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Executive Summary  
The Gear Test Assembly (GTA) is an experimental test apparatus built and installed in the Mechanisms 

Engineering Test Loop (METL) at Argonne National Laboratory (ANL). The focus of GTA has been to 

test larger radial spur gears sets machined from Inconel 718 along with a variety of bearing components 

that are to be used in the fuel handling machines built for use in pool-type sodium fast reactors. The testing 

in GTA also informs the design and material choices for the full-scale Gripper Test Assembly (GrTA) being 

developed by Argonne. To date, the Inconel 718 gears used in all six GTA experimental campaigns have 

completed over 23.2 million revolutions under various loads equivalent to approximately 37,156 simulated 

fuel assembly maneuvers (removal from and reinsertion to core) using a conventional height of a core 

assembly. While the heat treated and untreated tapered roller bearings and cylindrical pin thrust bearings 

used in the first five experimental campaigns have experienced mechanical or material failure after 

completing a range of fuel assembly maneuvers ranging from as early as 575 operations in Campaign #5 to 

9800 operations in Campaign #1, Campaign #6 was the most successful campaign, achieving 22,563 

maneuvers and was concluded before any catastrophic failure occurred. 

In this report we will present the results from the most recent campaigns, #5 and #6. The longevity of 

Campaign #6 was likely aided by a variety of adjustments made to the materials and components used and 

to the experimental testing procedures employed. In terms of materials and components, new gearboxes 

were fabricated, as opposed to using the old gear boxes which had been impacted by the previous bearing 

failures, and ball bearings were replaced with tapered roller bearings. The adjustments to the experimental 

procedure focused on a lowering of the maximum torque applied to the gears and bearings and the increase 

of the duration of each simulated fuel assembly maneuver conducted. This report will present and discuss 

the changes made to the materials, components, and procedures and the subsequent results for Campaign 

#5 and Campaign #6. 
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1. Introduction 

The Gear Test Assembly (GTA) is an experimental test article built for use in the Mechanisms 

Engineering Test Loop (METL) at Argonne National Laboratory (ANL). The GTA was the first test article 

to operate in METL, with the initial experimental campaign beginning in early 2019. A total of six 

experimental campaigns have been completed to-date with the four previous campaigns discussed in the 

referenced reports [1], [2], [3], and [4]. This report will discuss the results of the Campaign #5 and 

Campaign #6 with bearing and gear analysis in the form of detailed photographs and of over-pin 

dimensions. Supplementary images are presented in Appendix 5.1. All over-pin measurements of the gears 

tested in sodium are available in the Appendix, Section 5.2.. 

1.1. Motivation for Gear Test Assembly 

The purpose of the GTA is to evaluate the performance of mechanical components intended for used in 

an ANL designed advanced compact in-vessel transfer machine (IVTM). The ANL IVTM, Figure 1, will 

be used in pool-type sodium fast reactors (SFR) and is designed such that all fuel assemblies can be reached 

using a single rotatable plug. This is compared with the more traditional use of multiple eccentric rotatable 

plugs and a straight pull IVTM that allow for a single point on a single plug to cover the whole of the reactor 

core. The ANL IVTM design then allows for a reduction in the diameter of the reactor vessel which 

translates into a smaller containment facility overall, reducing the overall capital costs of the reactor plant. 

To accomplish this, the design for the IVTM requires that the mechanically driven components to be fully 

submerged in the primary coolant. These components include radial spur gears, mechanical bearings, ball 

screws, bushings, and universal joints. At the start of this project, there lacked sufficient literature regarding 

the design and performance of these mechanical components when submerged in liquid sodium and 

operating under the anticipated loads of the IVTM. Therefore, it is crucial to fill the gap in our knowledge 

that informs the development of the full-scale GrTA and before proceeding with a complete fabrication and 

testing of the full IVTM. 
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Figure 1 - Compact In-vessel Transfer Machine - Based on Pantograph Design 

The Gear Test Assembly represents the first device designed and fabricated for testing the major 

components needed in order to realize the complete IVTM. GTA is currently equipped to test radial spur 

gears up to six inches in diameter and mechanical roller bearings with an internal bore diameter of 2.5”. 

The GTA was robustly designed so that it could be modified to a variety of gears, e.g., helical spur, worm, 

straight, and/or spiral bevel, as well as a variety of bearing designs including ball, tapered roller, needle, 

thrust, hydrostatic, and/or hydrodynamic. 
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The performance of the gears and bearings analyzed over the six campaigns of GTA has informed on 

the design of the Gripper Test Assembly (GrTA), Figure 2. The GrTA is an experimental assembly currently 

under construction that will evaluate the performance of a full-scale fuel assembly gripper head that is also 

driven by mechanical components submerged in sodium. 

 

Figure 2 - Gripper Test Article - Sodium Side 
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1.2. Gear Test Assembly Overview 

GTA, shown in Figure 3 and Figure 4, was designed to operate in the smaller, 18” nominal diameter, of 

the two vessels used in the METL facility. Thus, the foundation for the design of the GTA is a blank 18” 

Class 300 ANSI flange. Two drive shafts penetrate the flange to provide the prescribed torque to the tested 

gears and bearings. An internal support structure is used to position the test gearboxes in the liquid sodium 

pool, below the argon cover-gas and sodium vapor space. Two test gearboxes contain two sets of radial 

spur gears customized for this experiment. One large pair of gears has 15-teeth, and a second smaller pair 

has 22-teeth. To date, these gears have been supported by tapered roller and ball bearings while the shafts 

themselves supported axially by cylindrical pin thrust bearings. Essentially all submerged components are 

manufactured from 316 stainless steel to ensure known material compatibility with the liquid sodium test 

environment. The 316 stainless-steel also provides sufficient strength for the load bearing components to 

operate in this environment at elevated temperatures. The only submerged components not made from 316 

stainless steel are the Inconel 718 gears, steel bearings under investigation, and Inconel 718 shaft sleeves 

between the gears/bearings and drive shaft. An overview of the GTA system as well as the layout of the 

gears and bearings are shown in Figure 3 and Figure 4, respectively. 
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Figure 3: Overview of the Gear Test Assembly 

 
Figure 4: Overview of the submerged mechanical components tested in the GTA. 
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2. ANL-IVTM Design Modifications Reflected in Campaign #6 
One of the primary design features for GTA was to mimic maneuvers necessary for handling core 

assemblies over the lifetime of a reactor’s operation. In previous design iterations, the raising and lowering 

of the core assembly was performed by an ACME thread lead screw capable of applying 6000 lbs. (27kN) 

of upward force to release a bowed core assembly. After this release, the resistance comes from the weight, 

typically ~1000 lbs. (4.5kN) of a core assembly alone. Each handling maneuver consists of the application 

of a maximum torque required to release a stuck core over a duration of up to 10 seconds followed by a 

smaller torque load for raising the core assembly against its weight only up to 60 seconds. After a dwelling 

period of around 30 seconds where no motion occurs, the process is reversed; a short duration high torque 

stage mimicking a reinsertion of a core assembly into the core plane and grid plate structure and smaller 

torque event to simulate the lowering of the assembly with its weight alone as the resistance. This type of 

torque profile was used for all campaigns prior to Campaign #6 and is shown in Figure 5.a where blue 

indicates a Dwell stage, green highlights a High Torque stage, and red highlights a Low Torque stage. 

More recently, a new iteration of the design for the fuel handling machine replaced the ACME lead 

screw with a more efficient ball screw design whose lower coefficient of friction aided in significantly 

reducing the amount of torque required to perform the fuel handling maneuvers described earlier. As such, 

for Campaign #6, a new torque profile was administered where the High Torque stage, whose magnitude 

of 150 Nm includes a safety factor of two, was applied for a longer period of time and a Low Torque stage 

was omitted as 150 Nm was the minimum torque that the GTA motors were capable of achieving. A plot 

for this new torque profile where the High Torque stage is approximately 30 seconds long is shown in 

Figure 5. 
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Figure 5: Comparison of torque profiles used in previous with campaigns with that of Campaign #6. 

In addition to the design intent for GTA to mimic core assembly maneuvers, it can also run over long 

periods of time to generate the data needed to analyze the amount of wear and lifecycles of the gears and 

bearings placed in the more extreme submerged environment of sodium at elevated temperatures. And 

because Campaign #6 used a lower maximum torque value then had been applied in previous campaigns, 

the length of the cycles was increased from approximately 30 seconds (0.5 min) to 910 seconds (15.17 min) 

in order to increase the amount of time and hence the shaft revolutions that are relevant to calculations of 

the lifetimes of gears and bearing discussed briefly below. 

2.1. Gear Design Analysis 

The American Gear Manufacturer’s Association, AGMA, provides criteria for generating estimates of 

the lifetime for gears based on the geometry of the gear, material of the gear, and load applied to the gear 

[5]. A summary of the properties for the Large pair of gears and Test pair of gears are given in Table 1. For 

a maximum force of 6000 lbs., the fatigue lifetime for the Large and Test gears are 33.7 billion and 263 

million cycles, respectively and must run for 2.3 million hours and 18 thousand hours, respectively at 240 

rpm.  For a maximum force of 1000 lbs., the fatigue lifetime for the Large and Test gears are 1.3 trillion 

and 9.9 billion cycles, respectively corresponding to 87.6 million and 685 thousand hours when running at 

240 rpm. 

Table 1: Some characteristics for the gears used in GTA. 

Gear Material No. of Teeth Pitch Diam. (in) Face width (in) 
Large Inconel 718 15 5.0 4.0 
Test Inconel 718 22 4.0 3.0 

 

2.2. Bearing Design Analysis 

Over the course of six campaigns conducted to-date, the loading from the gears was transmitted to two 

types of bearings, tapered roller bearings and angular contact ball bearings. The effect of heat treatment on 

the tapered roller bearings was also examined. A summary of bearing types and heat treatment is given in 

Table 2. For each type of bearing described below, a standard lifetime can be determined, L10, that depends 

primarily on the geometry and force loads applied to the bearing. These life equations assume the proper 

loading, quality materials, proper lubrication, and standard operating temperatures. However, in the extreme 

environment of high temperature sodium that provides poor lubrication, the standard lifetime is 

dramatically reduced. Testing in the GTA helps to determine the lifetime reduction factors incurred while 

operating in a sodium environment. 
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Table 2: Summary of the bearings and material treatment used in each campaign. 

Campaign Bearing Type Manufacturer Material Material Treatment Lead Time (wks) 
1 Tapered Roller Timken 52100 Bearing Steel Heat Treated 14 
2 Tapered Roller Timken 52100 Bearing Steel Standard 1 
3 Tapered Roller Timken 52100 Bearing Steel Standard 1 
4 Tapered Roller Timken 52100 Bearing Steel Heat Treated 14 
5 Tapered Roller Timken 52100 Bearing Steel Standard 1 
6 Angular Ball Custom M50 Tool Steel Standard 32-36 

 

2.2.1. Tapered Roller Bearings 

The tapered roller bearings were fabricated by Timken from 52100 bearing steel. In Campaign #1 and 

Campaign #4, these bearings received heat treatment to maintain dimensional stability and hardness of >58 

HRC at temperatures up to 350°C. For Campaign #2, Campaign #3, and Campaign #5 the roller bearings 

were not heat treated. Using the ABMA Standard 11 [6], the standard lifetime unit, below which 10% of 

bearings are expected to fail statistically, is calculated in terms of millions of revolutions. Subsequently, 

the hours of operation are determined based on the number of revolutions at a fixed rotation rate 240 rpm 

and is provided for both gears in Table 3. 

Table 3: Lifetime calculations for tapered roller bearings. 

Gear Used for Load Calculations Applied Torque, Nm Lifetime, Million Revs. Lifetime, Hr 

Large 150 95285 6617000 
450 3004.0 208610 

Test 150 65377 4540100 
450 1974.0 137080 

 

2.2.2. Angular Contact Ball Bearings 

The angular contact ball bearings were a custom fabrication from high-speed tool steel M50 and used 

in Campaign #6. Each bearing is composed of 24 balls each with a diameter, 9.2525 mm, and ball pitch 

diameter, 77.775 mm. Using the bearing calculation from ABMA Standard 9 [7], the lifetime in millions 

of revolutions and the hours of operation when 240 RPM is assumed, is provided for the test and large gears 

at 150 Nm and 450 Nm is given in Table 4. Compared with the lifetime calculated for tapered roller bearings 

in Table 3, the lifetime when using the angular bearings is about an order of magnitude less owing to the 

better distribution of load in the taper roller bearings. 

Table 4: Lifetime calculations for angular bearings. 

Gear Used for Load Calculations Applied Torque, Nm Lifetime, Million Revs. Lifetime, Hr 
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Large 150 9637.8 669290 
450 490.9 34093 

Test 150 7630.8 529920 
450 307.8 21375 
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3. Experimental Operations 
Six experimental campaigns have been completed to-date. All experimental campaigns progress through 

a similar set of activities or phases as indicated by the summary in Table 5. These activities consist of filling 

the vessel with sodium and non-sodium-side final assembly, experimental testing, sodium passivation in 

the carbonation system, and disassembly and cleaning. A summary of torque parameters used and the 

operating time, handling maneuvers, and shaft revolutions achieved for all campaigns is provided in Table 

6. 

Table 5: Timelines for each experimental campaign. 

Activity Campaign 1 Campaign 2 Campaign 3 Campaign 4 Campaign 5 Campaign 6 
Sodium Fill 2/1/2019 3/3/2020 2/9/2021 11/22/2021 6/15/2022 11/10/2022 
Testing Start 2/5/2019 3/18/2020 2/16/2021 11/23/2021 6/21/2022 11/11/2022 

Standby - 3/20/2020 - 12/6/2021 - - 
Restart - 5/28/2020 - 1/12/2022 - - 
Fault 3/7/2019 6/15/2020 3/4/2021 1/27/2022 6/27/2022 - 
Drain 8/1/2019 7/28/2020 3/5/2021 2/3/2022 6/28/2022 5/12/2023 

Removal 8/6/2019 8/7/2020 3/18/2021 2/21/2022 7/7/2022 5/25/2023 
Carbonation Start 8/6/2019 8/10/2020 3/19/2021 2/22/2022 7/8/2022 5/26/2023 
Carbonation End 9/17/2019 8/18/2020 4/2/2021 3/21/2022 7/23/2022 6/5/2023 

Disassembled and 
Cleaned 11/7/2019 9/2/2020 5/5/2021 4/29/2022 8/22/2022 - 

 

Table 6: Data regarding the performance of the gears and the sodium exposure time. * Equivalent maneuvers 

  
Campaign 

1 
Campaign 

2 
Campaign 

3 
Campaign 

4 
Campaign 

5 
Campaign 

6 
Total 

High Torque [Nm] 400 450 450 450 450 X - 
Low Torque [Nm] 150 150 150 150 150 150 - 

Time in Sodium 
[hr] 4344.00 3528.00 576.00 864.00 312.00 3072.00 12696.00 

Time at High 
Torque [hr] 16.33 7.69 8.71 7.03 3.19 - 42.95 
Time at Low 
Torque [hr] 163.33 21.53 24.39 19.69 8.63 1334.20 1571.77 

Time Active [hr] 179.67 29.22 33.10 26.73 11.82 1334.20 1614.74 
Time Idle [hr] 4164.33 3498.78 542.90 837.27 300.18 1737.80 11081.26 

Handling 
Maneuvers 9800.00 1384.00 1568.00 1266.00 575.00 58991.03* 73584.03 
Revolutions 2,587,248  420,768  476,640  384,912  170,208  19,212,480  23,252,256  
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Experimental Campaign #5 tested the original two sets of Inconel 718 (ASM 5664) spur gears as they 

continued to show negligible amounts of wear and no clear signs of fatigue. The commercially available 

tapered roller bearings in 52100 bearing steel were used to provide radial support to the shafts. The bearings 

were not heat treated and thus identical to the sets used in Campaign #2 and Campaign #3. The thrust 

bearings that were excluded in Campaign #4 as an unnecessary point of failure were reintroduced in 

Campaign #5 to help provide additional axial support to the shafts as the excessive loading of the tapered 

roller bearings may have led to their accelerated failure [1]. 

Testing took place in nuclear-grade liquid sodium with an oxide content below 5-wppm. The oxide 

content was maintained at this level by periodic purification of the sodium in the test vessel using a cold 

trap operating at 150°C. The liquid sodium was maintained at a temperature of 250°C and the shafts were 

rotated at a speed of 240 RPM. The torque profile for Campaign #5 had a high torque of 450 Nm that lasted 

for 10 seconds followed by a low torque segment at 150 Nm that was held for 30 seconds. The testing took 

place during normal work hours until a failure occurred on the sodium side of the assembly that caused 

significant vibrations and then locked up preventing further rotation. A total of 575 fuel assembly 

maneuvers were completed prior to failure making Campaign #5 the shortest duration campaign to date. 

Following the cleaning and disassembly of the GTA, a failed tapered roller bearing was found above 

gear L11T. However it was also noted that the accumulated damage, shown in Figure 6, to the gearbox-

bearing mating surfaces consistently used in all previous campaigns may have contributed to the accelerated 

failure of the roller bearings. This may be due to the bearings experienced additional undue stress as the 

races may not have been set properly in the gearboxes. A new set of gearboxes were procured to ensure 

that following test would avoid this issue.  
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Figure 6: The accumulation of damage to gearbox-bearing mating surfaces. 

 

3.1. Results from Experimental Campaign #6 

Experimental Campaign #6 tested high speed M50 tool steel ball bearings purchased from a custom 

manufacturer along with the original two sets of Inconel 718 (ASM 5664) spur gears. Thrust bearings were 

also included to provide additional axial support to the shafts during Campaign #6. All gears and bearings 

were installed using an entirely new set of stainless-steel gearboxes shown in Figure 7. 
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Figure 7: New set of stainless-steel gearboxes fabricated for and used in Campaign #6. 

 

  The testing of the gear and bearing sets took place in Test Vessel 1of the METL facility using nuclear-

grade liquid sodium with an oxide content below 5-wppm maintained at a temperature of 250°C. The shafts 

were set to rotate at a speed of 240 RPM during the operation. However, as stated in Section 2, the torque 

profile applied to the gears was adjusted to a single high torque phase whose magnitude was lower, at 150 

Nm, to coincide with the load provided by a design adjustment to the lifting mechanism that replaced the 

ACME threaded lead screw with a more efficient ball screw design.  

Campaign #6 performed 40-second-long cycles during each core assembly maneuver for 78 days 

reaching 20,842.5 core assembly maneuvers, 41,685 cycles, 463.2 hours of operation at torque, and 6.56 

million shaft revolutions, making it the most successful experimental campaign to-date albeit at a lower 

applied torque. In the next phase of operations, the duration of the cycles was increased to 910 seconds to 

increase the amount of time the gears and bearings experienced the applied torque. An update to the GTA 

control program allowed for a more robust monitoring of vibration signals and prevented the occurrence of 

false-positive vibration sensor spikes from noise that would otherwise place GTA in a safe idle mode. 

Additionally, the operating procedure was updated to allow for 24/7 operation. Subsequently, Campaign 

#6 ran for an additional 49 days achieving cumulative total of 45,130.7 cycles, 1,334.2 hours of operation 

at the applied torque, and 19.2 million shaft revolutions. While the longer 910 second cycles were used, the 

cycles could be converted back to an equivalent 40-second-long cycle that defines the core assembly 
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maneuver. Thus, the 45,130.7 cycles correspond to 117,982.1, 40-second-long cycles or 58,991.1 

equivalent core assembly maneuvers.  

3.1.1. Bearing Analysis 

Campaign #6 was stopped after 127 days of operation before any catastrophic failure to the gears or 

bearings occurred. The gears and bearings were disassembled, cleaned, and catalogued. Patterns of wear 

were identified in the inner races, outer races, and the balls. The primary wear pattern demonstrated was 

onset of surface fatigue in the form of the spalling that appears as a mottling of the wear surface [8]. The 

most advanced wear was found on bearings T1BT-Top, T1IT-Bottom, and T1IT-Top with photographic 

and optical microscope images of the latter shown in Figure 8. Note that the location and orientation of the 

bearings are denoted with relative to their position around the gear as demonstrated in Figure 4. The images 

in Figure 8 show a more mature spalling indicated by the start of material removal from the surface. The 

spalling was not allowed to progress to the next stage of wear where the evidence for spalling emerges as 

an increase the magnitude of vibration recorded. Note that the discoloration observed on the bearing 

components is likely rust generated during cleaning/disassembly and not during sodium testing. The 

literature on bearing wear indicates that, as might be expected, the spalling of the rolling surfaces is 

evidence of pure material fatigue from stress induced by an abnormally stressed environment that lacks 

proper lubrication and indicates metal on metal contact. Less wear was found in bearings L1AT-Top, 

L1AT-Bottom, and L1IT-Bottom (Figure 9) and very little wear was found on the bearings T1BT-Bottom, 

L1IT-Top, and cylindrical pin thrust bearing T1IT-Top-Thrust. Images of the other bearings are provided 

in the Appendix 5.1. The wear patterns demonstrated by the ball bearings are consistent with previous 

findings from experimental campaigns for the taper roller bearings that had not progressed to the point of 

fracturing and catastrophic failure. The calculations that can be made to give an estimate of the lifetime 

expectations for these bearings are on the order of one to tens of billions of shaft revolutions owing to the 

relatively low torque being applied to the bearings as well as the assumption of proper lubrication and a 

standard temperature environment. Thus, in order to estimate a shorter, more accurate lifetime, the data 

generated by these experimental campaigns will be used refine the corrections to the lifetime calculations 

that takes into the account the effects that this extreme environment has on gears and bearings. 
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Figure 8: Photographic evidence of wear on T1IT-Top bearing after Campaign #6. 

 
Figure 9: Photographic evidence of wear on L1IT-Bottom bearing after Campaign #6 

3.1.2. Gear Analysis 

After each experimental campaign, an analysis is performed for each of the four gears submerged in 

liquid sodium. Previously, non-destructive ultrasonic and electromagnetic evaluation techniques, developed 
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at Argonne National Laboratory, were used to assess the health of the gears following testing. In addition, 

over-pin measurements were also performed to assess the amount of wear to the gears. The major finding 

from this analysis has shown a negligible amount of wear and only a minor amount of damage confined to 

the gear tooth surface as might be expected from normal operation. Following Campaign #4, Campaign #5, 

and the most recent Campaign #6, the application of these ultrasonic and electromagnetic techniques was 

not performed due to the lack of significant wear from the short duration testing campaigns and the necessity 

to expedite operations to conduct the next campaign. The current state of the gears is shown in Figure 10. 

It is noted that while non-tooth faces of the other gears are generally unmarred, the non-tooth faces for large 

gear L1IT are damaged due to the repeated catastrophic failure of the adjacent tapered roller bearing during 

Campaign #1, Campaign #4, and Campaign #5. 

 

Figure 10: Gears after cleaning from Campaign #6. 
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Over-pin measurements were conducted for every campaign except for Campaign #5 due to the 

shortness of its duration. A summary of the over-pin measurement technique was summarized in [1] and 

the results including those from the most recent Campaign #6 are included in Table 7 and Table 8. These 

over-pin measurements can provide a high-level view of the overall gear health. The change in gear wear 

from campaign to campaign, shown in Table 8, are typically small, < 0.001”, and in some cases negative. 

For instance, in Campaign #6, the averaged over-pin dimension for gear L1AT is 5.8943±0.0014” and so 

the absolute difference between the measurements of Campaign #4 and Campaign #6 of -0.0010” is within 

the standard deviation of the measurements. This seems to suggest only that the wear is quite small and that 

over-pin measurements cannot discern the amount of wear. In terms of gear lifetime calculations presented 

in Section 2.1, the number of revolutions to reach a characteristic lifestyle would require at least 10 times 

as many revolutions as has been performed by all campaigns combined. In the future additional methods, 

like accurate weight measurements may be more useful to characterize the amount of wear.  

Table 7: Average over-pin dimensions collected for sodium-wetted gears, taken after the listed campaign [inches]. 

Gear Campaign 
- Initial #1 #2 #3 #4 #5 #6  

L1AT 5.8968 5.8935 5.8942 5.8938 5.8933 X 5.8943 
L1IT 5.8991 5.8955 5.8969 5.8968 5.8942 X 5.8946 
T1BT 5.1831 5.1804 5.1802 5.1802 5.1784 X 5.1783 
T1IT 5.1800 5.1780 5.1780 5.1777 5.1763 X 5.1758 

 

Table 8: Change in average over-pin dimensions following each campaign [inches]. 

Gear Δ1 Δ2 Δ3 Δ4 Δ5 Δ6 
Total 
Wear 

L1AT 0.0033 -0.0006 0.0004 0.0005 X -0.0010 0.0025 
L1IT 0.0036 -0.0014 0.0001 0.0026 X -0.0003 0.0045 
T1BT 0.0027 0.0001 0.0000 0.0018 X 0.0001 0.0048 
T1IT 0.0020 0.0001 0.0003 0.0014 X 0.0005 0.0042 

 

Polar plots showing the change in over-pin dimensions between the initial measurements and the most 

recent measurements made after Campaign #6 are given in Figure 11, Figure 12, Figure 13, and Figure 14 

for gears L1AT, L1IT, T1BT, and T1IT, respectively. These polar plots continue to indicate that gears L1IT 

and T1IT shows a more uniform level of wear while the polar plots for gears L1AT and T1BT show a less 

uniform level of wear. Further analysis is needed to determine the cause of this nonuniformity and a 

complete record of the over-pin dimensions for Campaign #6 are given in the Appendix of this report. 
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Figure 11: Total wear measurements for gear L1AT made by taking the difference in over-pin dimensions [inches]. 

 
Figure 12: Total wear measurements for gear L1IT made by taking the difference in over-pin dimensions [inches]. 
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Figure 13: Total wear measurements for gear T1BT made by taking the difference in over-pin dimensions [inches]. 

 
Figure 14: Total wear measurements for gear T1IT made by taking the difference in over-pin dimensions [inches]. 
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4. Path Forward 
In the coming months, GTA will be fully cleaned and disassembled following the conclusion of 

Campaign #6. The post-campaign analysis of the gears and bearings will continue. In the rebuild of GTA 

for Campaign #7, the Inconel 718 gears, used in all previous campaigns will continue to be tested until they 

are sufficiently worn, damaged, or fail completely. For bearings, the custom ball bearings used in Campaign 

#6 may be reused or replaced with a new set of Timken tapered roller bearings used previously in Campaign 

#2, Campaign #3, and Campaign #5 as well as the thrust bearings reintroduced in Campaign #5 and 

Campaign #6. It is expected that the torque profile will be similar to that of Campaign #6 in order to 

maximize both the number of handling maneuvers and the amount of time at torque. 

5. Appendix 

5.1. Additional Bearing Wear Images 

 

Figure 15: Photographic evidence of wear on bearing T1BT-Top after Campaign #6. 



Gear Test Assembly – Experimental Testing and Analysis of Gears and Bearings – FY2023  
June 2023 

 

ANL-ART-265 
ANL-METL-48  26 

 
Figure 16: Photographic evidence of wear in bearing T1BT-Bottom after Campaign #6. 

 
Figure 17: Photographic evidence of wear in bearing T1IT-Bottom after Campaign #6. 
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Figure 18: Photographic evidence of wear in bearing L1IT-Top after Campaign #6. 

 
Figure 19: Photographic evidence of wear in bearing L1AT-Top after Campaign #6.  
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Figure 20: Photographic evidence of wear in bearing L1AT-Bottom after Campaign #6. 

 
Figure 21: Photographic evidence of wear in cylindrical pin thrust bearing T1IT-Top after Campaign #6.  
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5.2. Over-Pin Dimension Following Campaign #6 

Gear Pin location Measurement 
L1AT #1 #2 [in] 

  1,2 8,9 5.8950 
  2,3 9,10 5.8958 
  3,4 10,11 5.8946 
  4,5 11,12 5.8933 
  5,6 12,13 5.8928 
  6,7 13,14 5.8928 
  7,8 14,15 5.8947 
  8,9 15,1 5.8952 
  Average 5.8943 
  Standard Deviation 0.0011 

L1IT       
  1,2 8,9 5.8962 
  2,3 9,10 5.8979 
  3,4 10,11 5.8957 
  4,5 11,12 5.8939 
  5,6 12,13 5.8927 
  6,7 13,14 5.8915 
  7,8 14,15 5.8928 
  8,9 15,1 5.8958 
  Average 5.8946 
  Standard Deviation 0.0020 

T1BT       
  1,2 12,13 5.1760 
  2,3 13,14 5.1765 
  3,4 14,15 5.1770 
  4,5 15,16 5.1769 
  5,6 16,17 5.1783 
  6,7 17,18 5.1790 
  7,8 18,19 5.1795 
  8,9 19,20 5.1820 
  9,10 20,21 5.1786 
  10,11 21,22 5.1792 
  11,12 22,1 5.1780 
  Average 5.1783 
  Standard Deviation 0.0016 

T1IT       
  1,2 12,13 5.1766 
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  2,3 13,14 5.1758 
  3,4 14,15 5.1760 
  4,5 15,16 5.1759 
  5,6 16,17 5.1757 
  6,7 17,18 5.1760 
  7,8 18,19 5.1753 
  8,9 19,20 5.1752 
  9,10 20,21 5.1757 
  10,11 21,22 5.1760 
  11,12 22,1 5.1762 
  Average 5.1758 
  Standard Deviation 0.0004 
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