

  jmmp-04-00101




jmmp-04-00101







J. Manuf. Mater. Process. 2020, 4(4), 101; doi:10.3390/jmmp4040101




Review



On the Fabrication of Metallic Single Crystal Turbine Blades with a Commentary on Repair via Additive Manufacturing



Nicole Marie Angel 1 and Amrita Basak 2,*





1



Department of Mechanical Engineering, The University of Alabama, Tuscaloosa, AL 35487, USA






2



Department of Mechanical Engineering, Pennsylvania State University, University Park, PA 16802, USA









*



Correspondence: aub1526@psu.edu







Received: 27 July 2020 / Accepted: 4 October 2020 / Published: 26 October 2020



Abstract

:

The turbine section of aircraft engines (both commercial and military) is an example of one of the most hostile environments as the components in this section typically operate at upwards of 1650 °C in the presence of corrosive and oxidative gases. The blades are at the heart of the turbine section as they extract energy from the hot gases to generate work. The turbine blades are typically fabricated using investment casting, and depending on the casting complexity, they generally display one of the three common microstructures (i.e., equiaxed or polycrystalline, directionally solidified, and single crystal). Single crystal casting is exotic as several steps of the casting process are traditionally hands-on. Due to the complex production process involving several prototyping iterations, the blade castings have a significant cost associated with them. For example, a set of 40 single crystal turbine blades costs above USD 600,000 and requires 60–90 weeks for production. Additionally, if the components suffer from material loss due to prolonged service or manufacturing defects, the traditional manufacturing methods cannot restore the parent metallurgy at the damage locations. Hence, there is a significant interest in developing additive manufacturing (AM) technologies that can repair the single crystal turbine blades. Despite the blades’ criticality in aircraft propulsion, there is currently no review article that summarizes the metallurgy, production process, failure mechanisms, and AM-based repair methods of the single crystal turbine blades. To address this existing gap, this review paper starts with a discussion on the composition of the single crystal superalloys, describes the traditional fabrication methods for the metallic single crystal turbine blades, estimates the material and energy loss when the blades are scrapped or reverted, and provides a summary of the AM technologies that are currently being investigated for their repair potential. In conclusion, based on the literature reviewed, this paper identifies new avenues for research and development approaches for advancing the fabrication and repair of single crystal turbine blades.
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1. Introduction


Modern aircraft engines employ a Brayton cycle, which takes inlet air, compresses it, and then mixes it with fuel before expanding it through the turbine in order to generate the necessary thrust to propel the aircraft [1]. The turbine section of this cycle is responsible for extracting energy from the hot combustion gases. Recent developments in the design and production of the turbine components have led to a significant improvement in the cycle efficiency. The cycle efficiency (η) for a Brayton cycle is given by:


  η = 1 −    T e     T i     



(1)







Here, Te is the exhaust temperature, and Ti is the inlet temperature. It is impossible for the exhaust temperature to be lower than the ambient temperature. Consequently, the design advancements focus on increasing the inlet temperature; however, such an increase directly correlates with an increase in the turbine operating temperature. Typically, an increase of 10 °C in the operating temperature increases the cycle efficiency by 1% [2]. In the past 30 years, the turbine operating temperature has increased from about 982 °C to about 1427 °C, posing a serious design challenge for the hot-section components. To deal with such high temperatures, three complementary approaches are adopted. First, to increase the blades’ resilience to oxidation and corrosion, thermal protection is provided to the components by coating them with metallic and ceramic materials. Second, elaborate and complex film cooling strategies (Figure 1) are implemented to keep the metal temperature within the design limits [3]. Third, high-creep strength and fatigue-resistant materials are employed to fabricate the turbine blades [4].



Nickel-base superalloys, that can operate closer to their melting temperatures without losing their structural integrity, are used to fabricate the turbine blades [4]. The blades are manufactured via investment casting where three different microstructures, specifically, equiaxed, directionally solidified, and single crystal (Figure 2), can be created [5]. Equiaxed (EQ) microstructures have multiple transverse grain boundaries with respect to the applied load. It is common for cavities to form at these grain boundaries. Consequently, EQ microstructures have an increased vulnerability to failures [6]. To address this issue, directionally solidified (DS) microstructures were developed. This type of microstructure contains an insignificant number of transverse grain boundaries as almost all the grains run along the loading direction. These parallel grain boundaries not only increase the creep and rupture strength of the components but also enhances the fatigue life of the components by giving it an advantageous modulus of elasticity with respect to the direction of loading [2,6]. A temperature benefit of approximately 23 °C (40 °F) in creep strength and an increase of approximately 10× in fatigue life were realized for DS GTD-111 compared to EQ GTD-111 [7].



In order to create turbine blades with even more superior creep strength and fracture resistance, a microstructure referred to as single crystal (SX), that does not contain any grain boundaries was developed [6]. This SX microstructure allows the removal of C (carbon) and B (boron) to a large extent, which decrease the melting temperature of an alloy as well as the fatigue strength. As an example, René N5, an SX-cast alloy, shows an increase of more than 35 °C (~60 °F) in creep strength and a 2–3 times improvement in fatigue life compared to DS GTD-111 [2]. SX microstructures can be further improved by adding Re (rhenium). The “first-generation” SX-cast superalloys (e.g., PWA 1480) do not contain Re and offer 25–50 °C improvement over rotor inlet temperature (RIT) and 1% improvement in creep life. The “second-generation” SX-cast superalloys (e.g., CMSX-4®) contain 3% Re and offer 30–35 °C improvement in RIT. The “third-generation” SX superalloys (e.g., CMSX-10®) contain more than 5 wt.% Re. This further enhances the creep-rupture strength and improves the RIT by 30 °C, enabling the use of un-cooled blades at 1200 °C, thus causing an increased efficiency by reducing the cold air requirement [7].



The SX turbine blades were originally developed by Pratt and Whitney in the 1960s and, since then, they have successfully been used to increase the service life [8]. However, because of material loss resulting from the abrasion between the blade tip and engine shroud, the SX turbine blades display a finite operating life despite their superior strength. Regulations dictate that once the blade tip loses a set amount of material, it may no longer be employed and must be repaired or scrapped. Additionally, fatigue cracks and other forms of damage (Figure 3b–d) [9]) at the shank, the dovetail, and the bottom of the airfoil limit the life of the turbine blades. Currently, when an SX turbine blade is damaged at the tip, it is typically repaired one to three times before being scrapped where it is either be reverted to regain its constituent materials or scrapped as waste (Based on our conversation with John Apostol, Principal Engineer—GEnx Program, American Airlines, Dallas, TX, USA). However, if there is damage at the shank or dovetail, or bottom of the airfoil, it cannot be repaired easily and needs to be scrapped. Once an SX blade is scrapped, a brand-new SX blade must be produced from scratch to replace it. This continuous cycle of producing new SX blades only to eventually scrap them and produce new replacement blades results in a large amount of material and energy waste as estimated in Section 5 of this article. With several hundred such components installed in each gas turbine engine, the total replacement cost at the time of overhaul for one engine can be upwards of hundreds of thousands or even millions of dollars per engine [2].



As the airline industry grows at an astounding rate, the material and the energy waste will only continue to increase if suitable measures are not found towards repairing the SX turbine blades. It is estimated that by the year 2027 the global fleet will have increased by approximately 10,000 aircrafts since 2017 [10]. Hence, there is a great interest in developing suitable repair techniques so that these SX turbine blades could be put back to service. With this objective, this paper reviews the investment cast production processes, failure mechanisms, and scrap material recovery applicable to the SX turbine blades. Then, the paper summarizes the status of additive manufacturing (AM) technologies in repairing the SX components. Including the current one, the paper is divided into seven sections. Section 2 reviews the material- and production-related background of the SX turbine blades. Section 3 summarizes the common modes of failure encountered by the SX turbine blades during their lifetime. Section 4 outlines the revert processes employed to restore the elemental materials from the damaged SX blades. Section 5 presents a case study to estimate the material and energy waste incurred during the production and revert processes and estimates the saving potential if a suitable repair method were available. Section 6 provides the status of AM in repairing the SX turbine blades. Finally, the article is concluded in Section 7 with recommendations for future research.




2. Background on SX Turbine Blades—Materials and Production Process


SX blades are produced via investment casting using high-γ′ nickel-base superalloys. Investment casting, while being a relatively old process dating back approximately 5000 years, remains an effective method of producing the SX turbine blades because it can produce a part with extremely intricate details. SX blades contain highly complex inner passages, called cooling channels as shown in Figure 1 [3]. These channels use convection cooling to maintain a lower blade temperature by using airflow. Because the turbine blades operate at 90% melting temperature of the alloy, this cooling process is a critical requirement of the advanced turbine blades [6]. Due to the passages’ complex geometry, it would be impossible to machine these intricate channels from a solid block of metal alloy, which makes investment casting the only method for fabricating the SX turbine blades.



2.1. Materials


SX cast superalloys typically contain several different alloying elements to attain the desired property level for hot rupture strength, fatigue resistance, and creep strength [6]. The presence of different phases in the microstructures, such as the close-packed phases (γ′, γ′′, and η, etc.) and the carbides (MC, M6C, M23C6, where M denotes the metal) [6] as illustrated in Figure 4 [11], determine these characteristics displayed by the superalloys. Nickel-base superalloys primarily comprise of intermetallic γ′ precipitates in a face-centered cubic (FCC)-Ni (nickel) matrix or γ-matrix. A large volume fraction, as high as 70% of γ′, is typically desired to strengthen the γ-matrix. The γ′ phase is chemically represented as Ni3(Al, Ti), with Al (aluminum) and Ti (titanium) replacing the corner Ni atoms in an FCC structure and forming a coherent phase with FCC-L12 structure. These secondary phase precipitates retard the dislocation motions by forming anti-phase boundaries. They also lock the dislocations at high temperatures [12,13].



While Al, Ti, and Ta (tantalum) are used as precipitation-strengthening or γ′ forming elements, Cr (chromium) enhances the superalloys’ resistance to corrosion. In order to increase the melting temperature, Mo (molybdenum) and W (tungsten) are used [4]. Al can build a protective layer of Al2O3 which can lead to a greater corrosive and oxidative resistance. W, Nb (niobium), Ta, and Mo all help to augment the alloys’ creep strength, as they diffuse slowly because of their higher atomic weights. Thus, they impart more microstructural stability. Some of these elements partition to the γ matrix while others partition to the γ′ precipitates [14]. Re is added to retard the coarsening of the γ′ precipitates. It generally partitions to the γ matrix. C and B are used as grain boundary strengthening elements for EQ-cast superalloys as they drive precipitation of carbides and borides. However, they also reduce the melting point and the high-temperature microstructural stability of the alloy.



Careful element addition is necessary in superalloys since some elements facilitate the formation of brittle plate-like μ, σ, or Laves phases. Typically, the μ phase has a rhombohedral crystal structure and, is formed due to the presence of excess Mo or W. The σ phase is a tetragonal phase that forms after a prolonged exposure to temperatures between 540 °C and 980 °C. The Laves phase is hexagonal and forms due to high-temperature exposures. These topologically close-packed (TCP) phases decrease the alloys’ rupture resistance and ductility [4]. Cr is a potential brittle σ phase former. Hence, it is increasingly being put in the coating material rather than the superalloy itself [14]. However, the reduction in Cr lowers the alloy’s solid-solution-strengthening and oxidation resilience. Table 1 [15] shows the constituents of a few popular SX cast nickel-base superalloys, illustrating the complexity of these alloys with regards to their compositions.



In the beginning, incorporating Mo and Al into a superalloy was enough to counterbalance the negative effects of reducing Cr. Unfortunately, approximately 1.5 wt.% Cr was still required for preventing the onset of hot corrosion [16]. Moreover, compositions containing more than 3.5 wt.% Mo experience a significant decrease in the hot-corrosion resistance. To assist in addressing this issue, portions of Mo were replaced with other refractory metals, like W, Ta, or Nb [17]. B and Zr (zirconium), with the assistance of heat treatment, affect the creep and fracture behavior because they modify the grain boundary carbides [18]. Additionally, Hf increases the ductility because it, like B and Zr, is effective at forming carbides [19].




2.2. Production Process


To simplify and better understand the SX turbine blade production process, it can be broken down into four key steps. These steps are as follows: mold production, investment casting, heat treatment, and thermal barrier coating.



2.2.1. Mold Production


Investment casting is classified as an expendable mold casting process because each time a cast is produced, a new mold is required to be fabricated [20]. Therefore, before casting can begin, a mold, also known as an investment cast shell, must be fabricated. The first step in this process is to create a wax mold (Figure 5a) [21]. To do this, the molten wax is poured into a master mold that contains several ceramic cores. These cores are vital for blade investment casting because they are responsible for forming the complex cooling channels as shown in Figure 1. The pinning wire is driven inside the wax until it abuts the ceramic core to stabilize the cores throughout the mold making procedure. The wax can solidify around the ceramic cores in the master mold [22]. Once the wax fully solidifies, a grain selector is added [23].



The objective of a grain selector is to dictate the primary and secondary crystal orientations of the SX blade. There are two grain selection methods used in the industry: a gate or blocker selector or a crystal seed. A gate or blocker selector is only capable of controlling the primary crystal orientations. Typically, this selector looks like an elbow or a helix and functions on the principal idea of culling the grains present in the melted superalloy until only one of the grains is able to continue past the bottleneck and into the investment mold during casting [23]. The helix-shaped selector is called the “pigtail”. Overall, a pigtail (Figure 5b) [24] with a circular cross-section is superior to the elbow-shaped selector because it lacks sharp edges and turns and, therefore, can form a smooth continuous grain that prevents unwanted nucleation [25]. Crystal seeds, which are fragments of crystal taken from sources with known grain orientations, can dictate both the primary and secondary crystal orientations. When the molten superalloy encounters the crystal seed and begins to solidify, it assumes the same crystal structure as the seed. Crystal seeds cause the superalloy to assume the desired grain orientation more quickly than the blocker selectors [23].



Once the grain selector is added, the resulting solidified wax structure is dipped into ceramic slurries containing alumina, silica, zirconia, and other binding agents to create the investment cast shell. By using a wax tree (Figure 5c) [21], many wax models can be dipped at once. Foundries with automated wax trees see greater consistency in their resulting investment shells. Moreover, if a cost-effective automated tree is used, these wax trees lead to lower energy consumption, a reduction in worker exposure to hazardous fumes, and an overall economic benefit. After dipping the wax models into the slurry, the models are then covered in large particles of the same materials present in the slurry. This process is repeated until the investment cast shell reaches the necessary thickness. Once the required thickness is reached, the wax is removed via melting [20]. The investment cast shell is then heated to strengthen its structure. The final shell is preheated and degassed immediately before the casting process is conducted. It is important to maintain the position of the ceramic cores within a strict tolerance throughout the entire process. Due to the large aspect ratio of the cores, the mold is unable to self-support. To address this issue, wires, typically made of palladium alloy, are utilized to pin and hold the ceramic cores [26]. A 50.8 mm thick turbine blade typically requires about 7–10 pins [27].




2.2.2. Investment Casting


Figure 6a illustrates the Bridgman process, which the turbine blade manufacturers currently employ to fabricate the SX turbine blades [28]. In the Bridgman process, a high positive thermal gradient (G) is created by moving the mold past the furnace’s radiation baffle in a precisely controlled manner. Such a high G is responsible for controlling the direction of the solidification in the fabricated part [21]. The high G is able to establish the direction of solidification along the axial direction by preventing the nucleation of EQ grains in the areas where the melt is undercooled [29,30]. Additionally, a higher G produces finer microstructure with small dendritic spacing, requiring less amount of time in homogenizing the microstructures via expensive heat treatment processes.



There are two individual chambers, divided by the radiation baffle, in the Bridgman furnace. The upper chamber is the heating zone and is responsible for heating the mold, and the lower chamber is the withdrawal chamber which is the cooling zone where the solidified casting moves during the solidification process. To begin the casting process, the mold is moved into the upper heating chamber where the temperature is held greater than the liquidus temperature of the casting material via a heater. The molten superalloy is transferred into the cast and then removed from the upper heating chamber via the radiation baffle and into the withdrawal chamber at a desired set rate, usually around a few millimeters per minute. This speed is set so that the solid-liquid interface can successfully progress without any instability. The pigtail shaped spiral grain selector has a small cross-section. This allows a single grain to enter the cavity of the casting. If a crystal seed is used in conjunction, the casting processing parameters must take into consideration that the seed is located at the bottom of the casting and that, if the seed is melted entirely, it would be unable to function and determine the growth orientation of the cast.



To improve the productivity of SX casting, liquid metal cooling-assisted casting (LMC) is developed with high G (Figure 6b) [21]. G is improved through the implementation of a liquid cooling bath where the mold and solidified casting are moved to during the withdrawal process. Additionally, the mold itself can be cooled by employing a liquid metal coolant. The application of this improved cooling process demonstrates significant promises in addressing the current issues of the Bridgman furnace in the fabrication of large scale SX blades [32,33,34,35]. When the blade dimensions become larger, it is increasingly difficult to maintain the required G to achieve SX solidification. The LMC process is generally able to obtain values of G that are double the values of G achieved via the Bridgman process. Al, Sn (tin), Ga (gallium)-In (indium) alloy, and Ga-In-Sn alloys are commonly used in the LMC process. However, the ceramic mold undergoes a significant thermal distress when it is submerged in the liquid bath. Hence, mold cracking can be a significant drawback of the LMC process. If the mold cracks, the liquid bath comes in contact with the cast and contaminate the SX blade [36]. Currently, the LMC process is not commonly found in the industrial field although it is able to produce a higher G and create a finer microstructure in the cast. The bottom line is that the advantages of the LMC process with regards to the casting quality are minimal, and the process itself is complicated and requires expensive equipment. Specifically, increasing the G often alters the axiality of the temperature gradient. The altered gradient in turn affects the solidification front’s curvature [33]. Therefore, G can become non-axial during the LMC process depending on how efficient the heat removal process is. Moreover, the lateral growth, because of removing the cast at a velocity that is too high or due to extreme geometry changes when the solidification front enters the cooling zone, is much more prominent in the LMC process than in the Bridgman process [21,33].



A third process, known as the gas cooling casting (GCC) process and illustrated in Figure 6c, is also developed for manufacturing the SX turbine blades [21]. This process has demonstrated many advancements compared to the Bridgman process. In GCC, an inert gas enters the furnace immediately underneath the baffle to assist in cooling the casting when it leaves the heating zone. As with the LMC process, GCC can obtain a G of twice the value of that found in the Bridgman process. However, some of the inert cooling gas may travel into the heating chamber due to the opening between the two furnace chambers and, consequently, lower the temperature in the heating zone as well as the alloy’s temperature gradient. This lowers the overall quality of the casting. Unfortunately, this problem cannot be easily and effectively eliminated, which has ultimately led to the prevention of the widespread employment of GCC among industrial manufacturers. In both LMC and GCC, the entire casting is aggressively cooled, beginning at the surface, via either a cooling liquid metal bath or inert cooling gas. However, due to the varying thicknesses displayed by the turbine blades, inhomogeneous cooling occurs. For example, the turbine blade’s trailing edge is encased in thinner mold walls compared to the location where the blade and the platform join. Therefore, the trailing edge is more significantly affected by the cooling processes used in LMC and GCC. In the end, this inhomogeneous cooling negatively impacts the stability of the casting process. Due to these challenges, the Bridgman process remains the most popular method for producing the SX turbine blades to date.




2.2.3. Heat Treatment


In order to optimize their microstructure and properties, the SX turbine blades are subjected to post-process heat treatments, which include homogenization, solutionizing, and aging and can vary depending on chemical composition, fabrication routes, and intended service conditions [4,37]. Homogenization, which is designed to produce recrystallized grain structures, and solutionizing, which is designed to dissolve age-hardening constituents and carbides into solid solution, are both high-temperature processes. Both are followed by aging, which is performed at intermediate temperatures to drive precipitation of a dispersed phase throughout the matrix to develop maximum strength [4,37]. These heat treatment procedures occur after the investment mold and ceramic cores have been removed. As with the developments of the SX turbine blades, their heat treatment procedures have also become complicated. Currently, there is a significant amount of interest in developing heat treatment procedures that require less time and energy. A recent US Department of Energy report estimates the energy usage of metal heat treatment in the US to be in the order of 270 TBTU [38]. The current heat treatment processes. that consist of solution treatment and aging, require ~22 h for stress relief, solution treatment, and aging process. To reduce the heat treatment cycle time and temperature, an in-depth understanding of the thermodynamics and the kinetics of the precipitate evolution process is necessary.




2.2.4. Thermal Barrier Coating (TBC)


Once SX blades are cast, after machining and heat treatment [39], TBC coating is applied on the blades. The coatings consist of three different layers i.e., bond coat, thermally grown oxide layer, and ceramic topcoat (Figure 7) [40]. Before the TBC coating process can begin, the surface of the SX blade is roughened using a procedure such as grit blasting. Grit blasting uses hard, angular particles to blast target surfaces and remove unwanted material. A few examples of particles used in grit blasting are walnut shells, various types of sand, silicon carbide, alumina, and emery. Not only does grit blasting effectively clean the SX blade’s surface, but it also increases the blade’s surface area by creating nooks and peaks which makes it easier and more receptive to coating. After grit blasting, the bond coat is deposited via one of two methods, plasma-spray, or electron-beam physical vapor deposition. The bond coat is an oxidative resistant layer composed of NiCrAlY or NiCoCrAlY alloy. During operation, when the aircraft engines experience their maximum operating conditions, the bond coat typically reaches temperatures higher than 700 °C. These higher temperatures directly cause oxidation of the bond coat resulting in the formation of a third layer, i.e., the thermally grown oxide (TGO) connecting the bond coat and ceramic topcoat [41].



The ceramic topcoat is responsible for thermally insulating the blade and is generally composed of yttrium oxide (Y2O3)-stabilized zirconium oxide (ZrO2) or YSZ [42,43]. YSZ displays a wide range of advantageous characteristics making it a favorable material for the topcoat. When compared to all other ceramics, YSZ displays one of the lowest thermal conductivities at high temperatures [44]. Additionally, this material contains a high level of point defects to help disperse the heat-conducting phonons referred to as the lattice waves. YSZ also naturally reduces the amount of stress being directly caused by the blade’s thermal expansion due to its high thermal-expansion coefficient [42,43]. Currently, there are two main methods used to produce TBCs: atmospheric plasma spray (APS) [45] and electron-beam physical vapor deposition (EBPVD) [46]. In APS, an arc made of high current is used to form a plasma jet composed of inert gas and powder particles. This plasma jet is used to cover the SX blade with molten particles, but it does not cover the inner region of the cooling channels. To cover the entire outer surface of the SX blade, there must be significant overlapping and layering of the splats. The individual splats harden quickly and independently which causes the resulting ceramic to have a certain level of porosity. The characteristics of the ceramic layer depend heavily upon the type of powder and the type of torch used in this process [45].



In EBPVD, a molten ceramic is evaporated to cover the outer surface of the SX blades [46]. First, the SX blade is preheated to a target temperature and then it is placed in a vacuum chamber. An electron beam melts and evaporates the chosen ceramic material. The evaporated ceramic creates a vapor cloud around the SX blade and then deposits on the SX blade’s outer surface and solidifies. To cover the entire surface of the SX blade completely and evenly, the blade must be rotated in the vapor cloud. For this to be a continuous process, the ceramic material is supplied into the crucible. The resulting ceramic layer consists of a columnar microstructure and can withstand a high amount of stress [46].



When it comes to comparing the ceramic layers produced by the two methods described above, EBPVD is preferred over APS [40,41,42,43]. EBPVD produces a smoother coating than APS which increases the aerodynamic capabilities of the SX blades. Moreover, due to the columnar microstructure of the EBPVD ceramic layer, this type of ceramic layer can withstand a higher amount of thermal stress. Additionally, EBPVD ceramic layers have better corrosion resistance. Finally, APS ceramic layers may cover the cooling holes in the SX blades. As a result, the cooling holes must be cleared after the TBC process is over, which requires an extra step of machining and processing, before the blades are ready to be used. During EBVPD, the cooling holes remain open and clear [40,41,42,43].






3. Failure Modes in SX Blades


Most of the damages encountered in the SX blades are caused during throttle movements that occur during take-off, climb, cruise, descent, and landing [47]. The mission profile (e.g., civil or military) and duration impact the throttle and, therefore, the blade life consumption (BLC). For example, in civil aviation, the shorter duration flights generally experience a higher rate of BLC per hour of operation compared to longer flights. While the degree of damage experienced by the SX blades also depends on how pilots individually operate the throttle, civil aviation observes a more consistent operation in throttle between two different pilots flying the same mission or two similar mission profiles because the flight requirements between each mission remain relatively consistent. In comparison, the throttle use varies more drastically between military aircraft even when used for the same mission profile. For example, two similar aircrafts flying a mission together encounter a noticeably different BLC. Specifically, when in formation, the aircraft at the top of the “V” experiences less BLC than an aircraft in the back of the formation. This is because the pilot at the lead generally needs to make fewer throttle movements in comparison to the rest of the aircraft in the formation [47].



For SX blades used in aircraft engines, mission profile factors not specific to the throttle movement can also affect BLC. Four such mission factors are the cruising Mach number, the cruising altitude, the duration of reheat (applicable to military aircraft with an afterburner), and the standard day temperature [47]. As the Mach number increases, blade deterioration is higher. As the cruising altitude increases, BLC increases exponentially. As the reheat time increases, an initial increase in BLC is observed. However, after this initial increase, a decrease in BLC occurs. As ambient temperature increases, BLC decreases in a linear fashion. Though it is possible to take measures to lower the degree of BLC, it is impossible to eliminate BLC [47]. SX blades used in commercial aviation currently have a lifespan of approximately 25,000 operating hours before they need to undergo a complete overhaul [48]. In 2019, American Airlines’ aircrafts averaged 9.92 block hours per day [48]. Block hours are defined as the time interval between an aircraft’s initial ramp under its own power) to its landing and arrival at the destination. Therefore, SX blades can last for about 6.90 years before needing to be scrapped. The primary modes of failures are low cycle fatigue (LCF), high cycle fatigue (HCF), fretting fatigue, creep, hot corrosion, coating failure, and combined modes. In the next sub-sections, these failure modes are discussed briefly.



3.1. Low Cycle Fatigue (LCF)


Extensive research exists to study LCF of SX components, specifically how the blade’s structural integrity is affected by its crystallographic orientation and temperature [49,50] for several nickel-base SX superalloys such as AM1 [51], DD6 [52], and SRR99 [53]. The alloys typically exhibit anisotropic behavior during cyclic deformation with different crystallographic orientations [54]. At higher temperatures, an [001]-oriented SX specimen displays cyclic softening during the initial stages of fatigue. Comparatively, a [111]-oriented specimen shows cyclic softening under higher levels of strain but shows cyclic hardening under lower levels of strain. The cyclic softening observed at the early stages of fatigue in the [001]- and [111] components is due to three things: the dissolution of γ′ precipitates, the formation of interfacial dislocation networks, and the elimination of dislocations. Under low strain, in the [111]-oriented specimens, cyclic hardening occurs when the dislocation arrays form in the γ matrix and align parallel to one another. These arrays obstruct dislocations from varying slip systems from interacting with one another. Therefore, the [111]-oriented SX turbine blades display a noticeably shorter fatigue life compared to [001]-oriented ones [54].



To reveal the underlying deformation mechanism, advanced materials characterization techniques, such as transmission electron spectroscopy (TEM), is extensively utilized to investigate the growth and development of dislocations as well as other defects, like stacking faults and twin/grain boundaries, after subjecting the SX turbine blades to different mechanical tests [54]. Research suggests that fatigue resistance is augmented by the uniform distribution of secondary γ′ precipitates in the γ matrix. The genesis of a fatigue crack is due to the formation of persistent slip bands (PSBs). After initiation, the fatigue crack continues to grow along the PSBs. When the specimen is under high temperatures and strain amplitudes, it generally undergoes a premature genesis because of the dislocation tangling as well as the continual coarsening of precipitates caused by an increased concentration of local stress intensity levels.




3.2. High Cycle Fatigue (HCF)


For both [001] and [111] crystallographic orientations, the presence of stress concentrators, such as notches, directly leads to a significant increase of BLC at a given temperature. Compared to LCF, SX components with varying crystallographic orientation do not demonstrate noticeable variations in their HCF life values [55]. SX components with both [001] and [111] crystallographic orientations show identical sensitivities to stress concentration factors. Smooth specimens show a fracture surface that contains many cleavage planes; one of these cleavage planes being significantly longer than the others. The orientation of these planes varies in their angle with respect to the plane of the minimum cross-section. Comparatively, the notched specimens’ fracture surfaces display no cleavage planes. These specimens fracture in a way that is highly comparable to the fracture behaviors observed in polycrystalline components [55].



A probable way in which the rough zone, defined as the cluster of multiple planar facets emerging from the crack initiation site, can form during HCF is the presence of stress concentration factors [56]. From a region, that is in proximity to a stress concentration factor, multiple slip bands are created when a fatigue test is performed. These bands are a direct result of the applied stress and the stress concentration factor. The presence of casting defects (e.g., pores and voids) can create high shear stress and stress intensity factor (SIF) applied to the slip systems. However, the SIF surrounding the pore or void region is less than the one describing the global SIF threshold of the specimen. In the regions surrounding the pore, severe microstructure shearing occurs. Comparatively, when the specimen is subjected to higher temperatures, the acute plastic deformation in these regions leads to recrystallization and cavitation. Additionally, TCPs and carbides are typically found to precipitate in the rough zone of certain superalloys; this occurrence is determined based upon the chemical compositions of the superalloys. As a result of the metallurgical characteristics, slip bands form further beyond where the pore could initially influence. Once the SIF of the rough zone becomes equivalent to the global SIF threshold, macroscopic HCF cracks form, and the SX components fail.




3.3. Fretting Fatigue


Fretting fatigue is the result of either cyclic bulk loading or an oscillating force being applied to two specimens, in contact with one another. These loads cause small-scale relative motion, generally lower than 100 μm, between the two specimens which, in turn, facilitates stress concentration and a steep stress gradient -at the contact surface [57]. Consequently, the material begins to degrade, and the rate at which the crack initiation occurs increases. As a result of the centrifugal and aerodynamic forces, fretting fatigue is most generally found in the joints and discs of the SX turbine blades [57]. The fretting fatigue behavior of the SX superalloy components has been studied significantly over the past five decades [58,59,60,61]. A considerable amount of data, including the in-situ fretting fatigue failure data at elevated temperatures, is available in the open literature. In-situ fretting fatigue tests demonstrate the evolution of crack initiation and propagation. Typically, such in-situ tests have been conducted in a scanning electron microscope (SEM) [62] and a synchrotron facility [63].



SX superalloy components possess the FCC crystal structure that has four {111} octahedral slip planes, each of which contains three <110> slip directions [64]. Therefore, in the SX components, there are twelve slip systems. The dislocations sail through the slips and the slips travel on the free surface. The results from an in-situ high-temperature fretting fatigue testing apparatus demonstrate that the density of the slip lines reduces with an increase in temperature [64]. Crystallographic orientation significantly alters the appearance of slip lines. As a result, the principal mode of deformations in SX components during fretting fatigue failure is the crystallographic fracture [65].




3.4. Creep


The creep characteristics of the SX superalloy components strongly depend on the average size, morphology, and volume fraction, and distribution of the γ′ precipitates [66,67] as well as the elastic modulus, microstructure, and lattice misfit of the γ/γ′ interface [68]. When a specimen is under thermal loads for a prolonged period, the size of the γ′ precipitates increases as a result of two different mechanisms: (i) the Ostwald ripening [69] and (ii) the formation of directional γ′ clusters due to the loss of its cuboidal shape [70]. A decrease in the γ/γ′ interface area, the modulus misfit, and the γ/γ′ lattice mismatch strain play a critical role in the γ′ coarsening [71]. Consequently, precipitates are no longer coherent, and the component’s high-temperature strength is severely decreased. In several superalloys, such as CMSX-10®, while under prolonged thermal exposure, the primary determinant influencing and decreasing creep properties is considered to be γ′ precipitate coarsening [71]. While employed, turbine blades made of the fourth generation SX superalloys experience non-homogeneous heating due to skewed combustor exit thermal profile and pattern factors. Consequently, these blades demonstrate a prolonged serviceability temperature of approximately 1000–1100 °C even though the temperature capabilities of this superalloy are approximately 1140–1150 °C [39].



The microstructure of an experimental SX superalloy after undergoing a general heat treatment shows the formation of γ′ precipitates in the γ matrix [39]. The cuboidal γ′ precipitates demonstrating a large volume fraction (~66.53%) are homogeneously dispersed in the γ matrix. After subsequently exposing the experimental superalloys to 1000 °C for 100 h, 500 h, and 1000 h, their resulting microstructures are displayed in Figure 8a through 8c. The γ′ precipitates’ size steadily increases as aging time progresses, and the specimen’s morphology remains cuboidal which demonstrates the stability of the microstructure [39]. The creep curves at 1000 °C for 100 h, and at 1140 °C/137 MPa for 500 h and 1000 h exhibit three individual stages where the duration of the second stage was responsible for most of the creep process [39]. The microstructures of the specimens after experiencing rupture due to creep at 1140 °C and 137 MPa are displayed in Figure 8d through Figure 8f. The cuboidal precipitate structure is lost. The dislocation networks are observed at the γ/γ′ interface and annotated by arrows in Figure 8g through Figure 8i [39]. Existing studies reinforce that the appearance of dislocation networks is critical in deciding the creep life [72].




3.5. Hot Corrosion


In gas turbines, turbine blades experience some level of hot corrosion; it is when the metal temperatures are less than ~900 °C that the rate of oxidation is relatively low [73]. Comparatively, in gas turbine engines with high thrust ratings, the SX turbine blades experience a higher rate of hot corrosion that has the potential to significantly decrease BLC [74]. A liquid, generally sulphate, is typically deposited on the turbine blades’ surface for hot corrosion initiation. This deposit depends on both the gas streams as well as the reactive gas species, such as SO2, SO3, and HCl, because of the trace metal species, like sodium compounds, they contain [73]. There are four main factors that affect the rate of hot corrosion experienced by the SX blades: the rate at which the deposit forms, what material the deposit is composed of, the temperature of the metal, and what material the surrounding environment is composed of. There are two types of hot corrosion failure identified in SX blades [75,76]: Type I hot corrosion which occurs around ~750–900 °C, and Type II hot corrosion which is experienced at ~600–800 °C. Certain contaminant species, such as species containing sulfur, chlorine, alkali metals (e.g., Na and K), as well as other trace metals (e.g., Pb and Zn), have a high impact on the corrosive degradation experienced by the SX blades. Because the concentration of these contaminants varies in different fuels used in gas turbine blades, varying degrees of hot corrosion is experienced with each element/fuel utilization process when the gas streams get to the SX turbine blades [73].



Generally, uncoated SX blades experience a higher degree of mass gain, resulting from hot corrosion reactions, than coated SX blades do [73]. These changes in mass observed in both coated and uncoated materials are responsive to the flux that they experience [77]. Moreover, it has been found that the degree of mass change experienced by the SX blade is more sensitive to certain gases than others. Specifically, mass change responds more severely to changing SO2 levels in the surrounding environment than to HCl levels. Specifically, high concentrations of SO2 cause more damage than low concentrations of SO2 when HCl is present. Additionally, water vapor has a considerable effect on the mass gain experienced by the SX blades.



Uncoated SX components typically show very high degradation rates which highlights how necessary it is for these components to be appropriately coated before employment. The composition of the SX superalloy has a significant impact on the functioning of a coating (i.e., Pt-Al) when the turbine blades are subjected to a temperature of 700 °C for 500 h and a deposition flux of 15 µg/cm2/h in air having 50 PPM SOx [73]. A SX turbine blade made of CMSX-4® superalloy experiences a more localized Type II pitting attack where the pitting can perforate the Pt-Al coating and subsequently penetrate the alloy under this coating. Comparatively, an SX turbine blade made of SC2-B coated in Pt-Al experiences a more broad-fronted attack where the perforation manages to travel less than halfway through the thickness of the coating. The reason for the corrosion variation in these two SX blades is because the “effective” composition of the Pt-Al coating is different for these two blades. Specifically, the material that the blade is composed of alters the composition of the Pt-Al coating via interdiffusion [73]. Therefore, to optimize the level of hot corrosion experienced by SX blades, it is necessary to understand the coupled reactions of varying combinations of turbine materials and coatings.




3.6. Coating Failure


TGO growth is the primary cause of TBC spallation failure [40]. For example, TGO growth can cause constrained volume expansion leading to compressive stresses. Under cooling, the misaligned thermal-expansion observed in the TGO and bond coat directly causes high levels of residual thermal compressive stresses resulting in the fracture driven by the TGO growth [78,79]. The formation and growth of different metallic oxides, involving Al, Ni, and Cr, make up the quality of the TGO structure and give rise to quick oxygen-diffusion paths which ultimately increase the rate of localized oxidation [80]. As a result of the bond coat’s cyclic creep, which takes place as thermal cycling progresses, the bond-coat/TGO/topcoat interfaces experience continual roughening [81]. In a bond-coat/TGO interface (EBPVD TBC), that is considered nominally flat, roughening occurs because of the TGO perforating the bond-coat [82]. Comparatively, in an interface that is not flat (APS TBC), also known as an undulated interface, the amplitude of the undulation increases [83]. This increase results in stresses that are out-of-plane and perpendicular to the metal/ceramic interface which in turn leads to TBC failure. As the TGO thickens, thermal-expansion misalignment in the bond coat/TGO interface causes stresses that become the dominated stress when compared to the thermal stresses. After the TGO reaches a certain width, the bond coat/TGO’s thermal-expansion coefficient is less than the individual coefficients of the topcoat and the bond coat; this causes the inverse, from compressive to tensive, of the topcoat’s stresses located in its undulation trough. Consequently, this inversion leads to crack formation between the crests, also known as the valleys, in the topcoat.



The topcoat in EBPVD TBCs displays a higher strain tolerance than that of APS TBCs, so the multiple cracking events in the EBPVD TBC systems take place at the interfaces of either the bond coat/TGO or the TGO/topcoat. EBPVD mainly undergo three types of failure methods, such as (i) Mechanism I: the bond coat/TGO interface separates from one another (similar to APS TBC case); (ii) Mechanism II: the interface of the TGO/topcoat separates and TGO perforates bond coat due to either TGO roughening as a result of cyclic bond coat or the increased rate of embedded oxide formation and cavity formation in the bond coat; and (iii) Mechanism III: fracture in the interface as a result of interfacial toughness degradation resulting from fatigue as well as the movement of unwanted elements (e.g., sulfur) to the interface [40]. In APS, there are four different failure mechanisms [40]. These mechanisms are (i) Mechanism I: the interface of the bond coat/TGO experiences cracking, located at the crests, due to tensile stresses; (ii) Mechanism II: the interface of the TGO/topcoat experiences fracturing, located at the crests, as a result of tension; (iii) Mechanism III: near the location of the crests, cracking of the topcoat which is extremely brittle, occurs; and (iv) Mechanism IV: in the valleys located in between the crests, topcoat cracks [40]. The dominant mechanism depends on the blade material and coating combinations as well as the operating environment.





4. Material Recovery from Scrapped or Defective Blades


Nickel-base SX cast superalloys are generally composed of at least ten alloying elements (Table 1) to optimize their performance for high-temperature operation [6]. Among the alloying elements, Re deserves a special mention as it provides the SX blades with superior rupture strength at high temperatures. Over the past few decades, a significant increase in Re percentage in SX alloys is carried out. This element is not used in the first generation SX superalloys. The second and third generation SX superalloys contain approximately 3 wt.% and 6 wt.% Re, respectively [6]. The fourth generation is composed of Re at an equal level to the third generation. Despite accounting for only 3–6 wt.%, the cost of Re is approximately ten times as expensive as the price of the remaining 97 wt.% of the alloying elements because of its low crustal abundance at only 0.7–1.0 parts per billion. Moreover, as the airline industry grows, the demand for Re grows with it. Consequently, the cost of Re increases. In 2006, GE aviation began a program encouraging the reduction of the company’s dependence on Re because they foresaw that the need for Re would increase while the supply of Re would remain relatively constant. The price of Re increased by more than 100% between 2006 and 2008. Despite GE’s efforts, 78% of the world’s Re is currently being used in the production of SX superalloys.



Both the high cost and low crustal abundance of Re demonstrates the requirement to retrieve Re from scrapped blades using a process called ‘revert’ [84]. Revert seeks to reclaim the blade’s elemental components. Unfortunately, it is impossible to reclaim all the original material. Moreover, reclaimed material must meet a certain standard, as set by the industry, to be employed again. Because of these standards, not all reclaimed material is able to return to the industry that originally employed it. Moreover, the reverting process can be complicated, time-consuming, and expensive. In general, the more expensive and complicated a process is, the greater the percentage of recovered material, and the higher the quality of the recovered material. However, for many companies, the downsides of reverting outweigh the benefits, and the higher quality reverting processes are not implemented.



One of the simplest reverting techniques is re-melting a decommissioned alloy directly into a new charge of melted alloy. However, during this process, approximately 20% of the potential recovery material is lost due to high burn-out and oxidation. This high loss of material causes this process to be undesirable to many companies despite the process’s simplicity. Comparatively, by combining a re-melting process with multiple refinement methods (e.g., vacuum refinement), better results can be achieved. This process is usually high in energy consumption and/or economically unfeasible depending on how the material is re-melted and how many times, and what type of refinement is used. The second option is to use hydrochloric acid (HCl) leaching which is a hydrometallurgical process. The first step in this revert procedure uses HCl to leach Ni, the base alloy in SX superalloys, as well as the elements used to form the thermal barrier: Al, Cr, Co, and W. The second step uses chlorine (Cl) to recover Re. This method of HCl leaching shows a lot of promise to be employed in the future. Compared to the re-melting process, leaching is more sustainable and generally recovers a larger percent of the material [84]. Specifically, one study found a recovery of > 99% for both Re and Ni [85].




5. Energy and Material Waste During Revert and Scarp—A Case Study


To perform the necessary calculations to estimate the energy and material waste during the manufacturing of replacement turbine blades, it is necessary to make certain assumptions. These assumptions are summarized as:




	
An increase in number of aircrafts from 23,904 in 2018 to 40,301 in 2038 [86].



	
The average block hours per aircraft per day is 10 [48].



	
Turbine blade specifications are taken from the Boeing 787-9 which uses two GEnx-1b74/75 engines/aircraft [87].




	▪

	
This engine contains two rows of high-pressure turbine blades with 62 SX blades in each row.




	▪

	
CMSX-4® is treated as the material for the SX blades and the blades are approximately 0.33 kg each.









	
For every metric ton of usable SX casting produced, 8116 MJ of energy is used [88].



	
36% savings in total energy due to single repair over replacement [89]. Hence, 5194 MJ of energy is required per metric ton of repair.



	
For every metric ton of good revert, 8116 MJ of energy is used [88]. Half of this amount is due to repair and the other half due to revert.



	
Approximately 10% of all SX blades are defective and must be scrapped without ever being used. Only 20% of the scrapped blade material is recoverable through revert to the desired quality [84].



	
The lifespan of the SX is 25,000 operating hours before they need some degree of repair. Three scenarios are considered for material and energy waste analysis:




	▪

	
5% material loss due to damage [89]. Two cycles of repair [90]. No revert.




	▪

	
5% material loss due to damage [89] and 20% material loss during revert [84]. Two cycles of repair [90].




	▪

	
5% material loss due to damage [89] and 20% material loss during revert [84]. If efficient repair methods are available, the blades may be restored multiple times. For demonstration purposes, the number of repair cycles is selected as 10.














After making these assumptions, the energy and material input needed to produce the total number of SX turbine blades for commercial aircraft are calculated from 2018 to 2038. As illustrated in Figure 9a, an average increase of approximately 68% in both material and energy input required from 2018 to 2038. Figure 9b shows the amount of material waste considering three different scenarios. The green curve assumes that scrapped blades go through a revert process whereas the blue curve assumes that the scrapped blades do not go through a revert procedure. There is approximately a 72% decrease in material waste if a revert is employed compared to when the blade is directly discarded. These numbers may be further reduced if the blades can be repaired to their original integrity as demonstrated by the saffron curve where it is assumed that the blades can be repaired 10 times. Figure 9c shows the energy loss for the three different scenarios. It is interesting to note that the scenario 2 (indicated by the green curve) has higher energy loss because the revert process consumes a large amount of energy due to its complexity. The amount of energy loss is significantly reduced only when the number of repair cycles is large enough. This case study shows that by developing an efficient repair method that can restore the blades to their original integrity multiple times, the material and energy loss may be decreased by a whopping 87% and 71%, respectively.




6. Turbine Blade Repair via Additive Manufacturing (AM)


Although metal additive manufacturing (AM) procedures are all rooted in the common idea of fusing layer upon layer of material, each process is distinct and can vary because of the type of energy source employed, the processing techniques used, the conditions under which the procedure is conducted, the materials it uses, and the metallurgical consolidation mechanisms used [91]. Due to these variabilities, metal AM processes can be classified into several different categories as illustrated in Figure 10. In this figure, the available metal AM processes are first organized by their energy source and then by their feedstock type. There are three main types of energy sources such as a laser, an electron beam, or an arc, while there are two different types of feedstock such as, powder or wire. Despite the availability of different types of metal AM processes, based on the literature reviewed, only a handful of them, as schematically shown in Figure 10, are being successful in repairing SX components to date.



The most used arc welding-based procedures are gas tungsten arc (GTA) welding, tungsten inert gas (TIG) welding, electron beam (EB) welding, and laser welding. Each of these processes is typically subjected to the same limitations in producing SX microstructure and crack formation [92,93,94]. Stueber et al. [95] tried to minimize the crack formation by heating the weld adjacent zone to a temperature greater than the aging temperature while still being less than the incipient melting temperature. United Technologies attempted a two-step process for the welding. The first step deposited filler metal into the repair, and in the second step, a broad and shallow melt pool was created by using a defocused beam to obtain epitaxial SX microstructure from the substrate to the top of the deposit [96]. Hence, this method is typically suited for local repair on simple contours. Different methods have, since then, been tried in order to repair components having complex shapes [97,98,99]. Laser welding and EB welding of superalloys such as CMSX-4® were shown to be less susceptible to cracking and the formation of stray grains compared to GTA welding.



The electron beam powder bed fusion (E-PBF) process showed encouraging results with the repair of René 142 [103]. Additionally, SX CMSX-4® was also processed via E-PBF. The microstructure of CMSX-4® grew epitaxially from the substrate [104]. While the E-PBF processes used a multi-layer deposition strategy, laser PBF (L-PBF) processes were successful in producing repairs with a deposit thickness greater than 1500 μm, with no cracks, using only a single-pass, and for several SX alloys, such as CMSX-4® [100,105,106] (Figure 11a), René 142 [11,107], and René N5 [108,109]. L-PBF processes also showed success in repairing heterogeneous material systems e.g., deposition of SX René 142 on René N5 [11]. Various laser-based DED (L-DED) processes were extensively used to successfully repair SX components made of CMSX-4® [102], DD6 [110], IC221W [111], René N4 [112], and René N5 [113]. L-PBF processes have high cooling rates, varying between ~104 and 106 Ks−1. On the other hand, processes like E-PBF use a hotbed (>870 K), which reduces the cooling rate, and hence do not produce a fine microstructure like L-PBF [91]. The cooling rate of L-DED is also lower due to its lower scan speed. Hence, the microstructure produced by L-PBF [105] is finer than E-PBF [104] and L-DED [102]. The repair regions typically display three individual sections: (i) epitaxial dendritic growth going in the [001] direction; (ii) epitaxial dendritic growth going in the [100] direction which is the direction in which the beam is traveling); and (iii) stray grains (SGs) [11].



Owing to the difficulties of processing the SX superalloys, most of the AM repair research has so far been focused on how to avert processing defects such as cracks and pores [114]. With regards to mechanical property evaluation, much of the work reports the microhardness values in the repair region [2]. In the majority of cases, the repair region showed higher hardness values than the substrate region because the microstructure of the repair region has a finer microstructure compared to the substrate region [2]. The tensile testing of SX repairs showed interesting behaviors [115]. The tensile failure at moderate temperatures showed cleavage fracture where the coarse carbides, in the substrate area, not only cracked but aided the crack propagation. This made the substrate region to be the weakest. However, at high temperature, the fracture took place due to the eutectics and porosities in the deposited area, thus, making the deposit area vulnerable to tensile failure. In both these cases, the joint region (i.e., the substate and the AM deposit interface) did not fracture [115].




7. Conclusions


The ever-increasing concerns over global emissions and resource depletion have inspired a greater effort on investigating and employing innovative procedures for manufacture and repair of the SX turbine blades to reduce the environmental impacts. The importance of repair can be easily appreciated by considering the results published by the Department of Defense, United States that estimates over $100 million worth components amenable by repair using AM [116]. While existing research shows progress on the fabrication and of SX components, significant scientific and technical challenges still exist. Based on the literature reviewed in this article, these challenges are segmented into four different categories as summarized below.



	
Materials:




	⚬

	
The SX turbine blade materials contain more than ten alloying elements to optimize their performance for high-temperature applications. Traditionally, the alloy development process has been based on trial and error. For example, it took more than a decade to develop CMSX-4® [117]. An integrated computational materials engineering (ICME) science approach needs to be matured to reduce the alloy development cycle [118]. The SX superalloys are also developed and optimized for casting operation. Existing literature shows that due the non-equilibrium nature of AM process, the deposits formed through AM produces additional defects such as the presence of non-equilibrium phases [91]. The SX alloys, therefore, need to be optimized for AM. However, fabrication of new alloys is quite a challenging task and there is no inexpensive way to fabricate new alloys that are suitable for AM. Existing literature also shows issues with powder feedstock variability. For example, Engeli et al. [119] showed significant variations in the powder size, morphology, and composition between different batches of IN738LC powder obtained from different vendors resulting in large differences in hot cracking susceptibility, pore formation, and processing window among different batches of powder.









	
Manufacturing via Investment Casting




	⚬

	
The investment casting process depends on the shells and cores whose quality depends on several factors, including the strength of the mold relative to the solidifying alloy, thermal shock resistance, dimensional stability, leachability, reactivity, permeability, and cost. Future research is required to develop new ceramic mold materials, processing, and characterization methods. So far, the Bridgman process has shown a tremendous success in fabrication the SX turbine blades. However, thermal gradient control is a critical issue for large blades. More research is required to address this issue. Finally, after fabrication, the blades need to be post processed using heat treatment to homogenize the microstructure. Higher thermal gradient helps in achieving a finer microstructure that would show a less degree of elemental segregation which would cut down the heat treatment time significantly.









	
Repair via AM




	⚬

	
Repair of SX components using AM is susceptible to different types of deposit defects such as pores, cracks, CET, OMT, and SGs. One approach to mitigate such defects is to develop process maps that essentially show various process parameter pairings for which specific types of defect are either prevented or inconsequential [120,121,122]. Existing literature shows that some of these defects are inversely correlated [105]. Higher energy density decreases the surface tension and causes a smoother flow of powder decreasing the number of SGs. However, the expanded melt pool results in a reduced vertical temperature gradient and consequently lowers the SX height. Developing process maps by altering process parameters to mitigate defects is, therefore, not very conducive and robust feedback control methodologies are required for improving the repair quality.




	⚬

	
Repair of SX components using AM is so far focused on simple geometries such as rectangular blocks [104,105]. Turbine blade geometries are extremely complex due to the presence of numerous internal cooling channels [3]. Repair of such complex geometry blades require tighter control of the process parameters. In addition, finer laser or electron beam spot size is also required to fabricate parts having micron scale resolution. Frequently, if not always, thin geometrical features suffer from warpage due to residual stress buildup during thermal cycling inherent in AM [105]. AM surfaces are also an order of magnitude rougher than the cast surface [123]. Currently, no effective methods exist for reducing the roughness of the internal surfaces.









	
Part Inspection:




	⚬

	
-Process development for microstructure control in SX parts is significantly held back because of limitations in current characterization techniques. Orientation imaging microscopy (OIM), which is an electron backscatter diffraction (EBSD) method, is typically used to validate whether an AM process can successfully deposit SX microstructure. While OIM is an excellent tool, it suffers from the requirements of sectioning (destroying) the parts to provide millimeter scale samples that fit the envelope of the scanning electron microscope (SEM). In doing so, the researcher is forced to decide on whether a handful of mm-scale samples, which can take days to characterize, is representative of the entire part. This problem is greatly amplified when one has several parts to characterize. In some cases, it is likely that hundreds of parts are needed to be built, characterized, and analyzed to truly understand the process and the resultant microstructures. One of the alternate approaches is to use ultrasonic [124] or acoustic [125] inspection techniques that can assess if the microstructure is SX. However, currently the resolution of such inspection is unsatisfactory, and more work is required for non-destructive testing (NDT) of SX parts.
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Figure 1. A representative schematic showing the cooling mechanisms in a turbine blade (Reproduced from [3] under the terms of the Creative Commons Attribution 3.0 License from http://creativecommons.org/licenses/by/3.0/). 
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Figure 2. Representative images showing the (a) equiaxed, (b) directionally solidified, (c) single crystal microstructure. (d) Zoomed view of (c) illustrating the dendrite microstructure in single crystal turbine blades (Reproduced with permission from [5], Copyright 2008 by The Minerals, Metals and Materials Society). 






Figure 2. Representative images showing the (a) equiaxed, (b) directionally solidified, (c) single crystal microstructure. (d) Zoomed view of (c) illustrating the dendrite microstructure in single crystal turbine blades (Reproduced with permission from [5], Copyright 2008 by The Minerals, Metals and Materials Society).
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Figure 3. (a) Turbine airfoil with worn-out blade tip, (b) cracking in the platform section, (c) tear in turbine blade (Reproduced from [9] under the terms of the Creative Commons Attribution 4.0 License from http://creativecommons.org/licenses/by/4.0/), and (d) cracked turbine blades (Reproduced from [9] under the terms of the Creative Commons Attribution 4.0 License from http://creativecommons.org/licenses/by/4.0/). 
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Figure 4. (a) Microstructure of SX René N5 showing the formation of carbide precipitates. (b) A representative image showing the formation of γ/ γ′ microstructure in SX René N5. 
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Figure 5. (a) Circular-clustered wax assembly (Reproduced from [21] under the terms of the Creative Commons Attribution 4.0 License from http://creativecommons.org/licenses/by/4.0/); (b) schematic of a pigtail demonstrating how the turns in the block selector function to cull unwanted crystal orientations until only one orientation remains (Reproduced with permission from [24]); (c) the shell mold corresponding to a wax assembly in (a) for casting SX blades (Reproduced from [21] under the terms of the Creative Commons Attribution 4.0 License from http://creativecommons.org/licenses/by/4.0/); and (d) Cross-section of a ready-to-use mold demonstrating the pin placement used to stabilize the ceramic cores and the ceramic mold (Reproduced from [26] under the terms of the Creative Commons Attribution 4.0 License from http://creativecommons.org/licenses/by/4.0/). 
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Figure 6. (a) A representative vacuum Bridgman furnace showing the radiation baffle separating the heating and cooling zone. In this furnace, radiation heating affects the casting the most because it is the dominant form of heating (Adapted from [31]). (b) Schematic of the liquid metal cooling-assisted casting (LMC) (Adapted from [21]). (c) Schematic of the gas cooling casting (GCC) process (Adapted from [21]). 






Figure 6. (a) A representative vacuum Bridgman furnace showing the radiation baffle separating the heating and cooling zone. In this furnace, radiation heating affects the casting the most because it is the dominant form of heating (Adapted from [31]). (b) Schematic of the liquid metal cooling-assisted casting (LMC) (Adapted from [21]). (c) Schematic of the gas cooling casting (GCC) process (Adapted from [21]).



[image: Jmmp 04 00101 g006]







[image: Jmmp 04 00101 g007 550] 





Figure 7. Schematic of the coating structure in the SX turbine blades (Adapted from [40]). 
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Figure 8. Scanning electron microscopy (SEM) images of microstructures after aging at 1000 °C for (a) 100 h, (b) 500 h, and (c) 1000 h. SEM images of microstructures aged at 1000 °C for (d,g) 100 h, (e,h) 500 h, and (f,i) 1000 h ruptured following creep deformation while subjected to 1140 °C/137 MPa: (d–f) the γ/γ′ microstructure and (g–i) representative interfacial dislocation networks. Figure (a) through (i) are reproduced with permission from [39]. 
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Figure 9. (a) Material and energy required per year to produce SX blades, (b) material loss for three different scenarios, and (c) energy loss for three different scenarios. 
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Figure 10. Classification of AM processes. Green boxes represent the AM processes that have shown success in repairing simple geometry SX components to date. 
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Figure 11. Representative optical images showing the capability of different AM processes in repairing a candidate SX alloy, CMSX-4®—(a) laser powder bed fusion (PBF) (L-PBF) (Reproduced with permission from [100]), (b) E-PBF (Reproduced from [101] under the terms of the Creative Commons Attribution 4.0 License from http://creativecommons.org/licenses/by/4.0/), and (c) laser-based DED (L-DED) (Reproduced with permission from [102]). Electron backscatter diffraction (EBSD) refers to electron backscatter diffraction. 
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Table 1. Composition (wt.%) of a few popular nickel-base superalloys that are cast with SX microstructure (Obtained from [15]).
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	C
	Cr
	Ni
	Co
	Mo
	W
	Nb/Cb
	Ta
	Ti
	Al
	B
	Zr
	Hf
	Re





	PWA 1480
	
	10
	Bal
	5
	
	4
	
	12
	1.5
	5
	0.003
	
	
	



	PWA 1484
	
	5
	Bal
	10
	1.9
	5.9
	
	8.7
	
	5.65
	
	
	0.1
	3



	PWA 1487
	
	5
	Bal
	10
	1.9
	5.9
	
	8.4
	
	5.65
	
	
	0.25
	3



	René N4
	
	10
	Bal
	8
	2
	6
	0.5
	5
	3.5
	4.2
	
	
	0.2
	



	René N5
	
	7
	Bal
	8
	2
	5
	
	6
	
	6.2
	
	
	0.2
	3



	René N6
	
	4
	Bal
	12
	1
	6
	
	7
	
	5.8
	
	
	0.2
	5



	CM 186 LC
	0.07
	6
	Bal
	9
	0.5
	8
	
	3
	0.7
	5.7
	0.015
	0.005
	1.4
	3



	CMSX-2
	
	8
	Bal
	5
	0.6
	8
	
	6
	1
	5.6
	
	
	
	



	CMSX-3
	
	8
	Bal
	5
	0.6
	8
	
	6
	1
	5.6
	
	
	0.1
	



	CMSX-4
	
	6.5
	Bal
	9
	0.6
	6
	
	6.5
	1
	5.6
	
	
	0.1
	3



	CMSX-6
	
	10
	Bal
	5
	3
	
	
	2
	4.7
	4.8
	
	
	0.1
	



	CMSX-10K
	
	2
	Bal
	3
	0.4
	5
	0.1
	8
	0.2
	5.7
	
	
	0.03
	6



	CMSX-10N
	
	1.5
	Bal
	3
	0.4
	5
	0.05
	8
	0.1
	5.8
	
	
	0.03
	7



	CMSX 486
	0.07
	5
	Bal
	9
	0.7
	9
	
	4.5
	0.7
	5.7
	0.015
	0.005
	1
	3



	SRR 99
	
	8
	Bal
	5
	
	10
	
	3
	2.2
	5.5
	
	
	
	



	RR 2000
	
	10
	Bal
	15
	3
	
	
	
	4
	5.5
	
	
	
	



	AM 1
	
	8
	Bal
	6
	2
	6
	
	9
	1.2
	5.2
	
	
	
	



	AM 3
	
	8
	Bal
	6
	2
	5
	
	4
	2
	6
	
	
	
	



	SC 180
	
	5
	Bal
	10
	2
	5
	
	8.5
	1
	5.2
	
	
	0.1
	3



	MC-2
	
	8
	Bal
	5
	2
	8
	
	6
	1.5
	5
	
	
	
	







C = carbon, Cr = chromium, Co = cobalt, Mo = molybdenum, W = tungsten, Nb/Cb = niobium, Ta = tantalum, Ti = titanium, Al = aluminum, B = boron, Zr = zirconium, Hf = hafnium, Re = rhenium.



















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file8.jpg
@

‘Ceramic shell mold






media/file18.png
Material Input/Year (Kg)

500000

450000

400000

350000

300000

250000

4500000

—-e-Material Input/Year

-Q-Energy Input/Year

4000000

3500000

3000000

2500000

2000000

2015 2020 2025 2030

Year

(a)

2035

2040

Energy Input/Year (MJ)





media/file13.png
Temperature

\ Hot Gas

Ceramic topcoat

TGO
Bond coat

A

A

Superalloy component

SN

A





media/file12.jpg
Temperature Hot Gas

Ceramic topeoat

TGO
Bond coat

Superalloy component

Cooling air





media/file9.png
Starter

[ (©) —
Wax Pattern |\ Finning Wire

Ceramic shell mold

=

\

—>—| |
4

eramiy ‘o"\‘ NGRS\ o N
Ty

&’\\ Pinning Wire d

)





media/file14.jpg





media/file20.jpg
Additive Manufacturing (Metallic Materials)

Electron-Beam Laser Based
Based

Wire Feed

Partial Powder Melting System | [ Complete Powder Melting System
I

Laser Sintering (LS)

Wire Feed






media/file23.png
9°

62

Misorientation

Substrate






media/file5.png





media/file15.png





media/file19.png
Material Loss/Year (Kg)

300000

250000

200000

150000

100000

50000

0

-e-Scenario 1
—-Scenario 2

-+ Scenario 3

2015 2020 2025 2030 2035 2040

Year

(b)

Energy Loss/Year (MJ)

3000000
2500000
2000000
1500000 -
1000000 -

500000 [

-e-Scenario 1
-o-Scenario 2
—-4+-Scenario 3

Ll 1 1 1 1

L1 1 1

0 11

2015

(c)

Year

2020 2025 2030 2035 2040






media/file2.jpg
(d)





nav.xhtml


  jmmp-04-00101


  
    		
      jmmp-04-00101
    


  




  





media/file11.png
Melting
Chamber

| Induction cooling

| | —Crucible

—— Induction melting
Thermal insulation

Heating furnace
Heaters

—— Thermal baffle
— Chill rings

| [ —Radiation cooling

| ™ Ceramic shell mold

™ Chill plate

— Water cooling

Withdrawal system

Withdrawal
Chamber
| (a)
Induction
melting Ingot
_ Radiation
| heatin
\ b= g :
Mo
Stirrer ) —

Floating
baffle

Tl

- Chill plate

(b)

Gas —|-

Gas ~

IS SIS SIS SIS S,

Feeder

Mold

i NN N NN

(c)

Metal

Core

Baffle





media/file6.jpg





media/file1.png
Leading side (suction side)
Rib turbulators

Serpentine

R '
b~ cooling channel

-""'? - =

— 3 .

Hot air —~ f? g/ Trailing edge
ir 7L

cooling slots

Pin-fin, Dimple
‘ or Protrusion

Stator-rotor
seal

Blade platform
cooling holes

|
R T | Cooling air

L@-XK

a—





media/file10.jpg
— Induction cooling
Meling rs Crucible
“Thermal insulation
7] Heating fumace
~Heaters
| —H Thermal bamne
E Chillings
ihes | & ¥
T~ Radiaion cooling
|| cermic et mota
| ~ citpe
Withdrawal - Water cooling
(Chamber thdrawal system
® N Feed
o = i
e IF R
e\ e i Mold
Mold Metal
Floating
baflle o
N
o8 Baffle
chitpe AN
Liquid metal coolant N

(b) (©)





media/file7.png





media/file16.jpg
Material Input/Year (Kg)

500000

450000

400000

350000

300000

250000

-e-Material Input/Year

~+-Energy Input/Year

4500000

4000000

3500000

3000000

2500000

2000000

2015 2020 2025 2030 2035 2040

Year

(a)

Energy Input/Year (MJ)





media/file3.png
.___::_:: W
:::_:._.: /






media/file22.jpg





media/file4.jpg
@






media/file0.jpg
Leading side (suction side)
7 Rib turbulators

Film cooling
7,
Hot ai 7

Trailing side (pressure side) >y

Serpentine
cooling channel

Trailing edge
cooling slots

Pin-fin, Dimple

seal





media/file17.jpg
Eicanad 3000000
. e e
g e § e [N
5 200000 E
S ~-Scenario | émﬂmm
£ o b= ol I

e == e

5 0 e I S O

pores A i
i \
Year Year

(b) (c)





media/file21.png
‘ Additive Manufacturing (Metallic Materials) ‘

Arc-Welding
Based

Electron-Beam
Based

‘ Laser Based ‘

Pre-spreading of
Powder (Powder
Bed Fusion)

‘ Wire Feed

‘ Partial Powder Melting System ‘ ‘ Complete Powder Melting System ‘

‘ Laser Sintering (LS) ‘

Pre-spreading of
Powder (Powder
Bed Fusion)

‘ Powder Feed ‘ ‘ Wire Feed ‘






