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ABSTRACT

Miranda, Eduardo, Performance Assessment of Reconditioned Freight Rail Bearings Using Eddy

Current Array for Enhanced Nondestructive Inspection. Master of Science in Engineering

(MSE), December 2025, 112 pp., 29 tables, 89 figures, 32 references.

In North America, freight bearings removed from service must undergo a reconditioning
process in accordance with Association of American Railroads recommended guidelines before
reuse, with approximately 80% having been reconditioned at least once. This process includes
bearing inspection, where repairable defects may be refurbished and returned to service with an
extended performance range of 50,000 to 250,000 miles. Motivated by this extensive range in
performance, researchers at the University Transportation Center for Railway Safety, in
collaboration with MxV Rail, utilized a nondestructive evaluation method to enhance the
reconditioning inspection process. An Eddy Current Array (ECA) was applied to bearing cup
raceways to detect near-surface defects that may go unnoticed during the reconditioning process.
Cups with and without ECA indications were tested under accelerated life conditions. The ECA
results exhibit strong correlations between indications and spall development, enabling enhanced
reliability of the inspection process and preventing compromised bearings from re-entering

service.
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CHAPTER 1
BACKGROUND & INTRODUCTION
1.1 Introduction

The freight rail industry plays a vital role in supporting the North American economy by
transporting large volumes of raw materials and finished products, effectively connecting
industrial, agricultural, and commercial regions. The freight rail network is broadly
acknowledged to be the “largest, safest, and most cost-efficient” transportation system by the
Federal Railroad Association (FRA) [1]. Derailments pose a safety risk not only to the freight
rail industry but also to surrounding communities. Critical railcar components, such as tapered
roller bearings, are known to be among the primary contributors to mechanical failure, often
resulting in derailments [2]. Prioritizing safety within the rail industry begins with proper
inspection and maintenance of railcar components. Proper reconditioning of tapered roller
bearings is essential for minimizing risk of derailments. Incorporating a post-reconditioning
Nondestructive Evaluation (NDE) method, via Eddy Current Array (ECA), can further enhance
reliability by identifying near-surface or subsurface defects that may be missed during standard
reconditioning procedures.

1.2 Tapered Roller Bearings

Freight railcars consist of numerous components that work together to support and
transport load efficiently. The suspension system, referred to as a bogie, includes a variety of
dynamic elements such as axles, springs, dampers, wheels, and tapered roller bearings. Mounted

on the outer portion of the suspension system, the tapered roller bearing supports both the weight



of the railcar and the additional load it carries during operation. The tapered roller bearing is
composed of multiple subcomponents: rollers, cage, cones (inner rings), spacer ring, cup (outer

ring), grease seal, and the wear ring as depicted in Figure 1.

Cup

Figure 1: Subcomponents of a tapered roller bearing [3]

Among the subcomponents of a tapered roller bearing, there are elements that experience
rolling contact; primarily among these are the two cone assemblies housed within the cup. Each
cone holds 23 rollers, which are evenly spaced and secured by a cage to prevent misalignment
during operation. A spacer ring is positioned between the two cone assemblies maintain proper
spacing between them to prevent axial movement (end play) and to control internal clearance and
preload. Grease seals enclose the cone assemblies and spacer ring on both ends of the cup,
protecting the internal components and grease by preventing contaminants or debris from
entering the bearing. Additionally, wear rings assist the grease seals by providing a contact
surface that enhances the overall sealing of the bearing assembly. On the outboard side of the
bearing, facing away from the railcar suspension, an end cap is installed to secure the press-fitted
bearing onto the axle. This ensures that it remains firmly in place during operation as depicted in

Figure 2.



Figure 2: Side view of a freight railcar bogie [4]

The Association of American Railroads (AAR) classifies bearings used in service based
on their dimensional specifications and load-carrying capacities. The two primary bearing classes
used in North America are class F and class K. Historically, class F bearings were the main
population; however, their usage has declined in recent years. Class K bearings have since
become the most commonly utilized in North America. Due to the reduced availability of new
class F components, reconditioned class F bearings are now often paired with older, previously
used parts [5]. This study focuses on evaluating the performance of reconditioned class F
bearings.

Table 1 outlines the dimensions and load ratings of class F, K and other commonly used bearing
classes. Notably, class F and K bearings share the same cup (outer ring) diameter, allowing them

to support similar loads and use interchangeable cone (inner ring) assemblies.



Table 1. Dimensional specifications and load-carrying capacities of AAR bearing classes

Cup Dimension Bearing Load
Bearing Class | Diameter x Width [le(N] /g[kios]
[inch] P
E 6 x11 117.0/26.3
F 62 x12 153.0/34.4
G 7x12 169.0/38.0
K 6'%%x9 153.0/34.4

The load from the railcar is distributed on the outer surface of the cup,
which ideally remains stationary during operation. The top half of the bearing cup is defined to
be the loaded zone. The cone assemblies freely rotate while the train is in motion, causing the
cone and rollers to cycle in and out of the loaded zone as depicted in Figure 3. This cyclic
loading reduces the overall stress and wear experienced by the cones and rollers. The stationary
cup, however, endures the most radial stress and is very susceptible to spalling, as
the raceways within the loaded zone undergo repeated surface and rolling contact fatigue (RCF)
from the freely rotating cone assemblies. The rollers experience the least amount of stress as they
are elements that revolve around the entire raceways of both the cup and cone.

These three components are the most pertinent for health monitoring.



Loaded
ane
Unloaded

195° 345°
210° 330°
22 315°
2400255%709285&3 00

Figure 3: Schematic of bearing rotation relative to the loaded and unloaded zone

1.2.1 Types of Defects

When a spall begins to propagate on any component of a tapered roller bearing, it
typically falls into one of the following three defect categories: localized, geometric, or
distributed. A localized defect, as shown in Figure 4 (left), is the most common type. These
typically appear as isolated damage, such as pitting, cracks, or spalls, concentrated in a specific
area of the bearing surface. Geometric defects originate during the manufacturing process, where
components fall outside specified dimensional tolerances. Examples include: cups with out-of-
round raceways, out of tolerance cone concentricity referenced to a central point, and rollers with
inconsistent diameters that would cause misalignment and abnormal stress distribution. Finally,
distributed defects resemble localized defects that cover larger surface areas. Figure 4 (right)
displays a spall distributed across the raceway of a cone, indicating more widespread fatigue

and/or wear.
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Figure 4: Example of a localized defect (left) and distributed defect (right) [6]

As mentioned previously, geometric defects occur due to errors during the manufacturing
processes. Localized and distributed defects result from near-surface or subsurface inclusions
that overtime will propagate and develop into spalls due to RCF.

1.3 Wayside Technologies

In North America, the AAR employs wayside detection technologies to identify defective
bearings or other components within the railcar suspension system. These technologies serve as a
preventative measure aimed at reducing the risk of freight train accidents. As trains pass through
designated monitoring points, wayside systems collect and analyze data in real-time. This data is
evaluated against established thresholds designed to detect anomalies or signs of failure,
particularly in critical components such as a tapered roller bearing. If a bearing operates above
the established threshold, it is flagged as defective, prompting an alert for the train conductor to
stop the train [7]. The affected wheelset is then removed for detailed inspection, with
components undergoing a reconditioning process before returning to service.

1.3.1 Hot Bearing Detectors (HBDs)
Hot Bearing Detectors (HBDs), shown in Figure 5, are wayside technology systems that

employ infrared sensors to scan and measure the temperature profiles emitted from the bearing,



axle, and wheel as the railcar passes by the detector. Over 6,000 HBDs have been positioned in
North America, typically spaced 15 to 22 miles apart, with wider spacing up to 40 miles in areas
with lower traffic density [5]. HBDs operate based on predefined temperature thresholds either
94.4°C (170°F) above ambient or 52.8°C (95°F) above the operating temperature of the mate
bearing on the same axle. When a bearing exceeds these thresholds, an alert is triggered to notify
the train conductor of the potential issue. Recent advancements in the algorithm have allowed for
more sophisticated comparisons, including the bearing temperature relative to the average
temperature of bearings on the same side of the railcar. If a bearing is operating at a higher
temperature than the average bearing temperature, it is classified as “warm trending” [8].
Bearings exhibiting warm trending behavior are flagged and subsequently removed from service

for disassembly and detailed inspection.
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Figure 5: Schematic of a Hot Bearing Detector (HBD) [9]
As previously discussed, HBDs rely solely on temperature measurements to monitor
bearing health. However, temperature alone is insufficient to proactively distinguish between
healthy and defective bearings. Many flagged bearings are inspected and found to be non-

verified, meaning no discernible defect was present. Furthermore, some bearing failures, such as



seizures, can develop rapidly within three minutes [10]. This timeframe could potentially be too
short for HBDs due to the wide spacing between installations, even though thousands of HBDs
have been installed. Studies have shown that there is a weak correlation between elevated
temperature and bearing health trending, indicating that temperature monitoring alone is
inadequate for proactively assessing the health of a bearing [11]. As a result, HBDs provide only
a reactive response; a bearing is flagged only after it becomes severely defective and passes the
detector, by which point a critical event, such as a derailment, may already be unavoidable.

1.3.2 Trackside Acoustic Detection System (TADS™)

Trackside Acoustic Detection Systems (TADS™), displayed in Figure 6, represent
another type of wayside technology currently used in the rail industry. These systems utilize
acoustic sensing to detect potential internal bearing defects. Unlike HBDs, which rely on
temperature changes, TADS™ systems employ high sensitivity microphones to capture and
analyze the acoustic signatures emitted by bearings in motion. This enables early detections of
internal defects before they escalate to the point of overheating or failure. Despite their
diagnostic advantages, the deployment of TADS™ remains limited, with approximately 19
systems installed across North America [5]. As a result, bearings in active service have a low
probability of passing by a TADS™ site, limiting the overall effectiveness of the system in

routine defect detection [11].



Figure 6: Trackside Acoustic Detection System (TADS™) site [5]

1.3.3 RailBAM (Rail Bearing Acoustic Monitor) [7]

The RailBAM (Rail Bearing Acoustic Monitor) is a wayside condition monitoring system
that monitors the acoustic signature of each bearing that passes through at full speed. It can
provide fully accurate and reliable data, being able to identify defects in bearings and provide the
train operator with the severity of the defects. These systems were developed by Track
Intelligence (now known as Track 1Q) and were then acquired by Wabtec in 2015. As of March
2017, 20 RailBAMs have been installed across the US and approximately 190 installed
worldwide. It can detect early signs of defects, having a reliability exceeding 95%. Despite the
RailBAM system being able to detect defect signatures (cup, cone, roller and wheel) in early
stages, there is only a limited amount of installed units across the US. This presents similar
issues as the TADS™ where bearings have a low probability of passing by during their service
life.

1.4 Importance of Reconditioning Practices
When a wheelset is removed from service, the bearings mounted on the axle are also

extracted and sent out for reconditioning, even in cases where the removal was prompted by a



defect in the wheel rather than the bearing itself. Bearings removed in this fashion are
categorized under Why Made Code 11, an AAR practice for removing bearings from service.
This practice was introduced into the U.S. rail industry in the early 1980s to help improve the
reliability and readiness of bearings [12]. This practice ensures that all bearings returned to
service are free of defects and follow safety standards. The reconditioning process involves a
comprehensive inspection of all bearing components to identify potential defects. Once
identified, the defect is then classified based on the severity of the defect and the level of repair
required to restore the component. An in-depth review of this reconditioning process is detailed
in CHAPTER II.
1.4.1 Reconditioning Benefits and Performance Gains

The reconditioning process offers substantial cost-efficiency benefits by restoring rather
than replacing bearing components. This approach not only reduces overall expenditures but also
extends the service life of existing components and eliminates delays associated with procuring
new parts to be delivered [13]. Additionally, reconditioning enables quicker turnaround times
and reduces dependency on newly manufactured components, thereby minimizing system
downtime and ensuring that railcars return to service more rapidly. For the rail industry,
minimizing operational delays is critical, as continuous service delivery is central to business
performance. Beyond economic advantages, the inspection phase of reconditioning provides
valuable insight into component fatigue and potential failure modes, which enhances the
predictive capabilities of maintenance. This detailed approach allows for more efficient
scheduling of repairs and contributes to long-term reliability. Furthermore, it reinforces safety
and quality assurance, ensuring that all components are restored to recommended dimensional

specifications and safety guidelines specified by the AAR [14].
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1.5 Nondestructive Evaluation (NDE)

Nondestructive Evaluation (NDE) refers to techniques employed across scientific and
industrial applications to identify flaws, discontinuities, or variations in physical properties of
materials without compromising the integrity or functionality of the original part. The
application of NDE methods may vary depending on the design specifications and intended
performance criteria of the final product [15]. These methods could play a vital role in ensuring
operational safety by validating manufacturing quality and adherence to maintenance standards
within the rail industry if integrated at certified reconditioning facilities.

1.5.1 Ultrasonic Testing (UT)

Ultrasonic Testing (UT) is an NDE method that utilizes high-frequency sound waves to
detect internal flaws within materials. This method can detect cracks, voids, and delamination in
metals, composites, and welds. Sound waves are introduced into the material and reflected by the
microstructure of the material, with the resulting attenuation and reflection patterns analyzed to
locate flaws [15]. UT utilizes various wave propagation modes including longitudinal (L-mode),
shear (T-mode), surface (Rayleigh), and plate (Lamb) waves, each suited to a different purpose
such as types of materials or types of defects [16]. Longitudinal waves are more utilized for
thickness measurements while shear is more for perpendicular oriented flaws. This technique
enables accurate size and location of flaws within the test material. It is capable of penetrating
thick materials to detect inclusions or discontinuities. Gel or water is commonly utilized as a
medium to transmit the sound waves from the transducer into the surface as the wave speed is

known.
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1.5.2 Radiographic Testing (RT)

Radiographic Testing (RT) is an NDE method that introduces X-rays or gamma rays into
the test material to examine the internal structure. When radiation penetrates the test material, it
is partially absorbed based on the density and thickness of the material, and an image density
reveals the presence of internal flaws. Variations of the image density display the presence of
internal flaws such as porosity, voids, inclusions, shrinkage, and delamination [17]. RT is
extensively applied in inspecting welds, castings, and composite materials due to its
effectiveness in detecting volumetric defects and its suitability for assessing complex geometries.
Despite its advantages, RT has some notable limitations, including the health and safety risks
associated with radiation exposure, requiring strict regulatory compliance and specialized
operator training. RT has limited effectiveness in detecting surface-level defects, making it less
suitable for certain applications. The method is costly and time-intensive, particularly with film
processing and interpretation.

1.5.3 Acoustic Emission (AE)

Acoustic Emission (AE) is a technique that listens to transient elastic waves (stress
waves) generated by sudden energy releases from localized sources within a material under
stress. These emissions are caused by events such as crack growth, plastic deformation,
corrosion, or fiber breakage. The use of AE signals can provide insight on the onset of
discontinuity of the material, making it suitable for analyzing structural integrity, assessing weld
quality and detecting flaws [18]. Unlike other NDE technologies, AE does not need to supply the
energy into the material, instead it utilizes the energy that is released from the material itself. For
this reason, AE is mostly utilized in structures that are in operation rather than idle. However, its

application is only limited to identifying the amount of damage a material has within, not
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specifying where the defects are located. Another limitation is that the signals from the AE
source are affected by the noise of the environment, potentially biasing results.
1.5.4 Eddy Current Testing (ECT)

Eddy Current Testing (ECT) is an electromagnetism-based NDE method that detects
defects characterized by physical, structural, and metallurgical conditions in electrically
conductive metals [15]. High frequency alternating current (AC) flows through a probe coil and
into the test material. The current is affected by factors such as conductivity, permeability,
thickness, inclusions, and geometry. Subsurface or near-surface defects affect these induced
currents and are detected through changes in the impedance of the coil. ECT is limited to
conductive materials, has restricted depth penetration, and requires skilled interpretation.
However, ECT is extensively applied in many industry fields such as aerospace, power
generation, and manufacturing due to its ability to identify cracks, inclusions, and tooling marks,
whilst providing rapid results. This can be utilized for the inspection of rail components such as
wheels, axles, and tapered roller bearings. This research focuses on the implementation of ECT
on reconditioned tapered roller bearings and will be discussed further in subsequent chapters.

1.6 Motivation

Previous research on utilizing nondestructive evaluation (NDE) methods on rolling stock
bearings dove into the microstructure of the bearing steel and parameters that would alter them.
A thesis conducted by Trevor Adelung at the University of Nebraska-Lincoln (UNL) utilized
ultrasonic inspection to quantify the effective case depth (ECD) for cones (inner rings) [19]. This
study served to establish a baseline for the focal regions to be inspected on the freight tapered
roller bearing components. Another study that utilized NDE methods was a study conducted by

Kobayashi et al., estimating the remaining useful life (RUL) of a bearing via eddy current testing

13



(ECT) [20]. This was then compared to a known effective method in estimating the RUL of the
roller bearing, using X-ray diffraction (XRD). The research conducted for this study focuses on
utilizing eddy current to inspect reconditioned bearings. A thesis conducted by Veronica
Hernandez at the University of Texas Rio Grande Vally (UTRGV) assessed the performance of
reconditioned bearings [3]. Specifically, this research emphasized how proximity between the
stress-relief holes influences the initiation and propagation of spalls and leads to shorter extended
service life.

The research presented here focused on exploring another potential factor that could
contribute to shorter extended service life of select reconditioned bearings, which is subsurface
defects. Current inspection methods are visual and rely on the expertise of the individual
performing the repairs. Subsurface defects or small microcracks, that are not easily discernible,
may exist in the repaired regions, which can initiate and propagate spalls due to rolling contact
fatigue (RCF). The presence of these undetectable defects likely explains why some
reconditioned bearings run for <50,000 mi whilst others that are defect-free are able to run for up
to 250,000 mi or more. This study evaluates the effectiveness of the use of an Eddy Current
Array (ECA) scanner to detect near-surface defects, if any, in reconditioned bearings that would
compromise their service life. The ultimate goal would be the potential integration of this
method with current reconditioning practices to ensure that bearings that re-enter revenue service
are not susceptible to early failure.

The remainder of this thesis is organized as follows. Chapter II introduces the process of
reconditioning bearings and the principles of eddy current. Chapter III details the laboratory
setups and methodologies utilized to collect the data used for this study. Chapter IV presents the

findings from the ECA scanner, differentiating between bearings that indicated a subsurface
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defect beforehand and bearings that did not. Also presented in this chapter were the results for
select dynamic experiments to validate the efficacy of the ECA scanner. Conclusions and

recommendations for improvements to the scanning procedure are discussed in Chapter V.
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CHAPTER 11
RECONDITIONING PROCESS AND EDDY CURRENT ARRAY
2.1 Reconditioning Process

Bearings are usually pulled out of service before reaching the end of their service life,
either due to wheels or other components being defective within the suspension of the railcar. As
mentioned previously, bearings pulled from service under these conditions fall under Why Made
Code 11 [14]. These bearings are then brought to an AAR-approved facility for reconditioning.
The reconditioning process requires complete disassembly of the bearing, followed by thorough
cleaning, detailed inspection, and repair if needed. If every component is within tolerance, the
bearing is then reassembled and deemed suitable for return to service. Notably, the
reconditioning process includes the repair of defects such as spalls, shown in Figure 7 (left).
Targeted restoration techniques are applied to bring the component back within tolerance, as
depicted in Figure 7 (right). It is estimated that over 80% of the population of tapered roller
bearings used in North American freight rail service are reconditioned and have a life expectancy

ranging from 50,000 to 250,000 miles of service before exhibiting signs of failure [5].
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Figure 7: A propagated spall and its subsequent repair (circled) on a bearing raceway (left) and

method of repair (right) [5]

2.1.1 Levels of Reconditioning

To provide a framework for bearing restoration, Schaeffler Technologies categorizes
reconditioning into four levels, as illustrated in Figure 8. Level I involves disassembly, cleaning,
and inspection of the bearing assembly. If there are minor scratches or rough surfaces present,
the reconditioning process continues to Level II, where those components are then polished.
Defects that outlast the polishing process undergo a full grinding procedure, with unrepairable
components being replaced as needed (Level III). Level IV is the last level of reconditioning in
which the inner and outer rings are assessed and replaced with brand new healthy components if
needed. All levels make sure that any refurbishments done on components are verified to meet

AAR tolerances before returning to service.
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Figure 8: Levels of reconditioning [21]

This standardized framework is a foundational basis that all certified facilities follow
within the rail industry. This framework ensures consistency in quality assurance. To ensure
structural integrity and operational reliability of reconditioned bearings, the AAR enforces strict
criteria that prohibit the return of bearings that exhibit any of the following conditions: cracks or
spalls present on rollers, cups (outer rings) or cones (inner rings) with unrepaired spalls, repaired
spalls that exceed allowable dimensions, two or more repaired spalls within a 2 inch
circumferential area, less than 3/16 inch of separation between any two repaired spalls, and/or a
total of six repaired spalls present on a single raceway [22]. Its implementation has yielded
substantial economic benefits, with cost reductions ranging from 50 to 80% depending on the

class of bearing [23].



The raceways of the components that have spalls or cracks must be refurbished to meet
proper tolerances. Recommended material removal via grinding is permitted up to 75 um (0.003
in) per surface, or up to 300 um (0.012 in) for outer diameters that are greater than 400 mm
(0.016 in) [24]. Portable grinders with fine abrasive wheels less than 5/16 inch in diameter are
used to perform surface level spall repairs. Small stress relief holes are made across the surface
of the cup (outer ring) raceways. The damaged material is smoothed out with the same intent of
preventing stress concentrations. Prior research suggests that the proximity of stress relief holes
may contribute to the propagation of spalls on raceway surfaces. Also, the removal of material
can alter the geometric profile which would cause roller misalignment to occur more often and
possibly localize stresses that can lead to axle failure [3]. Each component must be permanently
scribed to indicate reconditioning post repair. The cup (outer ring) is marked on the spacer ring
region, as depicted in Figure 9. Cones (inner rings) are marked on the face of the large-diameter
end. The markings must include the month, year, and the reconditioning facility identification
code. After full repair and refurbishment, the bearing components are fully assembled under

clean conditions and prepared for use in rail revenue service.
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Figure 9: Scribe marks applied to the bearing cup (outer ring) post reconditioning

To summarize, the reconditioning process plays a vital role in the rail industry by
restoring used bearings to a condition comparable to brand-new bearings, reducing costs for
customers and minimizing material waste. The integrity of the repairs performed during
reconditioning is critical to ensure safety and reliability. To enhance the reconditioning process,
MxV Rail has been exploring options beyond traditional physical inspection for verifying if
components are truly suitable for re-entry into service. One such method is the use of a flexible
Eddy Current Array (ECA), which is a nondestructive evaluation (NDE) technology that inspects
otherwise undetectable subsurface anomalies. MxV Rail has specifically focused on scanning

bearing cup (outer ring) raceways as they are the subcomponent most exposed to rolling contact

fatigue [25].
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2.2 Eddy Current Array (ECA)

The Eddy Current Array (ECA) inspection method is a nondestructive evaluation (NDE)
technology that uses electromagnetic induction to detect surface or subsurface defects in
electrically conductive materials, such as steel alloys. The ECA system presents a unique
advantage when inspecting reconditioned bearings compared to conventional methods by
enabling the early detection of microstructural defects such as cracks, voids, and other
discontinuities. This system can further strengthen the framework of the reconditioning process.

More than 80% of in-service bearings in North America are reconditioned, with extended
service lives ranging anywhere from 50,000 miles to 250,000 miles. The variation in extended
life is likely explained by the presence of subsurface inclusions that go unnoticed in the
reconditioning procedure. Given such prevalence in the industry, there is a need for
implementation of an enhanced inspection system capable of detecting these subsurface defects
that may be generated during the reconditioning process or through the bearing’s service life.
The process of reconditioning requires grinding, stress-relief drilling, and removal of material
which alters the structure of alloys at a micro level and potentially initiates fatigue damage. This
also affects the electromagnetic properties of the steel alloy, which makes it possible for eddy
currents to be used to detect these discontinuities. Therefore, the application of ECA would
further reassure that reconditioned bearings meet the dimensional and structural integrity
requirements set forth by the AAR whilst also accounting for near-surface defects that are not
visually discernible.

2.2.1 Principles of Eddy Current: Electromagnetic Induction Theory
Eddy current inspection is governed by the principles of electromagnetic induction,

where alternating current through a coil is introduced into an electrically conductive material, as
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illustrated in Figure 10. A time-varying electromagnetic field, also referred to as the secondary
magnetic field, is generated from the flow of alternating current, also known as the primary
alternating magnetic field. The eddy currents circulate in a parallel direction to the surface but
flow perpendicular to the magnetic field [26]. The frequency output from the induced currents is
equal to the frequency of the excitation source, which allows for precision and control of the

penetration depth into the material.
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Figure 10: Principles of eddy current [26]

The secondary magnetic field opposes the primary magnetic field, making it suitable for
detecting discontinuities on the material, as described by Lenz’s law. From the secondary field,
the amplitude and distribution are dependent on the electrical conductivity, permeability, and
geometric continuities of the material. If the surface is defect free, the eddy currents induced

form consistent uniform loops in the secondary field but if a defect is present then the currents
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would be disrupted, thus distorting the secondary field. This would then alter the impedance of
the coil.

The changes in the magnetic field are detected by changes in the original coil impedance,
which enables the detection of discontinuities on the material. This behavior is explained by
Faraday’s law of electromagnetic induction, where the magnitude of the change in magnetic flux
is directly proportional to both the rate of change in the magnetic field and electrical conductivity
of the material as demonstrated in Eq. (1) [27]. Where ¢ is the electromotive force and ®gis the
magnetic induction flux density.

dog (D)

Eddy currents are highly dependent on the frequency of the alternating current that is
being applied to the material. The frequency used determines the focal region of eddy current
scans, with higher frequencies detecting defects in near or subsurface regions, and lower
frequencies allowing for more penetration depth. The eddy current density decreases with depth
as the magnetic field induces circulating currents at the surface. This phenomenon is governed
by three principal factors: frequency, electrical conductivity, and permeability of the material.
The depth of penetration, or skin depth, is defined as the depth where the current density
decreases to 36% of the surface value [28].

Decreasing the frequency output by the coil increases the depth of penetration and allows
for the detection of subsurface defects. However, this action also reduces the magnitude of
surface current density, which decreases the sensitivity to near-surface defects. Therefore, the
frequency must be optimized to balance the depth of penetration and detectability of defects

based on material properties and other inspection requirements.
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2.2.2 Variables Affecting Eddy Current

Key factors to consider when utilizing eddy currents for nondestructive evaluation
include: frequency, electrical conductivity, permeability, surface conditions, lift off, and
temperature. The permeability of a material heavily influences the behavior of ferromagnetic
materials, such as steel, by altering the eddy current density at or near the surface. When the
primary field is applied, the permeability of the ferromagnetic material enhances the secondary
field, resulting in much higher eddy current density at the surface. As a result, the intensity of the
field decreases with depth, reducing the effectiveness in penetration of the eddy currents,
resembling a shielding effect preventing the eddy currents from propagating into deeper regions
within the cross section, as depicted in Figure 11 [29].

Coil

Eddy Test Material

Current

Depth of
Penetration

Depth

Low Permeability High Permeability

Figure 11: Effects of permeability on eddy current induced into a material [29]
The surface conditions refer to the geometric properties of the material, such as

smoothness and roughness, that affect the distribution of eddy current through the material.
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Surface conditions such as dimples or stress-relief holes disrupt the flow of eddy currents and
can be interpreted as false indications. The roughness of the material can distort the magnetic
field by introducing sharp or rigid transitions within the surface. Any sort of coating or signs of
corrosion can alter the response of eddy currents which would reduce the sensitivity. These
conditions all highlight the need for surface preparation to output precise and accurate results.
Finally, lift off is defined as the distance or separation of the probe to the surface of the

test material. As lift off increases, the strength of the induced eddy currents decreases.
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CHAPTER 111
EXPERIMENTAL SETUP AND METHODOLOGY

To validate the effectiveness of the eddy current array (ECA) method, the scanned
reconditioned bearings were run under simulated rail service conditions on the University
Transportation Center for Railway Safety (UTCRS) dynamic bearing test rigs housed at the
University of Texas Rio Grande Valley (UTRGV). The performance
and health of the reconditioned tapered roller bearings in operation was assessed via vibration
and thermal monitoring techniques that are explained later in this chapter. The ECA
scanner was utilized to scan the bearing cup (outer ring) raceways and indicate regions with
subsurface inclusions, if any.

For this study, two batches of reconditioned bearings were tested and evaluated: a
defective batch with at least one ECA indication found on any of the cup raceways, and
a healthy batch with no ECA indications on any of the bearing cup raceways.

The first batch consisted of eight class F bearings that were chosen by engineers
from MxV Rail in consultation with a bearing reconditioning facility. These bearings were
all removed from service due to Why Made Code 11, meaning that the bearings were not
responsible for the removal of that wheelset. These eight bearings were first sent to MxV Rail to
be inspected and scanned using their ECA scanner. These eight bearings all indicated that at least
one subsurface defect was present on a raceway of the cup (outer ring). This batch was
then shipped to UTRGYV for accelerated service life testing as explained earlier. The second

batch also consisted of eight class F bearings that were chosen by engineers from MxV Rail in
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consultation with a bearing reconditioning facility. These eight bearings went through the
same scanning procedure but were labeled “non-indicated,” meaning no defect was detected by
the ECA on any of the cup raceways. The second batch of bearings was also sent to UTRGV to
undergo accelerated service life testing.
3.1 Eddy Current Array (ECA) Scanner

The ECA system (EVi Uniwest), displayed in Figure 12, was used to scan reconditioned
bearing cup raceways in this study. A total of sixteen reconditioned bearings were visually
inspected and subjected to identical ECA scanning procedures. From the batch of sixteen
bearings, eight were labeled as “indicated”, meaning that a defect was detected by the ECA
scanner, while the other eight were labeled as “non-indicated”, meaning no defect was detected.
During the scanning procedure, the ECA roller probe was positioned on the raceway surface
while the bearing cup was rotated. The 0° position was established using a traceable reference
point (i.e. the serial number). From this reference point, the scan covered 180°, corresponding to
half of the bearing cup raceway. Accordingly, two profile scans were acquired for each bearing
cup raceway: one spanning from 0°-~180° and the other spanning from 180°-360°. All profile
scans were conducted at a frequency of 1 MHz. This frequency was used to find the focal zone
on the surfaces, having a depth of penetration of 1 mm (0.04 in). When a discontinuity or defect
was present, the ECA roller probe transmitted a signal to the scanner, which generated a red
region on the C-scan output. A C-scan is a 2-D map of the eddy current responses across an area
from multiple A-scans, whereas an A-scan is the individual signal trace from a singular coil. Any

recorded indication of the C-scan output was treated as a potential defect.
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Figure 12: Flexible ECA scanner setup
The working principle of the ECA probe on a bearing cup surface is depicted in Figure
13. This graphic illustrates how a crack can disrupt the flow of eddy currents that are induced
into the material [20]. When testing, the probe induces many circulating eddy currents within the
bearing cup raceway. These eddy currents are influenced by discontinuities or variations in
material properties. Such variations alter the probe coil impedance, which is measured as voltage

signals on an impedance plane. A bridge circuit is utilized to precisely capture these impedance

changes.
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Figure 13: Eddy current disruption due to crack on material surface [20]

In some cases, bearing cup raceways contained intentionally manufactured repair

dimples. These repair dimples also alter the impedance of the coil and as such were detected by

the ECA probe. To ensure that there was no fatigue cracking or any defect on the dimple itself, a

secondary probe, a pencil probe, was utilized, depicted in Figure 14, which outputs an A-scan.

This inspection allowed for differentiation between defects and false responses associated with

variations in permeability, conductivity, or other non-defect-related factors.
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Figure 14: Pencil probe [30]

3.2  Bearing Assembly

The experiments that were conducted for this study only included class F bearings since
the majority of class F bearings used in the rail industry are reconditioned. These class F
bearings are fabricated from AISI 8620 steel and contain hardened tapered rollers. Class F
bearings have a height of 12 in (30.48 cm) and a diameter of 6.5 in (16.51 cm). They require a
large spacer in the middle of the two cone assemblies that measure around 1.45 to 1.55 in (3.68
to 3.94 cm). Furthermore, a lubricant is needed to help reduce friction between the rolling
elements. Grease is applied within the cone assemblies and the spacer ring region to ensure that
there is minimal wear or fatigue between the contact points of the rolling elements and the
raceway surfaces.
3.2.1 Grease Application

Each bearing was lubricated and assembled to specifications set by the AAR. A table

detailing the specific quantities of grease used per cone assembly is shown below in Table 2.
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Since class F bearings are larger and have more room in the spacer ring region (center), grease
must also be applied here.

Table 2. Grease quantities for class F bearings

Bearing

Class Cone Assembly Center Total

[mL]/[oz] Squirts [mL]/[oz] | Squirts | [mL]/[oz] | Squirts
F 192.2/6.5 | 8/Slot+ 18 | 266.2/9 279 650.6 /22 682

The grease seals prevent the grease from leaking out and stop outside contaminants from
entering the bearing. Once a bearing is fully sealed, it is then weighed to ensure that an
appropriate amount of grease was applied. It should be noted that the weight of
a class F bearing may differ depending on the material of the cage used in the cone
assembly. For this study, polyamide (polymer-based) cages were used, resulting in an average
weight of approximately 79 1b (35.8 kg). If steel cages had been used, the weight
would be approximately 82 1b (37.2 kg).

3.2.2 Component Tolerances and Dimensions

Bearing components, such as the cone assemblies, spacer ring, seal, wear ring and cup,
are inspected for any defects or improper tolerances before use. Aside from the selected
reconditioned cups, all other components are selected from a library of known healthy
components. Roller spacing is measured using a feeler gauge, following AAR-suggested
tolerances between the roller and cage of no greater than 0.060 in (1.524 mm) [22]. If the spacing
is greater than the suggested tolerance, the assembly is deemed unfit for service.

Subsequent to roller spacing measurement, cage lift and cage shake are measured. These
processes begin with the mounting of a cone assembly onto a chuck fixture, as depicted in Figure
15. The cage lift is measured by placing a dial indicator on the top surface of the cage and

observing how much the cage shifts vertically around the circumference of the cage. Following
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this, the cage shake is conducted by placing the dial indicator on the side of the cage before
applying lateral force to one side of the cone and measuring the lateral movement. It should be
noted that these measurements are taken when the cone assembly does not contain grease. These
measurements assess the cage motion to ensure that the rollers were properly aligned, and the

cage maintained stable motion during service.

Figure 15: Cage lift (left) and cage shake (right) measurements for cone assembly

Furthermore, lateral measurements of the bearings were taken before it was sealed for
service. Using a dial indicator, the minimum and maximum lateral measurements were taken for
each bearing. The desired range of 0.023 to 0.028 in (0.0584 to 0.0711 cm) was achieved by
using an appropriate size of spacer ring.

Prior to pressing the bearings onto a test axle, the dimensions of the cone and axle were
measured to ensure conformity with the guidelines provided by the AAR. The inside diameters
of the cones were taken by using a three-point internal micrometer, displayed in Figure 16 (left)

to confirm that the measurements were within the tolerance of 6.1860 to 6.1880 in (15.7124 to
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15.7175 cm). A similar process was done to the test axles used for the experiments. An external
micrometer was utilized to measure the outside diameter at designated surface areas on the axle
displayed in Figure 16 (right). Four measurements per cone assembly were recorded for the eight
cone assemblies that are to be pressed onto the test axle. The tolerance for the axle according to

AAR guidelines is a range of 6.1905 to 6.1915 in (15.7239 to 15.7264 cm).

Figure 16: Three-point internal micrometer (left) and outside micrometer (right)
33 Chamber Four-Bearing Tester (C4BT) and Four-Bearing Tester (4BT)
The UTCRS dynamic four-bearing testers were utilized to carry out the accelerated
service life testing for this study. These dynamic testers were designed to run bearings
under simulated rail service operating conditions. Images depicting these testers are shown in

Figure 17. The only difference between the C4BT and 4BT is that the C4BT is housed in an
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environmental chamber that allows for precise control of ambient conditions, ranging from -

40°C to 60°C (-40°F to 140°F).
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Figure 17: (A) Chamber Four Bearing Tester (C4BT), (B) Four-Bearing Tester (4BT)

To begin the testing procedure, four bearings were mounted on a custom test axle using a
300-ton hydraulic press. Two of the bearings would serve as the focus of the experiment, the
reconditioned bearings in this case, and the other two would act as controls for comparison. These
bearings would then be mounted on the C4ABT or 4BT with two adapters under the two outer
bearings (control bearings) and two adapters on top of the two middle bearings (test bearings) in a
simply supported beam fashion, as pictured in Figure 17.

A hydraulic cylinder was used to apply load through an I-beam, ensuring uniform distribution
across the two test bearings (i.e., middle two bearings). Each test rig is equipped with a hydraulic
cylinder capable of applying up to 150% of the full load capacity for the respective bearing class,

as suggested by the AAR and summarized in
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Table 1. A custom-designed load controller system maintains consistent loading for the entirety
of the service life test. A loading condition of 17% (5,850 lbs or 26 kN per bearing) simulates an
empty railcar, and 100% (34,400 lbs or 153 kN per bearing) simulates a fully loaded railcar.

A 22kW (30 hp) variable speed electric motor controlled by a variable frequency drive
(VFD) drives the test axle-bearing assembly via a pulley-belt system. Through this
system, speeds up to 85 mph are achievable. For this study, the operating speeds ranged from 25
mph (40 km/h) to an accelerated service life speed of 85 mph (137 km/h) to reach a mileage goal
of 120,000 miles (193,121 km). It should be noted that experiments were stopped before the
mileage goal was achieved if a spall propagated. At the 60,000-mile mark of each test,
a complete teardown inspection was conducted. The bearings were cooled by convective airflow
provided by two industrial fans that simulated air speeds of about 6.7 m/s (15 mph) over the test
bearings.

34 Tester Instrumentation

The two middle bearings (test bearings) were outfitted with specialized bearing adapters.
These bearing adapters were custom-machined to accommodate two K-type bayonet
thermocouples and a MEMS-based 100g accelerometer. The K-type bayonet
thermocouples were positioned at the center of each cup raceway. Additionally, a standard K-
type thermocouple was secured with a set screw on top of the adapter to measure the temperature
of the adapter, as can be seen in Figure 18 (A). The 100g accelerometers were positioned at the
Top-Dead-Center (TDC) location, as illustrated in Figure 18. Two additional thermocouples
were placed to monitor the ambient temperature. One was installed on the fan side and the

other on the non-fan side of the test rig.
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Figure 18: Modified 4BT adapters showing: (A) TDC location and outboard facing
instrumentation, (B) side mounted temperature sensors

The data was recorded using a National Instruments (NI) NIcDAQ-9174 data acquisition
system (DAQ), which was controlled through LabVIEW™ software. Temperature data from the
K-type thermocouples was sampled every twenty seconds at a rate of 100 Hz for half a second
using an NI 9213 card. Vibration data was captured every ten minutes at a rate of 5,120 Hz for
sixteen seconds using a combination of NI 9234 and NI 9239 cards. Angular speed and motor
power data from the VFD were recorded every twenty seconds at a rate of 100 Hz for half a
second using an NI-9205 card. The collected data was analyzed using MATLAB™ to create
detailed profiles for each bearing. The temperature profile was generated by averaging the
readings from the two K-type bayonet thermocouples, providing a comprehensive temperature
average across the entire span. The accelerometer located at the Top Dead Center
(TDC) location was used to characterize the vibration profiles.

This study utilizes a field-tested algorithm for detecting defects in tapered roller bearings
developed by researchers at the UTCRS [2]. This algorithm was designed to identify whether

a bearing is defective, the defective component, and to estimate the size of the defect based
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on empirical results at the corresponding operating conditions. The three-level analysis of

the algorithm begins with a comparison of the acceleration (Grms) levels of the test bearing to
those indicative of a spall. The second level of the analysis then classifies the

defective component (cup, cone, or roller defect) by analyzing Power Spectral Density (PSD)
plots. The final level estimates the size based on empirical data, as illustrated in the

flowchart in Figure 19.

Trigger Accelerometer at _
40 MPH or at T =2 200°F Generale EMS

Is the RMS Value Higher
than the ect-Free Continue to
Maximum Threshold? Monitor

Is the Bearing Defective?
Level 1 (i.e., RMS > Preliminary Thld.)

Level 2 . : Jontains a Distributed or
Geometric Defect

Level 3

Figure 19: Defect detection algorithm flowchart [2]
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CHAPTER 1V
RESULTS AND DISCUSSIONS

In this chapter, the results of the testing performed to assess the validity of the ECA
method in identifying potentially problematic bearings that the common practice reconditioning
process might have missed will be shared and discussed.

4.1 Indicated Bearings

The reconditioned bearing cups for this batch consisted of eight bearings removed from
service under Why Made Code 11, each having indicated subsurface defect(s) from the ECA
scanner. The overall goal of the dynamic accelerated service life testing of the indicated bearings
was to assess whether the suspect locations output by the ECA scanner result in the formation and
propagation of spalls before the target mileage of 120,000 mi (193,121 km). To that end, the test
bearings were positioned with the indicated regions directly under the applied load (i.e., top-dead-
center position) and run uninterrupted until the vibration and/or thermal sensors indicated that a
spall has developed or the bearings have reached 60,000 mi of continuous operation. A full
teardown and visual inspection were conducted every 60,000 mi (96,560 km) or when the defect
detection algorithm (Figure 19) indicated that a defect has developed. If no defect was present post
teardown, the bearings were rebuilt and retested until the 120,000 mi (193,121 km) target was
reached. If any abnormal behavior was detected, testing was halted for immediate teardown and
visual inspection.

The initial conditions for each tester started by simulating empty (17%) railcar conditions

with the load held at 5,850 Ibs (26 kN) per bearing and low speeds of 25 mph (40 km/h). These
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conditions were held until steady state conditions were reached, usually taking a period of a few
hours. The testing conditions were then increased to 85 mph (137 km/h) and full load (34,400 lbs
or 153 kN per bearing). These operating conditions were maintained for the duration of the
accelerated service life test.

The experiments conducted at the UTCRS are archived using the following naming
scheme: an experiment number followed by a letter denoting the current iteration of the
experiment. An example of this would be experiment 200A. For this study, different letters
indicated that a teardown and inspection occurred. The number is cataloged sequentially.
Whenever a new experiment starts, the next number is assigned to it. Given that experiments last
for weeks, it is likely that two correlating experiments will not be within one integer of each
other. The labels used for the experiments involving the indicated reconditioned bearings are:
Experiment 286A, Experiment 287A, Experiment 289A&B, Experiment290A, Experiment
292A, and Experiment 293A. The results for the experiments without a dedicated section are
available in APPENDIX A. Results for Experiment 286A and Experiment 292A are similar to
those presented in sections 4.1.1 and 4.1.2.

The test bearings were labeled using the following scheme: the number two to indicate
that this is the second round of testing conducted at the UTCRS in collaboration with MxV Rail,
followed by MxV and a number denoting the order in which the bearings were scanned. The
labels for the eight indicated bearings are: 2MxV1, 2MxV2, 2MxV3, 2MxV4, 2MxVS5, 2MxV6,
2MxV7, and 2MxV8.

4.1.1 Experiment 287A: 2MxVS5 and 2MxV6
Experiment 287A featured two bearings, 2MxV5 and 2MxV6. Only 2MxV6 developed a

spall during this experiment. An ECA scan of 2MxV6 is shown in Figure 20(A). The scan
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outputs a C-scan image that highlights an indicated anomaly, implying a potential defect within
the region of that cup raceway. The red markings in Figure 20(A) indicate localized changes in
the probe impedance caused by defects that interfere with the flow of eddy currents through the
conductive material. The corresponding region is displayed on the visually inspected surface of
the reconditioned bearing cup, displayed in Figure 20(B). It should be noted that the defect was

not discernible on the surface of the cup.

Figure 20: (A) ECA indication on the bottom raceway of 2MxV6, (B) Visual inspection of the

bottom raceway of 2MxV6

A magnified scan was performed to closely display the indication on the cup raceway, as
depicted in Figure 21(A). Further validation regarding whether the observed ECA indication
corresponds to a defect is shown in Figure 21(B), which is the associated A-scan. This signal
provides additional diagnostic insight by visualizing impedance changes across the scanned
region. Signal analysis is useful not only for identifying discontinuities or defects but also for
distinguishing between near-surface anomalies and signal noise caused by variations in material
permeability or other factors. Additionally, this evaluation helps determine whether the
indication may result from man-made dimples or tooling marks possibly introduced during the

reconditioning process. The means in which the A-scan can measure impedance is through the
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capacitive interaction between the conductive material and the defect, implying the presence of a
dielectric and a space between two parallel plates. Peaks that arise on the left-hand side of the
graph are defined to be due to the permeability or the presence of man-made dimples in the
region. Peaks on the right-hand side correlate to defects in that region. The amplitude of the
peaks do not define the severity of the defect as seen in other results, where peak amplitudes

were smaller but developed larger defect sizes than others with larger peaks. The graph assists

only in defining whether the indication is a potential defect or not.
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Figure 21: (A) Magnified C-scan of 2MxV6, (B) A-scan for the defect indication of 2MxV6
Since the goal of the accelerated service life testing is to simulate worst-case operation
conditions, the two test bearings were loaded on the indicated regions output by the ECA. The
test was carried out on the UTCRS Chamber Four-Bearing Tester (C4BT), and the experiment
was stopped after the bearings had run for a total of 38,056 mi (61,245 km) as the condition
monitoring system indicated that a defect had developed on the 2MxV6 bearing.
The vibration and temperature profiles for the test bearings are provided in Figure 22.
The temperature data presents no characteristics associated with those of bearings in distress as

the operating temperature of the defective bearing exhibited normal operating conditions at
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100% load and 85 mph (137 km/h). In fact, the operating temperature for the 2MxV6 bearing,
which averaged around 21.5°C (38.7°F) above ambient, was well below the average temperature
for healthy bearings operating at the same load and speed conditions (indicated by the control
bearing correlation in Figure 22), and significantly lower than the recommended AAR Hot-
Bearing Detector (HBD) alarm threshold, which is 94.4°C (170°F) above ambient. The control
bearing correlation is a statistical average temperature for a healthy bearing at those operating
conditions as determined by prior work at the UTCRS [31]. It should be noted that experiments
were stopped when the defect detection algorithm used would indicate that a defect had
developed. The HBD alarm threshold is usually exceeded after significant damage has developed
within the bearing, which may not allow for early intervention to mitigate catastrophic bearing
failure.

The acceleration (Grus) levels of 2MxV6 displayed control bearing conditions at the
beginning of the experiment. Nearing the 380 hour-mark (32,725 mi or 52,666 km), the defect
detection algorithm indicated that a defect had initiated. The acceleration values exceeded the
preliminary threshold, signifying that a possible defect had initiated. Within the following 6,000
mi (9,656 km), the acceleration surpassed the maximum threshold meaning that a spall had fully
developed on one of the components of the bearing. Vibration analysis enables detection of
early-stage defects through correlations to the empirical defined thresholds [2]. As for the
2MxVS5 bearing, the acceleration values were below the preliminary threshold, implying that it

was still healthy at this point.
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Exp. 287A Vibration Profile
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Figure 22: Vibration and temperature profiles for Experiment 287A

Table 3 provides the Level 1 analysis results for 2MxV6 as output by the defect detection
algorithm. Displayed is the highest acceleration that was recorded from the Top-Dead-Center
(TDC) mounted accelerometer for 2MxV6. The value in bold exceeds the maximum threshold,
signifying that a defect has developed on one of the components. The algorithm then advances to
Level 2 analysis, where it identifies the defective component by calculating the defect
frequencies based on the operating conditions.

Table 3. Level 1 analysis for 2MxV6

Load [%] 100
Speed [RPM]/[MPH] 796/85
Maximum TDC
Acceleration [Ggus] Lo
Prelim. Thld. [Grws] 4.29

Level 2 analysis quantifies the defect energy associated with each bearing component and

expresses it as a percentage relative to the component exhibiting the highest certainty. Table 4
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displays results of Level 2 analysis for 2MxV6. The maximum percentage in bold indicates that

2MxV6 has a cup defect with 99% certainty.

Table 4. Level 2 analysis for 2MxV6

Folder 17 18 19 20 21
Speed [RPM/MPH] | 796/85 | 796/85 | 796/85 | 796/85 | 796/85
Defective
O Cup Cup Cup Cup Cup
Certainty [%] 99 99 929 99 99

The results of the Level 2 analysis support the ECA scans given that it specifies that the
cup was the defective component as expected. To confirm that the defect developed at the
location output by the ECA, a full teardown and visual inspection was conducted. Figure 23(B)
shows the defect that developed in the region that the ECA indicated. For comparison, the pre-

test surface of this region is pictured in Figure 23(A), which shows no surface damage.
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Figure 23: 2MxV6 (A) Pre-test inspection, (B) Post-test inspection

From Figure 23, it can be observed that the spall developed from the region where the
ECA detected a defect and propagated towards the upper shoulder of the cup raceway. The
resulting size of the spall on the cup raceway measured approximately 0.33 in? (2.13 cm?). This
exceeds the maximum allowable defect size (0.14 in” or 0.90 cm?) for repair, meaning that this
would no longer be eligible for the reconditioning process. Although the spall was small,
continued operation would have likely resulted in a potential mechanical failure. It is especially
important to note that 2MxV6 developed this spall after only 38,056 mi (61,245 km) of
operation. To reiterate, the reconditioning process is expected to extend the service life of
bearings anywhere from 50,000 mi to 250,000 mi (80,467 km to 402,336 km). The 2MxV5
bearing was also inspected, and no defects were observed in the indicated region. Thus, this
bearing was rebuilt in accordance with AAR guidelines and was paired with another indicated

bearing for continued testing.
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4.1.2 Experiment 290A: 2MxV7 and 2MxV8

2MxV7 and 2MxV8 were the test bearings utilized in Experiment 290A. Scans of
2Mx VS8, depicted in Figure 24(A), output a C-scan image with a detected anomaly, indicating a
potential defect on the bottom raceway. The corresponding region is displayed on the visually
inspected surface of the reconditioned bearing cup, shown in Figure 24(B). The defect was not

discernible on the surface of the cup.

Defect Indication

Figure 24: (A) ECA indication on the bottom raceway of 2Mx V8, (B) Visual inspection of the
bottom raceway of 2Mx V8
Figure 25(A) provides a magnified image to better represent the indication from the ECA

scan. The indication did not output as high of an amplitude as the one for 2MxV6, however the
A-scan was still employed to verify that this anomaly was caused by a subsurface defect, as
shown in Figure 25(B). The two major peaks observed on the right-hand side of the graph imply
that the anomaly indeed correlates to the presence of a subsurface defect. While several smaller
peaks appear on the left-hand side, their amplitudes do not surpass the maximum impedance
observed on the right. To reiterate, Figure 25(B) distinguishes that there is a near-surface defect
that has been indicated rather than the anomaly being caused by signal noise from variations in

material permeability or tooling marks.

46



DIFF Y Data |

Figure 25: (A) Magnified C-scan of 2Mx V8, (B) A-scan for 2MxV8

The same testing procedures followed in Experiment 287A were executed for bearings
2MxV7 and 2MxV38 in Experiment 290A. Again, the ECA indicated regions in the bearing cups
were placed directly under the applied load (i.e., top-dead-center position). These bearings were
run on one of the UTCRS Four-Bearing Testers (4BT) using the same accelerated service life
conditions previously mentioned. This experiment ran for a total of 41,151 mi (66,226 km) of
operation and was terminated early due to the onset of a spall.

Plots representing the vibration and temperature profiles of these two test bearings are
given in Figure 26. The operating temperatures for both test bearings, which averaged around
39.0°C (70.2°F) above ambient, remained below the control bearing correlation for the majority
of the experiment, and well below the HBD alarm threshold. The acceleration (Grus) levels for
2MxV7 ran steady and below the preliminary threshold, exhibiting healthy bearing conditions
for the duration of the experiment. However, the acceleration levels for the 2MxV§8 bearing
started to steadily increase around the 370 hour-mark, crossing the preliminary threshold at hour
434 (31,025 mi or 49,930 km) of the experiment, thus signifying a possible defect initiation, and

eventually exceeding the maximum threshold at the 41,151 mi (66,226 km) mark, which
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confirmed that a defect had developed on that bearing.
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Figure 26: Vibration and temperature profiles for Experiment 290A
Table 5 displays the results from the Level 1 analysis using the vibration data output by
the Top-Dead-Center (TDC) mounted accelerometer for 2Mx V8. The value in bold exceeds the
maximum threshold, signifying that one of the components of that bearing developed a defect.
Level 2 analysis was then performed to identify the defective component.

Table 5. Level 1 analysis of 2MxV8

Load [%] 100
Speed [RPM]/[MPH] 796/85
Maximgm TDC 8.42
Acceleration [Grys]
Prelim. Thld. [Grus] 4.29
Max. Thld. [Grus] 8.15
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Table 6 displays the output of the Level 2 analysis for 2MxV8. The value for the

maximum percentage in bold indicates that 2MxV8 has a cup defect with 99% certainty.

Table 6. Level 2 analysis for 2MxV8

Folder 14 15 16 17 18
Speed [RPM/MPH]| 796/85 | 796/85 | 796/85 | 796/85 | 796/85
Defective
Component Cup Cup Cup Cup Cup
Certainty [%] 99 99 99 99 99

The output of the Level 2 analysis supports the indication from the ECA scan as it
confirmed that the defective component was the cup. A full teardown and visual inspection were
then conducted. Figure 27(B) displays a post-test image of the loaded zone with the developed
defect in the same region that the ECA scan indicated. A pre-test image of this same region
displayed no visible defect as shown in Figure 27(A).

Pre-Exp. 290A

Figure 27: 2MxV8 (A) Pre-test inspection, (B) Post-test inspection

The propagated defect was approximately 1 in (2.54 cm) wide and spanned across the

width of the cup raceway. The size of the spall measured approximately 1.46 in? (9.42 cm?). This

49



area exceeds the maximum allowable defect size (0.14 in? or 0.90 cm?) for repairing, making it
no longer eligible for the reconditioning process. Bearing 2MxV8 developed this spall after
running a total distance of 41,151 mi (66,226 km). The visual inspection revealed no defects on
the 2MxV7 bearing, so, it was rebuilt in accordance with AAR guidelines and paired with
another indicated bearing for continued testing.
4.1.3 Experiment 293A: 2MxVS5 and 2MxV7

Following the complete teardown and thorough inspections from experiments 287A and
290A, 2MxVS5 and 2MxV7 were paired for the next round of testing since they had not
developed a defect in their previous test and had not yet reached the 120,000 milestone. The
loading locations remained the same as they were in their respective experiments. 2MxV5 ran for
two previous experiments (Experiments 287A and 292A) that terminated early due to the
neighboring bearing developing a defect. Therefore, to avoid unnecessary stoppages and
interruptions to this test, it was decided, in consultation with MxV Rail engineers, to allow this
experiment to run until the 2MxV7 bearing reached the 120,000 mileage goal, which meant that
the 2Mx V5 bearing would exceed that mileage.

ECA Scans of 2MxV5 and 2MxV7 are depicted in Figure 28(A) and Figure 29(A),
respectively. These figures display C-scan images of their corresponding detected anomalies.
The visually inspected surfaces of these regions can be seen in Figure 28(B) for 2MxV5 and

Figure 29(B) for 2MxV7. There were no discernible defects on either raceway.
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Figure 28: (A) ECA indication on the top raceway of 2MxVS5, (B) Visual inspection of the top

raceway of 2MxV5

Figure 29: (A) ECA indication on the top raceway of 2MxV7, (B) Visual inspection of the top

raceway of 2MxV7
2MxVS5 displayed a high amplitude anomaly, while 2MxV7 had a significantly lower
one. Figure 30(A) and Figure 31(A) provide magnified C-scans to better visually represent the
indications output by the ECA scanner. To validate whether the indications correspond to
defects, A-scans were generated via the use of a pencil probe as shown in Figure 30(B) and
Figure 31(B). The A-scan output by the ECA for 2MxV5 exhibited major peaks on the right-
hand side of the graph, implying that the anomaly is a defect. 2MxV7 displayed multiple peaks

on both sides of the impedance plot. This is possibly explained by variations in material
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permeability; however, the maximum amplitude was on the right-hand side signifying that it was

likely a defect.

DIFF X Data
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Figure 31: (A) Magnified C-scan of 2MxV7, (B) A-scan for 2MxV7
Similar procedures to those carried out in the previous experiments were followed with
the bearings set up on the 4BT. Both bearings were rebuilt using the same grease used in their
previous experiments, however, the spacer rings were replaced to ensure that the lateral

displacement remained within suggested AAR guidelines. Again, the ECA indicated regions on

52



the bearing cups were placed directly under the applied load (i.e., top-dead-center position).
Accelerated service life testing conditions of 85 mph (137 km/h) and full railcar load (34,400 lbs
or 153 kN per bearing) were utilized for this experiment. This experiment was terminated after
2MxV7 ran for a total of 120,114 mi (193,304 km), reaching the test mileage goal. As for
2MxVS5, it ran for a total of 151,108 mi (243,185 km), exceeding the mileage goal as explained
earlier.

The vibration and temperature profiles for these two test bearings are plotted in Figure
32. The operating temperatures for both test bearings, which averaged around 46.9°C (84.4°F)
for 2MxV5 and 61.2°C (110.2°F) for 2MxV7 above ambient, remained below the control
bearing correlation for the majority of the experiment, and well below the HBD alarm threshold.
The acceleration for 2MxV7 ran steady and below the preliminary threshold, signifying that it
remained a healthy bearing for the duration of the experiment. However, the acceleration levels
for the 2Mx V5 bearing started to steadily increase around the 630 hour-mark (118,879 mi or
191,317 km) of the experiment. The vibration levels approached the maximum threshold and
remained just below that threshold. The Grus values that are between the preliminary threshold
(blue line), and the maximum threshold (red line) signify that the bearing is potentially defective.
However, the steady increase in the Grus value exhibited by the 2MxV5 bearing is usually

indicative that a spall has initiated and propagated.
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Figure 32: Vibration and temperature profiles for Experiment 293A
Table 7 displays the results from the Level 1 analysis using the vibration data output by
the TDC-mounted accelerometer for 2MxV5 and 2MxV7. The value for 2MxV5 exceeded the
preliminary threshold (italicized), signifying that the bearing has potentially developed a defect.
The 2MxV7 bearing never exceeded either threshold, which implied that it was healthy (defect-
free). Level 2 analysis was then performed to identify the defective component.

Table 7. Level 1 analysis for 2MxV5 and 2MxV7

Load [%] 100 100
Speed [RPM]/[MPH] 796/85 796/85
Maximum TDC
Acceleration [Ggys] &4 e
Prelim. Thld. [Ggws] 4.29 4.29
Max. Thld. [Grus] 8.15 8.15
Table 8 and
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Table 9 display the output of the Level 2 analysis for 2MxV5 and 2MxV7, respectively.
The value for the maximum percentage for 2MxV5 in bold indicates that a defect developed on
the cup with 99% certainty. Level 2 analysis for 2Mxv7 also implies that a cup defect had
developed with 99% certainty even though the vibration levels did not exceed the preliminary
threshold. When this happens, it could mean one of two things; either the defect that initiated is
very small and in its very early stages of development, or cross talk between the two test
bearings occurred where the 2MxV7 bearing picked up the vibrations from the neighboring
2MxVS5 bearing. The only way to ascertain what actually transpired is by performing a full

teardown and visual inspection, which ensued.

Table 8. Level 2 analysis for 2MxV5

Folder 38 39 40 41 42
Speed [RPM/MPH]| 796/85 | 796/85 | 796/85 | 796/85 | 796/85
Certainty [%] 929 929 929 929 929
Defective
@omponent Cup Cup Cup Cup Cup

Table 9. Level 2 analysis for 2MxV7

Folder 38 39 40 41 42
Speed [RPM/MPH]| 796/85 | 796/85 | 796/85 | 796/85 | 796/85
Certainty [%] 99 99 929 929 99
Defective
GOl nonen: Cup Cup Cup Cup Cup

The output of the Level 2 analysis supports the indication from the ECA scan as it

confirmed that the defective components were the cups. A full teardown and visual inspection
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were then conducted for both bearings since the mileage goal was reached. Figure 33(B) and
Figure 34(B) display post-test images of 2MxV5 and 2MxV7, respectively. These images show
the spalls that developed on both cups in the regions that had ECA scan indications. For
comparison, the pre-test images of these same regions for bearings 2MxV5 and 2MxV7 are
pictured in Figure 33(A) and Figure 34(A), respectively, which shows no surface damage. All

corresponding test images for Experiment 292A can be found in APPENDIX A.
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Spall Defect

Figure 34: 2MxV7 (A) Pre-test inspection, (B) Post-test inspection
The propagated defect for 2MxV5 was approximately 0.5 in (1.27 cm) wide and spanned
across the width of the cup raceway. The size of this spall measured approximately 1.51 in? (9.74
cm?). This area exceeds the maximum allowable defect size (0.14 in? or 0.90 cm?) for repair,
making it unsuitable for the reconditioning process. Referring to the vibration profile of Figure

32, it can be seen that the spall on bearing 2Mx V5 started developing after running a total
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distance of 118,879 mi (191,317 km), which is just before reaching the target mileage of 120,000
mi, and propagated to the size seen in Figure 33(B) after 151,108 mi (243,185 km) of operation.
Bearing 2MxV7 developed a spall that measured approximately 0.02 in? (0.13 cm?) after running
a total of 120,114 mi (193,304 km). This spall size does not exceed the maximum allowable
defect size (0.14 in? or 0.90 cm?) for repair, which means that this bearing can potentially
undergo another reconditioning process before re-entry into rail revenue service. Although the
spall was small, it could have resulted in a potential mechanical failure. It is important to note
that the ECA scanner was still able to detect a defect that would initiate in that region.
4.1.4 Experiment 289A: 2MxV1 and 2MxV2

2MxV1 and 2Mx V2 were the test bearings utilized in Experiment 289A, and the ECA
scans for these two bearings are depicted in Figure 35(A) and Figure 36(A), respectively. These
figures display C-scan images of their corresponding detected anomalies. For 2MxV 1, multiple
red indications are present, but only one represents a defect as the others were tooling marks
such as repair dimples. The visually inspected surfaces of these regions can be seen in Figure
35(B) for 2MxV1 and Figure 36(B) for 2MxV2. There were no discernible defects on either

raceway.
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Defect Indication

Figure 35: (A) ECA indication on the bottom raceway of 2MxV 1, (B) Visual inspection of the

bottom raceway of 2MxV 1

Figure 36: (A) ECA indication on the top raceway of 2MxV?2, (B) Visual inspection of the top

raceway of 2MxV2
2MxV1 displayed multiple anomalies as pictured in Figure 37(A). This image provides a
magnified C-scan to better visually represent the indications output by the ECA scanner. The C-
scan displays two high amplitudes on the image but one represents a man-made dimple that was
located on the surface. To validate whether the indications correspond to defects, A-scans were
generated via the use of a pencil probe as shown in Figure 37(B). The A-scan output by the ECA
for 2MxV1 exhibited small peaks that were mainly seen on the right-hand side of the scan,

implying that the anomaly is a defect.
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Figure 37: (A) Magnified C-scan of 2MxV1, (B) A-scan for 2MxV1

Figure 38(A) provides a magnified image for 2MxV?2 to better represent the indication.

Only one indication was displayed on the C-scan image for 2MxV2. To validate whether the
indication corresponded to a defect, an A-scan was generated via the use of a pencil probe, as
shown in Figure 38(B). Larger peaks can be observed on the right-hand side, meaning that the
indication is a defect. To reiterate, the change in impedance is not a measure of the severity of

the defect but rather denotes the existence of one near the surface.
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Figure 38: (A) Magnified C-scan of 2MxV?2, (B) A-scan for 2MxV?2

Similar procedures to those carried out in the previous experiments were followed with
the bearings set up on the 4BT. Again, the ECA indicated regions on the bearing cups were
placed directly under the applied load (i.e., top-dead-center position). Accelerated service life
testing conditions of 85 mph (137 km/h) and full railcar load (34,400 Ibs or 153 kN per bearing)
were utilized for this experiment. This experiment was terminated after 2MxV 1 and 2MxV?2 ran
for a total of 60,496 mi (97,359 km), reaching the halfway mark. Plots representing the vibration
and temperature profiles of these two test bearings are given in Figure 39. The operating
temperatures for both test bearings, which averaged around 48.7°C (87.7°F) for 2MxV1 and
53.5°C (96.3°F) for 2Mx V2 above ambient, remained below the control bearing correlation for
the majority of the experiment, and well below the HBD alarm threshold. The acceleration levels
for 2Mx V2 ran steady and below the preliminary threshold, exhibiting healthy bearing
conditions for the duration of the experiment. However, the acceleration levels for 2MxV1
increased to the preliminary threshold and remained at that level, signifying that the bearing is
potentially defective. The acceleration then experienced an impulse due to electrical issues that

occurred during the experiment.
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Figure 39: Vibration and temperature profiles for Experiment 289A

Table 10 displays the results from the Level 1 analysis using the vibration data output by

the TDC-mounted accelerometer for 2MxV1 and 2MxV2. The value for 2MxV1 only exceeded

the preliminary threshold (italicized), signifying that the bearing potentially developed a defect.

2MxV2 never exceeded either threshold. Level 2 analysis was then performed to identify the

defective component.

Table 10. Level 1 analysis for 2MxV1 and 2MxV2

Load [%] 100 100
Speed [RPM]/[MPH] 796/85 796/85
Maximum TDC
Acceleration [Ggys] o 2
Prelim. Thld. [Grus] 4.29 4.29
Max. Thld. [GRMS] 8.15 8.15

Table 11 and
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Table 12 display the output of the Level 2 analysis for 2MxV 1 and 2MxV?2, respectively.
The value for the maximum percentage for 2MxV 1 in bold indicates that a defect developed on
the cup with 99% certainty. Level 2 analysis for 2MxV?2 also implies that a cup defect had
developed with an average certainty of 98% even though the vibration levels did not exceed the

preliminary threshold.

Table 11. Level 2 analysis for 2MxV1

Folder 29 30 31 32 33
Speed [RPM/MPH] | 796/85 | 796/85 | 796/85 | 796/85 | 796/85
Defective
Component Cup Cup Cup Cup Cup
Certainty [%] 929 929 929 929 929

Table 12. Level 2 analysis for 2MxV2

Folder 29 30 31 32 33
Speed [RPM/MPH]| 796/85 | 796/85 | 796/85 | 796/85 | 796/85
Defective
Gomnonant Cup Cup Cup Cup Cup
Certainty [%] 98 98 929 929 98

The output of the Level 2 analysis supports the indication from the ECA scan as it
confirmed that the defective components were the cups. A full teardown and visual inspection
were then conducted for both bearings. Pre- and post-images of the 2MxV1 bearing for this
experiment are depicted in Figure 40(A) and Figure 40(B), respectively. A small defect can be
observed on the surface of the raceway. Moreover, the post-test image for the 2MxV?2 bearing,
shown in Figure 41(B), also shows that a very small defect in its early stages of development has

initiated in the region where the C-scan identified a defect.
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Figure 41: 2MxV2 (A) Pre-test inspection for 2MxV2, (B) Post-test inspection
Both bearings developed a defect, albeit small, in the regions indicated by the ECA scans.
The resulting defect size for 2MxV 1 measured approximately 0.08 in? (0.52 cm?). 2MxV2
developed a defect that measured approximately 0.01 in? (0.06 cm?). Both these defects are
below the maximum allowable defect size (0.14 in? or 0.90 cm?) for repair, however, it should be
noted that the ECA scans were still able to detect suspect regions on the cup raceways that are

susceptible to defect initiation. Both bearings developed these spalls after running for 60,496 mi
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(97,359 km). Since the defect areas were small, both 2MxV 1 and 2MxV2 were reassembled in
accordance with AAR guidelines and set up for continued testing to observe the growth of these
defects.

4.1.5 Experiment 289B: 2MxV1 and 2MxV2

Following the complete teardown and thorough visual inspections from Experiment
289A, 2MxV1 and 2MxV2 were reassembled using the same grease. The spacer rings needed to
be replaced to ensure that the lateral displacement remained within recommended AAR
guidelines. The bearings were mounted onto the 4BT exactly as they were in the previous
Experiment 289A, and the testing was resumed. Again, the ECA indicated regions in the bearing
cups were placed directly under the applied load just as they were in the previous test.

The experiment was stopped after the bearings had run for a total of 120,258 mi (193,536
km), reaching the target mileage. Figure 42 presents the vibration and temperature profiles for
this experiment. The operating temperatures for both test bearings, which averaged around
50.3°C (90.5°F) for 2MxV1 and 54.8°C (98.6°F) for 2MxV2 above ambient, remained below the
control bearing correlation for the majority of the experiment, and well below the HBD alarm
threshold. The acceleration levels for 2MxV2 were steady and below the preliminary threshold,
exhibiting healthy bearing conditions for the duration of the experiment. The acceleration levels

for 2MxV1 remained around the preliminary threshold.
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Figure 42: Vibration and temperature profiles for Experiment 289B

Table 13 presents the results of Level 1 analysis for 2MxV1 and 2MxV2. These results

were obtained from the TDC-mounted accelerometer. The values for 2MxV 1 only exceeded the

preliminary threshold (italicized), signifying that the bearing potentially developed a defect.

2MxV?2 never exceeded either threshold.

Table 13. Level 1 analysis for 2MxV1 and 2MxV2

Load [%] 100 100
Speed [RPM]/[MPH] 796/85 796/85
Maximum TDC
Acceleration [Grus] )11 1.86
Prelim. Thld. [Grus] 4.29 4.29
Max. Thld. [Grws] 8.15 8.15

Table 14 and
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Table 15 present the Level 2 analysis results for 2MxV1 and 2Mx V2, respectively.
Results for 2MxV1 in bold indicate that a defect developed on the cup with 99% certainty. Level

2 analysis for 2MxV2 implies that a cup defect had developed with an average certainty of 93%.

Table 14. Level 2 analysis for 2MxV1

Folder 48 49 50 51 52
Speed [RPM/MPH]| 796/85 | 796/85 | 796/85 | 796/85 | 796/85
Defective
Gomponent Cup Cup Cup Cup Cup
Certainty [%] 99 99 99 99 929

Table 15. Level 2 analysis for 2MxV2

Folder 48 49 50 51 52
Speed [RPM/MPH]| 796/85 | 796/85 | 796/85 | 796/85 | 796/85
Defective
Component Cup Cup Cup Cup Cup
Certainty [%] 94 92 92 93 94

A full teardown and visual inspection ensued after both bearings reached the mileage
goal of 120,258 mi (193,536 km) to see if the defects have grown in surface area. Images of pre-
and post-test for 2MxV1 are depicted in Figure 43. Looking at Figure 43(B), it can be seen that
the spall on the 2MxV1 bearing exhibited growth toward the upper shoulder and towards the
repair dimple. This behavior is typical of spall growth on cup raceways where any defects that
initiate in the middle region of the raceway tend to grow across the raceway width before
expanding circumferentially. The spall area after this iteration measured approximately 0.36 in?
(2.06 cm?), which represents an increase in surface area that is four times its previous size (0.08

in? or 0.52 cm?). Figure 44 presents the defect from both iterations for 2MxV2. The picture
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shows that the spall area remained at the same size after both iterations and measured

approximately 0.01 in? (0.06 cm?).

o S

Wi - -

Post-Exp. 289B

 ———e—
- |
X

Figure 44: 2MxV2 (A) Pre-test inspection, (B) Post-test inspection
4.2 Summary of the indicated bearings
The results for all the indicated bearings are summarized in Table 16 and Table 17. In Table 16,

the acceleration Grus and the operating temperatures above ambient are listed for each bearing.
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The acceleration and operating temperature values were obtained from the steady-state data
while the bearings were operating at 100% load (simulating a fully loaded railcar) and 85 mph
(137 km/h). The acceleration values that only exceeded the preliminary threshold are italicized
whereas the values that exceeded the maximum threshold are bolded. Similarly, the operating
temperatures that exceeded the control (healthy) bearing correlation were also bolded. Note that
all of the operating temperatures were well below the AAR recommended HBD alarm threshold.
Table 17 displays the total distance that each bearing traveled (in kilometers and miles), as well

as a brief description of the performance outcome.

Table 16. Summary of indicated bearing vibration and temperature profiles

2MxV1 3.89 5.11 3.62 50.3 68.0 40.0
2MxV2 1.78 1.86 1.45 54.8 66.0 343
2MxV3 6.03 9.00 1.35 39.0 65.0 25.5
2MxV4 2.97 5.10 1.05 36.0 68.8 28.0
2MxV5 4.35 7.97 1.51 46.9 63.3 28.2
2MxVe6 2.62 11.12 1.99 21.5 593 19.8
2MxV7 2.46 2.65 1.76 61.2 72.2 37.8
2MxV8 3.84 8.42 1.49 39.0 72.1 29.9
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Table 17. Summary of the total distance traveled and performance outcome for each of the eight

indicated bearings

Testing was terminated after reaching the 120,000-mile mark. A

IMxV1 193,536/ [teardown and inspection were conducted revealing a cup defect
120,258  |of 0.36 in® located on the region that the C-scan indicated,
validating the accuracy of the ECA scanner.
Testing was terminated after reaching the 120,000-mile mark. A
IMxV2 193,536/ |teardown and inspection were conducted revealing a small cup
120,258  |defect of 0.01 in? located on the region that the C-scan indicated,
validating the accuracy of the ECA scanner.
Testing was terminated when the acceleration exceeded the
155.065 / maximum threshold. A teardgm anfi inspection were cogducted
2MxV3 9 6, 353 revealing a cup spall of 1.19 in? in size located on the region that
’ the C-scan indicated, validating the accuracy of the ECA
scanner.
Testing was terminated when reaching the 60,000-mile mark to
IMxV4 100,204 /  |perform a teardown and inspection. The inspection revealed a
62,264  |cup spall of 0.96 in? in size located on the region that the C-scan
indicated, validating the accuracy of the ECA scanner.
Testing was terminated after the 120,000-mile mark was reached
for a final teardown and inspection. The acceleration increased
243185 / just before the 120,000-mile mark was reached but the bearing
2MxVS5 1 51’ 108 continued to run until its paired bearing reached the mileage
, . . S .
goal. The inspection revealed a cup spall of 1.51 in” in size
located on the region that the C-scan indicated, validating the
accuracy of the ECA scanner.
Testing was terminated when the acceleration exceeded the
61.245 / maximum threshold. A teardpwg an'd inspection were coqducted
2MxV6 38’ 056 revealing a cup spall of 0.33 in? in size located on the region that
’ the C-scan indicated, validating the accuracy of the ECA
scanner.
Testing was terminated after reaching the 120,000-mile mark.
IMxV7 193,304/ [The post-test inspection revealed a small cup defect of 0.02 in?
120,114  |in size located on the region that the C-scan indicated, validating
the accuracy of the ECA scanner.
Testing was terminated when the acceleration exceeded the
IMxVS 66,226 / |maximum threshold. The post-test inspection revealed a cup
41,151 spall of 1.46 in? in size located on the region that the C-scan

indicated, validating the accuracy of the ECA scanner.




Ultimately, bearings 2MxV2 and 2MxV7 were the only two bearings from the indicated
batch of bearings that completed the service life test without exhibiting discernible signs of a
spall propagating mid-operation. The acceleration Grus for these bearings was within the normal
thresholds for healthy bearings even though post-test inspection revealed small defects on the
indicated areas. This can be explained by the fact that these defects were smaller than the AAR
maximum allowable defect size (0.14 in? or 0.90 cm?) for repair, and hence, they can undergo
another reconditioning cycle before re-entry into rail revenue service. Nevertheless, the main
takeaway is that the ECA scanner was able to detect suspect regions that could potentially
initiate defects for all eight bearings tested.

4.3 Non-indicated Bearings

The reconditioned bearing cups for this batch consisted of eight bearings removed from
service under Why Made Code 11, each having no indicated subsurface defect(s) from the ECA
scanner. The overall goal of the dynamic accelerated service life testing of the non-indicated
bearings was to verify that no defect(s) would develop during the set target mileage of 120,000
mi (193,121 km) of operation.

To that end, the test bearings were loaded on the cup raceway regions that correlated to
statistical outliers output by ultrasonic scans provided by the research team at the Quantitative
Ultrasonic Inspection for Structural Prognosis laboratory (QUISP) located at the University of
Nebraska-Lincoln (UNL). For bearings with no statistical outliers detected, the loading zone was
selected to be a region significantly away from repair dimples or other tooling marks. The test
bearings were run uninterrupted until the vibration and/or thermal sensors indicated that a spall
has developed or the bearings have reached 60,000 mi of continuous operation (i.e., halfway

through the target mileage), at which point, a full teardown and visual inspection were
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conducted. If no defect(s) were present post teardown, the bearings were rebuilt and testing
resumed until the 120,000 mi (193,121 km) target was reached. If any abnormal behavior was
detected, testing was halted for immediate teardown and visual inspection.

The initial conditions for each test started by simulating an empty railcar load (i.e., 17%
of full AAR load capacity for class F bearings), which corresponds to 5,850 Ibs (26 kN) per
bearing, and low speeds of 25 mph (40 km/h). These conditions were held until steady state
operation was achieved, usually taking a period of a few hours. The testing conditions were then
increased to 85 mph (137 km/h) and full load (34,400 lbs or 153 kN per bearing). These
operating conditions were maintained for the duration of the accelerated service life test.

The same naming convention explained earlier in this chapter was followed to label the
experiments conducted for this batch of test bearings. The labels used for the experiments
involving the non-indicated reconditioned bearings are: Experiment 297A&B, Experiment 298A,
Experiment 300A&B, Experiment 301 A, Experiment 302A, and Experiment 303A. The results
for the experiments without a dedicated section are available in APPENDIX A. Results for
Experiment 297A, Experiment 300A, and Experiment 302A are similar to those presented in
sections 4.3.1 and 4.3.4.

The test bearings were labeled using the following scheme: the number two to indicate
that this is the second round of testing conducted at the UTCRS in collaboration with MxV Rail,
followed by MxV and a number denoting the order in which the bearings were scanned. The
labels for the eight non-indicated bearings are: 2MxV9, 2MxV 10, 2MxV11, 2MxV12, 2MxV13,

2MxV 14, 2MxV15, and 2MxV16.
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4.3.1 Experiment 297B: 2MxV12 and 2MxV13

Experiment 297B featured two bearings, 2MxV 12 and 2MxV13. The ECA scanner
output C-scan images of these two cups can be seen in Figure 45(A) and Figure 46(A),
respectively. No defects were identified by the ECA, signifying that the eddy current was not
disrupted and there were no subsurface defects in this focal depth. Pictures of the visually
inspected surfaces of the reconditioned bearing cups are displayed in Figure 45(B) and Figure
46(B) for bearings 2MxV 12 and 2MxV 13, respectively. No defects were visible on the surface of

the cups.
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Figure 45: (A) C-scan image of the raceway of 2MxV 12, (B) Visual inspection of the raceway of

2MxV12

&

Figure 46: (A) C-scan image of the raceway of 2MxV 13, (B) Visual inspection of the raceway of
2MxV13

The test was carried out on the UTCRS Four-Bearing Tester (4BT), and the experiment
was terminated after the bearings ran for a total of 120,798 mi (194,405 km), reaching the
mileage goal.

The vibration and temperature profiles of the two test bearings for the last 60,000 mi of
operation are provided in Figure 47. The operating temperatures for both test bearings, which
averaged around 42.6°C (76.7°F) for 2MxV12 and 46.9°C (84.4°F) for 2MxV13 above ambient,
remained below the control bearing correlation for the majority of the experiment, and well

below the AAR Hot-Bearing Detector (HBD) alarm threshold. The acceleration (Gus) levels for
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both bearings also displayed healthy conditions, running below the preliminary threshold. A full
teardown and visual inspection were conducted after both bearings reached the mileage goal. The
pre- and post-test images are pictured in Figure 48 for 2MxV 12 and Figure 49 for 2MxV13, and
show no defects or any discernible damage on the cup raceways other than normal wear after

running 120,000 mi.
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Figure 47: Vibration and temperature profiles for Experiment 297B

Figure 48: 2MxV 12 (A) Pre-test inspection, (B) Post-test inspection
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Defect Free

Figure 49: 2MxV13 (A) Pre-test inspection, (B) Post-test inspection
4.3.2 Experiment 298A: 2MxV9 and 2MxV10
Experiment 298A featured two bearings, 2MxV9 and 2MxV10. An ECA scan of
2MxV10 can be pictured in Figure 50(A). The ECA scan detected no anomalies as shown in the
C-scan image, signifying that there are no subsurface defects at this focal depth. The
corresponding region is displayed on the visually inspected surface of the reconditioned bearing

cup pictured in Figure 50(B), which showed no defects were present on the cup raceway.
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Figure 50: A) C-scan image of the raceway of 2MxV10 B) Visual inspection of the raceway of
2MxV10

The same testing procedures followed in Experiment 297B were executed for bearings
2MxV9 and 2MxV10 in Experiment 298A. Again, the two test bearings were loaded on the
regions that correlated with the ultrasonic scans provided from QUISP and away from repair
dimples. These bearings were run using the same accelerated service life test conditions
previously mentioned. The experiment was stopped after the bearings ran for 60,916 mi (98,034
km), reaching the halfway mark.

Plots representing the vibration and temperature profiles of the two test bearings are
given in Figure 51. The operating temperatures for both test bearings, which averaged around
35.6°C (64.1°F) for 2MxV9 and 45.9°C (82.6°F) for 2MxV 10 above ambient, remained below
the control bearing correlation for the majority of the experiment, and well below the HBD alarm
threshold. The acceleration levels for 2MxV9 demonstrated healthy bearing conditions, running
below the preliminary threshold. However, the acceleration levels for the 2MxV 10 bearing
started to increase around the 190 hour-mark (12,470 mi or 20,068 km) of the experiment, thus
signifying a possible defect initiation, and eventually exceeding the maximum threshold,

confirming that a defect had developed. To avoid unnecessary stoppage to this test, it was
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decided to allow this experiment to run until the 2MxV9 bearing reached the halfway mark

mileage before performing a full teardown and visual inspection.
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Figure 51: Vibration and temperature profiles for Experiment 298A
Table 18 presents the results from the Level 1 analysis using the vibration data output by
the TDC-mounted accelerometer for 2MxV10. The value in bold exceeded the maximum
threshold, signifying that one of the components of that bearing developed a defect. Level 2
analysis was then performed to identify the defective component.

Table 18. Level 1 analysis for 2MxV10

Load [%] 100
Speed [RPM]/[MPH] 796/85
Maximum TDC
Acceleration [Grys] lle s
Prelim. Thld. [Grus] 4.29
Max. Thld. [Grws] 8.15
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Table 19 presents the output from the Level 2 analysis which indicated that the 2MxV 10

bearing developed a cup defect with 99% certainty.

Table 19. Level 2 analysis for 2MxV10

Folder 23 24 25 26 27
Speed [RPM/MPH]| 796/85 | 796/85 | 796/85 | 796/85 | 796/85
Defective
Component Cup Cup Cup Cup Cup
Certainty [%] 99 99 99 99 99

A full teardown and visual inspection were conducted after both bearings reached the
halfway mark. The visual inspection revealed no defects on the 2MxV9 bearing, so it was
reassembled in accordance with suggested AAR guidelines and paired with another non-
indicated bearing for continued testing. Figure 52(B) displays a post-test image of the loaded
zone with the developed defect on the surface of 2MxV10. The pre-test image of that same

surface is illustrated in Figure 52(A) and shows no discernible damage.
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Figure 52: (A) Pre-test inspection, (B) Post-test inspection

The defect propagated across the entire width of the cup raceway and measured
approximately 3.11 in? (20.06 cm?) in area, as seen in Figure 53. This spall exceeded the
maximum allowable defect size (0.14 in? or 0.90 cm?) for repair, making it unsuitable for the
reconditioning process. This defect was located around the 180° mark of the bottom raceway
(refer to Figure 54) and was not detected by the ECA scans. However, the research team at
QUISP provided ultrasonic scans that were able to detect that defect, as depicted in Figure 54
[32]. This reiterates the point that NDE technology can detect this defect but was likely missed
due to the focal zone or the lack of overlapping scans of the ECA. That is, there is a chance that
the defect was not properly scanned given that the scanning profiles from the ECA scanner were
taken from approximately 0° to 180° and from 180° to 360° and that the defect initiated around
the 180° region. Implementing scanning profiles taken from 90° to 270° and from 270° to 90°
alongside the original scans would provide overlapping that would minimize the likelihood of
this potential false negative. This practice would also ensure that the ECA scanned the entire

raceway, for a total of eight scans per bearing cup (four per raceway).

Figure 53: 2MxV 10 bottom raceway (loaded zone)
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Figure 54: 2MxV 10 ultrasonic scans [32]

4.3.3 Experiment 301A: 2MxV9 and 2MxV11

The 2MxV9 bearing was paired with the 2MxV11 bearing for Experiment 301A, as
2MxV9 had not yet reached the 120,000 milestone following its complete teardown and visual
inspection. The experiment was allowed to continue until the 2MxV 11 bearing reached the
halfway mark of 60,000 mi (96,560 km) of operation and the 2MxV9 bearing reached the target
milestone, avoiding any unnecessary stoppages or delays.

The C-scan image produced by the ECA scanner for the2MxV9 bearing is provided in
Figure 55(A). The ECA scans detected no potential defects on either raceway. This finding was
confirmed by the picture of the visually inspected surface of the reconditioned bearing cup, seen

in Figure 55(B), which showed no damage on the raceway surface.
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Figure 55: (A) C-scan image of the raceway of 2MxV9, (B) Visual inspection of the raceway of

2MxV9

Similar procedures to those carried out in the previous experiments were followed with
the bearings set up on the 4BT. The 2MxV9 bearing was rebuilt using the same grease used in its
previous experiment, but the spacer ring was replaced to ensure that the lateral displacement
remained within suggested AAR guidelines. Again, the two test bearings were loaded on the
regions that correlated with the ultrasonic scans provided from QUISP and away from any repair
dimples. For the 2MxV?9 bearing, the loaded zone remained the same as in Experiment 298A.
This experiment was terminated after 2MxV9 ran for a total of 120,923 mi (194,606 km),
reaching the milestone, and 2MxV 11 ran for 60,007 mi (96,572 km), reaching the halfway point.

The vibration and temperature profiles for 2MxV9 and 2MxV11 are provided in Figure
56. The operating temperatures for both test bearings, which averaged around 32.6°C (58.7°F)
for 2MxV9 and 36.5°C (65.7°F) for 2MxV11 above ambient, remained below the control
bearing correlation for the majority of the experiment, and well below the HBD alarm threshold.
The acceleration levels for 2MxV 11 were below the preliminary threshold, signifying that it
remained healthy (defect-free) for the duration of the experiment. However, the acceleration

levels for the 2Mx V9 bearing started to increase around the 120 hour-mark (68,226 mi or
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109,799 km) of the experiment and surpassed the preliminary threshold, suggesting a potential

defect initiation on one of the bearing components.
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Figure 56: Vibration and temperature profiles for Experiment 301 A
Table 20 presents the results from the Level 1 analysis using the vibration data output by
the TDC-mounted accelerometer for 2MxV9. The value exceeded the preliminary threshold
(italicized), signifying that one of the components of that bearing may have developed a defect.
Level 2 analysis was then performed to identify the defective component.

Table 20. Level 1 analysis for 2MxV9

Load [%] 100
Speed [RPM]/[MPH] 796/85
Maximgm TDC 4,95
Acceleration [Grys]
Prelim. Thld. [Grus] 4.29
Max. Thld. [Grus] 8.15
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Table 21 presents the output of the Level 2 analysis for 2MxV9 which indicated that the
bearing developed a roller defect with an average certainty of 60%. This finding was interesting
as roller defects are not common in railroad tapered roller bearings. Hence, this necessitated a

full teardown and visual inspection.

Table 21. Level 2 analysis for 2MxV9

Folder 21 22 23 24 25
Speed [RPM/MPH]| 796/85 796/85 796/85 796/85 796/85
DI Roller Roller Roller Roller Roller
Component
Certainty [%] 48 59 62 67 66

The visual inspection revealed that no defects developed on the 2MxV 11 bearing, so it
was reassembled in accordance with suggested AAR guidelines and paired with another non-
indicated bearing for continued testing. Pre- and post-test images for the 2MxV9 bearing are
depicted in Figure 57, showing that no defect(s) had developed on the cup raceway. The minor
abrasions that can be seen are likely due to the small metal fragments introduced to the raceway
from the spalled roller(s). To confirm this observation, the cone assembly was cleaned and

disassembled to enable the visual inspection of the rollers.
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Figure 57: 2MxV9 (A) Pre-test inspection, (B) Post-test inspection

One of the rollers developed a spall that covered half of its surface area as pictured in
Figure 58. This roller defect was responsible for the increase in the acceleration levels observed
for 2MxV9, and the Level 2 analysis was able to correctly identify the damaged component.
Since the reconditioned component to be assessed was the cup of the 2MxV9 bearing and the
other components used to build this bearing were not art of this study, it was concluded that this

bearing successfully completed its accelerated service life test without propagating a defect.

86



Figure 58: 2MxV?9 roller defect

4.3.4 Experiment 300B: 2MxV1S5 and 2MxV16

Experiment 300B featured two bearings, 2MxV15 and 2MxV16. The ECA C-scan
images of these two cups can be seen in Figure 59(A) and Figure 60(A), respectively. The ECA
scans detected no potential defects on these cups. Pictures of the visually inspected surfaces of
the reconditioned bearing cups are displayed in Figure 59(B) and Figure 60(B), for bearings
2MxV15 and 2MxV 16, respectively. It should be noted that surfaces of the cups looked clean

and free from any damage.
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DIFF X Data

2MxV15 Loaded Region L=

Figure 59: (A) C-scan of the raceway of 2MxV 15, (B) Visual inspection of the raceway of

2MxV15

Figure 60: (A) C-scan of the raceway of 2MxV 16, (B) Visual inspection of the raceway of

2MxV16

The test was carried out on the 4BT, and the experiment was stopped after the bearings
ran for a total of 120,009 mi (193,135 km), reaching the mileage goal.

The vibration and temperature profiles for the two test bearings for the last 60,000 mi of
operation are provided in Figure 61. The operating temperatures for both test bearings, which
averaged around 40.2°C (72.4°F) for 2MxV15 and 42.8°C (77.0°F) for 2MxV 16 above ambient,
remained below the control bearing correlation for the majority of the experiment, and well
below the HBD alarm threshold. The acceleration levels for both bearings also displayed healthy

conditions, running below the preliminary threshold. The square wave signal behavior exhibited
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by the vibration profile of the 2MxV 15 bearing was caused by minor electrical interference
issues that occurred during the experiment. A full teardown and visual inspection were
conducted after both bearings reached the mileage goal. The pre- and post-test images are
depicted in Figure 62 for 2MxV15 and Figure 63 for 2MxV 16, and show no defects or any

discernible damage on the cup raceways other than normal wear after running 120,000 mi.
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Figure 61: Vibration and temperature profiles for Experiment 300B

Figure 62: 2MxV15 (A) Pre-test inspection, (B) Post-test inspection
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Figure 63: 2MxV16 (A) Pre-test inspection, (B) Post-test inspection

4.4 Summary of the non-indicated bearings

The testing results for all the non-indicated bearings are summarized in Table 22 and
Table 23. In Table 22, the acceleration Grus and the operating temperature above ambient are
listed for each bearing. The acceleration and operating temperature values were obtained from
the steady-state data while the bearings were operating at 100% load (simulating a fully loaded
railcar) and 85 mph (137 km/h). The acceleration values that only exceeded the preliminary
threshold are italicized whereas the values that exceeded the maximum threshold are bolded.
Similarly, the operating temperatures that exceeded the control (healthy) bearing correlation
were also bolded. Note that all the operating temperatures were well below the AAR
recommended HBD alarm threshold. Table 23 displays the total distance that each bearing
traveled (in kilometers and miles), as well as a brief description of the performance outcome.

Table 22. Summary of non-indicated bearing vibration and temperature profiles
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2MxV9 2.89 4.95 1.20 32.6 48.9 25.2
2MxV10 7.42 14.52 221 45.9 59.0 274
2MxV11 1.86 2.08 1.48 34.6 61.1 27.3
2MxV12 2.06 2.54 1.69 42.6 75.5 30.7
2MxV13 221 2.79 1.76 46.9 70.8 30.1
2MxV14 1.65 1.93 1.11 31.3 63.4 25.9
2MxV15 2.82 3.52 2.30 40.2 64.4 30.8
2MxV16 1.58 1.77 1.37 42.8 68.9 293
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Table 23. Summary of the total distance traveled and performance outcome for each of the eight

2MxV9

non-indicated bearings

194,606 / 120,923

Testing was terminated after reaching the120,000-
mile mark. A teardown and inspection were
conducted revealing no cup defect on either raceway,
validating the accuracy of the ECA scanner. A roller
defect developed within this bearing.

2MxV10

98,034 /60,916

Testing was terminated after reaching the 60,000-
mile mark to perform a teardown and inspection. The
inspection conducted revealed a cup defect of 3.11
in? in size located on the loaded region. The spall
started propagating at hour 190 of the experiment.

2MxV11

193,898 / 120,483

Testing was terminated after reaching the 120,000-
mile mark. A teardown and inspection were
conducted revealing no cup defect on either raceway,
validating the accuracy of the ECA scanner.

2MxV12

194,405 / 120,798

Testing was terminated after reaching the 120,000-
mile mark. A teardown and inspection were
conducted revealing no cup defect on either raceway,
validating the accuracy of the ECA scanner.

2MxV13

194,405 / 120,798

Testing was terminated after reaching the 120,000-
mile mark. A teardown and inspection were
conducted revealing no cup defect on either raceway,
validating the accuracy of the ECA scanner.

2MxV14

193,409 / 120,179

Testing was terminated after reaching the 120,000-
mile mark. A teardown and inspection were
conducted revealing no cup defect on either raceway,
validating the accuracy of the ECA scanner.

2MxV15

193,135 /120,009

Testing was terminated after reaching the 120,000-
mile mark. A teardown and inspection were
conducted revealing no cup defect on either raceway,
validating the accuracy of the ECA scanner.

2MxV16

193,135 /120,009

Testing was terminated after reaching the 120,000-
mile mark. A teardown and inspection were
conducted revealing no cup defect on either raceway,

validating the accuracy of the ECA scanner.

Ultimately, bearing 2MxV 10 was the only bearing from the non-indicated batch of

bearings that developed a cup defect during the accelerated service life test. The ECA scans did
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not detect this defect, however, ultrasonic scans provided by the research team at QUISP were
able to detect it. Bearing 2MxV9 developed a roller defect during the service life test without

causing any discernible damage to the cup other than normal wear.
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CHAPTER V
CONCLUSIONS

The implementation of nondestructive evaluation (NDE) techniques in reconditioning
facilities would provide a means to detect suspect subsurface defects in bearing raceways that
could potentially compromise the remaining service life of these components. Preventing these
bearings from returning to rail revenue service, costly and unnecessary delays associated with
removing bearings from service can be avoided. More importantly, potentially catastrophic
derailments that could result from bearings initiating and propagating large spalls from these
surface defects can be mitigated, which greatly enhances the safety of the rail network.

The data presented and summarized on the indicated bearing cups supports the reliability
of using eddy current methods to detect these underlying defects. The ECA scanner accurately
indicated the region in which a spall would develop for all eight bearings in that test group (i.e.,
100% accuracy). Although two of the tested bearings did not develop spalls that would
compromise performance (i.e., spall size was noticeably smaller than the maximum allowable
spall size for repair), the ECA scanner was still able to accurately detect these suspect regions
where these small defects initiated. As for the non-indicated cups scanned, the operating
temperatures displayed characteristics of healthy bearings at 85 mph (137 km/h) and 100%
(34,400 1bs or 153 kN per bearing) load conditions. The vibration profiles exhibited abnormal
readings for two of the eight bearings. Upon inspection, a defect developed on the 2MxV 10
bearing, signifying that the ECA scans did not detect that defect (i.e., false negative). However,

ultrasonic scans provided by the research team at QUISP were able to detect it. Potential reasons
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for the ECA scans not detecting this defect include initiation outside of the focal depth, and the
fact that it propagated at one of the scanning profile bounds. Recommended corrective actions
for the ECA scanning procedure would be to supplement the current scans of 0° to 180° and 180°
to 360° with additional scans from 90° to 270° and from 270° to 90°, which would provide
overlapping scans of the entire raceway. The second bearing that developed a defect was
2MxV9, in which one of the rollers spalled. Post inspection revealed that the cup raceway did not
develop a defect, validating the output from the ECA scanner. Hence, seven of the eight non-
indicated cups did not develop a spall, resulting in an ECA accuracy of 87.5% for this batch.

The vibration and temperature profiles acquired from all sixteen bearings tested in this
study provide overwhelming evidence that the bearing operating temperature is a reactive
measure of bearing health and cannot capture small to mid-size defects that develop within the
bearing. In contrast, the vibration signatures of the bearing can be used to detect the onset of
spall or defect initiation within the bearing, which provides rail operators with advance notice to
mitigate potential bearing failure consequences. The UTCRS condition monitoring algorithm
used in this study was able to accurately and reliably predict the bearing health and correctly
identify the defective component within the bearing with high certainty.

Ultimately, the integration of ECA scanners in reconditioning facilities would serve to
aid in the level 1 process of inspection to ensure that there are no underlying defects that may
otherwise go undetected. The ECA scanner is efficient, with the scanning process only taking
two to five minutes per bearing. In this study, the total accuracy of the ECA was 93.75%, which
lends credence to the use of this technology to improve and optimize current bearing

reconditioning practices.
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APPENDIX A

TEMPERATURES FOR RECONDTIIONED BEARINGS

Table 24. Number of reconditioning cycles for the indicated bearings

2MxV1 5 50.3 68.0 40.0
2MxV2 3 54.8 66.0 343
2MxV3 4 39.0 65.0 25.5
2MxV4 2 36.0 68.8 28.0
2MxV5 5 46.9 63.3 28.2
2MxVé6 4 21.5 59.3 19.8
2MxV7 4 61.2 72.2 37.8
2MxV8 4 39.0 72.1 29.9

Table 25. Number of reconditioning cycles for the non-indicated bearings

2MxV9 3 32.6 48.9 25.2
2MxV10 5 45.9 59.0 27.4
2MxV11 2 34.6 61.1 27.3
2MxV12 3 42.6 75.5 30.7
2MxV13 5 46.9 70.8 30.1
2MxV14 1 31.3 63.4 259
2MxV15 5 40.2 64.4 30.8
2MxV16 4 42.8 68.9 29.3
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2MxV4 ECA SCANS, PLOTS, AND POST TEST IMAGES
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Figure 64: (A) ECA indication on the top raceway of 2MxV4, (B) Visual inspection of the top

raceway of 2MxV4
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Figure 65: (A) Magnified C-scan of 2MxV4, (B) A-scan for the defect indication of 2MxV4
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Figure 66: Vibration and temperature profiles for Experiment 286A

Table 26. Level 1 analysis for 2MxV4

Load [%] 100
Speed [RPM]/[MPH] 796/85
Maximgm TDC 570
Acceleration [Grys]
Prelim. Thld. [Ggus] 4.29
Max. Thld. [Grus] 8.15

Table 27. Level 2 analysis for 2MxV4

Folder 25 26 27 28 29
Speed [RPM/MPH]| 796/85 796/85 796/85 796/85 796/85
Defective
GOl nonen: Cup Cup Cup Cup Cup
Certainty [%] 99 99 99 99 99
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Pre-Exp. 286A

Figure 67: 2MxV4 (A) Pre-test inspection, (B) Post-test inspection: Spall size 0.96 in? (6.19 cm?)

2MxV3 ECA SCANS, PLOTS, AND POST TEST IMAGES

3
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Figure 68: (A) ECA indication on the bottom raceway of 2MxV3, (B) Visual inspection of the

bottom raceway of 2MxV3
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Figure 69: (A) Magnified C-scan of 2MxV3, (B) A-scan for the defect indication of 2MxV3
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Figure 70: Vibration and temperature profiles for Experiment 292A
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Table 28. Level 1 analysis for 2MxV3

Load [%] 100
Speed [RPM]/[MPH] 796/85
Maximl_lm TDC 9.00
Acceleration [Grys]
Prelim. Thld. [Grus] 4.29
Max. Thld. [Grus] 8.15

Table 29. Level 2 analysis for 2MxV3

Folder 15 16 17 18 19
Speed [RPM/MPH]| 796/85 | 796/85 | 796/85 | 796/85 796/85
Defective
Component Cup Cup Cup Cup Cup
Certainty [%] 99 99 99 99 99
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Pre-Exp. 286A ‘

Figure 72: Exp.292A 2MxV5 (A) Pre-test inspection, (B) Post-test inspection: Spall size 1.19 in?
(7.68 cm?)

2MxV5 EXPERIMENT 287A PRE- AND POST-TEST INSPECTION
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Figure 73: 2MxV5 (A) Pre-test inspection, (B) Post-test inspection
2MxV7 EXPERIMENT 290A PRE- AND POST-TEST INSPECTION

B Pre-Exp.290A § ‘ClEEE mm¥  Post-Exp. 290A

Figure 74: 2MxV7 (A) Pre-test inspection, (B) Post-test inspection

EXPERIMENT 297A: 2MxV12 AND 2MxV13
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Exp. 297A Vibration Profile
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Figure 75: Vibration and temperature profiles for Experiment 297A

Figure 76: 2MxV12 (A) Pre-test inspection, (B) Post-test inspection
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Figure 77: 2MxV13 (A) Pre-test inspection, (B) Post-test inspection

EXPERIMENT 300A: 2MxV15 AND 2MxV16
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Figure 78: Vibration and temperature profiles for Experiment 300A
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Figure 80: 2MxV16 (A) Pre-test inspection, (B) Post-test inspection

2MxV11 ECA SCANS, PLOTS, AND INPECTION

108



'Y

Loaded Region

>

DIFF Y Data

Figure 81: (A) C-scan of the top raceway of 2Mx V11, (B) Visual inspection of the top raceway

of 2MxV11
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Figure 82: Vibration and temperature profiles for Experiment 302A
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Figure 84: Exp.302A 2MxV11 (A) Pre-test inspection, (B) Post-test inspection

2MxV14 ECA SCANS, PLOTS, AND INPECTION
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Figure 85: (A) C-scan of the top raceway of 2MxV 14, (B) Visual inspection of the top raceway

of 2MxV 14
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Figure 86: Vibration and temperature profiles for Experiment 303A

111



\

Defect Free

T P NN ¥ e
ST e
Yu

j
T\
¢

Figure 88: Exp.303A 2MxV 14 (A) Pre-test inspection, (B) Post-test inspection
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