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Abstract

Turbine blades recovered from the Apollo Saturn V rocket F-1 engines were examined to determine an appropriate conservation protocol. Significant corrosion damage was observed in the turbine blades which appear to be made of a nickel based γ−γ' superalloy. Pitting corrosion appears to have breached the surface of the turbine blades, and subsequently a form of dealloying corrosion preferentially attacked the γ' phase. This corrosion left behind a thin network of interconnected γ phase, causing a severe loss of density of the blades and fragility of the blades. The particular alloy used for these turbine blades does not appear to be a known production alloy and may have been developed specifically for use in the F-1 rocket engines, with an increased concentration of refractory (Mo, Nb) elemental additions. The analytical results helped conservators determine a suitable treatment protocol for more than 400 blades and 100 fragments from four recovered turbines.
Introduction

The F-1 Engine Conservation Project

In March 2013, 11,000 kg (25,000 pounds or 12.5 tons) of Apollo-era (1967-1973) Saturn V rocket engine parts were recovered off the coast of Florida after more than 40 years on the floor of the Atlantic Ocean. A private partnership helped finance an expedition, with the support of the National Air and Space Administration (NASA), to recover some of the Saturn V stage 1 F-1 engines, particularly those of Apollo 11 [1]. The engine parts were recovered using deep-sea sonar and remotely operated vehicles from a debris field of 800 km2 (300 square miles) at a depth of approximately 4,300 m (14,000 ft). Recovered artifacts included 5 thrust chambers, 3 liquid oxygen domes, 3 injector assemblies, 2 turbo pumps, 1 exhaust nozzle, 2 heat exchangers, 4 turbines, 3 turbine manifolds, 1 gas generator, as well as numerous unprovenanced miscellaneous artifacts. These artifacts were traced to determine they originated from four different Apollo missions: Apollo 11, Apollo 13, Apollo 14, and Apollo 16.

A multi-year effort to document and conserve the recovered engine parts took place from 2013 to 2016 at the Kansas Cosmosphere and Space Center (now known as the Cosmosphere), a space museum as well as a science, technology, engineering and math (STEM) education center in Hutchinson, Kansas. Authors Mardikian, Chemello, and Alexander led conservation efforts with assistance from SpaceWorks technicians, the restoration division of the museum [1].

The turbine assemblies used to drive the fuel pump proved to be a challenge for conservation. When handled, dislodged blades from the turbines differed significantly in mass, suggesting some form of corrosive attack was affecting the metal. Several of the blades had broken surfaces that were extremely jagged and irregular in shape, further suggesting internal loss of metal. 

To better understand the turbine blade fragility, information was sought regarding the alloy compositions as well as any observations that could be made that would help understand the corrosion mechanisms. These insights were needed to inform and guide the stabilization and conservation treatment of other recovered engine turbines from various Apollo missions, some of which were affected by similar deterioration. 

Conservation questions

There was very little published information on the materials used in the F-1 engine, and thus the broader scope of the F-1 engine conservation project included identifying the specific alloys used in the F-1 engine assembly. This information was used to understand the deterioration and devise suitable conservation treatments. Other efforts devoted to archiving the Saturn V rockets have largely been focused on the shape of each part [2], [3] but little documentation of the alloys used is available.

Use of some superalloys such as Rene 41 and Inconel-X750 (also called Inconel-X) and their location in the F-1 engine (exhaust nozzle, combustion chamber, reinforcement straps and bands, and turbine fuel pump) are described in [4]. Often the list of locations where these alloys were used is incomplete or unavailable. Lawrie and Godwin [5] list major subcontractors for North American Rocketdyne, which can provide additional clues to alloy type when the subcontractor can be linked to the trademark owner. 

However, information specific to the turbine blades’ composition is lacking. Young [4] states, “The turbine blade material was selected for its high strength at elevated temperatures, good mechanical and thermal fatigue resistance, and for being castable”, but provides no other information. Prior investigation by the authors [1], [6], verified the use of Inconel-X750 and Hastalloy C-276 for some applications in the F-1 engine, but was unable to definitively determine the alloy type of the turbine blades. 

There were three main goals for this work. The first goal was to understand the acute fragility of the turbine blades. The second goal was to characterize the composition of the turbine blades and corrosion products as related to the fragility. The third goal was to devise a treatment protocol for the long-term preservation and future museum display of the turbine blades and turbine assembly. An extensive search of the literature indicates that this might be the first published instance of conservation efforts on turbine blade alloys exposed to marine environments. 
Background

Historical context of the F-1 engine and turbopump assembly

Development of the F-1 engine began by Rocketdyne in 1957 as a response to increasing United States Air Force and Army interest in heavy lift rockets. The project built upon prior engines developed by Rocketdyne, namely the 530 kN (120,000 lbs.), 600 kN (135,000 lbs.) and 670 kN (150,000 lbs.) engines used for the Navajo and Atlas rockets [7]. The F-1 engine was designed for the highest level of thrust (4.4 MN, or 1,000,000 lbs.) that engineers could conceive in 1957 for near term use [4], [7]. In June of 1958 a request was sent to develop such an engine with a formal contract for design and development. NASA provided additional interest and funding for these engines after NASA was created in 1958, with initial engines of the F-1 series delivered to NASA in 1964 [8]. Engineers at Rocketdyne had improved on the initial designs such that each engine provided 6.6 MN (1,500,000 lbs.) of thrust.

To propel the Apollo spacecraft to the moon, the first stage of the Saturn V rocket assembly was powered by 5 F-1 engines (33 MN or 7,500,000 lbs of thrust total). To provide these high levels of thrust, each engine required a high-capacity pump to supply fuel and oxygen to the thrust chamber. The turbopump assembly for the F-1 engine consisted of a gas turbine, such as those powering jet aircraft, to drive the turbopump. Each turbine was connected via a common shaft to a fuel pump and an oxidizer pump, driving kerosene and liquid oxygen respectively to the thrust chamber. The turbopump for each engine delivered 95 kL (24,000 gallons) per minute of liquid oxygen and 57 kL/min (15,000 gallons) of kerosene to the thrust chamber. To accomplish this, the gas turbine was rated to produce 41MW (55,000 horsepower) and operate at 580 rad/s (5,550 rpm) at full thrust. The turbine exhaust then passed through a heat exchanger which was used to pressurize the liquid oxygen and helium tanks, and subsequently was injected into the thrust chamber as a film coolant. Design and production of the turbopump was a significant engineering challenge, and it was noted in Bilstein “The turbopump absorbed more design effort and time for fabrication than any other component of the engine.“ [9].

F-1 engine turbine assembly

Turbines are used extensively in jet engines and electrical power generation, using the motion of pressurized fluid (gas or liquid) to turn a shaft. Generally, turbines consist of rotors (the spinning components) and stators (the stationary components), each assembled from a large number of individual blades attached to a central disc. The turbine blades are shaped to deflect the fluid flow and cause the rotor to spin. Sets of rotors and stators are called “stages” which are arranged in a stacked, alternating configuration. Each stage may use different shapes and sizes for the blades, which are optimized for the pressures and temperatures encountered, thus maximizing the energy extracted from the pressurized fluid.

As shown in Figure 1, each turbine in the F-1 engine was fitted with two rotors and a single stator sandwiched in between the rotors [10], [11]. The turbine blades were fixed to the turbine disc by a keyway between the root of each blade and the disc, termed a ‘fir tree slot’. The ‘airfoil’ section of the blade was placed in the fluid flow and shaped to induce rotation of the rotor. The airfoil and fir tree sections of the blade were separated by a ‘platform’ section. Pressure to drive the turbine was provided via expanding gases from a gas generator, a small combustion chamber which burned the same RP-1 kerosene and liquid oxygen mixture as the main combustion chamber for the engine. The exhaust from the gas generator was approximately 815 °C (1500 °F) with a pressure of 6.5 MPa (945 psia[footnoteRef:2]) when entering the turbine assembly [10]. The pressure from the heated combustion gas was then exhausted through the turbine, converting the pressure into rotational force, driving the turbopump’s shaft, and providing the needed fuel and oxygen to the combustion chamber of the engine.  [2:  Pounds per square inch absolute (psia), or relative to a vacuum. There is an offset between psia and pounds per square inch gauge (psig), which is recorded relative to atmospheric pressures. ] 


[image: ]
[bookmark: _gjdgxs][bookmark: _Ref96425382]Figure 1: Schematic of the turbine assembly (adapted from Figure 11. “Turbopump Turbine Assembly” of the F-1 Illustrated Parts Manual [12]).  
Superalloys

Turbines, such as those used on the F-1 engine, operate at extreme temperatures, are immersed in highly reactive combusting atmospheres, and experience high stresses caused by rotating at thousands of revolutions per minute. Such applications require materials that are compatible with this environment. These requirements were common to jet engines and many other portions of the Apollo F-1 rocket engine as well. As a result, several of the F-1 engine components were composed of superalloys, which are designed for high temperature and high strength applications. 

Unlike conventional materials, which lose a significant portion of their strength when heated, superalloys were developed to retain high strength at temperatures near the melting temperature of the alloy. This combination of properties makes these alloys useful in applications such as turbine blades. Superalloys typically consist of a base element of either nickel (Ni), cobalt (Co), or iron (Fe) that comprises the majority of the atoms in the material. The base element is then alloyed with additions of titanium (Ti), aluminum (Al), chromium (Cr), molybdenum (Mo), niobium[footnoteRef:3] (Nb), and/or tungsten (W) for enhanced corrosion or temperature resistance [13]. Additional elements in trace concentrations may also be added.  [3:  In many manufacturing records in the United States, niobium (Nb) may be listed as columbium (Cb)] 


Superalloys achieve high strength through a mix of solid solution hardening[footnoteRef:4] and precipitation hardening. In the most common precipitation hardening for superalloys, the material is processed such that the microstructure segregates into a primary ductile phase called “gamma” (γ) phase and a secondary strong, intermetallic “gamma-prime” (γ’) precipitate phase. The resulting γ’ phase collects Ni, Co, Al, and Ti atoms to create a precipitate with (Ni, Co)3(Al, Ti) atomic composition, with the phase fraction of γ’ limited by the amount of Al and Ti. The γ' phase is one of the few metallic phases known to increase in strength with increasing temperature, up to approximately 1000° C, which makes this phase particularly valuable in superalloys. [4:  Solid solution hardening is induced by replacing the base element with additional elements with slightly dissimilar atom sizes. This atomic arrangement blocks deformation and increases the strength of the material.] 


As indicated by the atomic composition of the γ' phase, alloying additions of Al and Ti are aimed at forming and stabilizing the γ' phase and/or strengthening the γ phase at elevated temperatures. The addition of Cr to the alloy allows formation of a protective layer of Cr2O3 and (Cr,Ni) oxides on the surface of the part, typically rendering alloys with a high Cr content resistant to corrosion. Elements Mo, Nb, and W have high melting temperatures which may increase the alloy melting temperature, often bond with carbon (C) to provide additional strength via carbide precipitate hardening, and may also contribute to solid solution hardening. 

Superalloy development started in the late 1940s, closely linked to the development and improvement of jet engine technology. A summary of the history of superalloy innovation is described in [14], [15], and [16], with Sims [15] providing an illustration of the microstructure development over four decades of development. Several companies worked to develop new superalloys, often patenting, trademarking, and licensing them. Consequently, trade names are often used to describe the alloy manufacturer, type, and/or composition. Examples include Nimonic and Incoloy (Mond Nickel Company), René (General Electric), Waspalloy and Astroloy (Pratt & Whitney), Udimet (Utica Drop Forge and Tool Company/Special Metals), Inconel (International Nickel Company), and Hastelloys (Haynes International). A number or letter designation often follows the trademark name to distinguish different alloy types. Collections of selected alloy compositions and properties are available in several reference books; [17] and [18] were used in this work for alloy identification. At the time of development of the F-1 engine, the details of how superalloys achieved performance targets was still an active area of research [14], [15], [16]. In light of this, it seems possible that developmental alloys were used as part of the F-1 engine. 

Cast structures

To obtain the precise and complex shapes required to extract as much energy from the flow of pressurized fluid as possible, turbine blades are often formed by casting. Casting is a process of pouring the molten metal into a shaped vessel and then allowing the material to cool [19]. This process may result in dendritic growth. Dendrites[footnoteRef:5] are tree-like formations of crystals that grow from the cooler outer surfaces into the center of the casting. Several dendrites may start growing simultaneously in different directions and can vary greatly in the dimensions of the dendrite arm[footnoteRef:6] spacing. Dendrites form by a chemical separation process of the various alloying elements and typically advances with one phase crystallizing out of the melt before the second phase solidifies around it. This chemical separation depends on the alloy composition, cooling rate, and resulting energetics at the solid-liquid interface of the materials. Dendritic growth often excludes some elements from solidification and enriches the remaining liquid areas as they solidify, resulting in composition segregation. Additional heat treatments may be performed after casting to reduce the dendritic structures, reduce stresses caused by casting, and/or induce secondary phases to grow. [5:  After the Greek "dendro" meaning "tree". Snowflakes might be the most familiar form commonly encountered, which are dendritic ice structures.]  [6:  Using the tree analogy, dendrite arm spacing is akin to distance between branches. This parameter can be used to identify the growth mechanisms and energetics of the casting process, in a similar manner that trees and other plants can be identified by branching patterns.] 


Corrosion

Rarely are metals found in their pure state in nature, the vast majority are found as oxides or other compounds. When placed in a suitable environment, many of these metals will be chemically broken down to return to their original state, i.e. corroded. Seawater is widely known as a particularly corrosive environment for many materials due to the dense electrically conductive liquid environment and the variety of ions available in seawater. 

There are a variety of mechanisms for corrosion, summarized in [13], [19] and many other texts. For this paper, galvanic corrosion, pitting corrosion, crevice corrosion, dealloying corrosion (also referred to as selective leaching or selective dissolution), and stress-corrosion cracking are most relevant. Galvanic corrosion occurs between dissimilar electrically conductive solids due to the chemical reactions of the materials. Each element has an electrode potential, and the combination of these potentials influences how much voltage is generated and thus how quickly corrosion can occur. In pitting or crevice corrosion, an initial defect on the surface interacts with local oxygen and fluid conductivity to initiate a chemical potential. As the pit deepens, often this chemical potential increases, which increases corrosion rates. This type of corrosion often occurs in stainless steels, which have a similar Cr2O3 oxide layer as some superalloys. In addition, pitting corrosion often occurs in stagnant environments. Dealloying corrosion is a particular case of galvanic corrosion, where the chemical potential between elements of a particular alloy can cause corrosion of the more active phase or element. This is a well-known corrosion type for copper-zinc brasses and cast irons. In stress-corrosion cracking, additional internal tensile forces (positive stresses) cause acceleration of corrosion due to the additional energy from the forces. The subsequent evolution of forces and corrosion can result in a concentration of forces at the tip of a crack, which will increase the rates of corrosion.

Engine history

In addition to the original manufactured metallurgy and structure, the turbines experienced a complex thermal and environmental history. The history of each F-1 engine can be divided into three time periods: operational, burial, and recovery. In the operational history of each engine, the engine components were fabricated and assembled, with deliveries starting in 1964 and concluding in 1973 [4]. As part of the workflow, several static test firings were typically conducted [20]. Including the static test firings, the total time each engine was in use was measured in minutes. During a Saturn V launch, from ignition to the time of separation, the first stage of the Saturn V rocket burned fuel for approximately 168 s and was shut down at an altitude of 109 km (358,000 ft) while moving at 2280 m/s (5,100 mi/hr).

As with much of the Saturn V rocket, after separation these engines were considered expendable. The Saturn V stage 1 assembly would have been exposed to an unknown amount of atmospheric frictional heating in an ambient temperature environment of -60 oC. The stage would continue to fall into warmer air for several minutes with increasing atmospheric forces causing it to break up before plunging into the Atlantic Ocean [21], [22]. Deceleration forces upon impact would likely be severe, causing additional damage to the components. The debris then fell through the ocean water before coming to rest at a depth of about 4,300 m (14,000 ft.) on the seafloor and the burial period began. There the debris remained buried for over 40 years, in an environment very unlike what they were designed for, until the recovered time period began.
Materials and Methods

Artifact Recovery & Initial Treatment

After locating each artifact on the seafloor, remotely operated vehicles (ROVs) were used to find, identify, and convey the artifacts to a surface recovery vessel [1]. Figure 2 shows the condition of selected turbine assembly artifacts on the seafloor. After recovery the turbine assemblies were in various states of deterioration and were covered in accumulated mud from burial and soot from in service use. Preventive conservation measures on board the recovery vessel consisted of keeping the artifacts wet at all times. After the artifacts entered the lab, they were rinsed extensively in deionized water and periodically sprayed with an anionic surfactant in the family of sodium alkyl sulfates acting as a multi-metal corrosion inhibitor (1 g FlashCorr VpCl, Cortec Corporation[footnoteRef:7] per 1 L of deionized water) while awaiting active conservation treatment. The corrosion inhibitor was previously observed to enhance the chloride extraction process compared to that of deionized water [1]. [7:  Certain commercial equipment, instruments, or materials are identified in this paper in order to specify the experimental procedure adequately. Such identification is not intended to imply recommendation or endorsement by NIST, nor is it intended to imply that the materials or equipment identified are necessarily the best available for the purpose.
] 
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[bookmark: _30j0zll][bookmark: _Ref92801103]Figure 2: Example recovery images showing turbine assemblies 0012 a) and 0015 b) on the ocean floor (stills of video capture, courtesy Bezos Expeditions 2014, used with permission). Assembly 0012 was recovered without a manifold attached, assembly 0015 was recovered with a manifold attached. Dimensions are approximate due to foreshortening in the image. 

Artifact labeling 

Documentation of the artifacts upon their arrival in the lab followed the numeric numbering system assigned to each target during the survey and recovery operations at sea. Smaller objects and those removed or separated for treatment were numbered with an expanding alphanumeric system based on these target designations [1], [23]. To assist with provenance for future work, we have retained the complete artifact numbering in the text where possible.

Artifact numbering for smaller components like the turbine blades was particularly challenging as they were largely indistinguishable from each other. As such, individual blade numbering depended on the condition of the turbine. When the turbine assemblies were opened, any blades that were attached to the disc or held in their original position were numbered beginning with blade number one at a twelve o’clock position on the disc, marked with a zip tie. Numbers were assigned with a waterproof Tyvek tag attached to the blade with monofilament. Blades that had broken off the turbine disc were tracked and grouped for treatment according to their parent turbine number as their original location on the disc was unknown.

As-recovered condition of the turbine assemblies

Turbine assemblies F1-2013-0012 (0012) and F1-2013-0058 (0058) were recovered with no outer casing (referred to as a manifold), to protect the turbine assembly. Mechanical damage and loss to the discs and blades from these turbines varied enormously since there was no protective casing. Many blades from turbines 0012 and 0058 were missing, broken (often at the blade root), deformed, or precariously attached to the discs. Several had accumulated inside the assembly. Some fell off when the stage 1 and 2 discs were separated.

As the blades in turbines 0012 and 0058 were directly visible and not encased in a manifold, preliminary examination revealed the first signs of what appeared to be corrosion. In general, the blades had a well-defined outer surface but were covered in hardened soot and accumulated mud. In addition, grayish-green colored corrosion products were visible on some of the blades.

Turbine assemblies F1-2013-0015 (0015) and F1-2013-0046 (0046) were recovered together with a manifold and were still attached to the heat exchanger. Despite the protection of the manifold, these turbines were more heavily deteriorated and deformed compared to 0012 and 0058. Examination of exterior damage raised concerns about the fragility and state of preservation of the interior components, which were mostly concealed inside the manifold. As shown in Figure 3, after the two turbine stages were separated for stabilization and conservation treatment the full extent of the damage became visible. The condition of the blades from the 0015 and 0046 turbines were visibly in worse condition than 0012 and 0058, with significant mechanical damage and loss to the discs and blades. These blades also had a well-defined outer surface. Accumulated mud, hardened soot and copious grayish-green colored corrosion products were also visible. 
[image: ]
[bookmark: _1fob9te][bookmark: _Ref92801847]Figure 3: a) Image of turbine assembly 0015 after the stage 2 rotor was removed. b) Image of turbine assembly 0046 during removal of the stage 2 rotor. Numerous out of position and broken turbine blades are visible, while the stator assemblies are relatively intact. Dimensions are approximate due to foreshortening in the image.

The blades from 0012, 0058, and some blades from 0015 were quite heavy, weighing up to 215 g (8 oz). In comparison, the majority of blades from 0046 and many from 0015 felt extremely lightweight and brittle, with an average recorded mass of 85 g (3 oz). 

Samples for characterization 

As part of the initial materials identification described in [1], a relatively intact turbine blade (Turbine Blades MISC-S1[footnoteRef:8]) was analyzed using x-ray fluorescence (XRF) and energy dispersive x-ray spectroscopy (EDS). An example intact blade is shown in Figure 4a). The characterization was limited to investigation of the exterior of the blade, and by inspection was not able to determine the cause of the reduced mass. [8:  Labeled as sample #10 in [24] and data publication records] 


Subsequently, four turbine blade fragments from turbine 0046 were analyzed. The blades from this assembly were significantly deteriorated, with fragments selected for investigation. These blade samples were numbered as Sample 1, 2, 3, and 4 for analysis. Differences in sample shape indicated Sample 2 was obtained from a stage two turbine and Samples 1, 3, and 4 from a stage one turbine. In all four of these samples the airfoil and root sections were incomplete, and the fragments were from the middle section of a blade close to the root of the blade.

A visual inspection of the blade fragments showed extensive damage and corrosion in selective regions. The external surfaces were largely uncorroded and had a mottled black and green-grey appearance, while sections traversing the original internal surfaces were a much lighter green color. 

After documentation of the original condition, these samples were immersed in an ultrasonic bath with distilled water to remove external corrosion products and investigate the fracture surfaces. After this, the samples were placed in a vacuum desiccator to dry for several days. Figure 4b and 4c shows an example of the sample condition after ultrasonic cleaning. As Figure 4b shows, a large amount of greenish colored corrosion product remained fixed to the sample after this process, particularly on surfaces that would have been originally on the interior of the blade. 

[image: ]
[bookmark: _3znysh7][bookmark: _Ref92877543]Figure 4: a) Intact turbine blade. Dimensions are approximate due to foreshortening in the image. Root, platform, and airfoil sections are labeled. b) Turbine blade Sample 3 after ultrasonic cleaning, view with root of the blade face down. A line of pits visible at this magnification are circled in the figure. Greenish deposits are visible in the cross section of the blade. c) Turbine blade Sample 3 after ultrasonic cleaning, view with root of the blade at top of image. Approximate sectioning area of the turbine is shown with two parallel lines. 

Sample preparation

Despite having well defined outer surfaces, a high degree of porosity was assumed in the samples, noted by a lower-than-expected density and fragility observed when handling other recovered blades. Vacuum impregnation [25] was used to mechanically stabilize the sample and fix in situ any corrosion products. In this procedure, each sample was placed in a chamber under vacuum (<25 kPa estimated) to remove air from inside the sample. Buehler ExpoxiCure resin and hardener were mixed in a reservoir and applied to the sample while under vacuum. After the entire sample was immersed in the mixed epoxy, air was re-introduced to the chamber, allowing atmospheric pressure to force the epoxy into all accessible pores as the epoxy cured. Only pores that connect to the surface, have sufficient interconnectivity, or are sized and/or located to allow the epoxy to flow into the pores before the epoxy cured would be successfully filled in this method. 

After the epoxy had cured, the encased turbine blades were sectioned using a precision sectioning saw with an alumina blade. A cross section approximately 5 mm thick was extracted along the axis of the blade as shown in Figure 4c. The samples were then polished for examination using conventional metallographic preparation techniques [25] with silicon carbide, diamond, and alumina abrasives, ending with vibratory polishing using 0.05 µm colloidal silica slurry.  

Imaging and elemental analysis

The prepared cross-sections were imaged in several ways. Large field of view images of the polished samples were taken on a high-resolution flatbed scanner at 1900 dots per cm (4800 dots per inch), for a spatial resolution of 5 µm. Optical metallography was performed using a Leica Wild 10 stereo microscope with a 1.92 megapixel (1600 pixels by 1200 pixels) digital camera for low magnification images, and a Leica DMLM microscope with a 12 megapixel (3900 pixel by 3090 pixel) camera recorded images in both bright field and dark field imaging conditions. 

Scanning electron microscopy (SEM) was performed on a JEOL 7100, and elemental mapping via energy-dispersive X-ray spectroscopy (EDS) was accomplished using an 80 mm2 X-maxN silicon drift detector (SDD) and Oxford Aztec software, with additional analysis performed using the DTSA-II software package [26]. The sample was carbon coated prior to SEM and EDS analysis. Beam energy for the elemental analysis was chosen at 20 keV, with the probe current chosen to keep the detector dead-time as close to 50 % as possible. 

As the sectioned surface contained substantial corrosion, qualitative EDS comparison was used to determine composition. The major (mass fractions >0.10), minor (mass fractions <0.10 and >0.01) and trace (mass fractions <0.01) descriptors advocated in [27]) were used in this analysis. Elemental maps were created to show the spatial distribution of elements.
 
To conserve data and metadata about this project, a data publication [28] has been created as a companion to this article with additional images, descriptions, and other metadata.

Results of Metallurgical Analysis

Optical imaging

An image of the entire cross section of Sample 1 is shown in Figure 5. The macroscopic appearance is a combination of filled porous regions with a green corrosion product fixed in place supported by transparent epoxy, regions of the base metal that were macroscopically pitted (light gray due to scattering of light), regions of the base metal that were not macroscopically affected (dark gray), and unfilled porous regions (mottled due to being out of focus or whitish colored due to contamination with polishing media). Despite the epoxy infiltration attempt, large regions of internal corrosion were not filled, and some corrosion products were likely lost during polishing. The corrosion was largely concentrated in the casting centerline and blade root in this cross section. Many of the macroscopically pitted regions on the right side of the blade show a pattern of oriented lines, indicative of dendrites from the casting process. All four samples examined demonstrated similar features and distribution of corrosion.

[image: ]
[bookmark: _2et92p0][bookmark: _Ref92889592]Figure 5: Cross section of Sample 1. The sample is oriented such that the root of the blade is on the bottom of the image. Field of view for Figure 6 is shown with dashed lines, field of view for Figure 11 is shown with dotted lines. The centerline of the blade based on the airfoil position in this cross section is indicated with a dash-dotted line. 
Figure 6 shows a pair of higher magnification images from a region in the lower left of Figure 5. Two images were recorded with the same field of view but different lighting conditions: dark field and bright field. In the dark field image (Figure 6a), the oblique lighting results in a similar color appearance as Figure 5. In the bright field image (Figure 6b), the brightness of each region is an indication of the reflectivity of the surface. Light gray regions of the bright field image are flat and reflect the light, dark areas are pits, holes or epoxy regions where light is not reflected. Figure 6 reveals that regions that appeared to be macroscopically unaffected (dark gray in Figure 6a, light gray in Figure 6b) often had evidence of pitting and corrosion on a finer scale, as indicated by the microscopic pores (annotated in Figure 6a and 6b). Figure 6 also illustrates the unfilled porous regions and epoxy filled porous regions may be near each other.  
  
[image: ]
[bookmark: _tyjcwt][bookmark: _Ref93395044]Figure 6: Higher magnification image of Sample 1 (from the lower left of Figure 5). The field of view is identical between the two images. Image a) is a dark field optical image, image b) is a brightfield image. 
SEM images and EDS Maps

To further investigate the corrosion mechanisms and corrosion products, a series of SEM micrographs and EDS maps were recorded[footnoteRef:9]. A region from Sample 3 was selected that was macroscopically unaffected, but showed corrosion on a finer scale. Figure 7 shows a backscattered electron image and EDS elemental maps of chromium, aluminum, and nickel from one of these regions. [9:  The regions are not marked on Figure 5 as they were taken from a different sample.] 


In the backscattered SEM image, material with a larger average atomic number (Z value) appears as a lighter color. Changes in color are then indicative of a change in composition or phase. There are three distinct grayscale value groupings in this image. The black regions indicate material has been lost in this area (effective Z value of 0). The light gray colored regions enclose either gray colored islands or black colored regions. This image is dominated by light gray and gray regions, with just a few areas where the material has been removed. Image analysis of Figure 7 indicates approximately 10 % of the image is black, 60 % gray islands, and 30 % light gray regions.

Based upon the elemental segregation common to superalloys, this series of maps indicate the lighter regions in the backscattered electron image in Figure 7 are the γ phase (less Ni and Al, more Cr) surrounding the darker γ' phase (more Al and Ni, less Cr). The regions where material has been lost correlates with the structures and locations of the γ' phase. 

[bookmark: _3dy6vkm]


[bookmark: _1t3h5sf][bookmark: _Ref121478717]Figure 7: Backscattered electron image and EDS composition maps of for Ni, Al, Cr. Black regions in the backscattered electron image indicates material loss, grey indicates γ' phase, and light grey indicates γ phase. The same locations are indicated with arrows on each image.

To identify the corrosion products and mechanisms, a region that contained corrosion products, microscopic pitting, and unaffected areas was selected for investigation. Figure 8 shows a backscattered electron image of such a region within Sample 3, where the partially corroded metal (bottom right) is adjacent to the corrosion product (top left). The grayscale range used in this image was set to highlight the precipitates and epoxy, which results in less contrast and more difficulty distinguishing between the γ phase and γ' phase in Figure 8 than in Figure 7. Due to the low Z value of epoxy, regions filled with epoxy and material loss both appear as black in this image. In the top left corner, the epoxy supports some of the corrosion products which appear as blocky, fractured, dark gray regions (i.e., smaller average Z value) in this image. There are several irregular shaped inclusions that are nearly white (i.e., larger average Z value) of various shapes and size distributed throughout the image. In this image, the majority of γ' phase has been lost to corrosion, with the exception of some irregular medium gray regions near the center right. 


[bookmark: _4d34og8][bookmark: _Ref111556017]Figure 8: Electron backscatter image from Sample 3 in a region adjacent to corrosion products. Black regions indicate material loss or areas filled with epoxy, dark grey regions indicate corrosion products, the light grey indicate γ or γ' phase, and white regions are Mo/Nb/Ti rich inclusions. White squares are used to highlight common regions in Figure 9.

The entire field of view in Figure 8 was EDS mapped and the maps from selected elements are presented in Figure 9. Similar to Figure 7, the remaining γ' phase regions show less Cr but more Ni and Al. The corrosion product contains virtually no Ni, much less Cr than the base material, and a comparable amount of Al distributed in the corrosion product as in the remaining γ phase framework of the base material. Cr and Ni are absent from the inclusions. The Ti, Nb, and Mo maps all show segregation of these elements into the inclusions and into the corrosion product at larger values than in the base material. Subtly visible in the Ti map, in the small regions where there is uncorroded material with a significant amount of Al, the Ti content is lower. As expected, the C map shows the element strongly in the epoxy but barely registers anywhere else in the image. The O map indicates oxygen is more prevalent in the corrosion products but is lacking in the intact regions and epoxy. 



[bookmark: _2s8eyo1][bookmark: _Ref111559502][image: ]
Figure 9: EDS elemental composition maps from the same region as shown in the backscattered electron image Figure 8 (reproduced here as well for orientation) . Squares are used to show the epoxy, corrosion product, uncorroded γ- γ', remaining, γ, and Mo/Nb/Ti inclusion regions annotated in Figure 8.



EDS and XRF composition analysis

Further EDS and XRF composition analysis was performed to more precisely determine the composition used in the turbine blades. The exterior surface of MISC-S1 was analyzed with XRF and EDS to determine the composition and/or alloy series in a previous investigation [6]. Cross sections of Sample 1 and Sample 3 were analyzed with EDS after sectioning. Regions free from pitting and far from the original sample surfaces were selected for analysis in Sample 1 and Sample 3. Table 1 lists composition ranges for four nickel-based superalloys that were chosen for comparison [17], [18] as they were most similar to the XRF and EDS measured values. The measured values should only be considered qualitative, as the exterior sample surface was unmodified before analysis for sample MISC-S1, normalization to sum to 100 % composition was used, and the fitted standards method [27] was used to estimate the composition. To facilitate comparison, color coding using the ‘major’, ‘minor’, and ‘trace’ thresholds was used. This method allows for differentiation between different numbered alloy systems and comparison to the measured values. The number of possible alloying elements for superalloys made it easy to distinguish different alloys from each other.  

[bookmark: _Ref93404366]Table 1: Elemental compositions of selected Ni base alloys and measured Ni base samples. Values are in units of percentage of mass (wt%). Alloy names and composition ranges are transcribed from references [17] and [29], with upper and lower ranges described in the element cell. Light elements B, C, S, P are not shown. Qualitative ranges of the constituent elements are highlighted using the color key below. 

	Nickel
Alloy Number
	
	Ni
	Cr
	Fe
	Co
	Mo
	W
	Nb
	Ti
	
Al
	Mn
	
Si
	Cu
	
V

	625      
	Min             Max
	
	58.0

	20.0
23.0
	5.0
	1.0
	8.0
10.0
	
	3.15
4.15
	0.4
	
0.4
	0.5
	
0.5
	
	

	706
	
	39.0
44.0
	14.5
17.5
	
Bal
	1 .0
	
	
	2.5
3.3
	1.5
2.0
	
0.4
	0.35
	
0.35
	0.3
	

	718
	
	50.0
55.0
	17.0
21.0
	Bal.
	1.0
	2.8
3.3
	
	4.75
5.50
	0.65
1.15
	0.2
0.8
	0.35
	
0.35
	0.3
	

	X-750
	
	70.0

	14.0
17.0
	5.0
9.0
	1.0
	
	
	0.7
1.2
	2.25
2.75
	0.4
1.0
	1.0
	
0.5
	0.5
	

	

	MISC-S1
	XRF
	37.26
	30.71
	2.51
	<LOD
	12.90
	<LOD
	10.09
	5.30
	X
	<LOD
	X
	0.74
	<LOD

	MISC-S1
	EDS
	49.62
	23.23
	1.82
	0.45
	4.75
	0.77
	8.24
	4.08
	4.25
	0.53
	1.22
	1.01
	0.02

	

	Sample 1
Spectrum 2
	EDS
	69.4
	13.9
	<LOD
	0.1
	5.3
	0.6
	2.4
	0.9
	7.2
	<LOD
	0.1
	<LOD
	<LOD

	Sample 3
Spectrum 2
	EDS
	71.2
	14.7
	0.3
	0.1
	4.9
	0.4
	1.4
	0.7
	5.9
	<LOD
	0.1
	0.1
	<LOD

	Sample 3
Spectrum 5
	EDS
	70.8
	15.2
	0.3
	0.1
	5.2
	0.6
	1.3
	0.6
	5.5
	0.1
	0.1
	0.1
	<LOD

	Sample 3
Spectrum 6
	EDS
	71.5
	14.5
	0.3
	0.1
	5.2
	0.1
	1.4
	0.7
	5.9
	0.1
	0.1
	0.2
	<LOD



	Major
	
	Minor
	
	Trace
	
	Not Measured
	X
	Not Specified or
Limit of Detection (LOD)
	


[bookmark: _17dp8vu]
The collected XRF and EDS data listed in Table 1 show the turbine blade alloy is predominantly a Ni-based alloy, with a major amount of Cr. Additional minor alloy components include Mo, Nb and Al. The data from MISC-S1 shows additional minor alloy components of Fe, Ti, Si, and Cu, but it is unclear if these are original to the base alloy, an indication of surface elemental segregation during fabrication or use, or are a result of the extended time on the seafloor. There is a decrease in Cr content in the EDS results from the interior of the sample compared to the surface, but still within the major component range. There is also disagreement between the XRF and EDS data from MISC-S1, particularly in the Mo and Nb contents. 

Discussion of Metallurgical Analysis

Microstructure

The composition and γ-γ' microstructure is consistent with a nickel-based superalloy. A large fraction of the turbine blades retained an as-cast form, consisting of dendritic γ' phase amongst grains of γ nickel, compared to the classic "cuboidal" target grain morphology in modern superalloys. This structure is highlighted in Figure 10. In these turbine blades the γ' grains are irregular in shape, not as uniform in size, and appear more densely than in the microstructure timeline outlined in Sims [15]. The large fraction of the γ' phase shown in Figure 7 implies the γ' phase formed an interpenetrating and touching network.

[bookmark: _3rdcrjn][bookmark: _Ref120717738]Figure 10: Cross section of Sample 1. Arrows indicate the location and orientation of γ' dendrites. Inset figure shows an example dendrite structure [30], rotated to align with the γ' dendrites identified with arrows. 

In many superalloys, the dendritic structure tends to exhibit poor fracture properties, so Ni-based superalloys often undergo a heat treatment, whereupon the γ' dendrites transform into more equiaxed shapes, driven by a reduction in surface area and thus surface energy. In modern processing as mentioned above, the γ' phase often forms cubes, cemented together by the tougher[footnoteRef:10] γ phase. It is not clear from any of the references found if a heat treatment was performed on these materials, but thermodynamic equilibrium calculations performed in Thermo-Calc support the hypothesis that a heat treatment was performed to promote the γ' phase [28]. It is also possible that, assuming the typical protocol for post-heat-treatment of cast Inconel parts was followed, modifications to the alloy chemistry may have slowed the transformation process, via pinning of grain boundaries by carbides formed of these elements. This may explain the large inclusions observed in Figure 8[footnoteRef:11]. Any restructuring due to heat treatment that may have occurred was likely to have happened after casting the blades, as the three-minute exposure to high temperatures during a launch is insufficiently short to effect such a change in the microstructure. [10:  Toughness is a metric for energy absorption in materials science that combines strength and ductility. In this case, the significant ductility of the γ phase makes it ‘tougher’ than the γ' phase, despite the strength of the γ phase being less than the γ' phase. ]  [11:  These inclusions were tentatively identified as carbides but did not have a significant C signature in Figure 9. C identification is not definitive as a carbon coating was required to make the sample surface conductive in the SEM.] 


Bulk Corrosion Mechanisms 

As shown in Figure 5, Figure 7, and Figure 8, corrosion appears as the dominant factor causing fragility of the turbine blades. Figure 5 shows there is pervasive removal of material, with significant damage along the centerline of the blade while the outer surfaces are largely intact. The corrosion along the centerline may have been aided by stress-corrosion cracking from the casting process or heat treatment (if performed). It is also possible that the damage started at the root of the blade, aided by crevice corrosion along the fir tree slot. 

As shown in Figure 4, the remaining outer surfaces of the turbine blades appear smooth and intact, However, circled in the bottom right of Figure 4b, a line of pits can be seen. As noted previously, pitting corrosion can commonly occur in materials with a Cr2O3 protective surface oxide layer. As with stainless steel in marine environments, natural flaws and pores in the oxide layer can promote localized attack in the base metal. This environment allows the development of a deep pit into the metal, with the chemistry at the bottom of the pit controlling the corrosion rate and attack mechanism. Pitting corrosion tends to occur more significantly in Ni-Cr base alloys when they are in a stagnant environment [31], possibly explaining the higher degree of damage in the turbines recovered with a manifold (0015 and 0046) compared to turbines recovered without a manifold (0012 and 0058) as the manifold is likely to have reduced water flow around the interior components. In the present study, small pits were also seen at several locations on the smooth blade surfaces and seem to be associated with significant networks of sub-surface corrosive attack owing to the extensive internal corrosion. 

Microstructure Corrosion Mechanisms 

There seems to be an additional corrosion mechanism active in these alloys as well. In addition to the large areas of metal that have been removed, corrosion extends to smaller length scales, as shown in Figure 6. The smaller scale corrosion seems to be directly tied to the nature of the dendritic structures. Fine corrosion features, some less than 10 µm in size, appear to have formed as the γ' phase was electrochemically oxidized, leaving the γ phase untouched until a later stage of corrosion. 

As shown in Figure 7, this alloy has a large amount of the γ' phase, and the γ phase boundaries between γ' phase islands are quite thin. As the larger dendritic structure forms an interpenetrating network, the corrosion appears to have moved from one dendrite branch to another through the interconnected γ' phase. As a result, the remaining structure in many areas is a fragile lacework of residual γ phase. The effect was to render the blades apparently intact, as evidenced by the uncorroded smooth surfaces, but riddled with holes and channels internally, removing almost all structural strength and a significant portion of the mass. This mechanism is similar to dealloying corrosion seen in other materials (such as dezincification in brasses and graphitic corrosion in cast iron), but in this case seemed preferential to the γ' phase despite the two phases having a similar composition.

Alloy Identification

Bulk Composition

As Table 1 shows, the qualitative composition data indicates the alloy used in the turbine blades was similar to the numbered Inconel alloys listed but was not a match for any of these. Notably, Al is a minor component in the turbine blades but a trace component in the Inconel superalloys. Fe is a trace element on Sample 1 and Sample 3, while it is a minor or major component in the Inconel superalloys. While Mo and Nb appear as minor components, the measured values fall well outside the range specified for the Inconel superalloys.    

By comparing the measured alloy composition of the turbine blades to known composition ranges of other commercially available superalloys, the following alloy families can be eliminated. Astroloy, Waspaloy, René, and Udimet families contain Co as a major constituent, while the Nimonic family does not contain Nb. In the Hastelloy family, Mo is a major constituent, but it does not have Ti or Al. Many of the Inconel alloys contain Fe as a major constituent. None of the other alloy families described in [17] or [18] match the alloy compositions measured. 

As part of the search for the possible alloys used for the F-1 engine, an alloy patent search was conducted. No patents regarding alloy development were found assigned to Rocketdyne, but one patent [32] was granted to Rocketdyne’s parent company, North American Aviation, in 1966 (after development of the F-1 Engine). However, the Ellis patent does not discuss use in turbine blades, nor does it have any Ti or Al listed in the composition of the alloy.    

There is significant disagreement between the XRF and EDS data. The larger amount of Cr measured on sample MISC-S1 by XRF and EDS is likely due to measurement being performed on the surface of the turbine blade, where Cr2O3 may have formed as a protective oxide. However, XRF tends to penetrate more deeply than EDS, which would not explain the larger value measured via XRF than EDS on sample MISC-S1. Divergences between other measurements are likely an artifact from the unmodified surfaces, differences in interaction volumes between the techniques, different mechanisms used to generate the x-ray data, and/or use of remote standards for quantification. The quantitative results are included to be instructive on the amount of variation that could be present in these types of measurements. It is also important to note that the material as measured had a significant amount of corrosion damage. Due to this, the measured composition may deviate from the as-cast composition. 

As this material does not match any known composition, we speculate that this was a material custom developed for the F-1 engine[footnoteRef:12]. The relatively large mass fraction (wt %) of refractory alloys Nb and Mo may have assisted with high temperature use, and Al and Ti were likely added to promote the formation and stability of the γ’ phase.  [12:  This supposition is supported by informal discussions with Rocketdyne staff who visited during conservation.] 


Corrosion Product Identification

Combining the information from the compositional maps in Figure 9 and observations from other samples, the corrosion products within the superalloy turbine blades (greenish areas in Figure 5 and Figure 6) are likely to be oxides - specifically (Nb, Mo, Ti, Cr)Ox compounds. The larger particles seen in the corrosion product and turbine blade material were (Nb, Mo, Ti) inclusions, which likely precipitated from the melt when the blades were cast (and are not a corrosion product).

No evidence was found via EDS or XRF for chlorides or sulfides within the corrosion products. However, identification of chlorine (Cl) via EDS and XRF was challenging in this material, as there was a significant amount of Mo and Nb. Molybdenum and niobium produce a range of X-ray energies that overlap with the kα energy of Cl at 2621 eV [33]. EDS maps for Cl (which use a selected energy range near chlorine kα ) correlated highly with the Mo and Nb maps. The absence of detectable chlorine may also have resulted from the extensive rinsing regimen applied to all the artifacts after recovery. 

Impact on the Conservation Efforts

The treatment goals were: cleaning and stabilizing all components of the four turbine assemblies, consolidation of the most deteriorated blades and blade fragments, repair of the blades if conjoining components could be identified, and ensuring that the blades could be safely handled, transported, and eventually displayed. Treatment of the other turbine components (eight turbine discs, two manifolds and two heat exchangers) are not described here.

The approach taken to the treatment of the blades followed the same reasoning implemented for the project as a whole; treatment of these modern materials had to be guided by archaeological conservation standards for the preservation of contextual information, and to ensure that the long-term preservation goals were achieved [1]. Preserving contextual information like the dense, hard black soot that coated most of the blades was considered important as it provided evidence of use and the high temperature environment endured during engine operation.

Insights from metallurgical investigation 

The metallographic investigation revealed the extent and severity of the corrosive attack and was critical in understanding the condition of the blades and in determining an appropriate conservation treatment plan. The finding that the blades were chemically but not physically stable confirmed the empirical observations of the conservation team that severe but almost invisible corrosion had occurred, in addition to the obvious mechanical damage. The pervasive pitting, not visible to the naked eye and barely perceptible with magnification, gave the appearance of structural integrity even as the blades were exceptionally fragile and structurally compromised. 

The results had implications for the storage, moving and handling of the blades. Lab logistics were challenging on this project but particularly so for these small artifacts as many larger objects were in various stages of dismantling and treatment when treatment of the turbines commenced. Storage and treatment space was needed for over four hundred blades as well as lifting, moving and sorting protocols to ensure that no further damage occurred to these ultra-fragile objects. The blades were among the last objects to be treated when sufficient space was available to safely lay them out according to their parent turbine, fully assess the damage, and commence the batch treatments. 

The finding that the corrosion comprised Ti, Nb, Mo, and Cr metal oxides was also important in planning the conservation treatment. Some of these compounds are possible carcinogens (titanium oxide and molybdenum oxide), and all are skin, eye and/or respiratory system irritants. Soaking and wet cleaning had kept potentially hazardous dust to a minimum throughout the project and was important in developing the blade treatment plan, along with continuing to use appropriate PPE. 

The absence of chloride in the corrosion products indicated that the initial soaking and rinsing treatments were sufficient to preserve the turbine blades and the metal and oxides were chemically stable once removed from the marine environment. Further prolonged wet treatment and chemical stabilization were therefore deemed unnecessary beyond the cleaning phase. 

Cleaning

Surface and embedded dirt, mud, and corrosion products were removed by wet cleaning. Further detailed cleaning was carried out as the turbines were disassembled and their component parts individually treated.

The stage 1 blades were slightly different in size and shape to the stage 2 blades with a concave shaped interior cavity that was filled with fine sediment as well as corrosion products. Following initial soaking and rinsing, the blades were gently wet cleaned in a solution of 1 g FlashCorr VpCl (Cortec Corporation) per L of deionized water solution heated to 30 °C in a Sharpertek Ultrasonic Cleaner with a wave frequency of 40 kHz. Blades were suspended with monofilament wire from a steel baton clamped to the tank so the blades could be batch-treated. Sonication proved effective at dislodging the surface dirt and embedded mud and corrosion products, particularly from the interstices. The treatment time was fine-tuned to preserve as much of the tightly adherent soot as possible, some of which had deposited as noticeable scale on the surface and appeared to be vitrified.

Cleaning time was in increments of 15 min to 30 min after which the metal was gently brushed to remove loosened dirt and corrosion, particularly in the cavities of the stage 1 blades. After wet cleaning, the blades were air dried and stored in closed polyethylene tubs containing spherical sodium aluminosilicate molecular sieve with a pore diameter of approximately 0.4 nm to thoroughly dry the metal prior to consolidation. The blades were placed on stacked metal racks inside the tubs to expose as much surface area as possible to the adsorbent. The numbered blades were kept in open and perforated polyethylene bags for tracking. 

Consolidation Procedure

Based on the metallurgical results, it was clear that consolidation of the most heavily deteriorated blades was necessary to try and impart as much structural stability as possible to the weakened metal by way of introducing a consolidant that was physically and chemically compatible with the metal, would cause no visual alteration, be reversible and could be scaled up for the treatment of several hundred blades and blade fragments. 

A custom-built vacuum impregnation tank was fabricated from stainless steel with a removable cover made of 16 mm (5/8 inch) thick tempered glass over a silicone gasket to accommodate the blades. Initial testing using a transparent acrylic cover revealed problems maintaining a proper seal due to deflection under vacuum and was replaced with a heavier glass cover. A small channel was created in the interior wall of the basin at the midpoint and a length of 25 mm (1 inch) mild steel flat stock was inserted to act as reinforcement. Ports were placed to aid in the application of a vacuum, draining and recycling of the consolidant solution, and a quick release valve to rapidly relieve the vacuum pressure. Blades were placed on a tray fabricated from expanded stainless steel mesh with steel handles to easily lift the blades in and out of the tank without handling them. The mesh provided firm support with minimal surface contact of the blades.

It was not clear to what extent we could apply vacuum infiltration for the consolidation process owing to the fragility of the metal and limited interconnected porosity. The difficulties of full vacuum infiltration during sample preparation described above also showed the limitations of applying consolidant material with a fine pore structure. Alternative consolidants were discussed with metallurgical colleagues and various cold-mounting epoxy resins with extremely low viscosity used for metallographic embedding of samples were suggested. However, these two-part systems were not considered suitable for this application as they are difficult to mix and use in large quantities, presented hazards to the conservators and were difficult to reverse. Instead, the project’s conservators elected to use acrylic copolymers that have a long history of use and have been widely tested in the field of conservation even if uncertainty remained about the level of impregnation we could achieve. 

Due to concerns about the porosity and fragility of the metal, multiple short, cyclic vacuum applications were utilized rather than a single, prolonged large pressure to introduce the resin. The artifacts were monitored visually throughout the process but exact gauge pressures were not recorded. Consolidation tests were carried out under vacuum on single blades with two acrylic resins, Paraloid B-48N (methyl acrylate and butyl acrylate co-polymer) and B-67 (isobutyl methacrylate polymer). These stable acrylic resins are commonly used in conservation applications for consolidation and adhesion [34], [35]. The two resins were tested using 1:1 ratio of resins mixed in concentrations of 5 g or 10 g per L of solvent. Two solvent mixes were tested each using a 1:1 ratio of either acetone and toluene or acetone and xylene. The B-48N resin was also tested alone at concentrations of 5 g and 10 g per L of the same solvent mixes. After air drying, the blades were carefully evaluated visually and with magnification and the results were pleasing; the surfaces were matte, cohesive, the blades could be handled without breaking, and there was very little consolidant residue visible on the surface. 

Owing to the large amount of resin and solvents needed, consolidation of the blades was ultimately undertaken with 5 g B-48N resin per L of solvent, using a ratio of 85:15 acetone and ethanol. Prior to consolidation, the position of the blades in the treatment tank and which turbine disc (stage 1 or 2) they belonged to was recorded. This was important as small metal fragments had been carefully stored with their parent during each phase of the treatment and some fragments were conjoining. The blades were left under vacuum until bubbles stopped rising to the surface, then the vacuum was released to utilize atmospheric pressures to further drive consolidants into the blade microstructures. This process was repeated until bubbles were no longer observed. Once this was achieved, the blades remained in the consolidant overnight without a vacuum and then were removed from the tank. Consolidated blades were lifted from the vacuum chamber on their metal racks for support and immediately placed into a polyethylene tent to slowly air dry for 24 h, after which they were stored on a wheeled baker’s rack enclosed in polyethylene sheeting to prevent dust accumulation.

Approximately 410 blades from all four turbines were consolidated: 220 partial or whole blades and 115 blade fragments from turbine 0046; 158 blades from turbine 0015, 27 blades from turbine 0058, and four blades from turbine 0012. 

Reconstruction

The consolidated blades were reorganized and grouped by their parent turbine number to facilitate joining, as shown in Figure 11. Conjoining fragments were re-adhered with the acrylic resin Paraloid B-72 (an ethyl methacrylate and methyl acrylate co-polymer) in concentrations of 30 g to 40 g resin per L of acetone. Some of the broken blades were almost fully reconstructed, but many remained as small incomplete blade sections. Approximately 130 fragments were joined, but many fragments were unable to be joined.

The blades were not reattached to their respective discs for several reasons. Principally, the blades were too fragile, even after consolidation. Many blade and root sections were incomplete, and the blade mounting slots were also heavily damaged. After treatment was completed, all loose blades and fragments were rehoused in Coroplast archival boxes on polyethylene foam trays. 



[bookmark: _26in1rg][bookmark: _Ref121478520]Figure 11: Joining of the blade fragments. Image credit Terra Mare Conservation, used with permission. 

Conclusions 

A metallographic investigation of the nickel-based superalloy turbine blades from the Apollo F-1 rocket engines was conducted to determine the source of fragility and loss of mass after burial in a marine environment. Significant corrosion damage was observed in the turbine blades, spanning several length scales. Pitting corrosion appears to have breached the surface of the turbine blades, and subsequently a form of dealloying corrosion preferentially attacked the γ' phase, leaving behind a thin network of interconnected γ phase. The scale of corrosion damage was extremely fine, down to less than 10 µm channels. This was enabled by the retention of the as-cast structure with an interconnected web of dendritic γ' grains amongst the γ phase, rather than the more typical separate cuboidal grain structure seen in modern superalloy materials. The exact reason the γ' was preferentially corroded was not determined, but it is noted that elements associated with increased rates of corrosion (Al, Ti) were segregated to the γ' phase in this material and may have enhanced its susceptibility. Remaining corrosion products were (Nb, Mo, Ti, Cr)Ox compounds. The particular alloy used for these turbine blades does not appear to be a known production alloy and may have been developed specifically for use in the F-1 rocket engines, adding to the challenges encountered in stabilizing these unique objects.

A conservation treatment protocol informed by these results was developed to address the advanced deterioration. This protocol included vacuum impregnation of the damaged blades to improve mechanical strength using reversible acrylic copolymers. Conservators treating similar Ni-based superalloys should be aware that these extremely corrosion-resistant and high-strength materials may still be susceptible to severe deterioration, particularly if exposed to a stagnant marine environment, and should take precautions when handling macroscopically robust objects. Currently, investigation and treatment of these superalloys is a gap in the conservation literature and the authors hope that this study will help aid conservators facing similar treatment challenges. 
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