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ABSTRACT 

Historically, engineers and their designs have been limited by what could be manufactured 

using conventional methods. The need for increased performance, efficiency, and thermal 

stability of mechanical systems is increasing demand for highly complex metal components made 

from specialty alloys. Conventional manufacturing is not a viable option to fabricate these 

complex components and/or materials and metal additive manufacturing processes are required 

to fill the demand. A portion of this demand is filled by finding new applications and 

manufacturing processes for existing materials.  

The dual phase, β and γ/γ′ [where β = NiAl, γ = Ni(Co, Cr), and γ′ = Ni3Al], MCrAlY (M 

= Ni and/or Co) family of superalloys exhibit several beneficial high-temperature (>1000 °C) 

strength and corrosion resistance properties which makes them ideal candidates for protecting 

components from harsh environments where a combination of high temperature corrosion, 

abrasion, and extreme loading are encountered. These alloys are difficult to manufacture by any 

process and can currently only be manufactured as thin coatings using particle spray, vapor 

deposition, or laser cladding techniques. While prior studies report laser fabrication of these 

materials in coating and cladding configurations, bulk structures have not been realized. MCrAlY 

alloys have been traditionally limited to coating applications due their propensity to hot crack 

during bulk manufacturing. Although aluminum is necessary for corrosion resistance in MCrAlY 

alloys, it also promotes the formation of β-NiAl intermetallic phases which cause microstructure 

embrittlement and increase an alloys susceptibility to brittle cracking induced by thermo-

mechanical fatigue. This tendency to crack from thermo-mechanical fatigue is of importance for 

additive manufacturing processes because thermal gradients and stresses are constantly changing 

within a deposition during fabrication.  



In order to fabricate bulk, complex structures from difficult to process materials in a 

reasonable amount of time, an additive manufacturing process such as directed energy deposition 

(DED) must be used. DED is a good candidate for this application because it is a freeform additive 

manufacturing process which features high deposition rates, relatively good dimensional 

accuracy, build volumes on the order of tens or hundreds of centimeters, and the ability to process 

difficult materials. This dissertation investigates the feasibility of fabricating bulk structures from 

an alumina forming NiCoCrAlY superalloy (tradename “Amdry 386”) using laser-DED, and 

develop heat treatments necessary to improve the structural integrity of laser-processed MCrAlY 

components.   
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CHAPTER 1: 

INTRODUCTION 

1.1 Background 

Historically, engineers and their designs have been limited by what could be manufactured 

using conventional methods. The need for increased performance, efficiency, and thermal 

stability is increasing demand for highly complex metal components made from specialty alloys. 

Conventional manufacturing is not a viable option to fabricate these complex components and/or 

materials and metal additive manufacturing processes are required to fill the demand. A portion 

of this demand is filled by finding new applications and manufacturing processes for existing 

materials.   

Conventional manufacturing processes are capable of fabricating semi-complex structures, 

but specialized machinery and a series of different operations such as hot/cold working, subtractive 

machining, heat treatment, and assembly are required [1-4]. Each additional operation increases 

the lead time and manufacturing cost for a component [4]. Machines and tooling for conventional 

manufacturing processes require a large initial investment and their production, shipping, and 

implementation is very slow. Once operational, conventional manufacturing production lines can 

produce mass quantities of components in a relatively short period of time, but if a lesser number 

of components is desired, it may not be time or cost effective to use conventional manufacturing 

techniques, and AM should be considered. Additive manufacturing processes focus on minimizing 

the number of machines, operations, and resources such as time, energy, materials, labor, and 

infrastructure needed to fabricate a component. In contrast with conventional manufacturing 

techniques, additive manufacturing machines do not require part specific tooling which allows for 
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the low volume production of complex parts such as customized medical implants, aerospace 

components, and functional coatings from difficult to process materials with a relatively short lead 

time [5-18]. Although AM machines also require a large initial investment, their cost pales in 

comparison to the cost of part specific tooling, multiple large machines, and infrastructure required 

for conventional manufacturing processes. Due to the high cost of feedstock and low throughput, 

additively manufactured components are very expensive and the cost it takes to fabricate each 

component does not reduce as the desired quantity of parts increases as it does with conventional 

manufacturing. While metal additive manufacturing processes have the ability to produce complex 

parts from difficult to process materials for niche applications, conventional manufacturing 

processes still dominate the manufacturing industry with its existing infrastructure, mass 

production quantities, and low cost per part [19]. Conventional manufacturing processes leave 

room for improvement in part complexity, lead time, overall process cost, efficiency, and their 

limited material selection. Metal additive manufacturing processes are maturing and further 

demand will enable future development for reducing cost per part, improving production speed 

and throughput, and manufacturability of an even wider range of materials. Extensively tested 

metal AM processes such as DED and PBF are poised to disrupt the manufacturing industry. 

The MCrAlY (M = Ni and/or Co) family of superalloys exhibit several superior high-

temperature (600 - 1100 °C) [20-21] properties including mechanical strength, creep resistance, 

and hot corrosion resistance which makes them ideal candidates to be used as protective coatings 

on components exposed to extreme thermal and mechanical loading, and hot corrosion 

environments such as those such as those encountered in gas turbines, oil and gas extraction 

equipment, and nuclear irradiation environments [22-23]. Many such alloy chemistries have been 

developed as bond coats in thermal barrier coating (TBC) systems used to protect gas turbine 
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components such as blades, stators, and rotors [24-26]. Although extremely useful, these alloys 

are difficult to manufacture by conventional processes, and currently can only be manufactured as 

thin coatings using particle spray, vapor deposition, or laser cladding techniques which can yield 

high deposition rates (excluding vapor deposition) and high structural integrity with minimal 

defects [27-31]. MCrAlY alloys have been traditionally limited to coating applications due their 

propensity to crack during bulk manufacturing. Although aluminum is necessary for corrosion 

resistance in MCrAlY alloys, it also promotes the formation of β-NiAl intermetallic phases which 

cause microstructure embrittlement and increase an alloys susceptibility to brittle cracking induced 

by thermo-mechanical fatigue. This tendency to crack from thermo-mechanical fatigue is of 

importance for additive manufacturing processes because thermal gradients and stresses are 

constantly changing within a deposition during fabrication. The improved manufacturability of 

previously difficult to manufacture materials such as MCrAlY alloys, which exhibit improved 

mechanical properties and corrosion resistance, will allow design engineers to increase 

performance and thermal stability of mechanical systems [32-39]. Gas turbine components 

fabricated completely from MCrAlY alloys would exhibit greater high temperature corrosion 

resistance than any current Ni-based laser fabricable alloys, and mechanical properties similar to 

or greater than common aerospace component base materials such as MAR-M247 (CMSX alloy), 

Inconel, and René alloys [40-41]. Such advancements would enable fabrication of components 

that could withstand higher service temperatures, and operational loads for longer periods of time.  

While prior studies report laser fabrication of MCrAlY alloys in coating and cladding 

configurations, bulk structures (thickness > 2 mm) have not been realized. In order to fabricate 

bulk, complex structures from difficult to process materials in a reasonable amount of time, an 

additive manufacturing process such as directed energy deposition (DED) must be used. DED is a 
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good candidate for this application because it is a versatile, freeform additive manufacturing 

process which features high deposition rates, unmatched 3D capabilities, relatively good 

dimensional accuracy, build volumes on the order of hundreds or thousands of millimeters, and 

the ability to manufacture relatively defect-free, complex components from difficult to process 

materials [42-43].  

Laser-DED fabrication of bulk structures from a commercially available, hot corrosion 

resistant NiCo-based coating alloy, tradename “Amdry 386” (A386), was unsuccessful and hot 

cracking was observed. The laser processed microstructure became embrittled by the formation of 

relatively high amounts of the β-NiAl intermetallic phase. The alloys susceptibility to hot cracking 

and residual stresses formed by rapid melting and solidification enabled the formation of cracks 

and delaminations in the bulk material during laser-DED fabrication. To overcome the 

embrittlement and relieve residual stresses, this study was designed to systematically evaluate the 

effects of modifying the composition of the selected A386 alloy and increasing the structural 

integrity of laser processed structures through hot isostatic pressing (HIP). Amdy 386 (A386) 

feedstock powder (predominantly β with lesser γ/γ’) was modified by adding successive amounts, 

(10, 20, 30% by weight), of a powdered 80%Ni-20%Cr (NiCr) alloy (mainly γ/γ’ phase). The 

additions created three new compositions of A386 and NiCr alloys – A386 + 10%, 20%, and 30% 

NiCr which were subsequently processed using laser-DED. While cutting the mixture coupons for 

further analysis, the residual stresses within the material caused warping and cracking which 

rendered the coupons useless except for metallographic analysis. To relieve the residual stresses 

and reduce the amount of internal defects, HIP treatments were investigated. Microstructural and 

phase analysis of all as-processed (AP) and HIP’d mixture coupons was conducted to investigate 

the effects of the chemical composition modifications and HIP treatments. Two sets of large 
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coupons were successfully fabricated from the A386 + 20% NiCr and A386 + 30% NiCr mixtures 

for residual stress measurements of coupons in the AP and HIP’d states, and to test the high 

temperature mechanical performance of HIP’d A386 + NiCr mixture alloys. This dissertation 

presents the modification of a nickel-based alumina forming coating alloy for bulk applications 

manufactured by laser-DED, and the development of post processing treatments to increase the 

structural integrity of laser processed superalloys. Post processting heat treatments to increase 

mechanical strength of HIP’d MCrAlY alloys is also explored. 

1.2 MCrAlY Superalloys and Their Applications 

MCrAlY (M = Ni and/or Co) superalloys possess several beneficial high-temperature 

(>1000 °C) properties including high mechanical strength, creep resistance, and corrosion 

resistance. MCrAlY’s combination of superior strength and corrosion resistance at high 

temperatures make them ideal candidates for protecting components which are subjected to 

combined thermal and mechanical loads with simultaneous reactive environments such as those 

encountered in aerospace rocket engines, oil and gas extraction equipment, nuclear power 

generation, and most commonly, internal gas turbine components such as blades, vanes, stators 

seen in Figure 1 [44-46]. 
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Figure 1: Aerospace jet turbine engine [47]. 

MCrAlY coating alloys exhibit a dual phase microstructure in which the brittle, Al-rich β 

phase is embedded in a matrix of the ductile γ/γ’ phase (β = NiAl, γ = Ni(Co, Cr), and γ’ = Ni3Al). 

The MCrAlY family of superalloys exhibit superior hot corrosion resistance because of their high 

(> 6%) aluminum content which causes the formation of alumina during exposure to hot and 

corrosive environments. These alloys are designed to achieve an optimum balance between the 

corrosion resistance of the β phase and mechanical strength of the γ/γ’ phase.  

A majority of MCrAlY alloy chemistries have been developed as a bond coat material in 

layered functional coatings known as thermal barrier coatings (TBC). These coatings are used to 

protect underlying components from hot corrosion and insulate them from extremely high 

temperatures. TBC’s such as those seen in Figure 2 are applied on superalloy components in two 

layers, the MCrAlY bond coat, and porous ceramic top coat. MCrAlY bond coats increase 

adhesion of the top coat to the underlying superalloy component, and protect the component from 

corrosion. During operation, a third layer known as a thermally grown oxide (TGO) film is 
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formed on the surface of the MCrAlY bond coat when aluminum from the bond coat reacts with 

oxygen at high temperatures. TGO’s give thermal barrier coatings their ability to resist hot 

corrosion caused by sulfur, vanadium, and sodium salt impurities present in the turbine’s fuel. 

The outermost layer of the TBC is a ceramic top coat which insulates underlying components 

from extreme heat and is the first line of defense against erosion and corrosion of the component.  

Porous top coats can reduce the superalloy substrate surface temperature by as much as 170 °C 

[48].  

 
Figure 2: Jet turbine blade and thermal barrier coating (TBC) [49-50]. 

1.3 Fabricability of MCrAlY Alloys 

The MCrAlY family of alloys used in cladding and functional coatings are typically 

deposited using particle spray, vapor deposition, or laser cladding methods. Particle spray 

processes can have relatively high deposition rates, but they have very low geometric accuracy 

and produce coatings with many defects such as porosity, lack of fusion, and inclusions if 

deposition parameters are not optimized. Vapor deposition processes create fully dense, defect free 

coatings, but have poor geometric accuracy and very low material deposition rate. The drawbacks 

from these modern coating fabrication processes make them unable to fabricate fully dense, 
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structurally sound, bulk, 3D structures in a reasonable amount of time. Therefore, it is necessary 

to find suitable processing routes for bulk (thicknesses > 2 mm) component fabrication of alloy 

chemistries that have been traditionally limited to thin coatings. Such advancements would enable 

fabrication of complex components that could withstand higher service temperatures, operational 

loads, and hot corrosion for longer periods of time. Prior studies have demonstrated the ability to 

successfully deposit defect free MCrAlY coatings using laser cladding techniques, but bulk 

structures have not been realized [51-55].  

In contrast with particle spray and vapor deposition techniques, beam and arc based 

additive manufacturing technologies such as DED have been used for decades to quickly fabricate 

virtually defect free, near net shape structures with large (dimensions on the order of tens of cm) 

and complex 3D geometries from “weldable” superalloys. Weldable superalloys have less than 

6% of Al and are generally used for their superior high temperature strength and ability to be cast 

into single crystal structures rather than corrosion resistance. Large amounts of Al causes the 

formation of relatively higher proportions of the Al rich β phase. The β phase causes microstructure 

embrittlement and increases an alloys susceptibility to brittle cracking induced by thermo-

mechanical fatigue. This susceptibility is of importance for fabricating MCrAlY alloys using beam 

or arc based additive manufacturing processes because thermal gradients and stresses are 

constantly changing within a deposit during fabrication. Although it is possible to fabricate 

components from weldable superalloy compositions using additive manufacturing processes, the 

rapid melting and solidification rates encountered in the DED process cause immense residual 

stresses within a deposit. These thermal gradients and residual stresses cause hot cracking and 

delaminations in unweldable alloys during deposition. The β phase also reduces the low 

temperature fracture toughness which is exacerbated by residual stresses imparted in deposits 
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during complete cooling. This combination of reduced fracture toughness and residual stresses 

often cause severe cracking in structures during fabrication, removal from the baseplate, or post 

process machining. To eliminate this cracking, high aluminum content MCrAlY structures 

fabricated using beam or arc based AM processes should be annealed to relieve residual stresses 

before machining. 

1.4 Down Time and Repair Cost Reduction 

As with all coatings, TBC’s inevitably incur damage, wear out, or flake off during 

operation. After this happens, the component needs to be recoated, repaired, or replaced to avoid 

catastrophic damage to the mechanical system. These operations are very expensive due to the 

high costs of new components, downtime, skilled labor, and specialized machinery needed to 

repair the coatings. Instead of recoating and repair, it may be more cost effective to fabricate 

complete components from coating materials to extend a component’s lifespan. In theory, 

components fabricated completely from the MCrAlY coating alloys would not need to be recoated 

or replaced as often as the traditional coated superalloy components. Since bulk components of 

MCrAlY are difficult to manufacture by conventional methods, additive manufacturing processes 

such as DED need to be utilized for this application. Gas turbine components fabricated 

completely from MCrAlY alloys would exhibit greater high temperature corrosion resistance than 

any Ni-based laser processable alloys, and mechanical properties similar to common aerospace 

component base materials such as CMSX, Inconel, and René alloys [56-57]. Although the 

corrosion rate would increase with the reduction of aluminum required for successful beam or arc 

based AM fabrication, it may be possible to offset the effects of an increased corrosion rate and 

loss of efficiency with the reduction of downtime and recoating costs incurred by maintaining a 
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traditionally MCrAlY coated component throughout its lifespan. Reducing the frequency of 

system maintenance would lessen downtime and decrease component replacement or repair costs.  

Additive manufacturing (AM) techniques aim to address the limitations associated with 

conventional manufacturing methods [58-60]. Conventional manufacturing processes can 

fabricate semi-complex structures, but multiple machines and operations [61-63] such as hot/cold 

working, heat treatment, subtractive machining, and assembly are necessary to produce a complete 

component. Each additional machine and/or operation increases the lead time and manufacturing 

cost per component [2, 64-65]. The specialized machines and associated tooling required for 

conventional manufacturing processes are expensive and require a large initial investment. 

Conventional manufacturing processes are often designed to produce large batches of a single 

component with a lengthy lead time. The large batches and extended lead times allow 

manufacturers to reduce the overall manufacturing cost of each component through careful 

planning and mass production. If lesser amounts of components are desired in a short period of 

time, it may not be cost or time effective to use conventional manufacturing processes and AM 

processes should be considered.  

1.5 Structural Integrity 

 Structural integrity is the ability of a structure or component to withstand its intended 

loading without failure due to fracture or deformation. In the following studies, structural integrity 

is used to describe the state of a structure after fabrication or post processing machining. Defects 

and factors which negatively affect structural integrity are cracks, large porosity, lack of fusion, 

residual stresses, and thermo-mechanical fatigue. During fabrication, metallic components often 

develop defects and residual stresses due to sub-optimal processing parameters, hot/cold forming, 

and unequal thermal gradients. These defects and residual stresses are difficult to avoid during 
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metal manufacturing processes, but minor defects and residual stresses can be removed from a 

component by post processing heat treatments. Large defects such as open fractures are generally 

irreparable without substantial machining and/or welding operations and lead to the scrapping of 

components. If a manufacturing process is continually producing scrap components, significant 

changes need to be made to the process or modifications to the metal alloy need to be made to 

allow for increased fabricability. 
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CHAPTER 2: 

STATE OF THE ART 

2.1 Introduction 

The ASTM standards define additive manufacturing, also known as 3D printing, as “a 

process of joining materials to fabricate objects from 3D model data, usually layer upon layer, as 

opposed to subtractive manufacturing methodologies” [66]. With the maturation of metal additive 

manufacturing processes, applications have evolved from rapid prototypes with minimal 

functionality to fully functional components used in safety-critical applications. The ability to 

fabricate functional and complex components with few design limitations has completely 

transformed the manufacturing industry. Previously, difficult to process materials such as Ni, Co, 

Cr, or W alloys, have been developed for improved mechanical properties and corrosion resistance 

which allow designers to increase performance and thermal stability of mechanical systems. Metal 

additive manufacturing processes can now produce complex components from these materials for 

a wide variety of applications in the aerospace [67-69], medical device and implant [70-72], 

nuclear energy [73-75], oil and gas refinement [76-78], and defense [79-81] industries.  

2.2 MCrAlY Manufacturing Processes  

2.2.1 Particle Spray Processes 

Particle spray processes are manufacturing techniques which are used to deposit 

protective coatings on substrates or components. Particle spray processes are split into three 

categories, thermal spray, plasma spray, and cold spray. The thermal spray and plasma spray 

processes utilize fuel gas combustion or a plasma jet to melt and deposit powder whereas the cold 

spray process utilizes a supersonic nozzle to accelerate and deposit solid powder particles on a 

substrate. These processes have very high deposition rates and can deposit metals, ceramics, or 
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combinations of the two. Particle spray coatings adhere well to their substrates through different 

combinations of mechanical interlocking, metallurgical bonding, and chemical bonding. Particle 

spray processes are capable of producing near full density coatings, but non-optimized coating 

parameters can cause defects such as porosity, inclusions, and unmelted particles. Examples of 

coatings produced by the three particle spray processes are shown in Figure 3. Particles deposited 

by spray processes deform when they impact a substrate 
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Figure 3: Particle spray coatings, (a-b) cold spray coating with 1.0 ± 0.3% porosity, (c-d) thermal 

spray coating with 0.5 ± 0.1% porosity, (e-f) plasma spray coating with 5.3 ± 0.5% porosity [82]. 

surface or previously deposited particles forming a splash or disk shaped “splat.” Particle spray 

techniques are rough and robust processes which gives them poor geometric accuracy. Due to the 

lack of geometric control, these processes are only used in cladding or coating applications where 
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thickness is the only dimension of interest. Metal spray coatings can range in thickness from 

several microns to several hundred microns.  

2.2.2 Vapor Deposition 

Vapor deposition processes are thin coating processes in which materials in a vapor state 

are applied on a substrate by means of condensation or chemical reaction. Vapor deposition 

processes are split into two different categories, physical vapor deposition (PVD) and chemical 

vapor deposition (CVD). Vapor deposition processes require low pressure so coating application 

is often conducted inside a vacuum chamber. In physical vapor deposition, a coating material is 

heated until vaporization and then condenses on a relatively cooler substrate surface forming a 

coating [83]. The PVD process can produce inexpensive coatings [84] with superior adhesion 

strength [85]. PVD has a low material deposition rate with coating thickness growth rates only 

reaching 100 µm/min. PVD coatings vary from 2 µm to hundreds of microns thick. A diagram of 

the PVD process and microstructure of a PVD coating is shown in Figure 4. In the chemical  

 
Figure 4: Physical vapor deposition process diagram and PVD coating [86]. 

vapor deposition process, vaporized precursor molecules chemically react with a heated substrate 

onto which the coating is deposited [87]. In this chemical reaction, precursor molecules decompose 
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to form the coating material while gaseous molecules containing carrier gas atoms and surface 

reaction products are removed by a vacuum pump [88]. The CVD process produces virtually fully 

dense coatings with superior bond strength such as that seen in the micrograph of Figure 5. CVD 

processes are expensive due to the high cost of equipment and precursor gases [89]. CVD processes 

produce coatings thicknesses varying from 1 nm to hundreds of microns, but they have very low 

material deposition rates with coating thickness growth only reaching 1-2 µm/min [90-91].  

 
Figure 5: Chemical vapor deposition (CVD) process diagram and CVD coating [92]. 
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2.2.3 Laser Cladding 

 Laser cladding is a coating process in which metal or ceramic coating material in powder 

or wire form is melted and deposited on the surface of a part. Laser cladding processes have high 

deposition rates and can quickly produce virtually fully dense coatings with less than 1% porosity 

[93], such as those seen in Figure 6. Laser claddings range in thickness from tens of µm to tens of 

mm [94]. In the past, laser cladding processes were limited by their geometric capabilities, but the 

implementation of cladding deposition heads combined with multiple axis of motion has allowed 

cladding techniques to go from simple coating applications to the fabrication of complex 3D 

components. Advancements in cladding technologies have led to the development of freeform 

additive manufacturing techniques such as directed energy deposition (DED). 

 
Figure 6: Laser cladded NiCoCrAlY microstructure [95]. 

2.3 Directed Energy Deposition (DED) - Bulk Metal Additive Manufacturing 

Directed energy deposition (DED) is a freeform AM process which utilizes a heat source 

such as laser, electron beam or electric arc to create a melt pool into which powder or wire 

feedstock is fed. As feedstock is fed into the melt pool, the heat source is scanned across a substrate 

or previously deposited material to form a new deposited layer. After each layer scan, the energy 

source and material feeder are moved up in small increments equal to the deposited layer thickness. 
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Successive scans deposit material in a layer-by-layer fashion and a 3D component is formed. A 

diagram of the DED process is shown in Figure 7. 

 
Figure 7: Directed energy deposition (DED) process diagram. 

DED is a versatile manufacturing technique with nearly limitless applications that offers 

the advantages of high deposition rates [96], high feedstock utilization efficiency, rapid 

fabrication of near net shaped 3D components [97], large build envelopes [98], the ability to 

fabricate functionally graded and multi-material structures, and the ability to refurbish worn or 

damaged components [99]. The DED process, and its commercial variants such as the LENSTM 

technique, have been used for processing difficult to manufacture materials such as ceramics, 

metal-ceramic mixtures, Ni, Co, Cr, Ti, and refractory alloys. DED has been utilized extensively 

to research and develop novel metallic alloys and fabricate near net-shape 3D structures which 

conventional methods cannot manufacture from previously unprocessible materials. DED is 
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scalable process so it can fabricate structures which have dimensions of a few millimeters or a 

few meters just by changing the laser power density, feedstock feed rate, and CAD model slicing 

parameters.  

2.4 Hot Isostatic Pressing (HIP) 

Hot isostatic pressing is a manufacturing process in which extreme heat and pressure is 

used to consolidate and sinter powder or densify existing components by collapsing internal 

porosity and mitigating lack of fusion defects. Modern HIP machines are able to control cooling 

rates which allows for a range of in-situ heat treatments varying from furnace cooling to quenching 

[100].  HIP treatments have been researched extensively and are now the industry standard for 

removing porosity and other defects in critical components. The basic components of a HIP 

machine include a pressure vessel, heating elements, water jacket, and a high pressure gas pump. 

During a HIP cycle, a controller adjusts the temperature and pressure to desired set points for 

specified lengths of time. The pressure, temperature, and hold time can be varied depending on the 

material being HIP’d, and the desired results. A diagram of a HIP machine and visual 

representation of the effects of HIP’ing are shown in Figure 8. 
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Figure 8: Diagram of HIP machine and visual representation of the effects of HIP [101]. 
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CHAPTER 3: 

LASER-DED OF MCrAlY ALLOYS 

3.1 Introduction  

MCrAlY superalloys with high Al content (> 6%), such as A386, present significant 

challenges for laser fabrication of bulk structures stemming from the presence of relatively higher 

amounts of β phase (β = NiAl) than γ/γ′ phase (γ = Ni(Co, Cr) / γ′ = Ni3Al), which increases an 

alloys susceptibility to hot cracking during laser-based manufacturing processes [102]. To 

investigate this challenge, the present study was developed to systematically evaluate the effects 

of modifying the A386 parent alloy by adding 10, 20, and 30% by weight of a 80%Ni–20%Cr 

(NiCr) alloy (mainly γ/γ′). While prior studies report laser fabrication of MCrAlY alloys in 

coating and cladding configurations, bulk structures (thickness > 2 mm) have not been realized. 

Experimental materials characterization tools are applied to provide insights on phase and 

microstructural evolution of the NiCoCrAlY alloy as Ni and Cr contents increase. A novel, laser 

fabricable NiCo-based superalloy chemistry, containing a higher concentration of Al than current 

“weldable” Ni-based alloys, is reported. 

3.2 Materials and Methods 

3.2.1 Laser-DED Fabrication 

Laser-DED is an AM process which utilizes concentrated laser energy to melt and deposit 

metallic and/or ceramic powder on a substrate in a layer-wise fashion to form 3D structures. A 3D 

CAD model was designed and subsequently “sliced” into individual horizontal layers using a 

proprietary “slicing” software from Optomec Inc. Each slice represents a 2D toolpath which the 

CNC controller interprets to fabricate the selected layer. Powdered feedstock material is fluidized 

by the argon carrier gas and blown through nozzles directly into the laser melt pool. The laser 
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rapidly melts the incoming powder and a deposit is formed upon solidification. As the toolpath 

follows the deconstructed 3D model, repeated raster scanning, and layer-wise incremental 

movements in the positive Z direction, a complete 3D component is formed.  

To test the laser-DED fabricability of MCrAlY alloys with high aluminum content, a 

commercially available NiCoCrAlY coating alloy (tradename “Amdry 386” (A386)), was 

deposited on a SS 304 baseplate. This test was unsuccessful due to severe hot cracking during 

deposition. A design of experiment (DOE) was constructed where process parameters such as laser 

power density (laser power & spot size), laser scan speed, hatch spacing, and layer thickness, were 

varied. The results of this DOE were inconclusive due to all samples cracking severely regardless 

of the processing parameters. It was concluded that bulk structures of A386 were not fabricable 

using laser-DED. Initial analysis of these samples showed a relatively large amount of the brittle 

NiAl phase which was thought to be the main cause of cracking. 

Individual A386 alloy and NiCr alloy powders (Oerlicon Metco – MI, USA), with particle 

size in the range of 45-125 μm (0.00177 – 0.00492 in) were pre-mixed via manual hand mixing 

and used as the feedstock material in this study. Table 1 shows the weight proportions of the 

constituent alloying elements for A386, NiCr, and the compositions of the alloys modified with 

the addition of 10%, 20% and 30% NiCr. The A386 + NiCr alloy coupons were fabricated using 

a Laser Engineered Net Shaping (LENS™) print engine (Optomec Inc. – NM, USA) equipped 

with a YLS 1000 W 1070 nm laser (IPG Photonics – MA, USA) within a glove box containing an 

argon environment. During fabrication, the moisture and oxygen levels were continuously 

monitored and maintained below 10 ppm. The powder mixtures were processed at 500 W laser 

power with a 900 μm diameter laser spot size, resulting in a power density of approximately 800 

MW/m2. A cuboidal geometry was selected with a square cross section, 25 mm × 25 mm, that was 
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built to a height of 6 mm for all the coupons. The deposition speed used was 20 mm/s along with 

hatch spacing and layer thickness of 0.5 mm. These coupons were deposited on a 6 mm thick 

stainless steel 304 (SS 304) substrate. 

Table 1: Compositions of the A386 and NiCr parent alloy powders as obtained from the powder 

supplier and their mixtures.  

 

3.2.2 Characterization and Structural Integrity Assessment 

Individual laser-DED fabricated coupons were cut from the SS 304 substrate and sectioned 

with an abrasive cutoff saw (Presi Mecatome T260 – Eybens, FRANCE). One sample was 

harvested from each coupon in the build direction for microstructural analysis. Each sample was 

mounted in a thermosetting polymer mounting compound and wet ground from 60 to 1200 grit. 

The coupons were polished using a 0.06 μm colloidal silica solution until all scratches were 

removed. After polishing, the coupons were cleaned in a 100% ethanol ultrasonic bath 

(SharperTEK XP PRO – MI, USA).  

The laser-DED processed coupons were characterized to assess the structural integrity, 

microstructural features and phase evolution using optical microscopy, scanning electron 

microscopy (SEM), energy dispersive spectroscopy (SEM-EDS), X-ray diffraction (XRD), and 

microhardness. SEM imaging was performed on a field emission scanning electron microscope 

operating at 15 kV (JEOL 6610LV – Tokyo, JAPAN). The chemical analysis was conducted using 

an Energy Dispersive Spectroscopy (EDS) detector (Oxford Instruments X-Max detector – 
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Abingdon, UK). Optical microscopy was performed using a Keyence microscope and Keyence 

analysis software (Keyence VHX S650E – Osaka, Japan) to achieve a composite image with high 

magnification (1000X) and large field-of-view (3 mm × 3 mm). Phase analysis was conducted 

using Rigaku Smartlab System (Tokyo, JAPAN) with Cu Kβ filter at 40 kV for 2θ from 20° to 

100° with a 0.05° step size. The surface roughness of the samples and all other XRD analysis 

parameters were kept constant in between different samples to allow for comparison of the XRD 

data. A Vickers microhardness tester (Phase II – NJ, USA) was used to measure the hardness of 

each coupon. Hardness tests were performed with a constant load of 100 g (0.220 lb) and a 15 s 

dwell time.  

3.3 Results and Discussion 

3.3.1 Structural Integrity of Laser-DED Fabricated Coupons 

Figure 9 shows that all bulk coupons fabricated by laser-DED are of the desired dimensions 

of 25 mm × 25 mm × 6 mm, and deposited on the SS 304 substrate. The sample comprised of 

100% A386 showed severe cracking and delamination during deposition.  

Figure 9: Four different A386 + NiCr mixtures fabricated using laser DED technique for (a) A386, 

(b) A386 + 10% NiCr, (c) A386 + 20% NiCr, (d) A386 + 30% NiCr. Circled areas show the 

presence of defects in (a) and (b), and the absence of visible defects in (c) and (d). All coupons 

measure 25 mm × 25 mm × 6 mm, approximately. 

A DOE was constructed, and even with modifications to the process parameters, such as laser 

power (varied between 400-700 W), deposition speed (varied between 17-25 mm/s), and the CAD 



25 

deconstruction parameters such as hatch spacing and layer thickness (both varied between 0.3 - 

0.5 mm), it was not possible to fabricate a structurally sound coupon from the 100% A386 alloy 

powder. These DOE parameter ranges were chosen based on those used in successful L-DED 

fabrication of other Ni-based superalloys such as Haynes 214 and Inconel 718 in similar works 

performed by the author. As NiCr was added to A386 in increasing amounts, the cracking and 

delamination was reduced and the coupons showed improved structural integrity. The red circles 

in Figures 9(a) and (b) highlight the visible zones of defects such as hot cracking and delamination 

that occurred during fabrication. Even with the reduced tendency to delaminate and crack with the 

addition of 10% NiCr, these coupons cracked and failed during sectioning. Small sections or pieces 

from 100% A386 and A386 + 10% NiCr alloy mixtures were used for microstructural and phase 

analysis, but owing to their poor structural integrity, A386 and the A386 + 10% NiCr mixture are 

inferred to be less suitable for fabrication via laser-DED processing. The laser-DED fabrication of 

the mixtures with higher NiCr content such as A386 + 20% NiCr and A386 + 30% NiCr, were 

more successful. Upon visual inspection, these coupons (Figures 9(c) and (d)) showed no external 

cracks or delamination. The coupons were structurally sound and did not fracture during 

sectioning, grinding, or polishing. A386 + 20% NiCr revealed internal cracking similar to the A386 

and A386 + 10% NiCr samples when imaged using optical microscopy (Figure 10(c)).  
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Figure 10: Optical images of mixture samples’ crossections showing cracks and porosity (a) 

A386, (b) A386 + 10% NiCr, (c) A386 + 20% NiCr, and (d) A386 + 30% NiCr. 

The lack of severe defects in the A386 + 20% NiCr and A386 + 30% NiCr coupons can be 

attributed to the increase in γ/γ’ as NiCr additions increased. Although the predominant phase 

transitions from β to γ/γ’ between the A386 and A386 + 10% NiCr mixtures, its stabilizing effects 

are not observed until the NiCr addition reaches 20%. Since the A386 + 30% NiCr coupon was 

free of structural defects, it was deemed a good choice for bulk, freeform depositions using direct 

laser fabrication. It may be possible that mixture compositions between 20% and 30% of NiCr in 

A386 also lead to defect-free fabrication. However, due to the limited supply of specialty alloy 

powders, these intermediate compositions were not evaluated. A porosity and phase area analysis 

was performed using optical micrographs and Keyence analysis software (shown in Figure 11), 
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which found the planar porosity to be less than 0.1%. These results demonstrate the substantial 

influence of the alloy composition on the structural integrity of laser-DED manufactured coupons. 

Amongst the tested mixtures, the composition of A386 + 30% NiCr addition resulted in the most 

successful as-fabricated coupons that were devoid of bulk cracking and interfacial delamination. 

 
Figure 11: Stitched Keyence micrograph and thresholded % phase area image (a) large field of 

view (3 mm × 3 mm) and high resolution stitched micrograph of as-processed A386 at 1000X 

showing amount of porosity, (b) thresholded backscatter electron image of as-processed A386 at 

5000X showing amount of β phase compared to γ/γ’ phase.  

3.3.2 Hot cracking 

Hot cracking in Ni-based superalloys has become a complex challenge for manufacturers 

to overcome. Hot cracking typically occurs in hot manufacturing processes such as welding, 

casting, forging, and laser or electron beam additive manufacturing techniques in which the 

manufacturing process temperature is above the workpiece alloys solidus temperature. Hot 

cracking can be broken down into two different types of cracking, solidification cracking, and 

liquation cracking. Solidification cracking occurs when the amount of liquid remaining in a melt 

pool is insufficient to fill gaps between dendrites as they grow during solidification [103]. These 
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gaps between dendrites act as crack nucleation points which coalesce to form solidification cracks 

when the solidifying material is unable to accommodate the strain from thermal shrinkage. 

Liquation cracking refers to cracking caused by the partial melting of previously deposited material 

during hot manufacturing processes [104]. When partial melting occurs, low melting point eutectic 

phases (Ni5Y for this alloy) liquefy and form an intergranular film which allows liquation cracks 

to form and propagate intergranularly [105-106]. These films reduce microstructural stability and 

initiate liquation cracks when subjected to sufficient thermal stresses [107].  

Hot cracking is common during DED fabrication of “unweldable” Ni-based superalloys 

which contain more than 6% of Al [108-111]. Figure 12(a) shows transgranular cracking evident 

by the bright contrast streaks which are fractured crossections of Y-rich phases present at the grain 

boundaries. Figure 12(b) shows gaps between partially formed dendrites caused by an insufficient 

amount of liquid metal present in the semi-solid microstructure during the latter stages of 

solidification. Hot cracking in the laser processed A386 + NiCr coupons was identified as 

solidification cracking from the fracture surfaces, and the processing parameter DOE results 

conclude that cracking in the laser-DED samples is not due to suboptimal processing parameters 

and cannot be avoided for the A386 and A386 + 10% NiCr alloys. 
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Figure 12: Fracture surface of hot crack in A386 + 10% NiCr (a) transgranular fracture, (b) 

partially formed dendrites with open spaces in-between. 

3.3.3 Phase Analysis 

3.3.3.1 SEM Backscatter 

In the NiCoCrAl alloy system, γ/γ’ and β are the two prevailing phases [112-113]. The 

reported microstructures of the A386 + NiCr mixtures are similar to other laser processed 

NiCoCrAlY microstructures [114, 115]. The SEM backscatter images in Figure 13 reveal the 

microstructure of the A386 + NiCr mixtures consisting of the light contrast γ/γ’ phase and the dark 

contrast β phase. From these four micrographs, it is clear that the relative proportion of β is reduced 

as more NiCr is added to the Amdry 386 composition. The microstructure of laser processed 

coupons with lesser NiCr additions has a matrix of β phase with sparse, interconnected γ/γ’ phases 

shown in Figures 13(a - c). As the NiCr content increases, the γ/γ’ phases are stabilized and form 

coarse dendritic features seen in Figure 13(d). 
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Figure 13: SEM backscatter microstructures of DED fabricated A386 + NiCr mixtures: (a) 100% 

A386, (b) A386 + 10% NiCr, (c) A386 + 20% NiCr, (d) A386 + 30% NiCr. 

 

The results of the phase area analysis are shown in Figure 14. It can be seen that the β phase area 

percentage is reduced for each increasing NiCr addition. The 30% NiCr addition is shown to reduce 

the amount of β phase by about 45% compared to the A386 parent alloy. 
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Figure 14: Percent area of β phase of AP coupons. 

3.3.3.2 X-Ray Diffraction 

XRD was used to understand the nature of these contrasting phases and relate them with 

the changes in the structural integrity of the material. An XRD comparison in Figure 15 shows 

XRD patterns of (a) A386 powder, (b) NiCr powder, and all four DED processed A386 + NiCr 

mixtures (c-f). The NiCr alloy powder contains only γ/γ’ phases, whereas the feedstock A386 

powder is rich in β phases with lesser amounts of γ/γ’. After laser-DED fabrication, these β and 

γ/γ’ phases are retained in each A386 + NiCr mixture sample as shown in Figure 15(c-f).  
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Figure 15: XRD patterns of parent alloy powders and laser-DED processed mixture coupons (a) 

A386 powder, (b) NiCr powder, (c) A386, (d) A386 + 10% NiCr, (e) A386 + 20% NiCr, (f) A386 

+ 30% NiCr.  

Previous studies have identified a small amount of the Ni5Y phase present in NiCoCrAlY 

microstructures [116]. The low amount of this phase is anticipated to produce low-intensity XRD 

peaks. However, all Ni5Y XRD peaks coincide with high-intensity peaks from either of the two 
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dominant phases, which makes the peaks indistinguishable. Therefore, the presence of Ni5Y even 

when theoretically established cannot be directly verified using XRD measurements alone. The 

A386 alloy contained a relative β phase area of 58.48 ± 2.25%, and its proportion reduced to 33.8 

± 3.02% in the A386 + 30% NiCr due to the concurrent rise in γ/γ′. Compared to the base A386 

alloy, which is chemically 45.8% Ni, 22.8% Co, 17.3% Cr, and 12.4% Al, the addition of 30% 

NiCr alloy to A386 causes the wt% of Ni and Cr to increase to 55.8% and 17.9%, respectively, 

whereas the Al and Co were reduced to 8.69% and 16.0%, respectively (Table 1). Therefore, as 

the NiCr addition exceeds 10%, the fraction of γ/γ′ begins to dominate the microstructure and an 

increase in structural integrity is observed.  

3.3.3.3 SEM-EDS 

The phase transformation and subsequent improvement in the structural integrity of A386 

+ NiCr alloys are also supported by SEM–EDS analysis. In the 100% A386 mixture, major 

elements such as Ni, Co, and Cr are evenly distributed whereas Al is segregated at the microscopic 

scale, with stronger signal of Al corresponding to the darker β phase (Figure 16).  

 
Figure 16: SEM-EDS maps of laser-DED fabricated A386 coupon. 
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Similarly, in the A386 + 30% NiCr coupon, Al is richer in the darker β phase regions (Figure 17). 

However, in the A386 + 30% NiCr alloy, these β phase regions are significantly less than that of 

100% A386. The EDS maps in Figures 16 and 17 of the A386 and A386 + 30% NiCr mixture 

compositions show the segregation of yttrium, which coincides with the brightest spots in the 

microstructure.  

Figure 17: SEM-EDS maps of laser-DED fabricated A386 + 30% NiCr mixture coupon. 

  

3.4 Mechanical Behavior, Scalability, and Material Comparison 

Microhardness measurements obtained from the center of each coupon are shown in Table 

2. The hardness of the 100% A386 coupon is the highest at 606 ± 13.6 HV. After the additions of 

10% and 20% NiCr alloy, the hardness reduces to 547 ± 13.6 HV and 475 ± 15.8, respectively, 

and continues decreasing to 412 ± 19.1 HV with the 30% NiCr addition. This gradual reduction in 

the hardness can be attributed to the reduction of β phase. 
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Table 2: Vicker’s micro-hardness of the laser-DED processed A386 + NiCr mixture coupons.  

 

The feasibility of the novel A386 + 30% NiCr alloy mixture for making practical 

components without any cracking or delamination failure is further evaluated by depositing two 

types of geometries. The first geometry is a bar with a build height of 120 mm and a crossectional 

area of 19 mm × 12.5 mm seen in Figure 18(a). The second geometry is a plate with an area of 125 

mm × 75 mm, and thickness of 6 mm shown in Figure 18(b). These geometries are deposited 

without any interruptions in the DED process and are free of any visible cracks or delamination 

defects.  
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Figure 18: Large near-net shaped components fabricated from the A386 + 30% NiCr alloy mixture 

using laser-DED (a) bar, and (b) plate. 

A386 has a composition similar to other common Ni-based superalloys listed in Table 3. 

NiCr additions to the A386 parent alloy do reduce the relative amount of Al in the mixture, but 

even the A386 + 30% NiCr has 1.4 times more Al than the commercially available laser-fabricable 

alumina forming Ni-based superalloys such as Inconel 713 and René N5 (6–6.2%). Therefore, the 

alloy composition reported here could be a strong candidate for applications where high 

temperatures and corrosive environments are present. The ability to fabricate near-net-shaped 

structures using laser-based AM processes such as laser-DED further enables the deployment of 

this alloy in novel structures. 
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Table 3: List of compositions of common laser processable Ni-based hot corrosion resistant 

superalloys with Al content greater than 4.5%. 

 

3.5 Conclusions 

The present work investigates the ability to create bulk samples of the NiCo based, dual 

phase superalloy A386 using laser-DED. The base alloy chemistries were modified by controlled 

additions of a NiCr alloy to create mixtures with varying relative amounts of Ni, Co, Cr and Al. 

The effects of alloy compositions on the fabricability, structural integrity, and hardness were 

evaluated by experimental materials characterization and testing. The as-received A386 and NiCr 

feedstock powders were comprised of mostly β with smaller amounts of γ/γ′ phases, and almost 

completely γ/γ′, respectively. The constituent phases of A386 powder were retained in relatively 

the same proportions after laser-DED processing. The dominating phase switches from β to γ/γ’ 

between the A386 and A386 + 10% NiCr mixtures, but the increase in structural integrity is not 

observed until the NiCr additions reach a minimum of 20%. This microstructural switch from β to 



38 

γ/γ′ increases the structural integrity further as the wt% of NiCr approaches 30%. The modified 

alloy chemistries allowed for the successful fabrication of larger-scale components. Specifically, 

A386 +30% NiCr is reported to be a viable mixture for direct laser fabrication of near-net shaped 

components. A plate and a bar geometry were successfully fabricated using laser-DED, with the 

largest dimensions on the order of tens of centimeters.  
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CHAPTER 4: 

EFFECTS OF HIP’ING: MICROSTRUCTURE AND STRUCTURAL INTEGRITY OF  

LASER-DED FABRICATED NiCoCrAlY ALLOYS 

 

4.1 Introduction 

Beam-based additive manufacturing techniques impart residual stresses within deposited 

material due to the inherent rapid melting and solidification. Residual stresses and microstructure 

embrittlement can cause components to crack, or warp during post process machining or upon 

removal from their substrate. To reduce the tendency of low temperature cracking, the present 

work was developed to investigate the effects of Hot Isostatic Pressing (HIP) on bulk A386 + NiCr 

mixture coupons fabricated via laser-DED. HIP treatments have also been shown to heal minor 

cracks in Ti alloys [117], Fe alloys [118], and NiCr alloys [119-120], but crack healing in high 

melting point NiCo alloys such as A386 has not yet been studied. 

Several HIP trials were investigated to find a set of parameters which reduced porosity, 

relieved internal stresses, healed cracks, and improved overall structural integrity. HIP parameters 

which reduced internal porosity, and relieved residual stresses leading to the elimination of 

cracking and warping during post process machining are reported. Residual stress measurements 

of the A386 + 20% and 30% NiCr samples in the AP and HIP’d states, tensile strength 

measurements of A386 + 20% and 30% NiCr samples in the HIP’d state, and evidence of crack 

healing during HIP are reported.  

4.2 Materials and Methods 

4.2.1 Laser-DED Fabrication 

A386 and NiCr parent alloy powders (Oerlikon Metco – MI, USA) with a particle size 

range of 45-125 µm were pre-mixed by manual shaking and used as feedstock for DED processing. 
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The weight proportions of constituent alloy elements for the parent alloys and their three mixtures 

are listed in Table 1 located in section 3.2 of this document. A386 + NiCr mixture coupons were 

fabricated using a 3D CNC enabled Laser Engineered Net Shaping (LENS™) print engine 

(Optomec Inc. – NM, USA) equipped with a YLS 1000 W capacity, 1070 nm wavelength laser 

(IPG Photonics – MA, USA) contained within an argon environment. Throughout all depositions, 

the oxygen and moisture levels were monitored and maintained at 10 ppm or less. In this study, 

three sets of coupons were manufactured by laser-DED to investigate the effects of HIP on the 

microstructure, defects, mechanical properties, and residual stress of laser-DED fabricated A386 

+ NiCr mixture coupons.  

4.2.1.1 HIP Parameter Testing Coupons 

Four coupons, one for each of the A386, A386 + 10% NiCr, A386 + 20% NiCr, and A386 

+ 30% NiCr mixtures, with crossectional dimensions of 20 mm × 20 mm, and height of 12 mm, 

were deposited on 6 mm thick stainless steel 304 (SS 304) plate substrates. These coupons were 

fabricated to test the effect of varying HIP parameters on the laser-DED mixture coupons. The 

deposition parameters used to deposit these coupons were 500 W laser power, 900 µm diameter 

spot size (approximate power density = 800 MW/m2), 0.3 mm hatch spacing and layer thickness, 

and 20 mm/s laser scan speed. The preliminary coupons are shown in Figure 22. 

4.2.1.2 High Temperature Tensile Bar Blanks 

A set of six large bar coupons were fabricated to be used as bulk material for producing 

high temperature tensile bars. Three A386 + 30% NiCr mixture coupons with dimensions of 15 

mm × 35 mm × 150 mm tall, and three coupons of A386 + 20% NiCr with dimensions of 15 mm 

× 35 mm × 180 mm tall were deposited on 12 mm thick stainless steel 304 (SS304) substrates. The 

A386 + 20% NiCr coupons were built taller than the A386 + 30% NiCr coupons due to cracking 
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near the substrate (Figure 24). The deposition parameters used to fabricate these coupons were 500 

W laser power, 900 µm diameter spot size (approximate power density = 800 MW/m2), 0.45 mm 

hatch spacing and layer thickness, and 25 mm/s laser scan speed. These high temperature tensile 

bar blanks can be seen in Figure 23. 

4.2.1.3 Residual Stress Testing Coupons  

The third set of coupons was comprised of four cubes, two A386 + 30% NiCr cube coupons 

with dimensions of 25 mm × 25 mm × 25 mm, and two A386 + 20% NiCr cube coupons with 

dimensions of 25 mm × 25 mm × 40 mm. The A386 + 20% NiCr coupons are taller than the A386 

+ 30% NiCr coupons due to cracking near the substrate. The deposition parameters used to deposit 

these coupons were 500 W laser power, 900 µm diameter spot size (approximate power density = 

800 MW/m2), 0.45 mm hatch spacing and layer thickness, and 22 mm/s laser scan speed. The 

coupons were deposited on a 12 mm thick stainless steel 304 (SS304) substrate and can be seen in 

Figure 25. 

4.2.2 Hot Isostatic Pressing (HIP) 

Common HIP temperatures and pressures used in Ni-based superalloy manufacturing range 

from 1100 °C – 1300 °C and 100 MPa – 200 MPa respectively [121-126]. The experimental HIP 

parameters for this study (Table 4) were chosen to be within these ranges. Each preliminary HIP 

coupon was sectioned into three samples in preparation for the HIP treatments listed in Table 4. 

Two samples from each preliminary coupon were HIP’d, one sample subjected to HIP1, and the 

other to HIP2. The third sample from each preliminary coupon was kept in the as processed 

condition for comparison. The HIP1 and HIP2 treatments were performed in an Eagle HIP machine 

(American Isostatic Presses – Ohio, USA). All tensile bar blanks and one residual stress coupon 

from the A386 + 20% NiCr and A386 + 30% NiCr mixtures were subjected to HIP3, which was 
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performed by Quintus Technologies in a QIH 15L HIP machine (Quintus Technologies – Ohio, 

USA).  

Table 4: Process parameters of the four treatments, as processed, HIP1, HIP2, and HIP3. 

Treatment Heating Rate Temperature (°C)  Pressure Hold Time Cooling Rate 

As Processed > 1000 °C/s > melting point 2 MPa None > 1000 °C/s 

HIP1 5 °C/min 1250 °C 200 MPa 4 hr 5 °C/min 

HIP2 5 °C/min 1150 °C 200 MPa 4 hr 5 °C/min 

HIP3 10 °C/min 1150 °C 200 MPa 4 hr 10 °C/min 

4.2.3 Metallurgical Sample Preparation 

 After deposition, all SS 304 substrates were sectioned to separate the coupons using an 

abrasive cutoff saw (Presi Mecatome T260 – Eybens, FRANCE). After treatment, all preliminary 

samples (as processed, HIP1, and HIP2), and witness samples from each tensile bar blank (HIP3) 

were mounted in a thermoplastic mounting compound and wet ground from 60 to 1200 grit 

sandpaper and polished using a 0.06 µm colloidal silica solution. After polishing, the mounted 

samples were thoroughly cleaned in a 100% ethanol ultrasonic bath (SharperTEK XP PRO – MI, 

USA). 

4.2.4 Characterization  

 Optical imaging of the microstructures was done using a Keyence VHX S650E microscope 

(Keyence Corporation – Osaka, Japan). Keyence software was used to measure porosity and 

relative phase area. SEM imaging was performed on a field emission scanning electron microscope 

operating at 15 kV (JEOL 6610LV – Tokyo, JAPAN). The chemical analysis was conducted using 

an Energy Dispersive Spectroscopy (EDS) detector (Oxford Instruments X-Max detector – 

Abingdon, UK) within the aforementioned SEM. TEM samples were made using a Thermo Fisher 

Helios PFIB UXe microscope. TEM and high resolution EDS was done using a Thermo Fisher 

Spectra 300 Probe-Corrected S/TEM microscope fitted with a Dual-X window-less detector. Phase 
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analysis was conducted using a Rigaku Smartlab System (Tokyo, JAPAN) with Cu Kβ filter at 40 

kV for 2θ from 20° to 100° with a 0.05° step size. The surface roughness of the samples and all 

XRD analysis parameters were kept constant between different samples to allow for comparison 

of the XRD data. Nanoindentation was performed using a TI950 Triboindenter with diamond 

Berkovich probe operating with an indentation load of 1 N to measure the room temperature elastic 

modulus needed for residual stress measurements. A Vickers microhardness tester (Phase II – NJ, 

USA) was used to measure the hardness of each coupon. Hardness tests were performed with a 

constant load of 100 g and a 15 s dwell time. 

4.2.5 Tensile Bar Production and Testing 

After HIP3, the tensile bar blanks were machined into tensile bars using wire EDM. 

Metallographic samples were harvested from the EDM scraps of each tensile bar blank. Each of 

the tensile bar blanks yielded 13 tensile bars making for a total of 39 bars for each of the A386 + 

20% NiCr and A386 + 30% NiCr compositions. About 30% of the tensile bars had visible defects 

and were scrapped. The high temperature tensile bar dimensions are shown below in Figure 19. 
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Figure 19: High temperature tensile coupon blank with dimensions. 

High temperature tensile testing was conducted using a 300kN Instron MTS 

electromechanical load frame (MTS Systems – MN, USA), fitted with a custom high temperature 

furnace (AMTECO Inc – OH, USA), and high temperature extensometer (Epsilon Technology 

Corp – WY, USA). High temperature tensile tests were conducted at 700, 800, 900, and 1000 °C 

with a constant strain rate of 0.005/s. Three tensile bars were tested for each composition at each 

temperature. All components of the high temperature tensile testing apparatus can be seen in Figure 

20. 
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Figure 20: High temperature tensile testing apparatus: (a) high temperature furnace, (b) high 

temperature extensometer, (c) electromechanical load frame. 

4.2.6 Residual Stress Testing 

One residual stress coupon from the A386 + 20% NiCr and A386 + 30% NiCr mixtures 

were subjected to the HIP3 treatment, and the other was left in the AP condition. All four coupons 

were tested using the Slitting Method to measure their residual stresses. The residual stress testing 

was conducted using Micro-Measurement CEA-00- 250UW-120 strain gages, a Vishay 7000-32-

SM StrainSmart data acquisition system, and a Mitsubishi FA10S wire electrical discharge 

machining (EDM) machine. The top 3 mm was cut from the residual stress coupons using the 

EDM machine. Next, a 10 mm thick slice was cut from the cube coupon. A diagram of the residual 

stress coupon cuts and strain gauge location is shown in Figure 21(a). The 10 mm thick slice was 
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loaded into the EDM machine on edge with the strain gage facing away from the EDM wire as 

seen in Figure 21(b). The EDM wire cut the samples forming a slit shown in Figure 21(c). The 

wire was advanced through the sample in increments of 0.5 mm where strain measurements were 

recorded.  

 
Figure 21: (a) Residual stress coupon cut diagram, (b) Residual stress sample in EDM machine, 

and (c) coupon after slitting. 

4.3 Results & Discussion 

4.3.1 Structural Integrity of Laser-DED Coupons 

4.3.1.1 HIP Parameter Testing Coupons 

 Figure 22 shows the four preliminary coupons fabricated for HIP parameter testing. One 

coupon was fabricated for each of the A386, A386 + 10% NiCr, A386 + 20% NiCr, and A386 + 

30% NiCr mixtures. The coupons were deposited on a 6 mm thick stainless steel 304 plate substrate 

and closely resemble the desired dimensions of 20 mm × 20 mm × 12 mm tall.  
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Figure 22: Preliminary HIP parameter test coupons of the mixtures: (a) A386, (b) A386 + 10% 

NiCr, (c) A386 + 20% NiCr, and (d) A386 + 30% NiCr. 

Figures 22(a) and (b) show severe cracking in the A386 and A386 + 10% NiCr coupons which 

structurally failed during sectioning. Figures 22(c) and (d) show hairline cracks in the A386 + 20% 

NiCr coupon and no external cracking in the A386 + 30% NiCr coupon respectively. The A386 + 

20% and 30% NiCr coupons withstood sectioning without failure. 

4.3.1.2 High Temperature Tensile Bar Blanks 

Figure 23 shows that all six tensile bar blanks are deposited on the 12 mm  thick stainless 

steel 304 (SS304) substrate, and are of the desired dimensions of 15 mm × 35 mm × 180 mm tall 

for the A386 + 20% NiCr coupons, and 15 mm × 35 mm × 150 mm tall for the A386 + 30% NiCr 

coupons.  

 
Figure 23: High temperature tensile coupon blanks: (a – c) A386 + 30% NiCr in the as processed 

state and (d – f) A386 + 20% NiCr after HIP’ing. 
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The A386 + 20% NiCr coupons (Figures 23(a - c)) are 30 mm taller than the A386 + 30% NiCr 

coupons (Figures 23(d – f)) to avoid the 25 – 30 mm of cracked material near the substrate seen in 

Figure 24. This extra height ensured a sufficient amount of defect free material above the cracks 

to machine high temperature tensile bars from. 

 
Figure 24: Cracks near substrate on A386 + 20% NiCr high temperature tensile coupon blanks: (a) 

before HIP, and (b) after HIP. 

 

4.3.1.3 Residual Stress Testing Coupons 

Figure 25 shows the residual stress coupons which are of the desired dimensions, 25 mm 

× 25 mm × 25 mm tall for A386 + 30% NiCr coupons, 25 mm × 25 mm × 40 mm tall for the A386 

+ 20% NiCr coupons. All residual stress coupons were bonded to the 12 mm thick stainless steel 

304 (SS304) substrate. The A386 + 20% NiCr coupons are taller than the A386 + 30% NiCr 

coupons due to cracking near the substrate. As with the A386 + 20% NiCr tensile bar blanks, the 

A386 + 20% NiCr residual stress coupons have cracks near the substrate which extend 25 – 30 

mm up into the sample. 
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Figure 25: Residual stress testing coupons before HIP3: (a - b) A386 + 20%, and (c - d) A386 + 

30% NiCr. 

4.3.2 Porosity Analysis 

Figure 26 is a visual representation of the reduction in porosity caused by the three HIP 

treatments. The optical micrographs of the AP samples in this figure show the presence of small 

pores in the 5 – 10 µm size range while the HIP’d micrographs show little to no porosity.  
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Figure 26: Optical microstructures images of DED fabricated A386 + NiCr mixtures in the AP and 

HIP’d states. 

Figure 27 shows the average porosity area percentage values for each mixture and treatment 

combination. The HIP1 parameters were the most effective in removing porosity, but each of the 

three HIP processes produced near full density samples with average porosity values being less 

than 0.0085%.  
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Figure 27: Average porosity % area of A386 + NiCr mixture coupons in AP and HIP’d states. 

4.3.3 Phase Analysis 

Figure 28 shows SEM micrographs of all AP and HIP’d sample microstructures. The AP 

microstructures exhibit a fine interdendritic microstructure common to laser processed superalloys 

[52-55]. Grain growth occurred in each mixture coupon for all three HIP treatments, with lesser 

grain growth observed in the lower temperature (1150 °C) HIP2 and HIP3 treatments. The highest 

amount of grain growth was observed in the coupons subjected to the hottest (1250 °C) treatment, 

HIP1. The Yttrium rich phases in the AP samples were randomly shaped and well disbursed. The 

HIP1 treatment caused the yttrium rich phase to segregate from the matrix and form into large, 

well defined agglomerations in the grain boundaries. In the HIP2 and HIP3 states, the yttrium 

phases also migrated to the grain boundaries, but are shown to agglomerate into small round 

particles with an average diameter of approximately 2 µm.  
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Figure 28: SEM backscatter images of laser-DED fabricated A386 + NiCr mixture coupon 

microstructures in the AP and HIP’d states.  

The similar XRD peak intensities for samples with the same composition in Figure 29 show 

that the amount of β was relatively unaffected by the HIP treatments. Since HIP treatments do not 

change an alloys composition, no significant change in the percent area fraction of each phase was 

observed between the four treatments for each A386 + NiCr mixture. For example, the percent 

area of β in the A386 + 30% NiCr samples were 29.35 ± 4.22% for AP, 31.81 ± 1.44% for HIP1, 

30.71 ± 4.68% for HIP2, and 28.94 ± 1.63% for HIP3. Different thermal histories will vary a 

grain’s shape and size, but there should be relatively the same amount of each constituent phase 

present before and after the HIP treatment barring the precipitation of additional phases during 

heat treatment.  
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Figure 29: XRD plots of A386 + NiCr mixture coupons in the AP and HIP’d states: (a) A386, (b) 

A386 + 10% NiCr, (c) A386 + 20% NiCr, and (d) A386 + 30% NiCr.  

 

 Figure 30 shows small round precipitates of α–Cr within the β phase of the A386 + 30% 

NiCr HIP3 coupon. The α-Cr phase locally promotes the formation of chromia flakes, but is brittle, 

and has inferior oxidation resistance compared to the β and γ phases. The α–Cr phase also 

embrittles the scale/metal interface which accelerates scale spallation. Overall, the α–Cr phase 

precipitated during the HIP treatment is undesirable and has detrimental effects on the ductility 

and corrosion resistance of NiCoCrAlY alloys. 
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Figure 30: TEM-EDS of the A386 + 30% NiCr mixture coupon after HIP3. 

4.3.4 Mechanical Behavior 

4.3.4.1 Microhardness 

Microhardness measurements were collected from the center of each mounted sample and 

the average hardness results are shown in Figure 31. The sample hardness is shown to decrease as 

the amount of NiCr is increased due to the higher amounts of γ/γ’ present in the microstructure. 

Samples in the AP state show the highest hardness for each mixture, followed by HIP2, HIP3, and 

HIP1. The HIP1 treated samples have the lowest hardness values due to this treatment causing the 

highest amount of grain growth. The AP coupons have a martensitic microstructure due to the 

rapid cooling associated with laser AM processes and therefore have the highest hardness. HIP1 

treatment had a higher temperature (1250 °C) than the HIP2 and HIP3 treatments (1150 °C) so the 
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HIP2 and HIP3 treated coupons underwent less annealing and grain coarsening, and therefore have 

slightly higher hardness than the HIP1 treated coupons. 

 
Figure 31: Vicker’s hardness values for A386 + NiCr mixture coupons in the AP and HIP’d 

states.  

4.3.4.2 High Temperature Tensile Testing 

NiCo alloys are often used for high temperature applications so high temperature tensile 

properties are of interest. A386 +20% NiCr and A386 + 30% NiCr tensile bars were tested after 

HIP3. The red and green lines in Figure 32 show the results from the high temperature tensile tests. 

The high temperature mechanical properties drop rapidly as the temperature exceeds 700 °C. The 

A386 + 30% NiCr tensile bars exhibited tensile strength which was 5 – 25% higher than that of 

the A386 + 20% NiCr tensile bars. This result is presumed to be because of the greater amount of 

the brittle β phase in the A386 + 20% NiCr, and/or because there were relatively more microcracks 

present in the A386 + 20% NiCr coupon that were not healed during HIP3 (1150 °C). The HIP’d 

A386 + 20% & 30% NiCr tensile results are much lower than published values of similar heat 
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treated and/or single crystal alloys because these tensile bars were fully annealed during HIP’ing 

and did not undergo strengthening treatments thereafter. However, the HIP’d A386 + 20% & 30% 

NiCr tensile results are comparable to those of solution annealed Haynes 214, which is an alloy 

developed to provide optimum high-temperature oxidation resistance. 

 
Figure 32: High temperature tensile properties of HIP’d A386 + 20% & 30% NiCr mixtures and 

similar alloys [127-131]. 

 

4.3.4.3 Nanoindentation 

 The room temperature elastic modulus of the A386 + 20% NiCr and A386 + 30% NiCr 

mixtures after HIP3 was found using nanoindentation and the following formula  

𝐸 =
1 − 𝑣2

1
𝐸𝑒𝑓𝑓

−
1 − 𝑣𝑖

2

𝐸𝑖
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where E is the measured material’s elastic modulus, v is the material’s Poisson ratio (assumed to 

be v = 0.3), Eeff  is the effective elastic modulus, Ei is the indenter’s elastic modulus (diamond 

indenter: Ei = 1141 GPa), and vi is the indenter’s Poisson ratio (diamond indenter: vi = 0.07). 𝐸𝑒𝑓𝑓 

is calculated by the nanoindenter’s software for each indentation. The room temperature elastic 

modulus for A386 + 20% NiCr and A386 + 30% NiCr were calculated to be 132.32 and 143.46 

GPa respectively.  

4.3.4.4 Residual Stress Measurement 

Residual stress values were calculated using Hooke’s Law, seen below  

𝜎 = 𝐸𝜀 

where 𝜎 is stress in Pa, E is the elastic modulus in Pa, and 𝜀 is strain measured by the strain gage 

attached to the sample during slitting experiments. The elastic modulus values were obtained from 

nanoindentation measurements detailed in the previous section. Residual stress values for each 

increment are plotted in Figure 33. 

 Residual stress in the AP A386 + 20% NiCr and A386 + 30% NiCr samples are shown by 

the orange and grey lines respectively in the figure below. It can be seen that the magnitude of 

residual stress is nearly always higher for the A386 + 20% NiCr samples. The larger magnitude 

residual stresses can be directly related to the higher susceptibility to cracking of the A386 + 20% 

NiCr samples compared to A386 + 30% NiCr samples. After HIP’ing, the residual stresses are 

negligible which contributes to the increase in structural integrity observed after HIP treatments. 

The difference in edge conditions (stresses trending towards zero at Z = 0 mm, and trending 

upward at Z = 9 mm) is thought to be due to edge effects caused by EDM cutting prior to the 

slitting experiment. AM structures have been shown to exhibit tensile residual stresses near the 

edges of a sample and compressive residual stresses in the middle of a sample [132-133] which is 
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shown to be true in Figure 33 if the plot were cut off between Z = 1 and Z = 2 mm to remove edge 

effects.  

 
Figure 33: Residual stress plot and slitting diagram for A386 + 20% & 30% NiCr mixtures in AP 

and HIP3 states. 

4.3.5 Crack Healing 

Figure 34 shows evidence of crack healing in the 100% A386 coupons after the HIP1 

treatment. During the hottest tested HIP cycle (HIP1 at 1250 °C), the lower melting point γ/γ’ 

phase [134] began to fill open cracks, and some areas near the crack became devoid of γ/γ’. No 

other instances of crack healing were found for any other HIP and mixture combinations. It is 

thought that crack healing was only observed in the 100% A386 coupon subjected to HIP1 

treatment because the 100% A386 samples had the largest cracks, highest crack density, and the 

compositions with more NiCr either had lesser cracks prior to HIP’ing, or the cracks were 

completely healed and unrecognizable after recrystallization. Also, crack healing is difficult to 

show or prove without high power CT or neutron scanning to characterize internal cracks and 

defects before and after HIP treatments, so crack healing may have taken place in other samples, 

but was not found.  
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Figure 34: Partially healed crack in the 100% A386 coupon after HIP1 treatment. 

 

4.4 Conclusions 

The present work investigates the ability to increase the structural integrity of laser–DED 

processed NiCoCrAlY alloys using HIP. As seen previously, the NiCr additions to A386 increased 

the structural integrity during processing, but even the mixture coupons with the highest NiCr 

addition, A386 + 30% NiCr, cracked and warped during EDM machining. It was found that all 

A386 + NiCr coupons required stress relieving (this occurred during HIP cycles) before 

machining. 

Various HIP parameters were explored to find a process which effectively reduced residual 

stresses, and densified laser–DED fabricated NiCoCrAlY coupons while causing the least amount 

of grain coarsening. The effects of HIP treatments on the structural integrity, residual stress, and 

porosity were evaluated by experimental materials characterization and testing. The residual stress 

and porosity in laser-DED fabricated NiCoCrAlY coupons was found to be reduced by all three 

HIP treatments. The microstructures after HIP1 treatment show the greatest amount of grain 

growth, and small pores with average diameter of 4.85 µm. The microstructures after HIP2 and 

HIP3 show relatively less grain growth and porosity with average diameters of 4.58 µm and 4.46 
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µm respectively, which is greater than that of HIP1, but less than the average pore diameter of 

11.45 µm in the AP coupons.  

Residual stress measurements show that the A386 + 20% NiCr coupons had a higher 

magnitude of residual stress than the A386 + 30% NiCr coupons which can be directly related to 

the lesser structural integrity of the A386 + 20% NiCr coupons compared to that of the A386 + 

30% NiCr coupons. HIP1 had the highest temperature which resulted in the largest grains and 

lowest hardness. The HIP2 and HIP3 temperatures were 100 °C less than that of HIP1, resulting 

in relatively lesser grain coarsening and higher hardness. Since all three HIP treatments 

successfully relieved internal stresses and densified the laser–DED coupons, more investigation is 

needed to find the minimum temperature, pressure, and hold time necessary to achieve optimized 

results. Minimizing these HIP parameters would reduce cycle time and grain growth. Reductions 

in cycle time would increase production efficiency, and minimizing grain growth would maximize 

hardness and mechanical strength in the HIP’d state. 

 Large coupons of A386 + 20% NiCr and A386 + 30% NiCr were fabricated by laser–DED 

for the purpose of producing high temperature tensile bars. After fabrication, these coupons were 

subjected to HIP3 parameters (same as HIP2) to densify and relieve internal stresses in preparation 

for wire EDM cutting. The A386 + 30% NiCr tensile bars exhibited tensile strength properties 

which were 5 – 25% higher than that of the A386 + 20% NiCr tensile bars. This difference in 

tensile strength is thought to be due to a relatively higher amount of microcracks present in the 

A386 + 20% NiCr coupons than the A386 + 30% NiCr which were not healed during the lesser 

temperature (1150 °C) of HIP3.    

 Evidence of crack healing was found in a HIP1 treated A386 coupon. No other instances 

of crack healing were found for any other HIP and mixture combinations. It is thought that crack 
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healing was only observed in the 100% A386 coupon subjected to HIP1 treatment because the 

100% A386 samples had the largest cracks, highest crack density, and the compositions with more 

NiCr either had no cracks prior to HIP’ing, or the cracks were completely healed and 

unrecognizable after recrystallization. Also, crack healing is difficult to show or prove without 

high power CT or neutron scanning to characterize internal cracks and defects before and after 

HIP treatments, so crack healing may have taken place in other samples which was not observed.   

Our results show that HIP treatments can be a crucial process to substantially increase 

structural integrity, relieve residual stresses, reduce porosity, and potentially repair small cracks in 

laser–DED processed NiCoCrAlY structures. Additional studies need to be performed to find the 

minimum HIP parameters needed to obtain the desired results. 
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CHAPTER 5: 

 

EXPLORATION OF MCrAlY HEAT TREATMENT FOR                               

MECHANICAL STRENGTHENING 

 

5.1 Introduction 

 HIP treatments are often used to densify and improve structural integrity of metal 

structures, but these benefits do not come without drawbacks [135-139]. For example, metal alloys 

are often annealed, and undergo grain coarsening during HIP treatments [140-141]. Annealing can 

relieve residual stresses, reduce microstructural defects, and increase ductility, but it also reduces 

mechanical properties. Grain growth also reduces mechanical properties even though it increases 

a materials resistance to creep and stress rupture. Metal alloys are often heat treated during or after 

HIP’ing to increase mechanical properties [142-143]. This chapter explores the heat treatability of 

NiCoCrAlY alloys to increase mechanical properties by quenching.  

5.2 Materials and Methods 

5.2.1 Production of DED Fabricated, HIP’d Heat Treatment Coupons 

One small bar coupon with dimensions of 15 mm × 35 mm × 15 mm tall was fabricated 

for each of the A386 + 20% NiCr and A386 + 30% NiCr mixtures. The deposition parameters used 

to fabricate these coupons were 500 W laser power, 900 µm diameter spot size (approximate power 

density = 800 MW/m2), 0.45 mm hatch spacing and layer thickness, and 25 mm/s laser scan speed. 

After deposition, these coupons were cut from the substrate by an abrasive cutoff saw (Presi 

Mecatome T260 – Eybens, FRANCE), treated with HIP3 parameters, and subsequently cut into slices 

measuring 15 mm × 15 mm × 3 mm thick by the aforementioned cutoff saw. 
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5.2.2 Solutionizing and Quenching 

The 3 mm thick slices were solutionized in a tube furnace (Thermo Scientific Lindberg 

Blue M - Waltham, MA, USA) at 1200 °C for one hour, and then immediately submerged in water 

to achieve a rapid quench.  

5.2.3 Metallographic Sample Preparation 

Each quenched coupon was mounted in thermosetting polymer mounting compound and 

wet ground from 60 to 1200 grit. The mounted coupons were polished using a 0.06 μm colloidal 

silica solution until all scratches were removed. After polishing, the coupons were cleaned in a 

100% ethanol ultrasonic bath (SharperTEK XP PRO – MI, USA). 

5.3 Results and Discussion 

 Figure 35 shows the laser-DED fabricated coupons which are of the desired dimensions, 

15 mm × 35 mm × 15 mm tall. 

 
Figure 35: Heat treatment exploration coupons of: (a) A386 + 20% NiCr, and (b) A386 + 30% 

NiCr mixtures. 

 

Figure 36 shows the microstructures and cracks formed during quenching. Intergranular cracking 

can be seen in both the A386 + 20% NiCr and A386 + 30% NiCr quenched microstructures.  



64 

 
Figure 36: Optical micrographs of: (a) A386 + 20% NiCr, and (b) A386 + 30% NiCr mixture 

coupons after quenching.  

Figure 37 shows SEM-EDS color maps of the A386 + 20% NiCr microstructure after HIP3, but 

before solutionizing and quenching. 

 
Figure 37: SEM-EDS of the A386 + 20% NiCr mixture coupon before quenching (HIP3 state). 

 

Figure 38 shows SEM-EDS color maps of the A386 + 20% NiCr microstructure after quenching 

at low magnification. This figure shows yttrium rich phases which segregated to the grain 

boundaries causing intergranular cracking. Yttrium rich phases are pushed to the grain boundaries 
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because yttrium has no solubility in the γ/γ’ or β phases [102]. Good alternatives to yttrium in 

MCrAl alloys for quenching are hafnium and zirconium which are completely soluble in the γ-

Ni matrix and would not segregate to the grain boundaries if present in concentrations typical for 

RE-additions (up to 0.6 wt%) [144]. 

 
Figure 38: SEM-EDS of the A386 + 20% NiCr mixture coupon after solutionizing and quenching. 

 

5.4 Conclusions 

 

It can be concluded that the yttrium rich phases in the grain boundaries caused brittle, 

intergranular cracking during quenching. Due to this cracking, it is concluded that NiCoCrAlY 

alloys are not heat treatable by quenching. 
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CHAPTER 6: 

CONCLUSIONS 

The goal of the presented work was to create a method which could produce near net shape, 

bulk structures of a NiCoCrAlY alloy in a reasonable amount of time. Since current manufacturing 

processes for this alloy have either low geometric accuracy (particle spray), or low deposition rate 

(vapor deposition), different manufacturing processes needed to be considered. Directed energy 

deposition (DED) was chosen for this application because it is a freeform, near net shape 

manufacturing process which has relatively high geometric accuracy, and high deposition rates. 

A NiCoCrAlY alloy (tradename “Amdry 386”) was chosen for bulk fabrication. It was not 

possible to fabricate bulk structures from this alloy using DED due to hot cracking and 

delamination defects formed during deposition. To increase the fabricability of this alloy, a NiCr 

alloy was added in increasing amounts, creating three new alloy chemistries. The effects of alloy 

modification on the fabricability, structural integrity, and hardness were evaluated by experimental 

materials characterization and testing. The as-received A386 and NiCr feedstock powders were 

comprised of mostly β with smaller amounts of γ/γ′ phases, and almost completely γ/γ′, 

respectively. The constituent phases of A386 powder were retained in relatively the same 

proportions after laser-DED processing. The dominating phase switches from β to γ/γ’ between 

the A386 and A386 + 10% NiCr mixtures, but the increase in structural integrity is not observed 

until the NiCr additions reach a minimum of 20%. The modified alloy chemistries allowed for the 

successful fabrication of larger-scale components. Specifically, the A386 + 30% NiCr composition 

is reported to be a viable mixture for direct laser fabrication of near-net shaped components. A 

plate and a bar geometry were successfully fabricated using laser-DED, with the largest 

dimensions on the order of tens of centimeters.  
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HIP treatments were investigated for their ability to increase the structural integrity of 

laser–DED processed NiCoCrAlY alloys. Due to cracking and warping in the AP coupons during 

EDM machining, it was found that all A386 + NiCr coupons required stress relieving (this occurred 

during HIP cycles) before machining. Various HIP parameters were explored to find a process 

which effectively reduced residual stresses and densified laser–DED fabricated NiCoCrAlY 

coupons while causing the least amount of grain coarsening. The effects of HIP treatments on the 

structural integrity, residual stress, and porosity were evaluated by experimental materials 

characterization and testing. The residual stress and porosity in laser-DED NiCoCrAlY coupons 

was found to be reduced by all three HIP treatments. The microstructures after HIP1 treatment 

showed the greatest amount of grain growth and small pores with an average diameter of 4.85 µm, 

which is greater than that of HIP2 and HIP3, but less than the average pore diameter of 11.45 µm 

for the AP coupons. The microstructures after HIP2 and HIP3 show relatively less grain growth 

and porosity with average diameter of 4.58 µm and 4.46 µm respectively. Residual stress 

measurements showed that the A386 + 20% NiCr coupons had a higher magnitude of residual 

stress than the A386 + 30% NiCr coupons which can be directly related to the lesser structural 

integrity of the A386 + 20% NiCr coupons compared to that of the A386 + 30% NiCr coupons. 

HIP1 had the highest temperature which resulted in the largest grains and lowest hardness. The 

HIP2 and HIP3 temperatures were 100 °C less than that of HIP1, resulting in relatively lesser grain 

coarsening and higher hardness. Since all three HIP treatments successfully relieved internal 

stresses and densified the laser–DED coupons, more investigation is needed to find the minimum 

temperature, pressure, and hold time necessary to achieve optimum results. Minimizing these HIP 

parameters would reduce cycle time, and grain growth which would increase production 

efficiency, and maximize hardness and mechanical strength in the HIP’d state. 
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 Large coupons of A386 + 20% NiCr and A386 + 30% NiCr were fabricated by laser–DED 

for the purpose of producing high temperature tensile bars. After fabrication, these coupons were 

subjected to HIP3 parameters (same as HIP2) to densify and relieve internal stresses in preparation 

for EDM cutting. The A386 + 30% NiCr tensile bars exhibited tensile strength properties which 

were 5 – 25% higher than that of the A386 + 20% NiCr tensile bars. This difference in tensile 

strength is thought to be due to a relatively higher amount of microcracks present in the A386 + 

20% NiCr coupons than the A386 + 30% NiCr which were not healed during the lesser temperature 

(1150 °C) of HIP3.    

 Evidence of crack healing was found in a HIP1 treated A386 coupon. No other instances 

of crack healing were found for any other HIP and mixture combinations. It is thought that crack 

healing was only observed in the 100% A386 coupon subjected to HIP1 treatment because the 

100% A386 samples had the largest cracks, highest crack density, and the compositions with more 

NiCr either had no cracks prior to HIP’ing, or the cracks were completely healed and 

unrecognizable after recrystallization. The results show that HIP treatments can be a crucial 

process to substantially increase structural integrity, relieve residual stresses, reduce porosity, and 

repair small cracks in laser–DED processed NiCoCrAlY structures.  

The heat treatability of NiCoCrAlY alloys to increase mechanical properties by quenching 

after being annealed by HIP’ing was explored. It is concluded that the yttrium rich phases which 

migrate to the grain boundaries during solutionizing cause brittle, intergranular cracking during 

quenching. Due to this cracking, it is concluded that NiCoCrAlY alloys are not able to be 

strengthened by quenching. 
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CHAPTER 7: 

FUTURE WORKS 

Metal additive manufacturing processes have completely transformed the manufacturing 

industry, but there are still many areas in which they are lacking. For instance, powder bed 

processes have slow build rates, and are unable to fabricate large and/or multi-material structures 

while directed energy deposition (DED) processes lack the ability to deposit structures with 

adequate build resolution. In addition to drawbacks/downfalls of individual processes, all metal 

additive manufacturing processes struggle to fabricate components from refractory metals and 

“unweldable” alloys as defined earlier.  

Directed energy deposition leads all other metal additive manufacturing technology in 

deposition rate, build envelope size, range of applications, material selection, and multi material 

capabilities. Although the advantages are numerous, the build resolution created by DED is far 

worse than other processes such as powder bed fusion. DED’s high deposition rates can be 

attributed to the process’ high energy input, high material feed rates, large electron beam or laser 

spot size, large layer thickness, and large hatch spacing capabilities. Unfortunately, these 

capabilities which facilitate high deposition rates are also the largest contributors to the poor build 

resolution common to the DED process. The build resolution of DED structures can be improved 

by reducing the parameters such as laser power outlined above, but this improvement comes at 

the expense of the high deposition rates [145-146]. Since there are no current methods to increase 

build resolution without reducing deposition rates, components fabricated by DED often need to 

be machined after processing to meet specified geometric tolerances. To decrease overall 

manufacturing time, engineers have created “hybrid” machines which incorporate DED and 

traditional subtractive machining equipment into a single machine. Current hybrid machines only 
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slightly increase efficiency because they can only perform one operation (additive or subtractive 

machining) at a time. Future DED research will involve increasing DED build resolution while 

maintaining superior deposition rates, perhaps by utilizing multiple lower deposition rate (higher 

resolution) print heads simultaneously, or by creating hybrid machines which could perform 

additive and subtractive machining operations simultaneously.  

 Refractory and unweldable alloys are difficult to process using any manufacturing 

technique, but current and future research on additive manufacturing techniques will lead to new 

solutions. Metal additive manufacturing technologies which completely melt powder or wire 

feedstock using concentrated energy sources struggle to fabricate these materials due to hot 

cracking and the accumulation of residual stresses within a deposition. Researchers are currently 

working to eliminate hot cracking in additively manufactured structures by reducing energy input 

[147-148], and employing heated baseplates [145, 149]. Reducing energy input and the use of 

temperature-controlled baseplates reduces the thermal gradients within a structure during 

fabrication which are the driving force for hot cracking during deposition and form residual 

stresses during uneven cooling.  

The next steps in the presented research work include corrosion testing, HIP parameter 

optimization, and investigating methods for strengthening HIP’d NiCoCrAlY alloys. The NiCr 

additions to the Amdry 386 alloy reduce the amount of aluminum which will detrimentally affect 

the alloy’s hot corrosion resistance. Corrosion testing needs to be conducted to investigate how 

much of Amdry 386’s corrosion resistance is lost for each NiCr addition, and for comparison with 

similar laser processable, corrosion resistant superalloys. The mechanical properties of the HIP’d 

NiCoCrAlY alloys are directly related to the effects HIP’ing has on their microstructure. As seen 

with the extensive amount of grain growth seen in HIP1 samples versus the lesser grain growth 
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in the HIP2 and HIP3 samples, the 100 °C difference in HIP temperature has a large effect on the 

grain size. Optimizing HIP parameters such that residual stresses are relieved, but grain growth 

is minimized will increase the mechanical properties of HIP’d samples. In addition to HIP 

parameter optimization, strengthening methods such as quenching, tempering, precipitation 

hardening, oxide dispersion strengthening, and solid solution strengthening should be 

investigated for increasing the mechanical properties of HIP’d A386 + NiCr alloys. Since yttrium 

has no solubility in γ/γ’ or β, yttrium rich phases were pushed to the grain boundaries during 

solutionizing and promoted intergranular cracking upon quenching. To reduce intergranular 

cracking, other RE’s such as hafnium and zirconium which are completely soluble in the γ/γ’ 

matrix should be investigated. 
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