimizing 

microstructural defects such as internal distortions. [60] The part is heated to a 

specific temperature below the material’s melting temperature but high enough to 

induce relaxation of internal stresses accumulated during the printing process. 

After the heat treatment, the part is gradually cooled to avoid the formation of new 

stresses. Stress relieving also aims to homogenize the microstructure for optimal 

microstructure and mechanical properties. [61] ASTM F3055 indicates the stress 

relieving process for Inc 718 at 1065 °C ±15 °C (above the γ’, γ’’ and δ solves 

temps) for 90 min −5/ + 15 min. [62]  

2.3.3.2 Hot Isostatic Pressing (HIP)  

HIP-ing is an important post processing technique used in AM to enhance 

material properties and structural integrity of builds. HIP serves as a post 

processing method that applies a heated gas under an elevated pressure up to 

10,342 to 206k MPa to densify metal parts to nearly 100% theoretical density by 

diffusion bonding closing of the pores. This process is carried out in an inert gas 

environment, typically argon. The combination of heat and pressure helps to 

eliminate internal voids, porosity, and microcracks present in the printed parts, 

resulting from the rapid heating and cooling cycles of some AM processes.  HIP-

ing also increases ductility and extends fatigue life. [29]  
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ASTM indicates a HIP process for Inc 718 in the range of 1120-1185°C for 4 hours 

with an applied pressure of 100 MPa [62]. This duration assures the dissolution of 

γ’, γ’’, δ, and laves phase as well as the homogenization of the material.  

 

2.3.3.3. Solutionizing  

Solutionizing is a post processing heat treatment aimed to dissolve any 

secondary phases or unwanted precipitates that may have formed during the 

printing process. A most common solution heat treatment for Inconel 718 proved 

effective in industry is any in the range of 941°C-1010°C for an hour per 25 mm in 

thickness. These temperatures are above the solvus temperatures of both γ’and γ’’ 

but below δ. Which acts as a grain boundary pinner preventing grain growth. The 

part is held at this temperature for enough time to allow for the dissolution of such 

precipitates and for the diffusion of solute atoms throughout the matrix.   

After holding at the solution temperature hold, the parts must be quenched to 

“freeze” the microstructure in its homogeneous state.  [101,102] 

 

2.3.3.4. Double Aging 

Double aging is a heat treatment aimed towards increasing the strength, 

creep, and resistance of Inc 718. The first aging step consists in heating the part to 

a temperature below the solvus line, allowing for the precipitation of fine, 
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coherent, precipitates such as γ’ and γ’’. Aging is crucial in recovering the initial 

strength of the material by creating precipitates within the matrix which will 

prevent dislocation slip hence improving such [60].  

 Following the first aging step, the parts are cooled to RT and subjected to a 

second aging step which consists of holding the parts at a lower temperature for a 

longer duration. This step allows for further precipitation and growth of 

strengthening phases.  

 Double aging is most used for AM Inconel 718 intended for high 

temperature applications in aerospace, gas turbine engines because of its enhanced 

mechanical properties and reliability in service. [101, 102] 

 

2.3.3.5. Quenching 

Quenching is recommended after solution treatment to avoid grain growth 

that would result for larger cooling rates.  

The purpose of the solution-age heat treatment is to eliminate scan strategy effects 

by recrystallization and grain growth which eliminate the anisotropic columnar 

morphology of the as built parts. [102] 

 

2.3.4 LP-DED Build Defects 
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In addition to the multiple advantages and versatile capabilities inherent to 

the DED process, like any manufacturing method, it also has its limitations. Some 

of these limitations include shrinkage and residual stresses due to local thermal 

gradients, lower dimensional resolution, higher surface roughness, porosity, 

keyholing, laser spattering, balling, cracking, and de-lamination. [21] Some of 

these defects will be discussed in more detail below. 

2.3.4.1 Residual stresses and distortions 

  Residual stresses and distortions can develop during the deposition and 

cooling processes due to high cooling rates and important thermal gradients. These 

can cause induced phase transformations and consequently cracking, delamination, 

degradation of fatigue life and premature failure. To mitigate these effects, the 

substrate and the chamber can be preheated to reduce thermal gradients. The 

printed part can also be subjected to post processing methods including heat 

treatments. [21] 

2.3.4.2 Porosity 

 LP-DED produced specimens can exhibit porosity due to too high energy 

density applied or conversely insufficient energy input (LoF), pre-existing 

feedstock porosity also influences the total porosity of a finished build, as well as 

selective evaporation, and gas entrapment. Each has a distinct shape size and 

formation mechanism. 
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The process window, as depicted in Fig. 18 represents the range where laser 

power and scan speed leads to the creation of a stable melt pool. In this window, 

laser energy is efficiently absorbed by the powder, this allows for the formation of 

a melt pool that reaches an appropriate depth for strong fusion with the layer 

beneath, while minimizing excessive re-melting. Variations in laser temperature, 

and/or scan speed whether exceeding the optimal range or falling below it, can lead 

to lack of fusion, keyholing, and balling.   [21,92]  

 

Figure 18. Laser power vs scan speed graph 

 Lack of fusion is described as a discontinuity between the substrate and the 

deposition metal or the adjacent layers to fully melt . [103] As observable in Fig. 

18, lack of fusion occurs when there is insufficient energy and a high scan speed 
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which results in low bead wettability [104] and an irregular shape discontinuity. 

[105] 

 Moreover, as seen in the laser power vs scan speed (Fig. 18) keyhole 

formation or keyholing occurs when there is an excessive energy input during the 

melting process. Excessive beam power causes excessive penetration of the metal 

powder which leaves a pore at the bottom of the melt pool. Keyhole porosity is 

usually circular horizontally and elongated in the vertical direction.  [106] 

 

 

2.3.4.3 High surface roughness 

 High surface roughness is common in powder blown L-DED and can be 

consequent to multiple factors including low heat input, large powder particles, and 

high laser scanning speeds. High surface roughness can be detrimental to the 

mechanical properties of a build and have adverse effects on dimensions and 

geometric tolerances. An increase of heat input can be applied to reduce the 

surface roughness. Reducing the layer thickness in the build and using finer 

Figure 19. a) Entrapped gas porosity in powder feedstock b) entrapped gas porosity in as built 
condition, c) lack of fusion 
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powder particles has also been proved efficient at reducing surface roughness. 

After the build has been completed post processing schedules and heat treatment 

will also yield better surface roughness. [21,93] 

 

2.4 Mechanical Properties: LP-DED Inconel 718/HT 

Inconel 718 accounts for good mechanical properties such as good strength, 

good weldability, creep resistance, and fatigue resistance at elevated temperatures. 

These properties can be attributed to a high amount of strengthening carbides and 

intermetallic phases. Intermetallic phases γ’ and γ’’ are the most important 

strengthening components in the alloy as they are coherent to the γ matrix and of 

“sluggish” nature. However, niobium segregation is not uncommon in this alloy be 

it in wrought products or in the as built condition of additive manufactured parts. 

This segregation is undesirable as it will lead to scatter in the mechanical 

properties caused by macro-segregation, laves phase, and other unwanted carbides. 

[50]  

Tensile properties and hardness are often studied because valuable information 

these reveal. Yield stress indicates the elastic region of a material or the highest 

load it can withstand before plastic deformation, and ultimate tensile strength is the 

highest load the material can withstand before failure. These properties are 

important considerations for design and applications of a component.  
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It is important to note that it is not common for additively manufactured Inconel 

718 to be put in service in the as built condition as the main hardening mechanism 

is achieved by post processing heat treatments. UTS and %Elongation in the as 

built condition are lower and higher respectively which means lower strength and 

higher ductility, this can be credited to the absence of hardening precipitates γ’ and 

γ’’. [73] Porosity is also a factor that can negatively affect the mechanical 

properties of an AM part given that AM processes yield varied levels of porosity 

depending on the building parameters [74].  

Table 3 contains mechanical properties of LP-DED as built, wrought, cast and HT 

Inconel 718 obtained from literature for comparison. [74-76] Table 3 demonstrates 

casted Inconel 718 having the lowest tensile properties overall, followed by LP-

DED in the as built condition which had lower UTS and YS than wrought and HT 

but higher ductility on account of the faster cooling rated provided by LP-DED 

processing. It is also shown how heat-treated Inconel 718 when subjected to HIP, 

SOL, and aging treatment can achieve high strength comparable to that of the 

wrought material.  
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Table 3. Mechanical properties of Inc 718 from literature 

 

 

As proved from literature, as built LP-DED Inconel 718 must undergo a series of 

HT to strengthen its ductile characteristics. Post processing heat treatment is of 

utmost importance not only because of precipitation hardening but also because it 

can reduce residual stresses up to 20%. [73] 

2.4.1 Fatigue Life  

Fatigue is a progressive form of fracture resulting from repeated or cyclic 

loading that can cause the initiation and propagation of a crack. The fatigue life of a 

component is determined by the number of stress cycles it can complete before 

failure. Ideally, an in-service part will perform in stresses below the material’s yield 

strength however, fatigue failure can still happen. [65] Further, some factors that 

affect the fatigue life of a component are such as environment, stress concentrators, 

 As-built[75,76] HIP+SOL+Aged Wrought Cast  

UTS 

(MPa) 

904-1150 1371-1387 1100-1400 780-

1060 

YS (Mpa) 572, 907 1084-1160 1035-1160 488-

900 

%El 19-26 10-22 12-21 5-11 
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microstructure, and surface finishing. Fatigue can lead to catastrophic failures 

because of its unnoticeable features. 

Fatigue traditionally occurs in three stages: crack initiation, crack propagation, and 

final fracture. [65,66] Cracks typically nucleate from transgranular slip bands near 

or at the surface of specimens and can grow up to 50µ before propagating through 

60-70% of the material’s cross-sectional area to the final fracture. [68] Typical 

features of fatigue are beach marks and rough surfaces accompanied by shear lip.  

 

Figure 20. Typical characteristics (macroscopic) of fatigue fracture [65]. 

As mentioned before, cracks can nucleate or initiate from surface defects or 

internal pores. Hence, additively manufactured parts tend to have lower fatigue 

lives than wrought or occasionally cast components, for cracks tend to nucleate in 

stress concentrators yielded by defects produced during AM processing such as 

porosity, microcracks, lack of fusion, etc. [2,67]  

Johnson et al., explained [68] that fatigue life of AM Inc 718 is shorter than that of 

wrought components due to the origination of cracks from pores or inclusions. 
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Where, after initiation cracks propagated in a transgranular mode and final fracture 

happened in a ductile manner. Moreover, Kelley [69] demonstrated that HZ, HT 

and machined AM Inconel 718 can achieve similar fatigue properties to those of 

wrought Inconel 718. Furthermore, it was also demonstrated that pores were not 

the main stress concentrator for crack propagation, but surface defects were the 

main reason for inferior fatigue life of AM Inc 718 components. Correspondingly, 

surface machining for improved surface roughness enhances the component’s 

fatigue endurance. [69,70]  

Fatigue life can also be dependent on the microstructure of the processed alloy, 

recrystallization of a dendritic morphology into equiaxed grains with annealing 

twins can be detrimental to fatigue life because of the formation of cracks at twin 

boundaries in HZ samples. [71,72]  
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CHAPTER 3: EXPERIMENTAL METHODS 

 

3.1 Laser Power Directed Energy Deposition 

Three types of specimens were built: 126 samples printed with laser power -

directed energy deposition (L-PDED) were received, including round tensile rods, 

tensile and mechanical blocks, and square mechanical rods. Yet only specimens 

002-031 were tested. All samples were printed with virgin powder, and each group 

was printed with different laser powers: 350W, 750W, 1070W, 2000W, and 

2620W, and other travel speeds accordingly to observe changes in microstructure 

and mechanical properties throughout varying parameters. Moreover, 1 square 

mechanical rod was printed for each laser power energy and sectioned into five 

smaller cubes; each one of these cubes received a different heat treatment (Fig. 24). 

This had the purpose of studying the phases, microstructures, and properties of the 

material as heat treatment progressed. 

Ongoing research has demonstrated the excellent mechanical properties 

obtained by DED, such as yield strength, ultimate tensile strength, and hardness. 

[7] DED processes have three branches in which process parameters are generally 

classified: i) systems specifications dependent, ii) feedstock dependent, and iii) 

process. [5] In research performed by Simchi [6], results reveal that the sintered 

density of a material depends on both feedstock properties and fabrication 
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parameters. Processing variables often show that higher laser power corresponds to 

slower cooling rates that can result in larger grain sizes. Also, as the material 

feeding rate increases, deposition thickness increases, yielding a coarser 

microstructure, and finally, the rise in scanning speed improves the thermal 

gradient fastening cooling rates. [73] Hence, higher density is attained as the laser 

power increases, and the scan rate decreases. [6] Furthermore, a build's 

microstructure and mechanical properties also depend on the solid-state 

transformation that occurs when cooling down to room temperature. These 

transformations result in consecutive thermal cycles when the laser beam moves 

along the surface layer by layer and typically. These factors 

combined normally yield a columnar dendritic morphology. [7] Given the 

complicated thermal cycling LP-DED samples undergo, the final microstructures 

generally yielded by this process are irregular and retain high residual stresses; 

hence, they must undergo a series of post-processing heat treatments. [47] 
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Table 4. Varying coupon types and build parameters 

  

 

      Figure 21. Schematic of LP-DED print  
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3.2 Post-Processing Heat Treatment 

All round tensile rods and tensile and mechanical blocks were post -

processing heat treated as per NASA’s standard Inc 718 cycle. This standard 

involves i) stress relieving (SR) at 1065°C for 1.5 hrs. slow furnace cool with 

venting to air as soon as allowable, ii) Hot isostatic press (HZ) at 1165°C and 

15,000psi for 3 hrs. as per ASTM F3055 / 3301-18a, iii) Solution treatment (ST) at 

1065°C for 1 hour, vacuum and argon quench as per AMS 5664 and, iv) 

Precipitation treatment (aging) at 760°C for 10 hrs ± 0.5 hrs furnace cool to 649°C, 

hold until a total aging heat treatment time of 20 hours has been reached and cool 

as per AMS 5664. 

a) Round Tensile 

Rods  
Build direction 

c) Tensile & Mechanical blocks  

Figure 22. Coupon Types a) round tensile rods b) square mechanical rod c) tensile and 

mechanical blocks 
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Figure 23. Heat treatment schedule as per NASA’s Inconel 718 cycle. 

3.3 Metallographic Preparation  

Each pre-sectioned square mechanical rod was sectioned in the z direction to 

reveal the build direction microstructure at each stage of the heat treatment with an 

ATM Brilliant 220 precision cutter. Metallographic samples of the sectioned 

specimens were created using a combination of powdered epoxy and phenolic acid 

and a hot mounting press from ATM OPAL. Grinding and polishing were done after 

the samples were mounted to produce a mirror-like surface. The grinding and 

polishing procedures were carried out with an ATM SAPHIR 530 semi-automatic 

system. The grinding procedure was started with a 320-grit coarse Silicon carbide 

(Si-C) grinding paper followed by grits 400, 600, and 800: each was spun at 150 

RPM with a force of 25N for 45 seconds to1 minute using water as a lubricant. The 

polishing procedure was performed at a speed of 200 RPM and a force of 20 N for 
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4 minutes, with each stage of the polishing process having a different nylon disk for 

the 6 µm, 3 µm, and 1 µm diamond suspension slurries. Finally, the samples were 

polished for 10 minutes at 100 RPM with a force of 18 N using a soft synthetic cloth 

disk and a 0.1µm colloidal silica slurry. 

The etchant used to reveal the microstructures after grinding and polishing was 

Kalling’s #2. The solution was applied to the surfaces with a dropper for varying 

times from 5 to 120 seconds. The optical micrographs in this work were taken with 

an Olympus GX53 inverted optical microscope and a Keyence VHX-7000 series. 

 

 

3.4  Grain Width/Size Measurements 

The line intercept method. As per ASTM E112, was used to compute grain 

width measurements. The software ImageJ was used to draw and measure straight 

Figure 24. Schematic of mechanical square rod before and after sectioning and mounting. 
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lines across the micrograph this was performed in order to calculate the average 

grain size of each laser power and compare them. 

 

3.5  Hardness Testing 

Micro-indentation Vickers hardness was performed in the as built and NHT 

condition of the varying laser power samples with a QTAM QNESS 60 M EVO. 

At least five measurements were taken for each sample variation with a load of 

1HV.  

3.6  Tensile Testing 

Tensile testing was conducted on five round threaded tensile rods (one per 

laser power) with a length of 102mm and a diameter of 15mm which was performed 

at Product Evaluation Systems, Inc. in accordance to ASTM E8-21. Tensile testing 

also included the examination of selected fracture surfaces using scanning electron 

microscopy (JEOL JMS-IT500 SEM).  

 

 

Table 5. Test matrix for Tensile testing 
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3.7 Low Cycle Fatigue Testing  

  To investigate the fatigue properties of Inconel 718 stain controlled low cycle 

fatigue experiments were performed; Three round tensile rods were selected per 

laser power for low cycle fatigue testing were these were subjected to tension-

compression cyclic loading at a constant strain amplitude of 1% until failure.  LCF 

was conducted at Product Evaluation Systems, Inc. Testing at a frequency of 0.5Hz 

as shown in Table 3. LCF tests also included the examination of selected fracture 

surfaces using scanning electron microscopy (JEOL JMS-IT500 SEM).  

 

 

 

Test Piece ID Coupon Type
Parameter 

Set

Number of 

Samples

Test Cond

Temp (F)

Tensile 2200025-003 to 011 Vertical Round Bars 350 W 4 70

Tensile 2200025-012 to 020 Vertical Round Bars 750 W 4 70

Tensile 2200025-021 to 029 Vertical Round Bars 1070 W 4 70

Tensile 2200025-030 to 031 Vertical Blocks 2000 W 4 70

Tensile 2200025-001 to 002 Vertical Blocks 2620 W 4 70

Inconel 718 Varaible Parameters

Total = 20
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Figure 25. Low cycle fatigue specimen 

 

 

 

 

 

 

 

 

Figure 26. Test matrix for LCF 

Test Piece ID Coupon Type Parameter Set
Number of 

Samples

Test Cond

Temp (F)
Total Strain

Frequency 

(Hz)

LCF 2200025-003 to 011 Vertical Round Bars 350 W 3 70 1.0% 0.5

LCF 2200025-012 to 020 Vertical Round Bars 750 W 3 70 1.0% 0.5

LCF 2200025-021 to 029 Vertical Round Bars 1070 W 3 70 1.0% 0.5

LCF 2200025-030 to 031 Vertical Blocks 2000 W 3 70 1.0% 0.5

LCF 2200025-001 to 002 Vertical Blocks 2620 W 3 70 1.0% 0.5

Inconel 718 LP-DED Varying Parameters

LCF: 0.5 Hz frequency, R = -1, Triangular Waveform

Total Samples = 15

102mm

15mm
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CHAPTER 4: RESULTS AND DISCUSSION 

4.1 Laser Penetration Depth 

The melt pool depth and width were measured for different parameter sets in 

the NHT condition. As shown in Fig. 27 and 28 the melt pool size increased with 

increasing laser power as expected. 

 

 

 

 

 

 

 

Figure 27. Meltpool morphology for samples built with varying parameters 
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Additionally, the secondary dendrite arm spacing (SDAS) was calculated 

from the NHT etched samples for each set of parameters using the software image 

j. These values were obtained by dividing the length of the primary dendrites by 

the number of the secondary dendrites and taking the average. The cooling rate 

during Inconel 718 deposition was estimated using the SDAS- cooling rate 

equation of A286, a Fe-Cr-Ni alloy of similar chemistry to alloy 718 as proposed 

in Ref. [94]: 

 

 

 

Figure 28. Melt pool depth and width for samples printed with varying 

parameters 
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Where: 

 K= 31.7 [94] 

n= -0.38 [94] 

 

K and n are material dependent constants. Frisk et al. [47] indicated 31.7 and −0.38 

for K and n, respectively. The calculated SDAS and cooling rate are shown in Fig. 

29(b). Increasing laser power resulted in slower cooling rates. 

 

  

 

 

 

L arm

Figure 29. a) ex. of  NHT etched sample printed with parameter set 1070 at 1000x with 
visible dendrites used to calculate SDAS b) ) measured SDAS, and calculated cooling 

rate 
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4.2 Defect/Density Analysis   

The density of 5 samples was evaluated in the NHT condition along the build 

direction: These resulted in a density higher than 99.5%. The cross sections of the 

specimens were investigated for porosity, with all specimens reporting values less 

than or equal to 0.5%. It can be noted that the highest density among all laser 

powers before heat treatment was that of laser power 1070W at 99.95%. Defects 

mostly consisted of a combination of gas entrapment and keyholing. Keyholing 

defects were predominant in the sample printed with 2000W. Additionally, higher 

porosity volume areas were present towards the walls or edges of the square 

mechanical rods versus the center of the material as shown in Fig. 32. This has 

been observed in previous studies [85] and is attributed to irregular heat transfer 

during the raster process.  

However, overall density increased after the completion of the solution-age 

treatment for samples of all laser powers up to 99.96% with an average of only 

0.016% defect area fraction. Fig. 30 and 31 show samples build with 1070W and 

2000W in the NHT condition and after being subjected to post processing aging 

heat treatment to exemplify the reduction in defect area volume. Babamiri et al. 

[86] found that porosity of Inc 718 decreased after being submitted to HIPing and 

that as heat treatment progressed the area fraction of voids decreased.  
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Previous research [87,88] has determined that porosity is dependent on build 

process parameters such as laser power, powder feed rate, and scan speed. Zhong 

et al. [39] resolved that porosity decreases with increasing laser power. However, 

Wolff et al. [41] found that porosity is found at the low and high extremes of laser 

power energies.  

 

    

Figure 30. Porosity in samples 1070W and 2000W in the NHT condition     

    

Figure 31. Porosity of samples 1070W and 2000W after HT 
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Figure 32. Sample 750W a) near the edge b)bulk material/centre 

4.3 As built microstructure 

 Fig. 35 (a,d,g,j,l) shows the microstructures of laser powers 350W-2620W 

increasingly in the NHT condition. All samples in the as deposited condition show 

columnar grains growing epitaxially along the deposition direction with varying 

arrays of microdendrite structures. Large columnar grains can be observed 

extending over numerous deposited layers. Melt-pool tracks and layer bands are 

visible throughout the micrographs; as laser power increases melt-pool tracks seem 

to grow wider. Moreover, multiple irregular, grayish phases are observed in the 

inter dendritic regions previously identified as Laves phases. [88] Fig. 36 shows a 

SEM image of a sample built at 1070W in the NHT condition exhibiting micro 

segregation or laves phase; although there is no direct chemical evidence, these 

features resemble micro segregation or laves phase which have been described in 

multiple studies of Inc 718 fabrication. 
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Microhardness values varied from 273 HV for the 350 W-fabricated Inconel 

718 using LP- DED in Fig. 35a) to 286 HV for 2620 W (Fig.35l). Samples 

fabricated with laser powers 750W, 1070W, and 2620W had microhardness values 

of 263HV, 269HV, and 271HV respectively. 

It has been determined in previous research that the dendritic morphology 

for LP-DED Inconel 718 is due to the complicated thermal cycling it undergoes 

during printing: the deposited material experiences remelting, re-solidification, and 

solid-state phase transformation depending on factors such as heating rates, cooling 

rates that can reach up to 103-105K/s, thermal gradients, number of thermal cycles, 

etc. [8]. Bontha et al. [54] established the relationship between dendrite 

morphology, temperature gradient (G) and solidification velocity (R) during the 

DED process. According to this previous research [31, 54] the typical as-built 

microstructure of a 718 printed sample consists of columnar dendrites which  

usually grow in the <1 0 0> orientation parallel to the deposition. The columnar 

morphology extends through the deposited layers due to re-melting of previous 

layers and heterogeneous nucleation of γ dendrites.  

 

Table 6. Grain width measurements for samples printed at varying laser powers at varying HT 

 HT 

 SR1065/1.5 HZ1165/3 ST1065/1 

 

Aged Laser Power 

G
r
a

in
 w

id
th

 (
µ

) 
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350W 138 148 111 104 

750W 191 164 154 118 

1070W 211 217 198 122 

2000W 163 276 209 124 

2620W 155 239 206 146 

 

Figure 33 shows the XRD spectra of NHT and HT samples along the build 

direction. The XRD spectra shows enhanced {111} and {200} texture along the 

build direction for NHT samples. Further, the spectra for HZ and aged specimens 

indicate a preferential {111} with no other significant peaks this however could be 

Figure 33. XRD spectra of Inc 718 
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due to a lower volume fraction of other phases. Therefore, further investigation to 

identify if other phases existed in the HZ and aged specimens was needed.  

4.4 Effect of Heat Treatment on Microstructure  

Traditionally, Inconel 718 is subjected to a solution heat treatment to 

dissolve segregation particles into the matrix, and aging is performed to precipitate 

the strengthening phases γˊ and γ’’. [43] However, the DED processes are different 

from traditional manufacturing, hence the effects on post processing heat 

treatments on the microstructure of alloy 718 need further observation.  

Figure 35 shows samples produced with laser powers 350W-2620W after 

HZ (b,e,h,f,m) and double aging (c,f,I,k,n). The optical micrographs (b,e,h,f,m) 

indicate that following HZ treatment, melt pool traces diminish in the build 

direction, nearly disappearing when compared to the as fabricated samples. Grains 

in the range of 148 µm for 350W to 277 µm for 2000W with hardness values of 

249 HV and 225 HV respectively are observed with visible precipitates. This trend 

exemplifies that grain size increases with the increase of laser power. Moreover, 

partial recrystallization of the dendritic structure into a combined microstructure of 

coarser irregular and columnar grains is shown after HZ performed at 1165°C for 3 

hours. Heat treatments above 1100°C have shown to induce recrystallization of 

AM IN718 [89]. For example Chlebus et al. [89] performed a 1 h 1100°C heat 
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treatment on L-PBF IN718 which resulted in a recrystallization and 

homogenization of the γ solid solution with carbides observed at grain boundaries.  

Micrographs of the microstructures after aging (c,f,I,k,n) show a fully 

recrystallized  equiaxed microstructure containing annealing twin grain boundaries 

with densities of {111}. Twin boundaries started developing during HZ but 

increased after ST and aging meaning complete recrystallization and growth of all 

microstructures after double-aging treatment. Fig. 34 contains the grain average 

measurements for each laser power specimen calculated by the intercept method. 

Samples fabricated with laser power 350W had a smaller grain size overall with an 

average of 104 µm and a respective hardness of 463 HV and the sample printed 

with a laser power of 2000W had the largest grain size in the aged condition 

measuring 157 µm with a respective value 458 HV. However, microstructures at 

all different laser powers exhibit a similar trend whereas exposed to a HT > 

1000C the dendritic morphology developed into a recrystallized-combined 

microstructure of equiaxed and columnar grains.  
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Figure 34. Grain size vs Laser Power in the aged condition 
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Figure 35. Microstructures of samples printed with varying laser powers in the NHT,HZ, and 

aged conditions from left to right. 

 

 

Figure 36. Laves phase in the NHT condition in sample built with 1070W 
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4.5 Mechanical Properties  

4.5.1. Hardness (HV) 

Hardness values were measured from all samples built with varying 

parameters and at each stage of the HT schedule in the build direction. The NHT 

samples hardness values centered around ~275 HV, these values are similar to as 

deposited hardness values found in research [90] by Galarraga et al. There was a 

hardness increase from the NHT condition to the SR condition obtained and 

corresponded with the precipitation of strengthening phases γ′ and γ′′ .[90] An 

expected drop in hardness shown in Fig. 7 from the SR to the HZ and SOL 

conditions could be attributed to the dissolution of some precipitates during 

homogenization [2,90] and to the sharp increase in grain size that can be observed 

in the HZ condition in Fig 35.  

Moreover, after HZ a ST was performed where the samples were heated 

above the solution temperature (1065°C) to ensure the dissolution of all 

precipitates and argon quenched to room temperature to avoid grain growth and 

precipitate nucleation. This justifies the lower hardness values for the HZ and ST 

conditions as compared to others. Finally double aging was performed to form 

precipitates in the matrix that would strengthen such. Precipitation treatment was 

performed for a total of 20 hours. First, 10 hours  at 760°C, furnace cooled to 

649°C and held at this temperature for 10 more hours, then air -cooled to RT. The 
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increase in hardness after aging can be justified by the formation of primary, 

secondary, and tertiary γ’ precipitates. Hardness increased 69% from the NHT 

condition to the final double aged condition.  

It can be noted that not all samples were compliant with the hall-petch equation as 

samples with larger grains than other’s achieved higher strengths. While grain 

boundaries can contribute to the overall strength, precipitation of secondary phases 

and solid solution strengthening are the most important strengthening mechanism 

for Inconel 718. [91]  

 

Table 7. HV values for varying laser powers in the NHT, SR, HZ, ST, and aged conditions 

 HT 

 

 

NHT 
SR1065/1.5 HZ1165/3 ST1065/1 

 

Aged Laser Power 

350W 273 366 249 185 463 

750W 263 342 225 187 464 

1070W 269 385 209 174 451 

2000W 271 388 225 174 458 

2620W 286 363 216 175 471 
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Figure 37. Schematic of HV values for varying laser powers in the NHT, SR, HZ, ST, and aged 

conditions 

 

4.5.2. Tensile Properties  

Tensile properties for samples printed with laser powers 350W-2620W are 

included in Fig. 38 and Table 10. Complementary, Fig. 40 contains fracture 

surfaces for all previously mentioned tensile samples. All samples were subjected 

to the same ST-age post processing heat treatment. A statistical model was run 

with these properties to determine if the difference between these were negligible. 

According to statistical data, samples printed with 1070W and 2000W have similar 

yield strengths. Further it was also proved statistically that samples at 750W and 



68 

2620W and 1070W and 2000W have similar ultimate tensile strengths. Tensile 

samples printed with laser power 350 demonstrated the highest YS and UTS. As 

laser power increased to 2000W tensile properties decreased but at 2620W 

increased slightly. The higher tensile properties of samples printed with 350W can 

be attributed the smaller microstructure produced by higher cooling rates during 

deposition. Additionally, tensile properties of wrought Inc 718 which is commonly 

cold- or hot worked are proportioned for comparison. As seen in Table 10 all LP-

DED processed samples exhibit higher tensile properties than the wrought 

material.  

 

Figure 38. YS, UTS, and %Elongation for samples printed at varying laser powers 
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Table 8. Tensile values for samples printed at varying laser powers 

 

Further, one tensile bar was selected per laser power to be evaluated in a 

JEOL JMS-IT500 SEM system. SEM images showed ductile features for all 

samples such as ductile dimples with sizes ranging between ~1.9 and ~3.9µm. All 

samples presented ductile fracture mechanism however, the sample deposited with 

350W exhibits a larger volume of smaller dimples and microvoids, indicating 

higher ductility. [65] This is corresponding to its smaller grains and superior tensile 

properties. The 69ractography showing the fracture surface of the sample printed 

with 2000W exhibits the largest dimples measuring ~5µ. Figure 39 shows how as 

laser power increases, dimple size increases up to 2000W where dimple size 

slightly decreased with 2620W. Supporting the tensile data presented before. These 

features coincide with the according grain measurements and tensile properties of 

each ex., 104µ and 1138 Mpa (YS) at 350W versus 157µ and 1099Mpa at 2000W.  

 

Laser 

Power (W) 

 

350 

 
750 1070 2000 

 

2620 

 

Wrought 

[75,76] 
Tensile 

Property 

YS (Mpa) 1138.3 1117.6 1103.8 1099.7 1106.6 1035-1160 

UTS (Mpa) 1368.6 1330.6 1314.8 1311 1330 1100-1400 

%El 24.7 24.9 24.8 25.6 23.7 12-21 
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Figure 39. Varying dimple sizes from tensile micrographs 
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Figure 40. SEM fractographic images for fracture surfaces of tensile samples printed at a)350W, 
b)750W, c)1070W, d)2000W, and e)2620W. Yellow arrows are pointing to porosity and secondary 

cracking 

 

 

 

4.5.3. Low Cycle Fatigue  

All 15 LCF samples were tested in specimens of 3 samples per each laser 

power. The number of cycles to fatigue for specimens printed with laser powers 

350W, 750W, 1070W, 2000W, and 2620W is represented in figure 41 as a box 
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plot. The effects of laser power on fatigue life don’t seem to follow a trend, 

however samples printed at 350W averaged the highest number of cycles to failure 

followed by specimen printed at 750W this is consistent with both specimen’s 

superior yield strengths.  

The fracture surfaces of one selected sample per laser power were examined and 

are shown in figure 43 and are paired to their respective number of cycles to failure 

in figure 42. 

All fatigue specimens regardless of laser power had failure initiated from the 

surface or from gas entrapped pores near the surface resulting in final fatigue 

failures. Fatigue fractographs consist of i) crack initiation(s), ii) crack propagation, 

and iii) final rupture. In this case, crack intitation is highlighted in yellow, and 

crack propagation and final failure are separated by a yellow dashed line. Stage 

two or crack propagation is the largest section in all fractographs and it is 

characterized by “river marks” these features are the consequence to the repeated 

stress application and appear as parallel “wavy” lines. These marks indicate the 

crack growth direction which is perpendicular to loading. The final rupture area is 

usually opposite to the initiation site; dimples were noted in this area indicating a 

final ductile rupture mechanism with microvoid and dimple coalescence.  
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Figure 41. Box plot of average of 3 LCF samples per laser power 
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Figure 42. Bar graph of fatigue life of one sample per laser power. Fractography is 

shown for these in figure37. 
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Figure 43. SEM fractographic images for fracture surfaces of LCF samples printed at 
a)350W, b)750W, c)1070W, d)2000W, and e)2620W. Initiation site(s) are highted in yellow, 
crack propagation and final rupture sites are separated by yellow dashed line. Red arrows 

are pointing to porosity, surface defects, crack growth direction and straition. 
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4.6 Statistical Analysis 

Statistical analysis is an essential aspect of a research study as it helps draw 

valid conclusions from data by identifying trends and relationships and quantifying 

uncertainty and variability. From different statistical techniques, predictions can 

also be made for future works. [95] In this investigation, Minitab, a specialized 

statistical software, is used to assess the relationship between different printing 

parameters and the resultant mechanical properties of the printed specimens. The 

ANOVA main effect and 95% confidence plots and other analytical methods are 

utilized. These plots are valuable tools for visualization and understanding how 

each variable contributes to the built's observed mechanical properties.   

The ANOVA test, a key tool in our analysis, helps determine if there are any 

significant differences between the means of three or more groups by analyzing its 

variance. This test produces an F-statistic value and a p-value. If the p-value is 

below the predetermined significance level (in this case 0.05) this would indicate 

that there are significant differences between the group means. The F-statistic 

value represents the variance between group means and between groups. A high F-

value suggests there is a significant difference between at least two of the group 

means.  

An additional post-hoc or turkey's significant difference (HSD) test was performed 

to determine which specific groups are different. Tukey's HSD test identifies which 
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group differences are statistically significant by comparing the differences between 

group means to a critical value. [97] Various data groups were analyzed, including 

yield stress, UTS, %Elongation, HV, grain size, and fatigue life of specimens 

produced with different parameters.  

4.6.1 Tensile Properties  

Fig. 44 shows the main effect plots for the tensile properties of tensile 

coupons built with varying parameters yet subjected to identical heat treatment 

schedules. This comparison assesses whether homogeneous properties can be 

achieved across these variations.  

A significance value of 0.05 was determined for each tensile property 

ANOVA, where the null hypothesis states that all means are equal. ANOVA 

results indicated a significance level (p -value) of 0.00 for yield stress and UTS, 

ruling out the null hypothesis, meaning all means are unequal. Additionally, an F-

value of 67.03 was obtained for yield stress, suggesting a significant difference 

between at least two of the means. The F-value obtained for UTS was 44.28, 

implying that at least two of the means also have a considerable difference. The p -

value for %elongation was 0.032, and the F-value obtained was 3.54. These two 

suggest less variance within the different group’s means. However, the 

significance level was unmet, and the null hypothesis was rejected. From the main 

effect plots (Fig. 44), we can determine that both YS and UTS achieve their 



79 

highest means when produced with laser power 350W and their lowest means 

when produced with 2000W. The main effects plot for %elongation shows the 

highest %elongation means for samples built with 2000W, indicating the highest 

flexibility, and samples built with 2620W show the least.  

Additionally, a trend is observable in both UTS and yield strength main 

effects plots. As laser power increases up to 2000W, both tensile properties 

decrease and pivot when laser power increases to 2620W. 

 

 

Figure 44. Main effect plots for tensile properties of fully heat treated tensile 

samples built with different parameters. a) main effects plot UTS b) yield 

stress c) %Elongation 
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 After the null hypothesis was ruled out for UTS, yield strength, and %elongation, 

a more in-depth analysis was developed to observe if there would be any groupings 

or similarities between the different means. Fig. 45 shows Turkey’s significance 

difference test plots where the corresponding means are significantly different if an 

interval does not contain zero. Based on these plots, we can determine similarities 

between each tensile property.  

For yield stress values, samples printed with laser powers 1070 and 2620 and 2620 

and 2000 are not significantly different. Moreover, from Fig. 45a) groupings can 

also be made where UTS samples printed with laser powers 750 and 2620 and 

1070 and 2000 are not significantly different. Lastly, a p -value of 0.032 was 

obtained for %elongation. This value suggests more groupings or similarities 

between %elongation means. Fig. 45c) shows that samples printed with laser 

powers 2000, 750, 1070, and 350 have similar elongation as well as samples 

750W, 1070W, 350W, and 260W. 
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4.6.2 Fatigue Life  

An ANOVA test was performed for the data of fatigue samples built with 

varying parameters but post-processed with the same heat treatment.  

A significance value 0.05 was determined where the null hypothesis states 

that all means are equal. The p-value obtained for the fatigue life of all specimens 

equaled 0.077, and the F-value was 2.93. Thus, more evidence is needed to rule out 

the null hypothesis and conclude that all fatigue life means are equal.  

Figure 45. Turkey’s significance difference test plots for tensile 

properties 

a) b)

c)
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.Fig. 46 shows Turkey’s significance difference plot and the 95% confidence 

test plot. From Fig. 46b), we can observe how specimens printed with laser power 

of 350 and 750 averaged the highest number of cycles to failure. Cycles to failure 

appear to decrease discontinuously after laser power increases to 1070W, with 

samples printed with 2620W achieving the most minor cycles to failure. However, 

Turkey’s significance difference plot (Fig. 46a) proves that all groups are similar. 

Based on these plots, it can be concluded that the applied heat treatment effectively 

homogenized the fatigue properties among specimens built with varying 

parameters 

 

Figure 46. a) Turkey’s significance difference plot for fatigue specimens and b) 

95% confidence test plot 

 

 

 4.6.3 Vicker’s Hardness  



83 

 ANOVA tests were conducted for samples printed with varying parameters 

and subjected to the same heat treatment in stages. This section will examine the 

differences or similarities between Vickers hardness among samples built with 

laser powers 350W, 750W, 1070W, 2000W, and 2620W given separate heat 

treatments, including stress relieving, HIP-ing, solutionizing, and double aging.  

A significance level of 0.005 was determined for each group. The first group 

analyzed was the as-built samples printed with varying parameters where the p -

value equaled 0.419 and the F-value equaled 1.02. This is an important finding as it 

proves that all hardness means are equal for as-built samples printed with varying 

parameters. Additionally, Fig. 45 shows Turkey’s significance plots for AB, SR, 

HIP, SOL, and aged samples printed with different parameters. Based on these 

plots, we can conclude that all means are equal for SR, SOL, and aged samples 

throughout, with p-values of 0.226, 0.015, and 0.515, respectively. However, HIP 

samples failed to reach significance with a 0.003 p -value and a 5.89 F-value. 

         Based on these results, it can be concluded that as-built samples have similar 

Vickers hardness and that SR, SOL, and aging homogenize the hardness values of 

samples produced with different parameters. However, HIP samples failed to pass 

the null hypothesis.  
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Figure 47. Turkey's significance level test plots for AB, SR, HIP, SOL, and aged samples printed with 
varying parameters 
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 4.6.4 Grain Size 

Statistical analysis was performed on the grain size averages of samples 

printed with varying parameters subjected to SR, HIP, SOL, and aging heat 

treatment. 

ANOVA tests were performed for each heat treatment, and a significance 

level 0.05 was determined for each. This test proved all means are not equal, with 

p-values of 0.042, 0.001, and 0.000 for SR, HIP, and SOL, respectively. However, 

aged samples achieved a p-value of 0.400. 

Fig. 48 shows the interval plots per each heat treatment. From these plots, it can be 

observed that samples built with a lower laser power generally have a smaller grain 

size and that grain size increases as laser power increases. Moreover, it is 

noticeable that as heat treatment advances, anisotropy decreases, and all means 

across varying parameters are equal by the aging stage. Lastly, Fig. 48 shows how, 

as heat treatment advances, grain size decreases, which further backs as evidence 

for the microhardness data seen prior.  
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Figure 48. Interval plots for grain size across heat treatments and varying parameters 
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CHAPTER 5: CONCLUSIONS  

Processing can be tuned to tailor desired properties for specific applications, 

in this way, the materials paradigm is fulfilled. In the case of this study, Inconel 

718 samples of the same thickness underwent processing with varying parameters 

to study the difference between these. However, as built samples consisted of 

dendritic morphologies which are undesirable in service. HT was performed to 

further tune the microstructure and thus the properties of DED Inc 718.  SOL-age 

treatment was performed on all samples to enable precipitation of strengthening 

precipitates to promote strength and creep resistance for aerospace applications. 

 This study investigated the mechanical properties of 30 tensile and fatigue 

samples combined and printed with different parameters, including laser power, 

travel speed, and powder flow rate, each represented by 350W, 750W, 1070W, 

2000W, and 2620W. A heat treatment schedule consisting of stress relief annealing 

(SR), HZ, or HIP at 1165°C for 3 hours, solution treatment (ST) at 1065°C for one 

hour, and double aging as per NASA’s standard Inconel 718 cycle was performed 

on all tensile and fatigue samples as well as to a witness sample to study the effects 

of this at each stage. Fifteen tensile samples were evaluated for 0.2 offset yield 

stress (YS), ultimate tensile strength (UTS), and elongation (%). Moreover, 15 

fatigue samples were tested for low cycle fatigue at a strain range of 1% and a 

frequency of 0.5Hz. One square mechanical rod or witness sample was built per 
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laser power and sectioned into five cubes. Each witness sample included an NHT 

section, SR section, HIP section, ST section, and aged section. The defects, 

microstructures, and hardness values (HV) were investigated for each stage of the 

HT.  

Optical microscopy was utilized to characterize a wide range of 

microstructures, and SEM imaging was used to compare corresponding fracture 

surfaces for tensile and fatigue specimens. A density of over 99.5% was achieved 

for all NHT samples; the percent defect area decreased as heat treatment advanced. 

In the aged condition, all samples surpassed 99.96% density.  The microstructures 

for every laser power were compared at each stage. Regardless of the laser power, 

all NHT specimens along the build direction consisted of columnar dendritic 

morphology, which recrystallized upon heat treatment. Equiaxed grains with twin 

boundaries and varying sizes from ~104-176µm were observed throughout the 

various micrographs. Hardness values varied with varying heat treatments; 

however, they followed a similar trend regardless of laser power. All HV values 

increased ~69% from the NHT to the aged condition. The HV for sample 350W in 

the NHT condition was 273HV; after aging, it increased to 463HV. 

 The corresponding SEM fracture surface imaging showed ductile fracture for all 

laser powers with ductile features such as dimples and microvoid coalescence 

ranging between ~1.9-4µm. Low cycle fatigue fracture surface exhibited explicit 
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initiation, propagation, and final fracture stages. The propagation stage was 

characterized by extensive “river marks,” which indicated crack growth direction 

and were perpendicular to the applied load. Moreover, the final fracture of all 

samples exhibited ductile fracture features such as dimpling and microvoids.   

Specific conclusions that can be drawn from this research are: 

• Melt pool size increased with increasing laser power as expected. 

• Cooling rates slowed down as laser power increased. 

• Density for samples printed with varying parameters (350W-2620W) in 

the NHT condition achieved densities in the range of ~99.5-99.95%. 

Upon ST and aging all densities were higher than 99.96%.  

• All samples regardless of different parameters showed a dendritic 

morphology in the as built condition. 

• All samples regardless of different parameters underwent 

recrystallization and growth upon HT yielding a final equiaxed 

microstructure with grain sizes ranging from ~104-146µm.  

• Sample printed with parameter set 350W exhibited the finest 

microstructure.  

• Yield stresses varied from 1100-1138MPa. Specimens built with 

parameter sets 1070 and 2620 have similar yield strengths  However, 
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there is only a difference of less than 3.4% overall and all values are 

equal or superior to the wrought material’s properties.  

• Ultimate tensile strengths varied from 1311-1369MPa with elongations 

from 23.7-25.6%. Samples 750W and 2620W and 1070W and 2000W 

have statistically similar UTS’. However, there is only a percent 

difference of less than 4.3% overall and all values are equal or superior to 

the wrought material’s properties.  

• Samples printed with 350W, 750W, 1070W, 2000W, and 2620W all had 

statistically similar fatigue lives.   

• Samples printed with parameter set 350W exhibited overall better 

properties than others with the smallest grain width highest UTS, and YS.  
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