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Increasing the efficiency of aeroengines requires a compromise between 

performance, weight and cost. Integrally bladed rotors (IBR) or combined discs and 

blades are used in the engine increase performance while saving weight. Cost becomes 

an issue, as damaged IBRs are discarded, due to the challenges of in-situ repair. 

Current IBR repair strategies involve additive manufacturing with a similar alloy. 

For this study, the repair processes examined were plasma powder deposition (PPD) 

and Laser Engineered Near-Net Shape (LENS), these methods were used to deposit 

powder metallurgy IN-100 nickel based superalloy on to a damaged IN-100 IBR airfoil. 

The IBR is a fine grained forged and heat treated component, whereas the PPD and 

LENS repaired airfoils were directionally solidified coarse grained structures. Post-

deposition thermal and thermo-mechanical processing methods were investigated in 

order to refine the repaired structures towards the higher strength fine grain structure of 

the IBR basemetal. 

Initially a wide range of thermal treatments was investigated, including 

temperatures as low as 1093°C to as high as 1232°C, just below incipient melting 

temperature. Along with temperature, the thermal treatment test matrix included 
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variations in heat treatment time from 30 minutes to 2 hours to determine the optimal 

heat treatment schedule. Additional thermal strain was added using a ratcheting heat 

treatment. Thermal treatments alone were not sufficient to refine the as-deposited 

structure to a fine grain condition. 

Post deposition thermo-mechanical processing was pursued to provide the 

deformation needed to promote recrystallization of the coarse grained deposited 

structure. The deformation provided the added driving force for recrystallization but only 

when the deformed alloy was heat treated above the γ’-solvus of 1177°C for 1 hour. 

This condition yielded the best microstructure of all of those examined in this study, a 

relatively fine-grained, equiaxed, homogeneous microstructure. Different levels of 

deformation were used to varying degrees of success from 4 to 10%. This data was 

used to define a process window to repair the IBR. 

Overall the combination of optimum levels of heat treatment and deformation 

resulting from the exploration of the factors involved in the refurbishment process lead 

to the desired microstructure for a refurbished airfoil. 



 

CHAPTER 1 
INTRODUCTION 

 Since the birth of the jet engine in the early 20th century, there has been a 

constant push for hotter, faster and lighter engines. This has led to some compromises 

for performance sake. Nickel based superalloys are heavy but necessary to push the 

engine to higher temperatures, which leads to better efficiency. Integrally bladed rotors 

(IBR) are used in the compressor section of some aircraft gas turbines for increased 

performance. In particular, these IBRs offer a weight reduction due to the simplification 

of the rotor assembly. However, the simplicity of the IBR does have a potential limitation 

when it comes to repair of damaged airfoils. Since the airfoils are integral to the rotor, 

repair of individual airfoils is much more complex.  In a traditional rotor assembly, the 

rotor assembly is disassembled, a damaged airfoil is simply removed from the disk and 

a new airfoil inserted and the rotor returned to service. For an IBR that experienced 

airfoil damage beyond original engine manufacturer (OEM) blend limits, the whole rotor 

needs to be replaced pending an aerospace approved repair process. Due to the high 

cost of manufacturing an IBR, airfoil repair rather than replacement would be the most 

cost effective course of action.  

Repairing the airfoils involves removing the damaged area and depositing new 

blade material using methods like plasma powder deposition or the Laser Engineered 

Net Shaping (LENS) process, and then a post-weld heat treatment scheme is needed to 

give the new blade section properties similar to the original material. This heat treatment 

is important because the as-deposited structure is coarse and has properties, which do 

not match the original blade section. The desired structure is fine-grained, giving the 

best mix of strength, fatigue resistance and toughness. 
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Repairing these parts, though, presents a unique technical challenge.  The ability 

to repair the damaged airfoil with OEM properties in the area of the repair has not been 

demonstrated for nickel superalloy IBRs. Therefore, a program was initiated to develop 

not only a means to repair a damaged nickel superalloy IBR airfoil, but to also address 

the ability to produce a microstructure in the repaired region that is similar to the base 

metal (i.e., IBR). 

In order to produce an airfoil repair with microstructures and properties similar to 

the base metal, several thermal treatments and deformation processing steps were 

considered to refine the as-deposited microstructure by recrystallization. Initial effort 

involved a wide range of thermal cycles that ranged in heat treat temperatures from the 

standard IN-100 treatment to as high as temperatures just below incipient melting 

temperature of the superalloy. Along with temperature, the thermal treatment test matrix 

included variations in heat treatment time to determine the optimal heat treatment 

schedule. After these parameters were investigated, the focus of the research was 

narrowed to the times and temperatures, which resulted in microstructural refinement 

approaching the baseline wrought metal microstructure. After a significant effort in post 

deposition thermal treatment, it was determined that the thermal treatments alone were 

not shown to significantly refine and homogenize the microstructure by inducing 

recrystallization of the deposited material. Therefore, (mechanical) deformation 

processing was added to the processing scheme to provide more energy for 

recrystallization (RXN). Prior to deformation processing, the as-deposited material was 

also given thermal processing to improve the workability of the deposit. Findings in 

examining the microstructures of heat-treated samples show that refinement of the 
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microstructure is possible with residual stress in the material providing the energy for 

recrystallization of new grains to occur. 

 The samples from the various heat treatment schemes were characterized by 

optical microscopy, scanning electron microscopy and x-ray diffraction to determine the 

amount of RXN exhibited by the samples and to determine the final microstructure of 

the deposit following thermo-mechanical processing. Additional analysis in the form of 

hardness testing and grain size analysis, was used to confirm the findings from the 

examination of the microstructure. 

 The lessons learned from the investigation, as reinforced during every step of 

analysis, was that for sufficient recrystallization and homogenization to occur, the 

material must undergo thermo-mechanical processing using relatively high deformation, 

temperatures above the γ’-solvus, and heat treatments of sufficient length to achieve a 

microstructure similar to the original airfoil. Additional work is needed to refine the 

process window for the thermo-mechanical processing of the deposit. 



 

CHAPTER 2 
BACKGROUND 

Introduction to Superalloys 

In the early part of the 20th century the jet engine was developed. This type of 

engine worked by combining an internal combustion engine with a rotating turbine as 

seen in Figure 2-1. Air is pulled into the front of the engine via the intake and rotating 

fans. Several stages of fans compress the air intake to high pressures before fuel is 

injected. The air/fuel mixture combusts, which increases the temperature and volume 

and as the hot air expands, driving the turbine blade section and continues to expand 

out of the nozzle at the rear of the engine. This expansion provides thrust as well as 

rotating the turbine to power the compressor and fan sections of the engine [1]. 

The turbine blade section is called the hot section of the engine because it is the 

sole location of the combusted gases and in modern engines; it is not unusual to see 

gas temperatures around 1600°C [2]. Since Von Ohain and Whittle’s first jet engine in 

1940 there has been a 700°C increase in turbine entry temperature (TET) which had the 

unintended consequence of increasingly high temperatures in the compressor section of 

the engine [3]. This increase in TET can be seen in Figure 2-2. The Junkers Jumo 

004B, the jet engine in the Messerschmitt Me 262, used aluminum alloy compressor 

blades where in a modern military engine this same alloy would be at risk of melting [4]. 

These modern engines are run at higher temperatures and rotational speeds, creating 

new materials challenges for engine designers. This research involves the materials in 

the back of the compressor section, which sees temperatures significant enough to 

warrant the use of nickel-based superalloys. 
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The environment (temperature and stress) that turbine blades endure during 

service necessitates the careful materials selection and processing that allows for safe 

operation. Turbines in service face gas temperatures close to the typical melting range 

of most metallic alloys, corrosive environments and substances including, but not limited 

to, hydrocarbons (fossil fuels) and sea air. Thermal and mechanical cycles that impose 

fatigue cycles on the structure and rotations speeds that place incredible stresses on 

the blades are also part of the service conditions. These issues, when summed, require 

the use of nickel-based superalloys. This alloy system is capable of high creep strength, 

corrosion resistance, and microstructural stability up to 80% of the melting temperature 

[5]. 

Microstructure and Strengthening  

Nickel-based superalloys derive their balance of properties from the following. 

 Crystal Structure 
 Microstructure 
 Composition and Alloying 
 Processing and Heat Treatment 
All of these things work together synergistically to result in a material, which can be 

used in gas turbines. 

Crystal Structure and Microstructure 

 Nickel based superalloys are at their core, precipitation strengthened alloys that 

have what is commonly referred to as a “brick and mortar structure” seen in Figure 2-3. 

This structure feature the cuboidal ' phase (brick) and the surrounding area is the  

matrix (mortar) [5]. 

 In typical nickel-based superalloys, the ' phase is a L12 ordered structure or 

NaCl (rock salt) structure. Gamma prime is an ordered, coherent precipitate in the form 

26 



 

of Ni3(Al,Ti,Nb,Ta) [6]. These Ni-Ti-Al precipitates provide significant creep and low 

temperature strength. It is the most important part of the alloy system, as it increases in 

strength as temperature rises without being embrittled [7]. The mechanisms for this 

strengthening are discussed later in this section. 

 The other phase that appears in the microstructure is the  phase otherwise 

known as the matrix. The matrix has an FCC Ni structure and is an austenitic structure 

with significant alloying additions. The matrix’s contribution to strengthening is in the 

solid solution strengthening with the addition of qualifying elements [8]. Representations 

of both  and ’ phases can be seen in Figure 2-4. 

Chemistry and Strengthening 

Nickel-based superalloys usually contain 12-15 elemental additions and each 

plays specific roles including solid solution strengthening and precipitation hardening 

(Table 2-1). 

Solid solution strengthening provided by elements like Co, Cr, Fe, Mo, W, Ta, and 

Re act to strengthen the  phase. This solid solution strengthening provides significant 

low temperature strength, but this effect decreases as temperatures increase, because 

diffusion becomes easier allowing the elements to diffuse in the matrix, though even at 

high temperatures the heavier elements like Re will still be effective. At higher 

temperature the precipitates, ’, provide the creep strength necessary to function in the 

engine.  

As noted, gamma prime is the intermetallic phase that strengthens the alloy. The 

lattice mismatch between precipitate and matrix is very limited, which contributes to the 

long-term stability of the alloy system [5, 8]. These precipitates make up a significant 
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portion of the alloy, in modern alloys it can be in excess of 60% volume fraction '. The 

service temperatures of the airfoils would normally mean that precipitates would 

overage and lose strength but the low misfit strain as well as smaller ' particles in the 

matrix from the second aging heat treatment prevent precipitate growth and maintain its 

strength and structure. These smaller particles are called secondary ' phases and 

provide strengthening to the alloy [9]. The effect of temperature on these alloys can be 

seen in Figure 2-5. 

Performance vs. Cost 

Superalloys have been in a constant state of technological evolution since their 

inception, from the original wrought alloys to the cast alloys and then directionally 

solidified (DS) and single crystal (SX) alloys as seen in Figure 2-6. This constant 

improvement has been responsible for the increases in performance of the gas turbine 

in the last 60 years. 

In SX alloys, the microstructure reflects the fact that there are no grain boundaries 

as the whole blade is a continuous single crystal. In contemporary engines, single 

crystal alloys are used in the hot section of the engines, as they are the only materials 

able to withstand the operating conditions. The increased performance in the hot 

section has driven an increase in turbine entry temperature (TET) leading to increases 

in overall performance.  This performance has an unexpected effect on the front of the 

turbine in that these increased temperatures are being pushed into the compressor 

section. The compressor section in high performance and military engines now require 

nickel-based superalloys to handle the high temperatures and high stresses but, as they 

are still at temperatures lower than the turbine section, less advanced alloy systems and 
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polycrystalline materials can be used to save cost. The alloy used in this study is IN-

100. 

In order to produce a higher performance engine, designers have used more tools 

than just the materials in the engine to achieve their goals. Most commercial engines 

use mechanical fastening techniques to assemble the blades and discs; however for 

lighter weight and better performance, these components should be one piece, also 

known as an integrally bladed rotor (IBR) 

IBRs take the usual disc and blades and make them into one piece by a forging 

process. This process accomplishes goals such as saving weight, increasing strength, 

and decreased complexity [10]. Saving weight is important as it allows the IBR to spin 

faster and gives the engine better thrust to weight ratio; while increasing the strength 

allows the structure to be able to spin at faster rpms without damage and wear. Also the 

number of parts decreases complexity in the compressor section. These improvements 

come at a cost, for if damaged, the entire IBR has to be replaced even if the damage is 

small.  

High replacement costs provides motivation to the manufactures to develop a 

solution to damage to the IBR. The proposed research is an attempt to explore potential 

methods to repair the damaged IBRs so that they can be put back into service after 

damage/wear without a loss in the properties or performance. One potential repair 

process consists of cutting the worn/damaged part of the compressor blade, and then 

rebuilding it with a deposited metal. The newly repaired blade is machined into final 

shape and then heat treated to regain its former properties.  
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Materials Selection and Deposition Processes 

 The material selected for the IBR was IN-100, an alloy commonly used in IBRs. 

This material was chosen for several reasons, most importantly its strength and ability 

for superplastic forming. 

IN-100: Characteristics, Fabrication and Superplasticity 

IN-100 is a polycrystalline nickel based superalloy that is now used primarily as a 

disk alloy [10]. It is used for disks presently because of its high temperature strength 

and ability to form small grain size. The IN-100 used for the IBR is a modified low 

carbon variant with the composition seen in Table 2-2. 

The low carbon alloy is used because it increases the medium temperature creep 

and tensile properties. These properties improve since, with lower carbon content, the 

alloy’s propensity to form TiC at the prior particle boundaries decreases. The titanium 

carbides have the effect of slowing grain growth by pinning the boundaries [11]. 

However, the most important property of IN-100 for the fabrication of IBRs is its ability 

for superplastic forming. 

 Superplastic behavior is observed when a material resists necking during tensile 

testing resulting in large tensile strains without failing [12]. The properties necessary for 

superplastic behavior are a high gamma prime volume fraction, to stabilize the matrix 

grain size, and a fine grain structure [10]. Reichman was one of the first to show that 

argon atomized IN-100 becomes superplastic when consolidated using hot extrusion 

[13]. This processing route creates ultrafine grains (on the order of microns) that allow 

for this behavior [14]. Initially the process was used to create a blade that could be 

compared to its cast and wrought counterparts, but it was discovered that the 
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superplastic material exhibited better stress rupture properties. Hot extrusion breaks the 

particles up through shearing, allowing for less debris at the prior particle [14]. 

 Pratt & Whitney developed Gatorizing, which is a method of superplastic forming 

that, can create full parts with close tolerances [14]. Patented in 1970, the process can 

create compressor disks from a powder billet of IN-100 [15]. Gatorizing begins by 

creating a ultrafine recrystallized part using a deformation process like hot extrusion. 

The powder is extruded at a temperature below the recrystallization temperature or the 

’ solvus temperature. The strain and the adiabatic heat from the extrusion process 

push the part above the recrystallization temperature, creating a fine-grained structure 

[10]. This ultrafine-grained material can exhibit superplasticity in forging operations at 

slow strain rates, then the net shape compressor disk can be further heat treated 

providing grain coarsening which improves the high temperature properties as seen in 

Figure 2-7. The figure shows the room temperature properties of IN-100 where the as-

extruded condition shows the highest strength; however at high temperature the grain 

coarsened sample would be the most creep resistant.  

This process can also be applied to the fabrication of IBRs. In IBR fabrication, the 

superplastic forming causes the material to flow throughout the die, creating one solid 

piece that is both compressor disk and blades. 

 Before the Gatorizing process and IBR fabrication begins, it is necessary to have 

the correct powder to get the desired fine grain size. Though there are many methods to 

create the powder, the most popular is inert-gas atomization [10]. In this process, the 

molten alloy is poured through a nozzle where an inert gas (argon in this case) is 

blasted at the stream. The particles cool quickly and the size can be tailored by the 
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atomization parameters. The resulting powder particles are then compacted by 

extrusion. It has been shown that the use argon atomized powder results in good 

properties after the extrusion process [14]. It was for these reasons that the powder 

used in this study was an argon atomized version of IN-100. The powder as seen in 

Figure 2-8, contained different size particles to facilitate complete filling and density of 

the final part. 

Since the IBR is being used in the compressor section, creep strength is the most 

critical factor, so a fine-grained structure is desirable because of the Hall-Petch effect 

(Equation 2-1). 

         (2-1) 

This relationship shows that as grain size (d) decreases, room temperature strength (y) 

increases [16]. For this reason, argon atomized powder will allow for a more refined 

structure because of the growth of MC type carbides on the prior particle boundaries 

[14]. These carbides restrict grain coarsening in post weld heat treatments by pinning 

the grain boundaries. However, the most appealing reasons to use argon atomization 

from an industrial standpoint are its ease of mass production and low-cost processing 

[10].  

Deposition Process 

Superplastic behavior and Gatorizing are important parts of the IBR fabrication 

process, but may complicate the repair process. When an IBR comes out of service 

because of wear or damage, one method includes the removal of the effected area 
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(usually the leading edge and then virgin material is deposited to rebuild the blade. The 

microstructure formed is similar to other deposition techniques, as seen in Figure 2-9 

 In this process, powder is fed into a defocused laser beam that passes across a 

substrate. The laser melts the powder, which solidifies on the substrate to build up the 

structures. This builds a 3-D layered structure, which can be machined to form the 

repaired blade [17]. 

As each layer is deposited, heat from the source (laser) escapes into the 

substrate/base metal which acts as a heat sink. This allows dendritic growth along the 

[001] easy growth direction for FCC materials. As dendrites grow, a process called 

coring occurs. Coring is a type of microsegregation where certain solutes are rejected 

from the solidifying dendrite arms into the interdendritic liquid, causing segregation [18]. 

When the source passes over the previously deposited layer, which has solidified, 

partial re-melting of the deposited layers allow columnar grains to grow. These 

columnar structures form because the imprecise nature of the source melts the previous 

layer, allowing the dendrites to continue growing in roughly the same orientation. The 

partial re-melting of the layers also cause the formation of layer bands that indicate the 

depth of re-melting and a change in dendrite orientation. Hussein et. al. have shown 

through studies involving laser deposition of Waspaloy, that as the number of layers 

increase, the cooling rate decreases due to distance from the heat sink (base metal) 

[17]. This was demonstrated by measuring the secondary dendrite arm spacing (SDAS) 

in each layer. The SDAS was reported to increase with distance from the base. This 

increase in SDAS also correlates with an increase in solidification time or slower rate of 

solidification. The changes in solidification times from layer to layer and the repeated 
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heating and cooling cycles due to heat flow from more recent layers to the base, can 

also buildup the thermal strain within the material. This strain is leveraged to produce 

the recrystallization and thus grain refinement.  

 The change in solidification times has other consequences as evidenced by the 

change in hardness between layers. With more solidification time, more gamma prime 

nucleates in the layer, thus making a higher volume fraction and increasing the 

hardness [17]. The deposited material is homogenized by post-deposition heat 

treatments, which must include enough time and temperature to allow for nucleation 

and growth of primary gamma prime as well as the growth of secondary gamma prime 

along the entire length of the deposit. This process, along with the grain refinement, can 

lead to good high temperature properties for the repaired blade. 

LENS Process 

The LENS or Laser Engineered Net Shaping was developed at Sandia National 

Labs as a rapid prototyping/manufacturing technique; however in has been used 

especially in the defense industry as a repair technique [19]. Parts in military service 

often experience aggressive environments and stress resulting in shortened lifetimes. 

Also these parts are often made of advanced materials that offer limited 

repair/refurbishment options. For example the Anniston Army Depot use LENS systems 

to quickly replace or repair turbine components for the LENS process [20].  

 LENS offers several potential benefits over the PPD process. The LENS process 

is computer aided design (CAD) controlled which allows for finer control of the 

deposition. As the for the deposition process itself, due to a more targeted heat sources 

and subsequently finer weld bead, there is also a smaller heat affected zone (HAZ). The 
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lower heat input and faster process leads to finer microstructures than can be seen in 

other repair processes [19]. 

 The LENS process, as seen in Figure 2-10, works by coupling a high power laser 

(Nd:YAG or Fiber) with a computer control in an argon atmosphere. The laser creates a 

melt pool into which powder is injected; t and the laser in scanned across the sample in 

order to build the desired shape [19]. 

Post-Deposition Processing 

Recrystallization: Kinetics and Residual Stresses 

 The most important part of the grain refinement process is recrystallization. The 

post-deposition treatment provides thermal energy to give the structure the impetus to 

recrystallize. The energy stored in the strain fields of the samples is the driving force for 

the nucleation and growth of recrystallized grains. During recrystallization new stress-

free grains grow at the site of the former strain fields. This energy is stored in the form 

of residual stresses, put into the materials by the processing route. However, the 

amount of energy stored in the material is finite, depending on several factors such as 

materials, deformation, temperature, etc. [21]. 

 The post-deposition heat treatments for this system are based on the annealing 

process with the following steps: recovery, recrystallization and grain growth. Recovery 

can be defined as a process that occurs before the nucleation of stress-free grains [21]. 

As soon as new grains nucleate, recrystallization has begun.  Grain growth is the 

process whereby the average grain size of the sample increases after it has been 

recrystallized. For the purpose of this project, recrystallization is the crucial process. 

Recovery is undesirable because it doesn’t actually result in any refinement of the 

sample [21]. Similarly, grain growth will cause the grain size to increase, decreasing the 
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strength of the materials as per the Hall-Petch relationship. Optimal heat treatment 

design will therefore limit recovery and eliminate grain growth. This can be 

accomplished by analyzing the kinetics of recrystallization of the deposited material. 

 Being a thermally controlled process, recrystallization requires minimum 

activation energy to begin the process. It has been shown experimentally through 

calorimetry that recovery and recrystallization are competing processes and that 

recovery has lower activation energy. Ascending to higher temperatures activates 

recrystallization and skipping the recovery stage altogether [21]. Empirical evidence 

shows that the amount of recrystallization in a material is a function of the time and 

temperature of the heat treatment and the time and temperature are inversely related 

[22]. This can be seen in Figure 2-11, which demonstrates that as time and temperature 

of heat treatments increase the amount of residual stress in the materials decreases, 

showing that RXN has also increased. 

In a practical sense this means that it is not possible to achieve recrystallization 

with a relatively low temperature and short timeframe without significant residual strain 

and stress, so either low temperature or short time can be used. 

 The two prerequisites for activation of the recrystallization process are residual 

stress in the material and a base thermal energy. Burke and Turnbull, in their Rules for 

Recrystallization, stated that there is a minimum amount of deformation necessary for 

recrystallization and that the greater the degree of deformation, the greater the 

recrystallization [23].  
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Thermo-Mechanical Processing 

With the ultimate goal of inducing RXN in the workpiece in order to get a grain 

structure that matches the rest of the IBR, it is desirable to increase the distortional 

energy available for RXN. To this end, thermal processing (heat treatments) may not be 

sufficient to provide this energy, thus mechanical deformation could be added to the 

process route. 

Before any mechanical processing, the only residual stress in the airfoils comes 

from the deposition process and is a result of cooling stress. The size of the airfoil and 

the heat involved in deposition cause rapid cooling to occur in the layers as they are 

deposited and re-melted with successive passes; the rapidly cooled structures leave 

compressive stress on the surface and tensile stresses in the core of the airfoil [24].  

After the deposition process even more stored energy can be put into the material 

by mechanical deformation or cold work. The cold work in this case is preferable to hot 

working for several reasons. In order to refine the grain structure, which is the primary 

objective of this project, the working temperature of the process must be greater than 

the RXN temperature in order to have produce dynamic recrystallization of the 

microstructure [25]. This can be problematic as it is difficult to maintain the high 

temperature need for RXN during working in both laboratory and industrial settings with 

such small workpieces. Poor temperature and deformation control will lead to non-

uniform properties and microstructure. Most importantly, hot working such a small airfoil 

in-situ is just not feasible. These disadvantages leave cold working as the only real 

option. 

 Cold working besides being easier to do allows for a better surface finish, which 

can be critical if coatings are necessary down the line. In addition for the relatively low 
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deformation levels and thin section, cold working provides more accurate dimensional 

control and better strength and hardness values [25]. 

 The total deformation level imparted during deformation is of higher importance 

than the manner of the cold working and thermo-mechanical processing (TMP). Where 

rolling can be a valuable tool in a research setting, allowing for controllable, uniform 

deformation, this proves nearly impossible to do to an IBR. Therefore, methods of in-situ 

deformation such as shot peening were included in this investigation. 



 

 

Figure 2-1. Schematic of Jet Engine 

[Reprinted with permission from Roger C. Reed, The Superalloys, 2006 p. 3, Fig. 1-3] 
 

 

Figure 2-2. Turbine inlet temperatures in Roll-Royce civilian engines 1940-2010 

[Reprinted with permission from Roger C. Reed, The Superalloys, 2006, p. 5, Fig. 1-5] 
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Figure 2-3. Nickel based superalloy microstructure 

[Reprinted with permission from Harshad .K.D.H Bhadeshia, “Nickel Based Superalloys” 
University of Cambridge Website] 

 

Figure 2-4. Schematic of gamma and gamma prime crystal structures  

[Reprinted with permission from Harshad. K.D.H Bhadeshia, “Nickel Based Superalloys” 
University of Cambridge Website] 
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Table 2-1. Roles of elements in superalloys  
 

 

[Reprinted with permission from “Superalloys” ASM Handbooks, 2003, Table 1(b)] 
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Figure 2-5. Effect of Temperature on IN-100 properties 

 [Reprinted with permission from “Superalloys” ASM Handbooks, 2003, Table 7] 

 
 

41 



 

 

Figure 2-6. Temperature Capability of Superalloys (°C)  

[Reprinted with permission from Roger C. Reed, The Superalloys, 2006 p. 5, Fig. 1-5] 
 

Table 2-2. Composition of Modified IN-100  
 

 

[Reprinted with permission from Gernot H. Gessinger, Powder Metallurgy Superalloys, 
1984, p. 133, Table 5.1] 
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Figure 2-7. Room temperature properties of IN-100 based on processing history  

[Reprinted with permission from Gernot H. Gessinger, Powder Metallurgy Superalloys, 
1984, p. 159, Figure 5.21] 
 

 
 
Figure 2-8. SEM image of the IN-100 powder at 500x 
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Figure 2-9. Cross-section of laser weld deposited structure 

[Reprinted with permission from N.I.S. Hussein, “Microstructure formation in Waspaloy 
multilayer builds following direct metal deposition with laser and wire”, 2008, p. 263, 
Figure 3] 
 

 

Figure 2-10. The LENS process 

[Reprinted with permission from Neil Calder and Martin Hedges: “Near Net Shaped 
Rapid Manufacturing and Repair by LENS, p 13-2, Figure 2] 
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Figure 2-11. Surface residual ratio vs. annealing time for carbon steel 

[Reprinted with permission from J. Hoffman et. al: “Relaxation of Residual Stresses of 
Various Sources by  Annealing”. Residual Stresses in Science and Technology, p.696] 



 

CHAPTER 3 
EXPERIMENTAL PROCEDURES 

 The purpose of the investigation described below was to evaluate the use of 

either heat treatment alone or to combine deformation and heat treatment to alter the 

microstructure and properties of a repaired airfoil in an IBR.  

Materials 

 The material used in this investigation was a powder metallurgy (PM) alloy, which 

is essentially IN-100, whose composition has been modified for PM processing (Table 

3-1). IN-100 is a polycrystalline nickel-based superalloy and can be used in the latter 

stages of the compressor, where high performance (high TET) is needed.  Two different 

conditions of IN-100 were evaluated in this study. The first material condition was the 

Gatorized IN-100, which was the base metal for the IBR, and was, therefore, considered 

the “Baseline” material in this study.  The deposited, or repair material was the second 

condition examined in this study. 

 The baseline material was machined from a Gatorized forging that was fully heat-

treated by Pratt & Whitney.  The first deposited material was fabricated by Pratt & 

Whitney using a proprietary plasma deposition process (PPD) to build up layers on a IN-

100 (Baseline) substrate as seen in Figure 3-1. The as-deposited, or starting, 

microstructure exhibited large columnar grains and residual dendritic structure, while the 

desired final microstructure (baseline) was characterized as a fine-grained 

microstructure with small equiaxed grains. In general, the baseline microstructure would 

be expected to result in high strength and ductility, in comparison to the coarse, as-

solidified microstructure in the as-deposited material [10]. This equiaxed structure 

should be similar to microstructure of the intact portion of the blade and rotor. 
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 The second part of the study utilized the same powder metallurgy alloy as the 

first part however the deposition process changed to the Laser Engineered Net Shaping 

(LENS) process. This process uses a laser instead of plasma as the heat source to melt 

the powder and deposit it on the substrate. This process results in a sample that has 

smaller layers than the plasma process (Figure 3-2). Due to this difference the LENS 

material shows a more homogenized structure and smaller dendrites. 

Heat Treatments 

 In the initial portion of this program, heat treatments with rapid heating/cooling 

rates were used to develop internal strains.  These internal strains were intended to 

induce recrystallization (RXN), which would refine the microstructure and achieve the 

desired finer grain size. 

 In order to develop internal strains during the heat treatment, it was necessary to 

control the heating and cooling rates of the samples. Fast heating rates would be 

expected to develop greater levels of strain because the more rapid heating/cooling 

rates would prevent the relieving of the internal strains developed in the sample.  Slower 

heating rates would be reduce the internal strains developed in the samples during 

heating/cooing that occurs during the deposition process and would be undesired as it 

would reduce the overall amount of energy available for RXN [26]. To achieve a rapid 

heating rate, the samples are charged into a pre-heated furnace already at the 

appropriate heat treatment temperature. 

Since it was the ultimate goal of this project to develop a heat treatment sequence 

for industry, the heating rate used in this study had to be evaluated, compared to the 

heating rate expected in industry. Using several K-type thermocouples, the temperature 

at specific time intervals were noted and graphed (Figure 3-3). It was determined that 
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the heat-up rate of the laboratory furnace did not surpass the capabilities of the 

proposed industrial method. Therefore, the rapid heating rate used in the laboratory was 

considered the baseline for all subsequent thermal cycles. 

During the thermal processing, the cooling rates were also important in some heat 

treatments because rapid cooling can provide additional thermal strain/energy available 

for RXN [26]. In order to evaluate the effect of cooling rate on the microstructure of the 

heat-treated deposits, several different cooling techniques were examined. The quickest 

cooling rate was obtained using a water quench; in this case the sample was dropped in 

a metal bucket containing approximately 1 gallon of room temperature water. Though 

water cannot reach the cooling rate of iced brine, water was judged to best approximate 

the maximum cooling rate achievable by industry, The next quickest cooling method 

examined was (air) jet cooling. In this case, the sample was held underneath an outlet 

for laboratory compressed air. Fan air cooling or directed air cooling (DAC) which 

utilized a desk fan to blow air over the specimen was also evaluated. However, the fan 

air cooling did not appear to provide any increased cooling rate and was only examined 

in a limited number of experiments. The cooling method most commonly used, which 

also providing the slowest cooling rate was air cooling in still laboratory air.  During air 

cooling, the sample was removed from the furnace and placed in a ceramic tray. These 

are just several of the many ways samples can be cooled, but they were chosen to best 

replicate possible cooling rates achievable in industry. 

 The heat treatments that were used in this study were intended to recrystallize 

the microstructure of the deposited material. The thermal cycles were selected to take 

advantage of the strain in the material from the deposition process and from the 
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heating/cooling cycles, to induce RXN. The heat treatment test matrices included 

examining the effects of both heat treatment times and temperatures. Table 3-2 shows 

the initial sample matrix. Heat treatment temperatures ranged from 1093°C to 1232°C. 

This temperature range, therefore, included both sub-solvus and super-solvus 

temperatures with the solvus of around 1177°C. Additionally, the effect of heat 

treatment hold time was investigated by including 30 minute and 120 minute heat 

treatments with the “standard” 60 minute treatments performed on all the samples. 

Many recrystallization treatments are longer than even 2 hours; however the longer the 

treatment the greater chance of inducing grain growth on the original blade segment. 

This resulted in the impetus to examine shorter treatments. Subsequent heat treatment 

matrices or iterations were selected based on the results up to that point. 

 The results from the initial heat treatment matrices clearly indicated that a single 

thermal cycle was not sufficient to develop strains in the deposit to initiate 

recrystallization. Based on these initial results from the single heat treatment cycle, 

ratcheting treatments were developed to evaluate thermal cycling.  The thermal 

ratcheting was intended to develop greater strains in the sample, which in turn would 

cause recrystallization in the samples (Figure 3-4). These ratcheting heat treatment 

utilized two short term (15-minute) thermal cycles with rapid heating followed by fast 

cooling before the “standard” 1 hour heat treatment. The high temperature heat rate, 

along with the fast (typically water cooling), combined to add thermal strain to the 

structure. 
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All the heat treatments were performed in a Carbolite® CWF 1300 air box furnace 

at the University of Florida, monitored by two external K-type thermocouples to ensure 

the accuracy and precision of the heat treatment temperature. 

Mechanical Deformation 

 Based on the results of the thermal treatments, it was determined that additional 

methods of imparting strain in the samples needed to be evaluated. Therefore, the 

effect of mechanical deformation in concert with thermal treatments on the 

recrystallization behavior of the deposits was examined. Different amounts of 

deformation were used to help establish a processing window for subsequent 

experiments. 

 A feasibility study was undertaken using a rolling mill to provide controllable, 

uniform deformation for test coupons. These coupons were rolled initially to either a 

small amount (low) deformation condition (4-6% RIA) or a greater amount (high) of 

deformation condition (8-10 % RIA).  Before rolling could commence, rolling force 

calculations were performed to determine if the intended deformation would exceed the 

threshold of the equipment. The results of this calculation can be seen in Appendix A. 

All rolling trials were performed on a two high Fenn® rolling mill at the University of 

Florida. Since the surface of the as received deposit samples was made up of multiple 

layers, the surface was not flat and was not suitable for rolling.  Therefore, the as-

received deposit samples were machined to produce flat surfaces and a thickness of 

0.060”, which was the same thickness as the baseline metal samples. This allowed for 

the base metal sample to be used to set the rolls for the deposited samples as well as 

simulate the final airfoil thickness after repair. With the rolls set, the samples were lightly 

lubricated using Mobil gear oil and sent through the mill. The samples were then 
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measured by micrometer for final dimensions. The measurements were later used to 

determine the reduction in area or deformation level of the samples. The success of the 

thermo-mechanical processing led to the investigation of other more industrially 

applicable deformation methods. 

Other manners of deformation were investigated including low plasticity burnishing 

(LPB), shot peening, laser shock peening (LSP) and a proprietary in-situ deformation 

process during deposition. These deformation processes were performed out of house. 

Mechanical Testing 

 For the process of heat treatment and recrystallization evaluation, hardness 

testing was used to determine deformation depth profiles and relative hardness values 

for comparing results of thermo-mechanical processing routes. Hardness testing was 

performed on a Buehler Micromet II Vickers Hardness® testing machine using 1kg/ft. 

load and a loading time of 15 seconds. Values were converted to Rockwell C using the 

ASTM standard E140 [27]. 

Sample Preparation  

 The base metal and deposit samples were sectioned to produce heat treatment 

samples using two techniques.  Smaller samples were sectioned using an Allied 

diamond saw with oil cooling and larger pieces were sectioned at Precision Tool & 

Engineering (Gainesville, FL). If the samples were of limited thickness, they were 

electrodischarge machined (EDM) to minimize sample loss, at Advanced Manufacturing 

Techniques in Clifton Park, New York. The samples were then mounted longitudinally in 

clear epoxy resin for metallographic sample preparation. Polishing consisted of two 

stages, performed on a LECO Vari/Pol VP-55™ polishing wheel with water lubrication. 

The first stage, grinding, used Buehler SiC abrasive papers of ascending grits from 240 
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to 1200. The second stage, polishing, used microfiber polishing cloths and polishing 

suspensions consisting of alumina and water. The alumina used for polishing was in a 

decreasing size: 14.5, 5, 3, 1 and 0.3 m. The mounted samples were cleaned between 

steps in water or methanol in an ultrasonicator bath following the final grinding and 

polishing steps. 

 After the sample was polished, the surface was etched in order to observe the 

desired microstructural features. Initially several etchants were used to examine the 

grain structure:  

 AG21 (25 mL C3H6O3 acid + 15 mL HNO3 + 1 mL HCl)  
 PW #17 (100 mL H2O + 100 mL HNO3 + 100 mL HCl + 3 g MoO3.H2O).  
 Kalling’s Waterless Reagent II (50mL HCl  + 50mL C2H2OH + 3g CuCl2) 

 
Neither of these etchants produced sufficient grain contrast (Figure 3-5) to see the 

desired features; so another type of etching was needed. 

 Pratt & Whitney provided the specifications for an electrolytic etch using a 50/50 

solution of hydrochloric acid (HCl) and methanol. In this case, the etching solution was 

placed in a glass beaker with the mounted sample in it and stainless steel bolt 

(positive). A voltage of 1 to 5 V was applied to the sample via a metal rod (negative). 

The rod was touched to the surface of the sample, while the stainless steel bolt was 

moved around the surface of the sample until a “green haze” formed on the sample. 

The green haze indicates a proper etching condition. Then the etched microstructure 

was checked under a laboratory light optical microscope. 

 For the LENS samples, Kalling’s Waterless Reagent II was used to great effect to 

bring out the grain microstructure. The etchant was swabbed onto the sample surface 

using a cotton swab for between 10-40 seconds. 
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Characterization 

 The samples were characterized using a variety of techniques to determine the 

efficacy of the thermo-mechanical treatments in homogenizing the sample and refining 

the grain size. 

Light Optical Microscopy 

 Light optical microscopy was used to examine the microstructure of each of the 

samples.  Due to the relative coarseness of the microstructures, light optical microscopy 

provided the best grain contrast for the as-deposited and heat treated samples. Three 

light optical microscopy systems were used in this investigation: a LECO 

Metallograph™ with SPOT™ camera, an Olympus BX60® also with a SPOT™ camera 

and Leica DM2500 with ProgRes® Capture 2.7 software. Samples were imaged at 

magnifications of 50x, 100x, 200x and 500x.  

Scanning Electron Microscopy 

 The scanning electron microscope (SEM) was also used in cases when higher 

magnification imaging (>500x) was needed, to examine the γ/γ’ microstructure and for 

compositional information. Most of the images were taken in secondary electron (SE) 

mode for microstructural and topographical analysis. Energy dispersive spectroscopy 

(EDS) was used to gather semi-quantitative compositional information about phases, 

carbides, inclusions etc. 

The SEM used in this study was a JEOL 6400 with EDS and BSE detectors for 

compositional data. 

X-Ray Diffraction 

Additionally, x-ray diffraction (XRD) was used to evaluate the qualitative 

differences between strain conditions of samples in different states (i.e. as-deposited, 
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machined deposit and annealed deposit). The XRD system used in this study was an 

APD 3720 Powder Diffractometer. 

 Powder X-ray diffraction is a technique where a sample is bombarded with x-rays 

as the detector is rotated through angles (2Θ) from roughly 0-180° while the sample 

maintains the same orientation see Figure 3-6 [28]. The output is graphed intensity vs. 

2Θ. 

Quantification 

 As an additional measure to judge the efficacy of the thermo-mechanical 

processing on the final microstructure it was necessary to quantify the grain size of the 

grains that have recrystallized from the initial dendritic structure. 

 There are many established grain size methods for equiaxed grains including 

Heyn lineal intercept, Planimetric (Jeffries’) and circular intercept methods. [29] For non-

equiaxed and multiphase materials these same techniques can be applied with some 

variations [30]. None of these methods can be applied consistently to the micrographs 

from this study because not all the samples exhibit a full grains structure, one where the 

grains are all touching and a grain boundary becomes an intersection point for 

measurement. Additionally the size of the grains varies widely between samples, 

depending on the processing route, that there are not enough grains in each micrograph 

to get accurate measurements.  

Automatic analysis techniques such as the use of intensity histograms on the SEM 

were tested. The differences in grains contrast and the inability to consistently detect 

grain boundaries made the technique insufficient. For the same reasons the standard 

methods proved ineffective, automatic analysis methods that determined grain size 

were deemed inadequate for this application. These difficulties necessitated coming up 
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with a novel method that allowed for adequate characterization of the grain sizes that 

resulting from the processing methods.  

 The method that allowed for the ease of measurement and usable results was to 

treat the grains as ellipses, due to the non-equiaxed nature, and measuring the lengths 

of the major and minor axes. The lengths were measured with the aid of the free 

software, ImageJ, wherein the scale was used as the basis for measurements made on 

the screen.  

 The measurements were taken at 100x for the sake of consistency, but other 

magnifications were used if the grains were particularly large or small. Three 

micrographs were used per sample with 5-10 grains measured from each micrograph. 

Also, grains that were not fully encompassed by the micrograph were assumed to be 

twice as large as seen in the micrograph. This number comes from the ASTM standard 

in that when the line terminates in the grain it is counted as having half an intersection. 

The grains chosen for measurement had clearly defined boundaries, and were 

representative of the size distribution within the micrograph. For samples with a variety 

of large and small grains, measurements were taken of grains that would show this 

distribution.  

 With measurements of the major and minor axes, other data points such as the 

aspect ratio of the grains and the grain area (area of the ellipse) as seen in Figure 3-7. 

Additionally, using grain area numbers from the ASTM standard, the sizes of the RXN 

grains were compared the ASTM grain size numbers commonly used in industry, just 

for comparison purposes. The measurement of individual grains cannot be put into 

ASTM numbers [30].



 

Table 3-1. IN-100 Composition 
 

 
 
[Reprinted with permission from Gernot H. Gessinger, Powder Metallurgy Superalloys, 
1984, p. 133, Table 5.1] 
 

 
 
Figure 3-1. Layer build during deposition process  

[Reprinted with permission from N.I.S. Hussein, “Microstructure formation in Waspaloy 
multilayer builds following direct metal deposition with laser and wire”, 2008, p. 263, 
Figure 3] 
 

 
 
Figure 3-2. LENS and PPD samples 
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Figure 3-3. Heat-up Rate Diagram 

 
Table 3-2. Initial heat treatment matrix 
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Figure 3-4. Schematic of ratcheting heat treatment showing the sample temperature 

versus time 
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A)                               

 
B) 

 
C) 

 
  
Figure 3-5. SEM photomicrographs of deposited (PW1074) samples etched with 

various etchants.    

A) AG21 B) PW #17 and C) Kalling’s Reagent 
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Figure 3-6. Powder XRD Schematic  

[Reprinted with permission from “Identification of Compounds and Phases Using X-Ray 
Powder Diffraction”, ASM Handbooks, ASM, 2003, Figure 8] 
 
 

 
 
Figure 3-7. Schematic of calculation for grain size analysis 



 

CHAPTER 4 
RESULTS - THERMAL TREATMENTS 

 This section represents the beginning of the study from the development of the 

first heat treatment to the evaluation of the factors in the refurbishment process and 

finally the evaluation of the results from performing only thermal treatments on both the 

PPD and LENS samples. 

Development of Heat Treatments 

 The first heat treatment matrix was development with an eye toward industrial 

feasibility and evaluation of different times and temperatures. The matrix was defined by 

the heat treatment window or the difference between the γ’ solvus and incipient melting 

temperatures [31, 32]. The incipient melting temperature is defined as the temperature 

where the retained eutectic that is in the interdendritic region melts [33]. This melting 

causes a decrease in properties and changes the microstructure including the formation 

of porosity n additional eutectic regions. For IN-100, as with most alloys, the heat 

treatment window varies with the processing route and the condition of the material. A 

sample of the same alloy prepared by ingot metallurgy (I/M) and powder metallurgy 

(P/M) routes will have different heat treatment windows due to differences in 

composition and processing [34]. Composition changes also impacts this heat treatment 

window (Figure 4-1), and it can be seen that unmodified IN-100 has a tight window. The 

same is true of an alloy that is cast (large grains and segregated structure) compared 

with wrought (small grains and more homogenous structure). Since the original PPD 

material is a combination of as-cast solidified and wrought structures and its 

composition varies from traditional IN-100, literature values for the γ’ solvus and 
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incipient melting temperatures were used as guidelines. Table 4-1 shows heat treatment 

window values from various sources in the literature.  

The heat treatment methodology was first conceived along the lines of a standard 

nickel-base superalloys heat treatment with separate solution and aging steps to get the 

optimal microstructure as seen in Table 4-2 [35]. The proposed heat treatment (HT) was 

to be just the solution heat treatment with aging to follow. Standard IN-100 heat 

treatments from the literature were considered at but ultimately not included due to the 

difference in starting conditions and the PPD and LENS materials. 

 The baseline heat treatment for IN-100 is 1121°C (2050°F) as indicated in the 

specifications for the powder version of IN-100 used in the deposition process. This and 

other temperatures were considered based on the starting condition of the P/M product. 

Figure 4-2 shows the grain size of samples of P/M IN-100 based on the type of powder 

used: argon atomized (AA), rotating electrode process (REP), and dissolved hydrogen 

process (DHP) and cast and wrought (C&W) for comparison. This shows that for the 

argon atomized IN-100 used in this study, heat treatments can be performed at higher 

temperatures than traditional methods due to increased homogeneity and the prior 

particle boundary TiC particles pinning the grain boundaries [36]. Temperatures were 

chosen right up to the incipient melting temperature, which was considered the upper 

limit of the heat treatment window. 

 The standard nickel based superalloy heat treatment schedule calls for long 

soaks at temperature for full solutioning; however for this study with the object of 

producing industrially feasible refurbishment procedure, such long HT times are not 

appropriate. From an industrial standpoint the longer the HT and the higher the 
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temperature the more expensive the treatment becomes. More importantly for the 

current study, these treatments must be done in-situ due to the nature of IBRs. It’s 

impossible to separate the sections of the airfoil, repaired and original, from each other. 

The original section can be insulated to prevent it from experiencing the same 

temperatures as the repaired section but it will still experience a thermal cycle. 

Therefore shorted treatments of 1hour were considered the standard for the initial 

matrices with the addition of shorter (30 minutes) and longer (2 hours) cycles to be 

evaluated as well. The resultant heat treatment matrix can be seen in Table 4-3. 

1st PPD Heat Treatment Matrix 

 The first matrix was designed to explore different times (30 min., 1 hr. and 2 

hours) as well as different temperatures 1093°C to 1232°C (2000°F to 2250°F). All 

samples were air cooled after being removed from the furnace. The first round of 

treatments were performed according to protocols laid out in the experimental 

procedures section; however did not yield any conclusive result other than the need for 

a fast heat-up rate to effect any meaningful recrystallization. The micrographs from this 

first matrix showed very little improvement from the as-deposited dendritic 

microstructure. This indicated that the samples must see rapid heat-up in order to make 

the most of the inherent cyclic thermal strain. Having the samples heat up with the 

furnace as it heated up did little for refinement as it relieved the residual stresses 

without any real refinement or RXN [37, 38]. 

 These samples provided very little recrystallization data, they did allow for the 

development of etching and microscopy techniques. Initially several etchants were used 

to show the desired features until settling on the electrolytic etching procedure for the 

PPD material. Additionally, images of the samples were taken on both scanning 
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electron microscopes and optical microscopes in order to ascertain which would deliver 

the best grain contrast. Ultimately the optical microscope provided the best grain 

contrast that allowed for the evaluation of the efficacy of the heat treatment procedures. 

 As a result of this preliminary matrix, it was decided to repeat the procedure with 

some changes including speeding up the heat-up rate. 

2nd Heat Treatment Matrix 

 Apart from the change in heating rate, the second matrix added ratcheting heat 

treatments (thermal cycling) in order to increase the amount of strain energy available 

for recrystallization, aiming to produce a finer grain size [39]. The ratcheting treatments 

consisted of two shorter thermal cycles with rapid heating and cooling rates. In this 

case, the samples were quenched in water. For this iteration, ratcheting treatments 

were added to the highest and lowest temperatures as seen in Table 4-4. 

As-Deposited 

 The as-deposited sample seen in Figure 4-3 featured a coarse dendritic 

structure. The structure appeared to be heavily segregated as well. This dendritic 

structure is the result of the deposition process, where the powder is heated and 

deposited on the base metal that represents the airfoil. Here the dendrites grow along 

the [001] direction, which can be seen running roughly vertical in the micrographs. 

The properties of samples with the as-deposited microstructure would be inferred 

those of the fine-grained, homogenized base metal of the blade before replacement, 

thus additional steps would be needed to develop a microstructure more similar to the 

Gatorized microstructure.  
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Sub-solvus 

  The first heat treatment at 1093C was the lowest to be tested and is 28 degrees 

Celsius below the baseline IN-100 heat treatment and the results can be seen in Figure 

4-4. For the non- ratcheted sample (Sample P1) the structure remained mostly 

dendritic; however the beginning of refinement can be seen. As for the ratcheted 

sample (Sample P1-R), it had the same coarse dendritic structure as Sample P1 but 

due to the extra thermal strain it appeared to exhibit a limited amount of refinement. 

Refinement in these cases can be seen by the appearance of large grains in the 

micrograph that were not seen in the as-deposited sample.  

 As the standard heat treatment for IN-100, it was expected that the 1121C 

treatment would be more effective at refining the microstructure; however the increase 

in temperature was only slightly more effective then the previous treatment (Figure 4-5). 

The microstructure in Sample P2 remained dendritic if seemingly finer than previous 

samples. In addition, some “new” grains appear at this temperature but they are 

relatively large in size. 

 The effect of time is also investigated at this temperature, with treatments of 30 

and 120 minutes in addition to the standard 60 minute sample. The microstructure 

observed the 30 minute heat treatment (Sample P2-30) exhibited less refinement than 

was observed after the 60 minute treatment and the 120 minute (Sample P2-120) 

exhibited the greatest amount of refinement. However, even with longer times the heat 

treatments at this temperature did not achieve the desired results, indicating that this 

temperature is still below the recrystallization temperature for the deposit.  
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 Sample P3 (Figure 4-6) showed much the same structure of the previous 

samples with a mostly dendritic microstructure; however in this sample the degree of 

segregation appear to be reduced compared to previous samples. 

Super-Solvus 

 By heat treating the post-weld structure at temperature at or above the γ’ solvus, 

there was RXN over a large scale showing that temperature were approaching the 

recrystallization temperature for the level of residual strain and heat treatment lengths of 

1 hour. 

This sample (Sample P4) heat treated at 1177C is the first in this matrix to show 

apparent homogenization of the structure. The homogenization was not complete but 

can be seen in Figure 4-7B. Also apparent is that the majority of the microstructure 

consisted of large columnar grains, with a few dendritic regions, which can be seen at a 

magnification of 50x in 4-7A. 

 Sample P5, heat treated at 1204C, showed further homogenization of the 

previously segregated structure, as would be expected from kinetics. The nature of the 

grains was still mostly columnar but appear to be less elongated. 

 The highest temperature tested was 1232C and was just below the incipient 

melting temperature, where retained eutectic could have an adverse effect on the 

properties [c40]. Despite this narrow window, these samples and especially Sample P6 

had the best microstructure of the entire matrix with seemingly complete 

homogenization and mostly equiaxed grains (Figures 4-9 and 4-10). Even the 30 minute 

treatment (Sample P6-30) at this temperature resulted in microstructural refinement and 

mostly equiaxed structure; however it is less refined then the 60 minute treatment.  
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 On the other hand, Sample P6-R, which experienced a ratcheting treatment at 

1232C, experienced severe cracking. The sample showed large intergranular cracks 

beginning at the edges of the sample and extending inward. Though it had a 

homogenized and equiaxed structure the cracks are clearly a problem and seem to 

result from thermal shock due to the quenching of the specimen during the high 

temperature ratchet. Piearcey and Terkelsen also reported a similar result where high 

strength alloys such as IN-100 will experience grain boundary cracking where lower 

strength alloys will favor grain deformations in response to stresses [41]. 

Summary 

 In general, as the temperature of the heat treatment increased so did the amount 

of homogenization and refinement, to the point, above the solvus temperature, of 

recrystallizing the microstructure to produce mostly equiaxed grains. Also as the 

temperature increased, homogenization of the previously segregated deposited 

structure was observed. Heat treatment time was also observed to have an effect on the 

samples tested at different time intervals. The longer the heat treatment the more time 

diffusion had to reduce the segregation and to allow for recrystallization in the test 

coupons.  

3rd Heat Treatment Matrix 

 With the lesson learned from the previous matrices, the 3rd heat treatment matrix 

(Table 4-5) was developed to investigate several factors seen in the last matrix 

including: heat treatment time, temperature of the ratchet, cooling rate during the ratchet 

and solution heat treatment temperature. All the treatments use a solution heat 

treatment of 1232C, as it showed the most promising results, and though time was 
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investigated in the last matrix more data was needed to fully understand the effect of 

time of the heat treatments. Additionally, the ratcheting treatment from the previous 

trials used water-cooling; however as this may be impractical for industrialization of this 

process and provided perhaps too high of a cooling rate, other methods were examined. 

Finally, the results from 1232C /1 hour heat treatment were verified by replicating the 

sample.  

Verification 

Using the same procedure as the previous Sample P6, a new sample was 

prepared to verify the favorable results from the previous matrix. The microstructure 

observed in the sample was again refined and with a mostly equiaxed grain structure as 

was seen in the specimen (Figure 4-11). This result confirmed that this temperature was 

indeed above the RXN temperature for the level of residual stress and time.  

Directed Air Cooling 

 In testing the effect of cooling rate on the RXN of the deposited samples, two 

ratcheting treatment temperatures were used. Although the temperatures were below 

1232C, both low (1093C) and high (1177C) temperatures were examined from the 

previous matrix. Samples were tested using the same ratchet treatment as sample P1-R 

except a fan was used to cool the samples between thermal cycles; hereafter 

designated directed air cooling (DAC). The intent was to investigate the effect of a lower 

cooling rate than water quenching but faster than the previously used still air cooling. 

After the ratcheting cycle, the sample underwent solution heat treatments at 1232C for 

both 30 and 60 minutes. 
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 Sample P1R/6-30, which was given a 30 minute heat treatment, exhibited large 

columnar grains throughout the sample (Figure 4-12), but did not appear to be fully 

solutioned. The sample given the 60 minute heat treatment (Sample P1R/6) exhibited 

the same columnar grains structure; however with smaller grains and even some 

equiaxed grains (Figure 4-13). The presence of columnar grains in both samples 

indicated that perhaps by using a low temperature ratchet and slower cooling rate, the 

stored energy (residual stress) available for RXN was either insufficient or was being 

used in the recovery process prior to the main heat treatment.  

 Using the same procedure as the low temperature ratchet (1093C), the 

temperature was increased to 1177C to put more thermal strain in the material before 

the solution heat treatment. It should be noted that the maximum ratchet temperature 

was close to the γ’ solvus which was empirically determined in this study to be around 

1177C. 

 Heat treatment time was again varied so that the difference between 30 and 60 

minutes could be investigated. In Sample P4R/6-30 (Figure 4-14) the grains seen were 

smaller than in the samples with the low temperature ratchet, but were somewhat 

elongated. While the higher ratcheting temperature appeared to result in a greater 

degree of homogenization, the grains were closer to equiaxed with an aspect ratio 

seeming to approach 1. The 60 minute treatment, as seen in Figure 4-15, resulted in 

more refined, homogenous structure than the 30 minute one, with finer grains, more 

equiaxed grains and a more refined, solutioned structure. 

 

69 



 

Water Cooling 

 Only the low temperature ratchet condition was evaluated with water cooling 

because it was determined that it would not be feasible to use water cooling in industry. 

When samples that used the same ratcheting treatment were compared, the water 

cooled samples showed more refined structures than the air cooled. As seen in the air 

cooled samples, the 60 minute treatment, Figure 4-16 showed more equiaxed grains 

and more structural refinement than the shorter treatments (Figure 4-17). However, the 

samples exhibited more columnar grains, rather than the desired equiaxed grains that 

would match the original airfoil.  

Summary 

 Results from the 3rd matrix followed the same trends observed in the previous 

matrices. Lower temperatures in the ratcheting treatment lead to microstructures that 

were not fully solutioned, though faster cooling rates mollified this effect. The higher 

temperature ratchet proved to aid RXN more than the lower temperature ratchet, and 

also moving to a more moderate temperature in the ratcheting treatment (1204C to 

1177C) and lowering the cooling rate eliminated the cracking issues seen at the higher 

temperature. The promising results of the 1204C/1hour solution heat treatment from 

Sample 6 were also verified in this matrix. 

LENS Heat Treatments 

 After initial evaluation of the PPD process as a method of repair, the LENS 

process was also put forth as an alternate deposition technique. There was less LENS 

material available, so samples were prepared in order to verify the trends seen in the 

PPD samples, without replicating the entirety of the PPD sample matrices. 
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 The samples tested were a mix of ratchet and non-ratchet samples that 

replicated samples from earlier matrices along with new test treatments as seen in 

Table 4-6.  

Non-Ratchet Treatments 

 The LENS samples that were processed with standard heat treatments exhibited 

microstructures that appeared similar to the microstructures in the PPD samples; 

however the LENS material showed somewhat finer, more homogenous grain 

structures overall. In addition, the LENS material appeared to have a cleaner 

microstructure, owing to the method of deposition. 

 The as-deposited LENS sample exhibited the typical dendritic microstructure 

observed in the PPD material; however the layer bands were closer together and the 

dendrites were aligned mostly in the deposition direction in the LENS samples, whereas 

the PPD samples had shown significant re-melting at the layer bands and the dendrites 

more randomly oriented (Figure 4-18). Sample O1, which was processed at 1093°C 

exhibited a mostly dendritic structure; however with areas of large grains and some 

smaller grains. These grains are not really recrystallized grains but dendritic areas that 

have begun to reorganize. Sample O3 was very similar to O1 in that the structure was 

dendritic with scattered large grain areas. Additionally the dendrites did not follow the 

deposition direction but some areas shifted orientation. These sample micrographs can 

be seen in Figure 4-19. 

 Samples O5 and O6 replicated the most successful samples from the original 

matrices, the highest temperatures tested. The LENS samples again were similar to the 

PPD samples in that both showed a recrystallized grain structure that also appeared to 

be refined (Figure 4-20). Similar to the previous results for the PPD samples, the higher 
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temperature (O6) heat treatment resulted in a final grain size than the lower 

temperature heat treatment (O5). These results supported the previous findings that 

samples must be heat treated above their γ’ solvus temperature for any significant RXN.  

Ratcheted Treatments 

Ratcheting treatments were also evaluated even though previous results indicated 

that the ratcheting heat treatments were of limited success. Different times, ratcheting 

temperatures and post treatment temperatures were used in the LENS samples.  

O1R/6-30 samples was given a lower temperature ratchet with water cooling combined 

with a short, high temperature post-treatment. This sample showed large and medium 

sized grains with a dendritic character. The dendrites in this sample were not fully 

homogenized with the chemical segregation remaining and showing up faintly in the 

micrograph. This indicated that the heat treatment was too short and did not allow for 

sufficient diffusion to occur. Samples O4R/5-30 and O4R/6 both used a higher 

temperature ratchet with varied cooling rates (jet cool and air cool respectively) and 

different lengths of the post treatment (30 minutes and 1 hour). These samples were 

similar in appearance with heterogeneous microstructures, a wide range of grain sizes 

and most importantly, faint layer bands. The micrographs of the ratcheted samples can 

be seen in Figure 4-21. The layer bands, which were the result of the deposition 

process and the segregation from dendritic solidification, represented the different 

passes made during the deposition process. These layer bands indicate that through 

insufficient time, temperature or both that the sample is not fully homogenized.  

Summary 

Overall the LENS samples replicated the behavior of their PPD counterparts with 

samples heat treated at temperatures under the solvus, showing little or no RXN, while 
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samples heat treated above the solvus showed significant RXN. The ratchet samples all 

exhibited some recrystallization; however none of these samples were fully 

homogenized. The LENS samples exhibited microstructures that were more refined and 

more homogenous than the PPD samples. 

Summary of Factors 

 During this phase of the investigation, many factors were examined that 

contributed to the potential recrystallization of the test samples: time, temperature, 

ratcheting treatments and cooling rates.  

Each of these factors was determined to have different effects on the resulting 

microstructure. Time did not play an important part because it was held to a relatively 

small window of 30 min, 1 hr. and 2 hrs. Under the constraints, the 1 hour treatment 

was shown to produce the optimal microstructure when coupled with the correct 

temperature.  

 Temperature proved to be the most important factor; in addition the optimal 

recrystallization temperature also became relatively fixed and was tied to the gamma 

prime solvus. It was shown that below the solvus temperature little to no refinement 

occurred, while there was significant refinement above this temperature.  

 The importance of the ratcheting temperature and the cooling rate was also 

shown. Using too low a temperature regardless of the cooling rate was not successful in 

producing a recrystallized microstructure, while too high a temperature resulted in 

severe cracking in the structure. Moderate temperatures were more effective but 

seemingly not sufficient to produce the desired microstructure. 
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Re-evaluating Methodology 

 At this point, in the project, It was determined that thermal processing alone was 

not sufficient to recrystallize the deposit to produce the desired microstructure. There 

was not enough residual stress in the material to leverage for recrystallization; so 

additional residual stress had to be added. A feasibility study was then started using a 

hardness tester to add micro deformation to a small area which was heat treated and 

examined. The feasibility study was expanded to a larger scale by using a rolling mill to 

add a uniform and controllable amount of deformation to the test coupons. Though 

rolling is not the method that would be used in industrial processing, the idea of the 

investigation was to determine if it was possible to reach the optimal microstructure. 

Additionally thermal pre-treatments were added to the test coupons to increase the 

effectiveness of the rolling process. Both of these pre-deformation heat treatments were 

used to modify the gamma prime size to reduce the strength of the alloy and allow for 

increased deformation. The partial solution process puts a portion of  into solution, 

which increases the ductility and decreases the strength of the material, while the super 

overage treatment coarsens the  precipitate to also reduce the strength of the sample. 



 

Table 4-1. IN-100 Heat Treatment window values 
 
 Solvus 

Temp. 
(°C) 

Incipient Melting 
Temp. 
(°C) 

Window 
(°C) 

Source 

IN-100 (I/M) 1235 1241 6 * 
IN-100 (P/M) 1177 N/A N/A ** 
IN-100 (P/M) 1169-1171 N/A N/A *** 
 
Note: Reprinted with permission from 
*  D.L. Sponseller: Superalloys 2008 Conference Proceedings, 2008, p. 259. 
**  M.M Allen, R.E. Anderson and J.A. Miller: “Process for fabricating integrally 
 bladed bimetallic rotors”, US Patent 4,479,293, 1984. 
*** Kai Song: "Grain growth phenomena in P/M Ni-base superalloys", 2005 
 
Table 4-2. Examples of standard nickel based superalloy solution heat treatments  
 

 
 
[Reprinted with permission from G.L. Erickson: “A New, Third Generation, Single 
Crystal, Casting Superalloy.” Journal of Materials, TMS, Warrendale, PA, 47, April 1995, 
p.36] 
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Figure 4-1. Effect of composition on the γ’-solvus temperatures and incipient melting 
 temperatures for several well known superalloys  

[Reprinted with permission from D.L. Sponseller: Superalloys 2008 Conference 
Proceedings, 2008, p. 259] 
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Figure 4-2. Grain growth of IN-100 (P/M) as a function of annealing temperature for 

 powders produced by different methods and cast and wrought process  

[Reprinted with permission from J.M. Larson: In Modern Developments in Powder 
Metallurgy, 1974, p. 537] 
 
Table 4-3. 1st Heat Treatment Matrix 
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Table 4-4. 2nd HT Matrix 
 

 
 
 

 
 
Figure 4-3. As-Deposited PPD Sample at 50x (1st Matrix) 
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A)  

B)  
 
Figure 4-4. Samples P1 and P1-R at 50x 

  A) P1 and B) P1-R  
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A)  

B)  

C)  
 
Figure 4-5. Samples P2-30, P2 and P2-120 at 50x 

  A) P2-30, B) P2, C) and P2-120 
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Figure 4-6. Sample P3 at 50x 

 
A)      B) 

 
 
Figure 4-7. Sample P4  

  A) 50x and B) 100x 
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Figure 4-8. Sample P5 at 100x 

 

 
 
Figure 4-9. Sample P6 at 250x 
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A)      B) 

 
 
Figure 4-10. Sample P6-30 and P6-R both at 50x 

  A) P6-30 and B) P6-R 
 
Table 4-5. 3rd Heat Treatment Matrix 
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A)      B) 

 
 
Figure 4-11. Verification micrographs of Sample P6 from the 2nd HT Matrix  

50x (A) and 100x (B) 
 

A)      B) 

 
 
Figure 4-12. Micrographs of P1R/6-30 DAC  

50x (A) and 100x (B) 
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A)      B) 

 
Figure 4-13. Micrographs of P1R/6 DAC 

50x (A) and 100x (B) 
 
A)      B) 

 
Figure 4-14. Micrographs of P4R/6-30 DAC 

 50x (A) and 100x (B) 
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A)      B) 

 
Figure 4-15. Micrographs of P4R/6 DAC 

50x (A) and 100x (B) 
 

A)      B) 

 
Figure 4-16. Micrographs of P1R/6-30 WC 

50x (A) and 100x (B) 
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A)      B) 

 
 
Figure 4-17. Micrographs of P1R/6 WC 

50x (A) and 100x (B) 
 
Table 4-6. LENS verification sample matrix 
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Figure 4-18. Dendrite reorientation at layer bands in powder plasma deposit sample 
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A)  

B)  

C)  
 
Figure 4-19. Micrographs of non-ratchet samples with no RXN at 50x 

  A) As-deposited B) O1 C) O3 
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A)  

B)  
 
Figure 4-20. Micrographs of non-ratchet samples that exhibited RXN 

  A) O5 B) O6 
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A)  

B)  

C)  
 
Figure 4-21. Micrographs of ratcheted samples 

  A) O1R/6-30 B) O4R/5-30 C) O4R/6 
 



 

CHAPTER 5 
RESULTS – FEASIBILITY STUDY 

Adding Deformation 

 Until this point the goal was to induce recrystallization in the simulated airfoils 

without adding mechanical deformation; however as seen through the results of the first 

phase of the study. Simple thermal processing, even with the added step of ratcheting 

treatments were not sufficient to refine the grain sizes of the deposit. Therefore 

mechanical deformation of the PPD samples was added in the next phase. The PPD 

samples were used because of a dearth of LENS material at this point in the study. 

Initially, though, a proof of concept test was performed before completing a full test 

matrix. 

Proof of Concept Testing 

 In order to test the addition of deformation on a small scale, a Rockwell hardness 

tester was used to make 3 indents with varying loads, similar to the indents in Figure 5-

1 [42]. This testing was performed on a LENS sample, as it was a small test piece that 

had already been ground flat. The procedure imparted a large amount of local 

deformation in several spots, then the sample was heat treated at 1232°C and the oxide 

removed by gentle polishing. The samples were examined by LOM and SEM and the 

results can be seen in Figure 5-2 and 5-3 respectively. 

 The result of this testing shows that while the sample itself underwent RXN but 

the areas around the indents showed a much smaller grain structure than seen in the 

other areas (Figure 5-4).  
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X-Ray Diffraction Verification 

Justification for Testing 

X-ray diffraction experiments were performed to obtain a qualitative comparison of 

the amount of residual stress by examining the width of the peaks that appear in the 

graph [43]. For γ’ the characteristic peaks appear at around 50° for the (001) plane [44]. 

These experiments were intended to determine the texture that appears after a sample 

has undergone mechanical deformation and subsequent RXN. It has been shown in 

polycrystalline iron that samples where grains have the same orientation pre-

deformation tend to form a [111] texture upon recrystallization despite being initially 

oriented in a different direction [45]. Therefore XRD can be used to determine if RXN 

has occurred. 

Samples in several conditions were examined to determine the effect of heat 

treatments on residual stress in the material and degree of recrystallization. These 

conditions include the untreated base metal, as-deposited PPD material, machined PPD 

material and annealed PPD material. These conditions were chosen because each 

represented different expected levels of residual stress and the results can be seen in 

Figure 5-5. 

X-ray Diffraction Results 

PW 1074 base metal under powder diffraction, showed strong, narrow peaks at 

(111), (200) and (220). This is common for materials with small equiaxed grains. 

Whereas the as-deposited PPD material displayed strong peaks at (200) and (220) but 

not (111). This result was expected because of (100) growth direction common for 

nickel-based superalloy materials. These results indicated a lack of RXN, which would 
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be expected in the as-deposited condition. The peak width of this sample was 

consistent with the other specimens with little to no residual stress.  

The machined PPD material was machined in order produce flat surface for rolling. 

Machining produced surface deformation, which added stress to the material, as shown 

in the broadness of all the peaks. The peaks for this sample are all lower intensity and 

broader than both the as-deposited and annealed materials. This sample showed a 

weak (111) peak, which signified a small amount of recrystallization.  

The unstressed sample was subjected to a stress-relief anneal. When tested in the 

under x-ray diffraction, it showed a strong (111) peak and a weaker (200) peak, which 

showed that during the anneal some RXN occurred to lead to mostly [111] texture with 

little of the initial [001] texture being left. This (200) peak is most narrow of the tested 

PPD materials, confirming the decrease in residual stress when compared to the rest of 

the samples tested (Figure 5-6). 

 Overall the x-ray diffraction experiment seemed to confirm the result seen during 

the proof of concept testing, that even a small amount of deformation caused RXN in 

the deposited material after the heat treatment. 

Use of Rolling as Deformation Method 

 Based on the above results, additional testing was performed to evaluate thermo-

mechanical testing. The method of deformation used was rolling due to the ease of 

adding uniform and controllable deformation and the availability of the facilities. Also 

added to the testing matrix were sample pre-treatments, which were designed to allow 

the sample to be more easily deformed. Two pre-deformation heat treatments were 

employed: partial solution (PS) and super overage (SO). The partial solution treatment 

was performed for 1 hour at 1121C with air cooling in order to partially solution the γ’ to 
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decrease the strength of the alloy [46]. The super overage pre-treatment was designed 

to increase the size of the γ’ precipitates to increase the mismatch between γ and γ’, 

and lose the strength that derives from coherent precipitates as seen in Figure 5-7 [47, 

48, 49]. These samples from these conditions along with the as-deposited condition 

were rolled according to the procedure laid out in the Experimental procedures chapter 

and then analyzed using metallography and other characterization techniques. 

Rolling Feasibility Study – High Deformation 

 The investigation of the effect of increased deformation on the recrystallization of 

the samples began with testing of samples with a greater amount of deformation. Using 

a rolling mill, 7.5-8.5% deformation (Table 5-2) was imparted to the PPD samples in 

pre-treated and as-deposited conditions. These samples then underwent recrystallizing 

heat treatments at the same temperatures as the previous matrices, except the highest 

temperature (1232C) due to the industrial concerns mentioned before. The test matrix 

can be seen in Table 5-3. The as-rolled condition indicates that no heat treatment was 

given to these samples after rolling. This condition was added to look for dynamic RXN, 

and then determine the extent of RXN during subsequent heat treatments. The as-

deposited condition was rolled then given the same heat treatments as the pre-treated 

samples to examine the effect of the pre-treatments on rolling and recrystallization heat 

treatments. 

As-Rolled Samples 

 The as-rolled samples had no post treatment and functioned as a control to verify 

the effect of post deformation heat treatments. In addition, samples of the fine-grained 

IN-100 that represented the original airfoil or the substrate for the deposition process 

were included. These samples were intended to show the effect of the heat treatments 
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on the microstructure of the airfoil adjacent to the deposit after similar thermal cycles 

during the post deposition heat treatment. The base metal for the as-rolled sample 

showed very fine equiaxed grains as would be expected from Gatorized powder 

metallurgy stock. The rest of the samples tested (as-deposited, partial solution and 

super overage) all showed similar microstructures, coarse dendritic structures as seen 

in the other deposited unrecrystallized samples in this study (Figure 5-8). As expected, 

the samples that were pre-treated showed a few large grains, but not the desired 

recrystallized structure. The heat treatments are divided into categories of sub-solvus 

and super-solvus below for clarity. 

Sub-Solvus Heat Treatments 

The samples heat treated at 1121C showed little difference over the as-rolled 

condition, that is no large scale RXN, but generally more refinement and some large 

grains. The as-rolled base metal in sample PM-1-2 showed enlarged but still equiaxed 

grains. This seems to indicate no RXN had occurred but the sample exhibited instead 

grain growth. Compared to the as-rolled condition, sample PM-2-2 or the as-deposited 

condition exhibited a more refined dendritic structure with some moderate size grains. 

The partially solutioned sample showed a finer dendritic structure with apparent lines 

that formed between weld layers. Also evident were some large grains, but again not a 

significant amount of RXN. The heat treatment on the SO sample left this structure with 

retained dendrites and many large grains. The microstructures can be seen in Figure 5-

9. 

The samples that were underwent heat treatments at 1149C, exhibited similar but 

more refined structures than the 1121C samples; however only a limited amount of 
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RXN was observed. The microstructures can be seen in Figure 5-10. The as-rolled 

sample, PM-1-3, maintained its equiaxed structure but showed larger grains than 

sample PM-1-2. The as-deposited sample retained dendrites and exhibited some 

columnar grains. The PS sample showed more refined dendritic structure than after the 

1121C treatment, while for the SO, the post-treatment left this sample with most large 

grains with a few areas of retained dendrites similar to PM-4-2. 

Overall these samples, like those in previous test matrices without added 

deformation, did not show any RXN and very little refinement when heat treated at 

samples below the γ‘ solvus. 

Super Solvus Heat Treatments 

 As with previous test matrices, the samples heat treated at around and above the 

γ‘ solvus temperature, began to exhibit RXN, indicating that the recrystallization 

temperature was reached. The amount of RXN typically increased with increasing 

temperature. 

 The samples heat treated at 1177C showed significant refinement over the sub-

solvus treatments as seen in Figure 5-11. The base metal sample showed increasingly 

large grains compared to previous samples PM-1-2 and PM-1-3, further indicating that 

there is no RXN of the already fine grains but instead grain growth. The as-deposited 

sample exhibited a refined grain structure with elongated grains, whereas the PS and 

SO samples showed refined grain structures with a mixed character of large and small 

grains and a mostly equiaxed structure. 

 Continuing the trend seen thus far, the samples heat treated at 1204C exhibited 

more refinement than the lower temperatures. It should be noted that the base metal 
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sample given the 1204C heat treatment had a much larger grain size than the same 

samples treated at the lower temperature. Significant grain growth had taken place, 

which may limit the use of these high heat treatment temperatures in practice. The 

sample with no pre-treatment showed a homogenized microstructure however the 

grains still had an elongated nature. The samples that were given pre-treatment 

exhibited a more refined microstructure. The post-treatment was very effective at 

refining the structure and producing an equiaxed grain structure in the partial solutioned 

sample, while the super overage seemed to show the most promising results with a 

homogenized structure and finer equiaxed grains than seen in previous samples. The 

microstructures can be seen in Figure 5-12. 

Summary 

 The most important result from this testing matrix is that the added deformation 

did increase the amount of recrystallization in the sample. As seen from previous 

results, the lower temperature post-treatments did little to promote RXN, only when near 

the solvus temperature (>1177C) did significant refinement and RXN occur.  Also the 

super overage pre-treatment seemed more effective overall than the partial solution, 

yielding more refined, homogeneous microstructures; however both pre-treatments 

proved effective. 

Rolling Feasibility Study – Low Deformation 

 After establishing with the high deformation testing that the material can be 

successfully recrystallized to near optimal grain size, it became necessary to try a lower 

deformation condition to determine the threshold for the desired microstructure (Table 

5-4). Samples with the same pre-treatments were rolled to lower deformation rates of 
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about 4.5 -7% (Table 5-5), then subjected to the same post-rolling heat treatments and 

analyzed. With the high deformation condition confirming that sub-solvus temperatures 

were not sufficient to induce RXN, these temperatures were dropped from the testing; 

however the ratcheting treatments were included to gauge their effectiveness at 

augmenting the deformation added mechanically.  

As-Rolled Samples 

The as-rolled samples for the low deformation rolling trial appeared very similar in 

structure to the high deformation condition as seen in Figure 5-13. The as-rolled sample 

displayed small equiaxed grains expected of powder metallurgy product, while the as-

deposited condition featured a dendritic structure. The partial solution and super 

overage pre-treatment samples exhibited a dendritic structure with some large grains 

evident, similar to the previous matrix. 

Super Solvus Heat Treatments 

The samples heat treated at 1177C (Figure 5-14), appeared similar to the high 

deformation matrix with one major difference, the character of the grains. Where the 

high deformation condition exhibited mostly equiaxed grain, the low deformation 

condition features mostly elongated grains. This is true of all pre-treatment conditions. 

The super overaged sample showed the most equiaxed character while the as-

deposited showed the least. The as-rolled sample continued the trend of displaying that 

exposure to the post deposit heat treatments would cause grain growth in the original 

airfoil segments. 

Similar to previous test matrices, the high temperature heat treatments at 1204C 

exhibited better microstructures than the lower temperature heat treatment. This 
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temperature brought a more desirable ratio of equiaxed to elongated grains in the 

deposited samples with and without pre-treatments. As seen before the as-rolled 

samples showed more grain growth when compared with the lower temperature heat 

treatment. The microstructures can be seen in Figure 5-15. 

Super Solvus and Ratcheting Treatments 

The samples heat treated at 1177C with a ratchet at 1177C showed results 

similar to the non-ratchet treatment (Figure 5-16). The as-rolled samples exhibited 

larger grains than the non-ratchet sample along with a preponderance of twinning. The 

as-deposited and partial solution samples displayed a mixed equiaxed and elongated 

grain character. Unlike previous sample groups, the super overage samples seemed to 

show a more elongated grains structure than the other samples, but still retained a 

mixed grain character. 

 The ratcheted samples, which were heat treated at the higher temperature, 

1204C, once again displayed the best microstructures as seen in Figure 5-17. The as-

rolled test sample appeared similar to the non-ratcheted sample but the ratchet treated 

sample had larger grains and more twinning. This comparison held true for both the 

high and low temperature conditions. 

 The effect of the higher temperature on the as-deposited and partial solution was 

the same as seen in lower temperature except the ratchet samples appeared to have a 

larger percentage of equiaxed to elongated grains; however the super overage sample 

seemed to have smaller grains than the super overaged samples that did not have the 

ratcheting treatment. 
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Summary 

As with previous heat treatments at the higher temperatures yielded better results 

than lower temperatures and with all the deposited samples, the grain size and 

proportion of equiaxed grain to elongated grains was increased with the ratcheting 

treatments. In this matrix, the super overage pre-treatment also yielded the best 

microstructure with greater amounts of refinement and homogenization. Also important 

is the effect seen in the base metal samples, no recrystallization occurred, even with 

ratcheting, only grain growth was observed. 

Materials Change and Optimization 

 After the feasibility study using PPD material was performed the primary method 

of deposition changed from PPD to LENS. The LENS material from initial testing 

seemed superior to the PPD deposits because there were smaller layers and less re-

melting between layers. The LENS material also seemed cleaner with fewer inclusions 

in the microstructure and better deposited with seemingly less porosity. Though this 

change did not seriously affect the study it did require some verification that the results 

and trends from the addition of mechanical deformation would be the same for the 

LENS material. 

The result of the feasibility study was that it was shown that it was possible to 

recrystallize and refine the microstructure of the PPD deposited samples. This 

essentially answered the first question, could this be done. With that out of the way it, 

the essence of the study became the optimization of the process. The questions that 

needed answering were 
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 Does the LENS material behave the same as the PPD material? 
 What method will allow for in-situ deformation? 
 How much deformation can be added? 
 Are the pre-treatments necessary? 
 With the increase in deformation will shorter treatments work? 
The experiments in the last phase of the study were designed to answer these 

questions; however there was no doubt that thermo-mechanical processing was the 

method required to achieve the objectives of the project. 



 

 
 
Figure 5-1. Example of Vickers hardness indents  

[Reprinted with permission from “Vickers Hardness Testing”, ASM Handbooks, 2003, 
Figure 21] 
 
A)      B) 

 
 
Figure 5-2. LOM Micrographs of RXN hardness indents in LENS material at 

A) 100x and B) 200x 
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A)      B) 

 
 
Figure 5-3. SEM Micrographs of RXN hardness indents in LENS material at 650x 

 

 
 
Figure 5-4. Micrograph showing the bulk of the LENS hardness samples at 50x 
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Figure 5-5. Full x-ray diffraction pattern 

 

 
 
Figure 5-6. Close-up of XRD Pattern  
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Table 5-1. Pre-treatments for rolling trials 
 
 Temperature 

(°C) 
Time 
(Hours) 

Cooling 
Method 

Secondary  
Cooling 

Partial 
Solution 

1121 1 Air Cool N/A 

Super 
Overage 

1038 1 Furnace 
Cool to 
538°C 

Air cool to  
Room 
Temperature

 

 
 
Figure 5-7. Decrease in strength due to overaging  

[Reprinted with permission from Robert E. Reed-Hill and Reza Abbaschian, Physical 
Metallurgy Principles, 1994, p.524, Figure 16-10] 
 
 
Table 5-2. Actual deformation level for 8% RIA rolling study 
 
Sample ID RIA (%) 

As-Rolled 8.5 

As-Deposited 8.1 

Partial Solution 7.8 

Super Overage 7.7 
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Table 5-3. Test matrix for 8% RIA rolling study  
 

 
 
A)      B) 

 
C)      D) 

 
 
Figure 5-8. As-rolled microstructures with 8% RIA at 100x  

A) PM-1-1 B) PM-2-1 C) PM-3-1 D) PM-4-1 
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A)      B) 

 
C)      D) 

 
 
Figure 5-9. Microstructures heat treated at 1121C with 8% RIA at 100x  

A) PM-1-2 B) PM-2-2 C) PM-3-2 D) PM-4-2 
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A)      B) 

 
C)      D) 

 
 
Figure 5-10. Microstructures heat treated at 1149C with 8% RIA at 100x 

A) PM-1-3 B) PM-2-3 C) PM-3-3 D) PM-4-3 
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A)      B) 

 
C)      D) 

 
 
Figure 5-11.  Microstructures heat treated at 1177C with 8% RIA at 100x 

A) PM-1-4 B) PM-2-4 C) PM-3-4 D) PM-4-4 
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A)      B) 

 
C)      D) 

 
 
Figure 5-12.  Microstructures heat treated at 1204C with 8% RIA at 100x 

A) PM-1-5 B) PM-2-5 C) PM-3-5 D) PM-4-5 
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Table 5-4. Test matrix for low deformation level rolling study 
 

 
 
Table 5-5. Actual deformation level for 4-6% RIA rolling study 
 
Pre-Treatment RIA (%) 

As-Rolled 5.0 

As-Deposited 6.9 

Partial 
Solution 

5.6 

Super 
Overage 

4.8 
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A)      B) 

 
C)      D) 

 
 
Figure 5-13. Microstructures of As-Rolled samples with 5% RIA  

A) PL-1-1 at 1000x and B) PL-2-1 C) PL-3-1 D) PL-4-1 AT 100x 
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A)      B) 

 
C)      D) 

 
 
Figure 5-14. Microstructures heat treated at 1177C with 5% RIA  

  A) PL-1-3 at 200x B) PL-2-3 C) PL-3-3 D) PL-4-3 at 100x 
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A)      B) 

 
C)      D) 

 
 
Figure 5-15. Microstructures heat treated at 1204C with 5% RIA  

A) PL-1-4 at 200x B) PL-2-4 C) PL-3-4 D) PL-4-4 at 100x 
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A)      B) 

 
C)      D) 

 
 
Figure 5-16. Microstructures heat treated at 1177C with 5% RIA and Ratcheting 

treatments at 100x 

A) PL-1-3/4R B) PL-2-3/4R (C) PL-3-3/4R (D) PL-4-3/4R 
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A)      B) 

 
C)      D) 

 
 
Figure 5-17. Microstructures heat treated at 1204C with 5% RIA and Ratcheting 

treatments at 100x  

A) PL-1-4/4R B) PL-2-4/4R (C) 4PL-3-4/4R (D) PL-1-4/4R 



 

CHAPTER 6 
RESULTS - THERMO-MECHANICAL PROCESSING 

 With the paradigm shift in the investigation from strictly thermal processing to 

thermo-mechanical processing (TMP), it became apparent that significant amounts of 

RXN could be induced in the workpieces for the purpose of repair. Thermo-mechanical 

processing combines heat treatment and deformation/cold working to refine the 

microstructure [50]. The goal of this combination approach is to accomplish a specific 

microstructural goal, by using a variety of mechanical deformation techniques and 

subsequent heat treatments [10]. The TMP route depends greatly on the final 

microstructure, which for this study is a fine grained homogenous microstructure. In the 

case of this study, cold work was added to the material using an array of methods then 

the samples subsequently heat treated above the recrystallization temperature to cause 

RXN of the microstructure.  

Rolling Verification 

 With the results from the thermal treatments verified, the next step was to add 

deformation to the LENS samples and evaluate the potential of using thermo-

mechanical processing. Like the PPD samples, the LENS samples were cold rolled after 

being pre-treated to allow for easier deformation. Additionally, several deformation 

levels were used 4-6% (Low), 8-10% (Medium) and 10-15% (High), the actual 

deformation levels can be seen in Table 6-1. These levels helped to establish the 

deformation window, or the minimum necessary deformation and the effects of higher 

levels of deformation, beyond the previous maximum level of 8%. The new matrices 

tested the same times and temperatures that were effective before; however, 

temperatures far below the solvus were dropped because of their ineffectiveness. The 
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highest temperature (1232°C) was dropped since it was not practical for industrial scale-

up. The temperatures, used in this portion of the work were just above and just below 

the solvus temperature. Additionally the as-rolled samples examined in the feasibility 

studies were not evaluated; the as-deposited samples shown in this chapter were heat 

treated the same as the pre-treated samples. 

Low Deformation Level 

 The low deformation level (Table 6-2) was used to determine the minimum 

amount of the deformation need to cause RXN of the samples. As seen with the thermal 

treatments, the LENS samples behaved similarly to the TMP route. The samples, which 

were in the as-rolled condition (Figure 6-1) showed dendritic microstructures with some 

areas that might indicate dynamic RXN, but these areas were not widespread. The pre-

treated samples exhibited a greater degree of RXN than the as-deposited sample with 

the super overage treatment resulting in the finest, most homogenous microstructure 

remaining the most effective. These samples as expected, displayed the characteristics 

of a segregated microstructure namely the presence of the layer bands from the 

deposition process. These features implied remnant segregation even after heat 

treatment. 

 The samples heat treated at 1177°C, were similar to the past samples heat treat 

at this temperature with a generally mixed grain characteristic of large and small grains 

as seen in Figure 6-2. The as-deposited and heat treated sample showed the 

appearance of retained dendrites and extensive twinning. The pre-treated samples 

displayed more elongated grain character with grains scattered around the sample, not 

a continuous structure. Unlike the previous results, the super overaged sample 

exhibited the largest grains. 
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 Similar to previous results, an increasing heat treatment temperature (1204°C) 

exhibited smaller grains than the lower heat treatment temperature. These samples also 

featured a mixed grain character with both large and small grains in the as-deposited 

samples and medium and small grains in the partial solution. The super overage sample 

again had large elongated grains with some smaller grains, too (Figure 6-3). 

 Overall the low deformation level did not achieve the desired results but did 

correlate well with the PPD samples under the same conditions. It would seem that this 

level of deformation is too low for recrystallization to the optimal grain size. 

Medium Deformation Level 

 The medium deformation level tested was the same as maximum level used in 

the feasibility study  on the PPD material. The sample matrix can be seen in Table 6-3.  

 The as-rolled condition showed similar results as seen before in Figure 6-4, with 

a mostly dendritic structure with some RXN having occurred. Though there seemed to 

be some grains evident, the grains were elongated in the rolling direction and were 

dendritic in nature. The dendritic nature of the grains could be seen by the wavy edges 

instead of straight lines in recrystallized grains [47]. These samples also showed the 

layer bands evident in structures that are not homogenous.  

 Samples heat treated below the solvus at 1149°C, once again confirmed the 

trend of showing little RXN, more than the as-rolled samples but less than those 

processed at higher temperatures. The samples, as seen in Figure 6-5, featured areas 

of RXN with elongated grains but still a mostly dendritic character. This dendritic 

character along with the faint but still present layer bands reinforced the need to heat 

treat samples above the solvus. 
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 Unlike previous results, the samples processed at 1177°C, which was above the 

γ’ solvus exhibited marked recrystallization. The pre-treated samples showed mixed 

grains characters with comparatively large and small grains, whereas the as-deposited 

samples showed only large grains. The pre-treated samples also featured twins in the 

microstructure. All of the specimens at this temperature were homogenous as can be 

seen in Figure 6-6. 

 The highest temperature tested, 1204°C, again exhibited microstructures with the 

greatest degree of RXN (Figure 6-7). The as-deposited samples showed some grains; 

however the pre-treated samples displayed an equiaxed grain structure with smaller 

grains than the as-deposited samples. The super overaged samples presented what 

could be a duplex structure [26]. The duplex grain structure is a mixture of fine and 

coarse grains that could result from partial coarsening of fine grain structures. This 

could be evidence of grain growth possible at higher temperatures. 

High Deformation Level 

For the highest deformation level tested, the specimens were given between 10 

and 14% reduction in area to establish the high end of the deformation window. The 

samples were heat treated at only the highest temperature because it had consistently 

been the most effective at RXN.  

The as-deposited samples showed very little RXN and a mostly dendritic structure, 

as well as layer bands. The pre-treated samples both exhibited a homogenized 

structure with a mixture of grain sizes. The grains were mostly equiaxed in character 

with some elongated also as can be seen in Figure 6-8. 
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Summary 

The recrystallization behavior observed in the LENS samples was similar to the 

PPD samples tested under similar conditions. Once again it was necessary to process 

the samples above the γ’ solvus temperature for any significant amount of RXN to occur 

and the pre-rolling heat treatments seemed to result in finer, more uniform final 

microstructures. Also higher deformation levels proved more effective than the low 

deformation level since lower deformation levels resulted in microstructures with 

elongated and larger grains.  

Alternate Methods of Deformation 

 With the LENS processed material responding better to the thermo-mechanical 

processing than the PPD material, the study was continued with emphasis on the LENS 

material. The first step in this evaluation of potentially viable methods to implement the 

process in industry was to develop a method of deformation, which could be used 

directly on the IBR without destructive disassembly. The following surface improvement 

methods were evaluated to impart deformation in the IBR blade.  

Shot peening 

 Shot peening is a surface improvement treatment that involves the impacting a 

surface using shot of various materials like glass or metal and is designed to put 

compressive stress in the surface of the material [51, 52]. This process deforms the 

surface of the materials plastically without damaging the workpiece. This process was 

applied to the LENS samples to evaluate its use as the mechanism of deformation. 

 The as-deposited sample was evaluated without heat treatment to ensure that 

there was no difference when compared to the other deformed samples. As seen in 

Figure 6-9, the sample evidenced a dendritic microstructure with layer bands similar to 
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the previous as-deposited samples. The shot peened samples which were heat treated 

at 1204°C, both displayed few large grains with layer bands evident (Figure 6-10). The 

microstructures indicated that very little RXN had occurred reflecting that the shot 

peening had not imparted the minimum level of deformation necessary to recrystallize 

the microstructure. 

Laser Shock Peening 

 Laser shock peening or LSP is another surface improvement treatment that has 

results similar to shot peening, namely, plastic deformation of the surface. LSP however 

uses lasers to heat an ablative material applied to surface of the workpiece. The laser 

heats the ablative and then the resulting shockwave is channeled toward the surface by 

water surrounding the part [53, 54]. In this manner, deformation is applied in small 

sections all over the surface of the part. Process parameters for LSP include spot size 

or the area where each small section is deformed, the energy imparted with each shock 

which is a function of laser power and number of passes. Each of these factors comes 

together to determine the amount of deformation imparted. Following previous 

procedures, the samples were heat treated at 1204°C for either 15 minutes or an hour 

after the deformation process, to begin to re-investigate the shorter heat treatments with 

higher deformation levels. There were no pre-treatments applied to these samples. The 

sample matrix can be seen in Table 6-4. 

 Once again as-deformed samples were examined to establish baseline behavior 

for the LSP samples (Figure 6-11). Similar to previous results, the LEN LSP samples 

exhibited fully dendritic structures; however an extensive amount cracking was 

observed. Similar to the cracking observed in the ratcheted samples (Figure 4-10B), the 

LSP samples exhibited cracking along the dendrites. This cracking appeared to be due 
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to excessive deformation or heating was applied in a very short time period, causing 

them to crack along interdendritic region. This area is typically brittle, due to the 

segregation, coarse structure, and presence of carbides [40]. 

The samples heat treated for 15 minutes exhibited retained dendritic characters 

(Figure 6-12). There was also RXN, which resulted in a mix of fine and large grains 

oriented along the prior dendrite areas. Samples 1-15 and 3-15 showed some cracking 

at the edges of the samples but not to the scale in the as-deformed samples. It seemed 

for this deformation level that 15 minutes or the amount of deformation was not 

sufficient to establish large scale recrystallization. 

 The samples which were heat treated for 1 hour showed homogenized structures 

free of any remnant dendritic character along with a duplex recrystallized grain size. 

However the most evident feature in these samples was the return of the widespread 

cracking seen in Figure 6-13. The cracking was similar in appearance to the as-

deformed samples but the cracking occurred mostly along the grain boundaries (Figure 

6-14). As before, the intergranular cracking indicated that the deformation applied by 

LSP was probably due to too much energy being imparted to the sample. The samples, 

which had lower energy and bigger spot size, seemed to exhibit a decreased amount of 

cracking. The higher energy concentrated on a smaller spot had the effect of increasing 

the cracking seen in samples. Additionally, the samples, which underwent 4 passes 

instead of 2, cracked more frequently than the other samples. 

 The amount of cracking in the material as a result of this deformation process 

combined with the relatively little RXN that occurred indicated that this process was 

unsuitable for use in the repair of IBR components. 
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Low Plasticity Burnishing 

 Low plasticity burnishing or LPB is another surface treatment where a free rolling 

ball supported by a fluid bearing is moved across a material with just enough force to 

plastically deform the surface of the sample [55]. Samples were deformed using the 

LPB process to a low and high deformation level and then heat treated at 1177°C and 

1204°C as seen in Table 6-5. These samples were characterized by metallography to 

examine the microstructure and by hardness testing to determine the penetration of the 

deformation. 

 The samples that were heat treated after receiving the lower amount of 

deformation (Figure 6-15) exhibited a homogenized structure with very few large grains. 

In the samples receiving higher amounts of deformation, the heat treatments produced 

microstructures with a mix of grains smaller than the low deformation condition and 

some large elongated grains. There was also some twinning evident in 13.80% 

reduction in area (RIA) sample. 

 The samples processed at the higher temperature, showed a homogenous 

structure after both the low and high deformation levels. These microstructures were 

composed of a mixed grain character of relatively large and small grains. However the 

high deformation sample showed a more equiaxed grain morphology than the other 

condition, as seen in Figure 6-16. 

 In addition to metallographic examinations, hardness traces on the high 

deformation sample was performed to determine the depth of the cold work imparted to 

the sample [56]. To examine the depth of penetration hardness traces were taken both 

across the width and along the interior and exterior lengths of the samples. The average 

hardness data by location on the sample is presented in Figure 6-17. As this figure 
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shows, the resulted in a significant hardness increase over the front and back areas, 

which did not see any deformation, HRC 52 compared to 44 for the front and 42 for the 

back. Additionally the top and bottom areas of the samples corresponding to the 

surfaces, which underwent the LPB process, were harder than the center section where 

the deformation did not penetrate. The lack of penetration can especially be seen in the 

width hardness traces that have been graphed against the distance from the edge of the 

samples in Figure 6-18. The depth profiles demonstrated that the deformation and thus 

the hardness dropped precipitously (over 10 HRC) even 0.25 mm from the edge of the 

sample. The hardness values for all the traces done on the LPB samples can be seen in 

Appendix B. 

 The lack of even penetration of cold work combined with the insignificant RXN 

seen in the microstructures of the heat treated samples confirmed the unsuitability of 

using LPB as the method of cold working the workpieces. 

Summary 

 The examination three of the common surface improvement techniques in nickel 

based superalloys did not identify any potential methods of inducing RXN when 

combined with the heat treatments that with deformation have proved effective in the 

rolling trials. As seen in Figure 6-19, LPB was the only process where the highest 

residual stress levels reach even 0.5 millimeters into the samples. The other methods, 

after an initial superficial spike in residual stress, exhibited residual stress that 

decreased rapidly with distance. For depth of penetration, LSP seemed to be the best 

technique as even 1.4 millimeters into the sampled there was some residual stress [57]. 

With sample widths between 1.0 and 1.5 mm, these deformation techniques would not 
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provide the consistent level of deformation throughout the samples that has proven 

effective in the rolling trials.  

 Empirically, each technique was unsuitable for a different reason. Shot peening 

did not provide enough energy to produce RXN, while LSP provided too much energy 

and caused severe cracking of the specimens before any heat treatment was 

performed. Finally LPB proved inadequate due to the lack of penetration of the 

deformation energy. 

In-situ Deformation Process 

 In the process of the examining possible in-situ deformation methods, the 

industrial sponsor who provided the LENS material developed a proprietary method for 

evaluation. The method involved in-situ cold/hot working of the samples, which imparted 

an unknown amount of deformation during deposition. These samples were then heat 

treated at 1204°C, the most effective and industrially feasible temperature from the 

investigations. Heat treatments of 15, 30 and 60 minutes were used based on the desire 

to decrease the exposure of the unrepaired part of the IBR to high temperatures to 

reduce the risk of grain growth (Table 6-6). 

 The samples heat treated for an hour performed as expected with homogenized 

and relatively fine grained microstructures as seen in Figure 6-20.  The 30 minute 

treatment (Figure 6-21) had somewhat larger grains than the hour heat treatment along 

with faint layer bands indicating that the homogenization of the sample was not 

complete. The 15 minute heat treatment exhibited smaller grains than the other samples 

which had longer heat treatments but like the 30 minute treatment showed the layer 

bands that indicated that the sample was not fully homogenized (Figure 6-22). 
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 Hardness traces were performed on these samples to gauge the difference in the 

heat treatments in recrystallizing the microstructure, the results are presented in Figure 

6-23 with the spot locations reflecting the distance from the substrate. The graph shows 

that as the length of the heat treatment increases the hardness of the sample 

decreases. Clearly (Table 6-7) recrystallization had occurred with the transformation of 

the microstructure at the expense of the dislocation density in the deformed samples. 

 Overall this in-situ process proved to be effective in conjunction with heat 

treatments developed in this study. 

Confirmation 

 Through the testing of varying deformation methods along with the time and 

temperature of the post-deformation heat treatment, thermo-mechanical processing has 

proven to be effective at inducing RXN in the deposited samples. The different 

processing parameters proved to be important in achieving the optimal microstructure 

and through much iteration, have been tested. 



 

Table 6-1. Deformation data for LENS rolling study 
 

 
 
Table 6-2. LENS 4% rolling matrix 
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A)  

B)  

C)  
 
Figure 6-1. Micrographs of low deformation level samples in the as-rolled condition  

  A) OL-1-A B) OL-2-A C) OL-3-A all at 50x 
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A)  

B)  

C)  
 
Figure 6-2. Micrographs of low deformation level samples heat treated at 1177°C 

  A) OL-1-3 B) OL-2-3 C) OL-3-3 all at 100x 
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A)  

B)  

C)  
 
Figure 6-3. Micrographs of low deformation level samples heat treated at 1204°C 

  A) OL-1-4 B) OL-2-4 C) OL-3-4 all at 100x 
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Table 6-3. LENS 8% Rolling Matrix 
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A)  

B)  

C)  
 
Figure 6-4. Micrographs of medium deformation level samples as-rolled 

  A) OM-1-A B) OM-2-A C) OM-3-A all at 50x 
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A)  

B)  

C)  
 
Figure 6-5. Micrographs of medium deformation level samples heat treated at 1149°C 

  A) OM-1-2 B) OM-2-2 C) OM-3-2 all at 50x 
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A)  

B)  

C)  
 
Figure 6-6. Micrographs of medium deformation level samples heat treated at 1177°C 

  A) OM-1-3 B) OM-2-3 C) OM-3-3 all at 100x 
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A)  

B)  

C)  
 
Figure 6-7. Micrographs of medium deformation level samples heat treated at 1204°C 

  A) OM-1-4 B) OM-2-4 C) OM-3-4 all at 100x 
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A)  

B)  

C)  
 
Figure 6-8. Micrographs of high deformation level samples heat treated at 1204°C 

  A) AS B) PS C) SO at 50x 
 

138 



 

 
 
Figure 6-9. As-deposited sample with no treatment after shot peening at 50x 
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A)  

B)  
  
Figure 6-10. Micrographs of shot peened and heat treated samples  

  A) PS B) SO both at 50x 
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Table 6-4. Sample matrix for LSP samples 
 

 
 
A)     B) 

 
C)     D) 

 
 
Figure 6-11. Micrographs of as-deformed LSP samples at 50x 

  A) 1-AS B) 2-AS  
C) 3-AS D) 4-AS 
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A)     B) 

 
C)     D) 

 
 
Figure 6-12. Micrographs of LSP samples heat treated for 15 minutes at 50x 

  A) 1-15 B) 2-15  
C) 3-15 D) 4-15 
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A)     B) 

 
C)     D) 

 
 
Figure 6-13. Micrographs of LSP samples heat treated for 1 hour at 50x 

  A) 1-60 B) 2-60  
C) 3-60 D) 4-60 

 

 
 
Figure 6-14.  Higher magnification image of intergranular cracking in LSP sample (100x) 
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Table 6-5. Sample matrix for LPB samples 
 

 
 

A)  

B)  
 
Figure 6-15. Micrographs of LPB samples heat treated at 1177°C 

  A) OB-L-3 B) OB-H-3 both at 50x 
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A)  

B)  
 
Figure 6-16. Micrographs of LPB samples heat treated at 1204°C 

  A) OB-L-4 B) OB-H-4 both at 50x 
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Figure 6-17. Average hardness values by location of high deformation LPB sample 

 
 

 
 
Figure 6-18. Width hardness traces for high deformation level LSP sample 
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Figure 6-19. Residual stress comparison for LPB, LSP and Shot peened samples 

 
[Reprinted with permission from William Beres: “FOD/HCF Resistant Surface 
Treatments”, p.5-7, Figure 8] 
 
Table 6-6. In-situ deformation sample matrix 
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Figure 6-20. In-situ deformed sample heat treated for 1 hour 

  OIS-60 at 50x 
 

 
Figure 6-21. In-situ deformed sample heat treated for 30 minutes 

  OIS-30 at 50x 
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Figure 6-22. In-situ deformed sample heat treated for 15 minutes 

  OIS-15 at 50x 
 

 
 
Figure 6-23. In-situ deformation hardness after heat treatment 

 
Table 6-7. Average hardness for different in-situ heat treatments 
 



 

CHAPTER 7 
DISCUSSION 

 In this chapter the results of the various phases of this study: thermal treatments, 

feasibility study and thermo-mechanical processing will be compared. The evaluation 

will be based on the previously presented microstructures and grain size as well as 

ancillary techniques such as XRD and hardness testing. The results will be examined 

and compared to what is understood about RXN and microstructures from the literature. 

Microstructural Evaluation 

 Throughout the study, the microstructure of the samples have been one of the 

primary methods of determining the efficacy of the heat treatments and later the 

addition of deformation, mostly by examining the apparent grain structure and 

microstructure. There are a number of microstructural features that are important to 

understand what occurs during TMP and the viability of the simulated repaired part. 

Dendritic Structure 

 The as-deposited structure seen throughout this study regardless of deposition 

process was a coarse dendritic structure. During deposition the dendrites grow along 

the [001] fast growth direction, with each successive layer, re-melting the ends of the 

dendrites and continuing the growth process. The resulting deposition is a coarse 

grained, fully dendritic structure that is unsuitable for repair purposes. During heat 

treatment this structures begins to change, and the segregation decreases as the 

dendrites become columnar grains as shown by Figure 7-1, which depicts solidification 

near mold walls during casting [47]. These columnar grains retain their dendritic 

character until the recrystallization temperature is reached, this sequence can be seen 

in Figure 7-2, where PPD samples heat treated for 1 hour at 1093°C, 1121°C, 1149°C 
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and 1177°C are shown. This sequence showed that until the RXN temperature of 

1177°C was reached the structure remained dendritic. 

Grain Structure 

 Above the γ’ solvus, which was empirically shown to be the recrystallization 

temperature, the dendritic as-deposited structure evolves into a microstructure with 

varying grain sizes depending on the processing route.  

The constant throughout the study was the character of grains. Below the solvus 

temperature there were few recrystallized grains; areas of reorganized dendrites, with 

features that appear to be grain boundaries but are actually cell boundaries and the 

precursors to the recrystallized grain boundaries. 

 When recrystallization occurred over the entire samples the grain structure 

reflected this, showing the decreased size that is emblematic of recrystallized grains 

and showing a microstructure that resembled the blade before repair. 

Twinning 

 Beginning in the thermo-mechanical deformation phase of the study, twins began 

to appear in the microstructure. Twinning is a mechanism of deformation where slip is 

not involved, but where atoms move by shear so that the structure is identical to that 

across the twin boundary as in Figure 7-3 [58]. Mechanical or deformation twinning is 

the second most important deformation mechanism behind slip and they are competing 

processes. Twinning was more likely to occur at high strain rates and low temperatures, 

which explained twinning was more likely to form during rolling and in-situ deformation 

than by other mechanisms [50]. These mechanical twins can be seen in the as-

deformed condition prior to heat treatment as narrow bands, which exist solely within 

grains [25].  

151 



 

 In samples that have been subjected to the recrystallization heat treatment, 

annealing twins are prevalent. These features are common in FCC metals like nickel 

superalloys. Annealing twins are broad bands, which are in contrast to the narrow 

bands of mechanical twins, which occur after annealing heat treatments as a result of 

stacking faults in crystals [50, 59]. It was also thought that annealing twins originated 

from the mechanical twins that occur in deformed materials that had not been heat 

treated, where the twins grew rather than being destroyed during annealing heat 

treatments [25]. 

 The twinning confirmed the effect of deformation on the microstructure creating 

twins and the effect of the annealing heat treatments on growing the twins. Babiak and 

Rhines showed the importance of twins on the grain size determination in that without 

taking annealing twins into account, the Hall-Petch relationship did not hold up [60]. In 

this study, twins were not taken into account for grain size determination as not all of the 

samples exhibited twinning and the grain sizes were used solely as a method of 

comparing the efficacy of recrystallization heat treatments and deformation processes. 

Carbides and Impurities 

Carbides in nickel based superalloys are typically formed at the grain boundaries 

and fall into primary and secondary carbides. Primary or MC carbides form first after 

solidification at grain boundaries and in the matrix from elements including: vanadium, 

niobium, tantalum, titanium and hafnium [10]. At lower temperatures, primary carbides 

transform into more stable M23C6 carbides, which typically form as blocky, 

discontinuous precipitates on the grain boundaries, where they inhibit grain boundary 

sliding. These usually chromium rich carbides can also have a detrimental effect in

lowering the ductility as continuous grain boundar

 

y films [10]. 
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Powder metallurgy versions of IN-100, especially the high carbon variant (0.18 

wt% carbon), formed TiC primary carbides (MC) on the prior particle boundaries, which 

inhibited grain boundary, motion such as sliding [10]. The low carbon variant, which was 

used in this study (0.07 wt% carbon), was created to allow for larger grain sizes to 

improve creep strength at high temperatures, but overall provided better properties such 

as ductility and toughness owing to the decrease in brittle carbide phases. This variant 

also forms TiC primary carbides as seen in Figure 7-4 in the EDS spectra of a carbide in 

the PPD deposit material. 

 In a practical sense the purpose of carbides in this study was to pin the grain 

boundaries in the recrystallized condition and slow down grain growth. The use of the 

low carbon variant reduces the amount of Zener drag of the carbides on the grain 

boundaries. Zener drag is the force exerted on the grain boundaries by particles like 

carbides, which, retarded grain growth during heat treatment [16, 61]. Impurities 

inherent in the microstructure as seen in Figure 7-5, can have the same effect as 

carbides in preventing excessive grain growth.  

These microstructural features, carbides and impurities, coupled with keeping 

optimizing the heat treatments to limit time and temperature to levels necessary for 

RXN, assisted in reaching a minimum grain size for recrystallized samples. 

 Segregation and Homogenization 

The deposition processes, because of the rapid melting and cooling of the 

deposited material causes segregation in the samples, as shown in Waspaloy by Moat 

et. al. [62]. This segregation like coring in large cast ingots, is caused by dendritic 

freezing where as the dendrites grow lighter elements are rejected into the interdendritic 

liquid and makes up the last material to solidify.  
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Cored structures are undesirable because of their effect on the properties of a 

material, which include brittleness, and inhomogeneity of mechanical and physical 

properties. The cored nature of the microstructure can most easily be seen by the layer 

bands that formed by the re-melting of the dendrites at the start of each layer [17]. 

These layer bands are evident in the as-deposited microstructure both before heat 

treatment and post heat treatment if either time or temperature were not sufficient to 

allow for homogenization. 

To remove the segregated nature of the microstructure, homogenizing heat 

treatments are performed. These are heat treatments at such temperatures where 

diffusion is rapid enough to allow homogenization of the microstructure. The 

temperature must be high enough to allow for diffusion but below the solidus to prevent 

melting of the alloy. The time necessary for homogenization depended on several 

factors including the extent of coring, temperature and diffusion rate [63]. In the case of 

the IN-100 deposits, the temperature had to be relatively high due to the level of 

segregation and the presence of heavy elements like vanadium and molybdenum, 

which required more energy for diffusion. It was also possible to combine 

homogenization and recrystallization into one process. 

The addition of cold work, which is necessary to recrystallize the microstructure, 

allows for annealing heat treatments at time and temperatures to remove compositional 

gradients in the samples. This was accomplished because RXN increases the diffusion 

rates and accelerates homogenization [63]. These heat treatments permitted for the 

resolution of the two issues for repair of IBRs: the segregation during deposition and the 

dendritic as-deposited microstructure.  
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The temperatures used during the process of recrystallizing the samples were 

sufficient to homogenize the microstructures, but the longer times (1 hour) resulted in 

what appeared to be more completely homogenized structures with possible grain 

growth while shorter times (<30 minutes) showed evidence of incomplete 

homogenization but seemingly fully recrystallized grain structure. For current processing 

parameters, these two goals of homogenization and recrystallization were competing 

processes and mechanical testing is required to determine which condition is more 

significant to the repair of the material. 

Porosity 

For the sake of discussion, the deposition process can be thought of as a casting 

where each successive layer behaves like the walls of a casting mold. The major 

difference in this analogy is the rapid cooling rate during deposition due to the small 

workpiece sizes. In casting, as in the deposition, porosity can be caused by several 

issues.  

Shrinkage porosity is the result of the 3-6% volume difference between the sample 

at temperature and after cooling from liquid to solid, and for dendritic structures form 

when the dendrite arms restrict the flow of the interdendritic liquid and pores at the base 

of these arms are formed [16]. The volume of the shrinkage must be accounted for and 

this porosity can be reduced by control of processing parameters. 

The type of porosity that was more important to the study was thermally induced 

porosity (TIP). TIP occurs when the atomizing gases, such as argon in the case of the 

powder metallurgy processed IN-100 used, become trapped within hollow powder 

particles, which become part of the consolidated structure [64]. Upon heat treatment, 

the building of pressure in the closed structures causes expansion of the pores, so 
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samples may appear to have small pores and after heat treatment may exhibit large 

porosity [10]. To identify possible TIP, samples were examined unetched before and 

after heat treatment conditions. Figure 7-6 showed that the amount and size of porosity 

in the transition area from base metal to deposit remained the same despite 1 hour at 

1232°C. 

With TIP not a factor in the final microstructure the porosity that was evident could 

be reduced or prevented by optimization of the process parameters during deposition. 

Summary 

The most important microstructural features to determine the viability of the final 

repaired part were the grain structure and the amount of homogenization. The optimal 

part would show a fine recrystallized grain size and a fully homogenized microstructure.  

The other structures seen in these samples are of secondary importance because 

though porosity is detrimental for performance, optimization of processing parameter 

can limit the inherent porosity and it was shown that TIP is not a factor for this material 

and heat treatment. While twinning, carbides and impurities certainly affect the final 

performance of the repaired microstructure; they were overshadowed by the importance 

of grain structure and a homogenous microstructure. 

Recrystallization Factors 

 With the main goal of the study being the recrystallization and refinement of the 

as-deposited structure to more closely match the original material, the factors affecting 

RXN became very important as they influence the final grain size along with other 

properties as seen in Figure 7-7. These factors that were examined included: heat 

treatment time and temperature, purity, prior deformation and prior grain size [65]. Each 

of the factors affects the amount of recrystallization that occurred in the sample. Some 
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of the factors are fixed, but others were changed during the course of the investigation 

and through the analysis of the sample matrices and the interaction of the RXN factors, 

the best possible methodology can be determined. 

Time 

 The annealing time or the length of the annealing heat treatment is inextricably 

linked to the annealing temperature in that generally as the time increases the minimum 

RXN temperature decreases. It can be seen in Figure 7-8 that as the annealing time 

decreases from 10 hours to 1 hour, the corresponding RXN temperature will increase. 

This occurs because at its core, recrystallization is a nucleation and growth process 

[65]. New grains nucleate at areas of high dislocation density turning the stored energy 

from working the material into these new grains. This process takes time, with the time 

necessary dependent on the temperature of the heat treatments. 

 In this study several HT times were examined: 0.25, 0.50, 1 and 2 hours. These 

are relatively short for annealing times; however this was done to minimize the effect of 

the heating on the base metal attached to the deposit. In general, the goal of this work 

was to minimize grain growth as well as keep the costs low. For the purely thermal heat 

treatments, the 0.5 hour samples showed less RXN than their 1 hour counterparts in the 

form of less homogenous and more dendritic microstructures. Additionally the 2 hour 

treatment did not show substantial improvement over the 1 hour treatments to justify its 

use. 

 For this application, having treatments that were too long could be 

counterproductive, as once RXN is completed, the grains, which recrystallized, will 

begin to grow, producing less desirable samples. This was investigated once TMP was 

being used to refine the samples. The addition of mechanical deformation allowed for 
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the exploration of lower annealing times such as 0.25 and 0.50 hours. These shorter 

treatments proved as effective as the longer treatments, if there was sufficient 

deformation imparted to the sample. 

Temperature 

 Temperature started out as the main factor under investigation, as along with the 

time it had the most potential effects on the base metal. Throughout the investigation 

temperatures ranging from 1093°C to 1232°C were investigated in search of the RXN 

temperature or the temperature where in 1 hour RXN is 95% complete [58].  

The temperature was limited on the high end initially by the incipient melting 

temperature and later by industrial concerns. On the low end, 1093°C, was a common 

heat treatment temperature for IN-100. During the research it was demonstrated 

consistently that at temperature lower than 1177°C, almost no RXN occurred. It was 

then determined that this was the minimum RXN temperature for times 1 hour and 

shorter and at deformation levels below about 15%. Above this temperature 

recrystallization of the dendritic structure seemed to occur readily under many different 

times and deformation conditions. 

It was possible that with higher deformation and or longer times that this 

temperature could be lowered as is demonstrated with copper in Figure 7-9; however 

the conditions tested represent what was thought to be industrially feasible. Initially the 

temperature of the heat treatments was treated as a variable factor, but the 

experimental results repeatedly indicated that temperatures lower than 1177°C would 

not be effective, while 1232°C was eliminated due to the concern over excessive grain 

growth in the base metal. These temperatures (1177°C and 1204°C) proved to effective 
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over all the deformation levels with no samples that retained their previously dendritic 

microstructure. 

Purity 

This factor was basically fixed from the beginning of the study as the alloy, IN-100 

was chosen by the industrial sponsors but purity of the material does have an effect on 

the recrystallization temperature. Higher purity materials have lower RXN temperatures 

than materials that are alloyed [65]. As nickel based superalloys are heavily alloyed, 

their RXN temperatures are higher than that of pure nickel, which is 600°C. IN-100 

which is roughly 55% nickel should have a higher RXN temperature which was borne 

out through the experiments. Detert had shown the effect of varying the amount of 

chromium and molybdenum on the RXN temperature of nickel alloys [66]. This can be 

seen in Figure 7-10, where adding 10 wt% Cr increases the temperature about 100°C 

and 10 wt% increases the temperature by 200°C 

The presence of γ’ however; aids recrystallization because hard second phase 

particles have been shown to act as originators of stress concentrators and localized 

strain during deformation  [67].  

Prior Deformation 

As has been stated previously, prior deformation or cold working the sample has 

the effect of increasing the amount of stored energy available to aid RXN. The more 

cold work in the sample the easier it is to recrystallize the sample.  

Thermal treatments at first were used to take advantage of the energy from the 

thermal strain of the deposition process. The heat treatments were then augmented with 

ratcheting treatments with the goal of increasing the stored energy and thus aiding 
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RXN. Though these samples saw some recrystallization, they did not achieve the 

desired fine grain size. 

Shifting to thermo-mechanical processing and adding cold work through 

mechanical deformation instead of ratcheting treatments allowed for significant 

increases in energy available for RXN. By using rolling as the means of imparting the 

deformation on the samples, controllable and measureable levels of cold work were 

added to the samples, which allowed for the evaluation of the critical deformation levels 

for RXN. The critical level for deformation is the minimum deformation level below which 

there is not enough strain energy to nucleate new grains [39, 68]. This was 

demonstrated with data from recrystallization studies of aluminum sheet in Figure 7-11. 

Figure 7-12, also highlights the importance of deformation level in the RXN of alpha 

brass; however it is also shown that the temperature of recrystallization does not matter 

as long it is high enough to induce RXN. To achieve the wide scale RXN to reach the 

smallest possible grain size, it appeared to be necessary to deform the sample to at 

least 4%; however full results from grain size analysis will be presented later in this 

chapter. 

Prior Grain Size 

This is another fixed factor as the deformation process used set the microstructure 

before any thermo-mechanical treatments. Both the PPD and LENS processes resulted 

in microstructures that were coarse and dendritic with no grains. The differences 

between the two processes resulted in the LENS samples having finer structures with 

dendrites running only in the deposition direction due to the decreased amount of re-

melting that occurred between layers. The LENS process because it used a more 
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precise heat source resulted in finer structures with smaller layers; this had the effect of 

increasing the thermal strain in the samples and having a less segregated structure.  

While the prior grain size of the samples did not have an effect on the RXN 

temperature, as is usually the case, the LENS samples seemed to produce better 

results based on the differences in the deposition processes. 

Summary 

Throughout the study of the sample microstructure it was shown that overall the 

two most important factors in inducing enough RXN to approach the optimal grain size 

were temperature and deformation level. If there was sufficient cold work and the 

sample was heat treated above the γ’ solvus for a reasonable amount of time then RXN 

occurred in some manner; however the goal of the project was to determine a 

methodology to achieve comparable grain sizes to the base metal. Thus, it was 

necessary to compare the results of the experiments across sample matrices to isolate 

the effect of the different factors, which was done using data measured from the 

micrographs.  

Recrystallization Factors and the Effect on Grain Size 

 In order to isolate the importance of the factors on the overall methodology, 

quantitative measurements were used to add to the lessons learned from the 

microstructures to form a complete picture. Grain size analysis as detailed in the 

Experimental Procedures chapter was performed on all the samples that saw sufficient 

RXN to create a grain structure. The data generated was in the form of major and minor 

axes in microns since the grains were frequently not equiaxed. These measurements 

were used to get an overall grain area for each sample in square microns and an aspect 

ratio (major/minor axis) that corresponded to the elongation character of the grains in 
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the sample. Aspect ratios closer to one reflected equiaxed characters while the further 

away from 1 indicated elongated characters. If a sample had an aspect ration below 1 it 

signified elongation in the direction perpendicular to the rolling/deposition direction. 

Values which were higher than 1 as seen in some of the rolled samples corresponded 

to elongation along the rolling direction. The breadth of the data precludes the analysis 

of factors with figures that include all the specimens. The figures included will contain 

those samples, which illustrated the effect of specific factors on the process. 

Overview 

An overview of all the samples analyzed in this grain size study can be seen in 

Figure 7-13. The number of samples precludes examining the sample for trends 

however some observations can be made from this figure based on the grouping of the 

samples. While there seemed to be a large scattering of samples there is a large 

grouping of samples between 4 and 10% deformation and grain areas under 50,000 

um2. This seemed to indicate that this area can be reached reliably with the processing 

routes examined in this study, so 50,000 um2 was established as the cutoff for a sample 

to be considered having been effectively recrystallized. Though there are other samples 

under this cap including in-situ, high deformation rolling and some with only thermal 

treatments, the majority of these samples were rolled indicating that uniform 

deformation was the key to their success. Also none of the ratcheted samples were 

under the cutoff line, indicating that the extra heat treatments were not effective in 

adding strain energy but this will be examined later. 

Time and Temperature Effects 

As was discussed previously, the temperature the samples were heat treated at 

was of great importance to the level of RXN seen. Looking at its effect on control 
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samples isolated the effect of temperature. These control samples were base metal 

samples that were rolled to the same deformation level as the deposited samples, in 

this case 8.5 % RIA, and then heat treated for 1 hour at the temperatures that have 

been evaluated in the study. The results of the analysis can be seen in Figure 7-14. The 

figure indicated that the fine grains structure of the base metal did not see any effect of 

the temperature until above 1149°C, where the grains grew rapidly. This supports the 

results from all of the different processing routes examined during the course of the 

study, that there is a minimum temperature that needed to be reached in order to 

activate RXN. The temperature shown in this figure corresponded with the point where 

the sample microstructures began to show evidence of recrystallization, which, showed 

that samples must be heat treated at temperatures least 1177°C to see any large scale 

RXN of the structure. 

The effect of time is not as easily isolated as temperature, for with enough time a 

low temperature heat treatment could be effective for recrystallization; however as this 

was not industrially desirable, the time scale for heat treatments was limited to an hour 

or less. It was initially thought that the lower treatments were not as effective at 

recrystallizing the samples as the longer treatments, but with the addition of mechanical 

deformation, the shorter heat treatments became more viable. The in-situ deformed 

samples in Figure 7-15 show the benefit of thermo-mechanical processing over thermal 

processing for RXN as the other samples shown featured a ratcheting treatment. The 

effect of increasing lengths of heat treatments in this figure showed that increased time 

could lead to grain growth in the samples; however the lessons learned from the 

microstructures of these specimens was that shorter times led to incomplete 
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homogenization of the samples. This could be seen throughout the samples matrices in 

the form of unsolutioned particles and layer bands from the deposition process.  

Ideally the repair methodology would result in a microstructure that is fully 

recrystallized and fully homogenized; however with these competing goals it might be 

necessary to choose which has the biggest effect on the properties of the final part. In 

this case, mechanical testing would be needed to determine the most effective final 

processing route. Alternatively, the temperature could be increased however the 

increases must be limited due to concerns for possible incipient melting and grain 

growth in the base metal. Again these are choices that must be made in order to 

optimize the methodology, but each change has trade-offs that must be investigated. 

Deformation Level 

The level of deformation added to the samples before heat treatment has proven 

to be another important factor in the recrystallization seen in the final microstructure. As 

was seen in Figure 7-13, the most consistent samples had deformation levels between 

4 and 10%, these samples were examined and plotted by their deformation level for 

both low and high levels in Figures 7-16 and 7-17.  

The low deformation condition shows a marked difference between the LENS and 

PPD deposits, with the LENS being significantly under the cutoff point indicating finer 

grain sizes, while the PPD process exhibited coarser structures and thus were generally 

unsuitable. Also while the LENS samples remain relatively consistent for all 

temperatures evaluated, the PPD samples clearly showed the effect of high 

temperature with the higher temperature treatments having better results than the lower 

temperatures.  
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In Figure 7-17, the samples deformed between 8 and 10% showed similar 

behavior for both the LENS and PPD materials, neither markedly better than the other; 

however the sample group as a whole in under the cutoff point. Additional deformation 

resulted in both LENS and PPD materials exhibiting similar RXN and this can be seen 

because the scale of the graph is different than Figure 7-16. 

When the rolled samples (between 4 and 10% deformation) were compared base 

on heat treatment temperature (Figure 7-18), it was seen that while the higher 

temperature (1204°C) exhibited better overall results in reaching lower grain areas, the 

lower temperature (1177°C) showed more consistent results across different 

deformation levels. 

Also important to note is that the LENS samples, as a whole, performed better 

than the PPD samples. This confirms what was seen in the microstructures, that the 

LENS samples showed overall a more homogeneous structure with less porosity and 

inclusions. This will be further discussed below. 

Ancillary Effects 

Time, temperature and deformation level have proven to be the most important 

factors in the investigation; however their effects were not the only ones that were 

observed during analysis of all of the samples.  

In Figure 7-19, the grain area of two sets of samples is plotted against their aspect 

ratio. These samples are both LENS and PPD processed samples, one that was 

ratcheted and one that was not. None of the samples had any added deformation. This 

figure further demonstrated that the LENS samples exhibited finer, more equiaxed 

microstructures than the PPD samples under the same conditions. Additionally, the 

ratcheting treatments did not provide any significant refinement over one step RXN heat 
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treatments. It is important to note that while the non-ratcheted samples both exhibited 

similar aspect ratios, the ratcheted samples showed aspect ratios significantly greater 

than 1, being elongated in the deposition direction. 

The relationship between pre-treatments, temperature and ratcheting treatments 

was shown in Figure 7-20.  In this graph it can be seen that higher heat treatment 

temperatures performed significantly better than the lower temperatures including the 

ratcheting treatments. It is also important to note that the as-deposited condition 

exhibited better or similar results to samples given the pre-treatments. This is indicates 

that there is no substantial benefit to pre-treating of the material to facilitate deformation. 

Further, removing the pre-treatments from the processing route would decrease the risk 

of grain growth in the base metal and decrease the number of thermal cycles the 

deposit and adjacent base metal would be exposed to. 

The ability to eliminate the pre-treatments was also demonstrated by Figure 7-21. 

Each condition has 2 data points, each representing a 1177°C and 1204°C 

recrystallization heat treatment after deformation. This figure showed the effect of 

varying both pre-treatments and deformation level on grain area. It can be seen that 

higher deformation resulted in more samples under the 50,000 um2 cutoff. These 

results, when combined with earlier result with similar thermal cycles, indicates that the 

deformation level controls the amount of RXN in the sample. Higher deformation levels 

also seemed to lessen the effect of heat treatment temperature, as the exhibited similar 

grains sizes. It can also be seen that in the lower deformation condition, the as-

deposited samples generally exhibited finer grain sizes than the pre-treated; while in the 

higher deformation condition all the samples maintained similar grain areas. Therefore 
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the pre-treatments did not provide a tangible benefit when weighed against the 

possibility of causing grain growth in the base metal, the cost of the pre-treatment and 

the potential for errors to be made during additional heat treatments. 

Comparison to ASTM Grain Size 

Though by necessity the procedure to quantify the results from this study deviated 

from the industry standard ASTM grain size numbers [69], the results could still be 

compared using data from ASTM Standard E112 [29]. The relationship between the 

grain size number and grain area in um2 can be seen in Table 7-2. The data from this 

study was re-plotted (Figure 7-22) and the relationship to ASTM grain size was 

determined.  

Samples were sorted by their grain area and then all those that didn’t fall under the 

cutoff point of 50,000 um2 were culled. The results were presented in Table 7-3. None 

of the deposited samples approached the fine-grained base metal even after grain 

growth (Samples C1 to C5); however the best samples shown exhibited a grain size of 

almost 4.0 (Figure 7-23). Though not the same as the base metal, these microstructures 

appear to be fine enough to be considered a viable path for the repair of the damaged 

IBR components. However it will be necessary to also confirm the viability by 

mechanical testing of the deposited material. 

Summary 

Through quantitative analysis of grain area and comparison between conditions 

the most favorable conditions for recrystallization of the deposited samples were 

determined and the values for all the samples evaluated in this study can be seen in 

Appendix C.  
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The most important factor seen was deformation, without the minimum amount of 

deformation of around 4% the grain size did not consistently reach quantities, which 

were deemed acceptable. Higher levels of deformation ensured that the samples 

consistently reach finer more equiaxed grain sizes. The manner of deformation was 

important insomuch as it had to be more or less uniform, penetrating throughout the 

samples. 

The other critical factor in reaching the final grain size that was acceptable was the 

temperature of the post deformation recrystallizing treatment. As demonstrated heat 

treatment temperatures must be above the γ’ solvus for recrystallization to occur. The 

benefit of higher temperatures can be seen in increased homogenization and the 

elimination of segregation, while lower temperatures seemed to be more effective for 

recrystallization. 

The ancillary effects observed proved that the pre-deformation treatments and 

ratcheting treatments did not provide significant benefit to justify the cost and risk of 

grain growth in the base metal. Also the LENS deposition process has been clearly 

shown to be superior to the PPD process in terms of cleanliness and homogenization. 

 



 

 
 
Figure 7-1. Dendrite structure evolution with temperature 

 [Reprinted with permission from David A. Porter and Kenneth E. 
Easterling, Phase transformations in metals and alloys, 2009, p.235, 
Figure 4.42] 
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A)      B) 

 
C)      D) 

 
E) 

 
 
Figure 7-2. Effect of temperature on the dendrite structure at 50x 

 A) 1093°C B) 1121°C C) 1149°C D) 1177°C E) 1204°C 
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Figure 7-3.  Schematic of a twin boundary 

 [Reprinted with permission from Daniel Henkel and Alan W. Pense, The 
Structure and Properties of Engineering Materials, p. 90, Figure 4-6] 

 
 
Figure 7-4. EDS spectra of a primary carbide 
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Figure 7-5. As-deposited microstructure before heat treatment featuring impurities and 

 porosity at 100x 

 
A)       B) 

    
 
Figure 7-6. Microstructures of transition region at 50x  

A) Before B) after heat treatment  
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Figure 7-7. Illustration of the effect of cold work and annealing temperature on Cu-

 35Zn Brass  

 [Reprinted with permission from David R. Askeland and Pradeep P. Phule, 
The Science and Engineering of Materials, p.336, Figure 7-18] 

 

 
 
Figure 7-8.  Relationship between annealing time and temperatures 

 [Reprinted with permission from David R. Askeland and Pradeep P. Phule, 
The Science and Engineering of Materials, p.338, Figure 7-19] 
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Figure 7-9. Changes in annealing temperature and deformation in high purity copper 

 [Reprinted with permission from Daniel Henkel and Alan W. Pense, The 
Structure and Properties of Engineering Materials ,p. 105, Figure 4-12] 

 

 
 
Figure 7-10. The effect of additions of chromium and molybdenum on recrystallization 

temperature 

 [Reprinted with permission from K. Detert, “Influence of Alloying Additions 
on Primary Recrystallization in Nickel Alloys”, Recrystallization, Grain 
Growth and Textures Seminar Proceedings, p.134, Figure 1] 
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Figure 7-11. Recrystallized grain size as a function of prior plastic deformation 

 [Reprinted with permission from Michael F. Ashby and David R.H. Jones: 
Engineering Materials 2: an introduction to microstructures, processing 
and design, 1986, p. 141, Figure 14-11] 

 

 
 
Figure 7-12. Recrystallized grain size as a function of prior plastic deformation with 

recrystallization temperatures 

[Reprinted with permission from Robert E. Reed-Hill and Reza Abbaschian, Physical 
Metallurgy Principles, 1994, p.248, Figure 8-21] 
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Table 7-1. Legend for grain size analysis 
 

 
 
 

 
 
Figure 7-13. Grain area vs. Deformation Level plot that shows all the samples 

 examined 
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Figure 7-14. The result of heat treatments on the base metal control samples at various 

 temperatures after 1 hour 

 

 
 
Figure 7-15. Grain size as a function of time for identical samples with varying heat 

 treatment times 
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Figure 7-16. Grain area for low deformation condition graphed against processing 

 conditions 

 

 
 
Figure 7-17. Grain area for medium deformation condition graphed against processing 

 conditions 
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Figure 7-18. Grain areas for low and medium deformation 

 

 
 
Figure 7-19. Ratcheted and non-ratcheted LENS and PPD samples under identical 

 conditions 
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Figure 7-20. The relationship between pre-treatments and temperature/ratcheting 

 treatments 

 

 
 
Figure 7-21. Grain area versus deformation for low and medium deformation conditions 
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Table 7-2. ASTM grain size number and the corresponding grain area 
 

 
 
 [Reprinted with permission from ASTM E112: Standard Method for 

Determining Average Grain Size”, ASTM International, 2007.] 
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Figure 7-22. Graphical relationship between grain area and ASTM grain size number 

 
Table 7-3. Estimated ASTM grain size numbers for the most promising results sorted by 

increasing grain area 
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Figure 7-23. Graphical representation of Table 7-3 

 



 

CHAPTER 8 
CONCLUSIONS 

Closing Remarks 

 The results presented here show that the initial goal of the project, to develop a 

methodology that would result in an airfoil that had a microstructure similar to the 

undamaged section of the part, was achieved. 

 Initially the effects of a variety of heat treatments, featuring times from 30 

minutes to 2 hours and temperatures from 1093°C to 1232°C, on the coarse, as-

deposited microstructure was determined. Additionally the effect of supplemental 

thermal strains in excess of the inherent thermal strain from the deposition process was 

explored by ratcheting heat treatments. In these ratcheting heat treatments the samples 

were placed in a furnace at temperature then rapidly cooled to induce thermal strains to 

aid in recrystallization. The use of only thermal treatments provided insufficient 

recrystallization to meet the goal. The higher temperatures above the γ’ solvus were the 

only temperatures that exhibited refinement of the dendritic structure. Shorter heat 

treatments (30 minutes) were less effective than the longer heat treatments (1 hour). 

Even the additional thermal strain provided by the ratcheting heat treatments did no 

provide significant benefit over the recrystallization heat treatment by itself. At a high 

temperature (1232°C) the ratcheting treatment proved detrimental to the microstructure 

resulting in substantial intergranular cracking.  

 When this approach proved ineffective, mechanical deformation was examined 

using a test case involving hardness indenter that provided local deformation. The 

sample was then heat treated to induce recrystallization, and the areas with the applied 

local deformation were compared to the bulk with a larger incidence of recrystallized 
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grains seen around the indent. With the results from the test case it was determined that 

thermo-mechanical processing could induce full recrystallization in the samples and 

result in a microstructure close to that of the original airfoil.  

 The thermo-mechanical processing was performed using rolling as the means of 

mechanical deformation. Samples of both PPD and LENS deposition processes were 

rolled to 2 levels of deformation low (4-6%) and high (8-10%), then heat treated at times 

and temperatures that resulted in recrystallization in other sample matrices (1 hour and 

>1177°C). The result of the rolling study was significant recrystallization of the 

microstructure. Recrystallization was seen in all deformation levels low and high.  

 With the feasibility of TMP established, alternate methods of deformation that 

could be applied to the IBR in-situ were explored. The methods tested included surface 

improvement techniques such as shot-peening, low plasticity burnishing (LPB) and laser 

shock peening (LSP). These methods were inadequate for the purpose of 

recrystallization compared to the results seen in the rolling study; however another 

proprietary in-situ deformation method proved effective.   

 In addition to microstructural characterization, grain size analysis was undertaken 

to examine the effects of processing parameters on the degree of recrystallization. The 

processing parameters were examined included deformation level, deformation method, 

time and temperature. The correlation among these factors and their effect of grain size 

were analyzed and used to form the final processing window. 

 The most important factors were found to be time, temperature and deformation 

level. To achieve the optimum level of recrystallization the sample must be deformed in 

a uniform manner to a minimum level of 4% and subsequently heat treated for at least 
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15 minutes up to an hour at temperatures above 1177°C or the γ’ solvus temperature. 

Within this window the individual process parameters can be varied for optimal 

recrystallization. 

Future Work 

 The groundwork for this process has been laid out; however it is still possible to 

optimize the parameters to further refine the structure. The parameter with the most 

variability is the method of deformation. Many have been tried and it becomes important 

to appraise the most feasible method that will allow for the maximum amount of 

deformation in the repaired airfoil. Temperature was another important process 

parameter and the effect of higher temperatures on the homogeneity and 

recrystallization of the samples. Samples must be heat treated at both 1177°C and 

1204°C under the same deformation condition to understand the effect of temperature. 

Additionally the result of decreasing the heat treatment time and its effect on the final 

recrystallization must be investigated. 

By working with industry to further refine the process an optimal process following the 

guideline laid out from this investigation can be created.   

 Additionally, the viability of the repaired microstructures must be examined by 

mechanical testing of components repaired using the methodology outlined in this 

study. With homogenization and recrystallization being competing goals, the efficacy of 

both fully recrystallized and fully homogenized structures under loads that simulate 

service must be assessed. 

 



 

APPENDIX A 
ROLLING FORCE CALCULATION 

 
 Before rolling, the rolling forces must be calculated to ensure that the forces 

exerted during rolling do not surpass the capacity of the rolling mill. For the low frictional 

condition, equation A-1 is used. 

 
          (A-1) 

 
Where w is the width of the strip in this case 0.625 inches, Y is the average flow stress 

for IN-100 is 145 ksi [10].  

 
          (A-2) 

 
Substituting equation A-2 into A-1 yields equation A-3 

 
          (A-3) 

 
Here R is the radius of the rolls (3 inches) and Δh is the difference in height before 

and after rolling. For an 8% pass using equation A-4 to put the reduction per pass into 

A-5. 

 
   (A-4) 

  
 

          (A-5) 
  

 
The results from A-5 are put into A-3 along with the given values to determine the final 

value. 
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This value is far below the maximum load of 100,000 lbs. so it is safe to do 8% 

reduction in area passes on the Fenn rolling mill.



 

APPENDIX B 
LOW PLASTICITY BURNISHING HARDNESS DATA  

Table B-1. Inside edge length hardness trace 
 

  
 
Table B-2. Outside edge length hardness trace 
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Table B-3. Center section hardness traces 
 

 
 
Table B-4. Width traces  
 



 

APPENDIX C 
GRAIN SIZE DATA FOR PPD AND LENS SAMPLES 

Table C-1. Grain size data for PPD samples 
 

 
 
Table C-2. Grain size data for LENS samples 
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