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GENERAL DISCLAIMER

This document may have problems that one or more of the following disclaimer
statements refer to:

This document has been reproduced from the best copy furnished by the
sponsoring agency. It is being released in the interest of making
available as much information as possible.

This document may contain data which exceeds the sheet parameters. It
was furnished in this condition by the sponsoring agency and is the best
copy available.

This document may contain tone-on-tone or color graphs, charts and/or
pictures which have been reproduced in black and white.

The document is paginated as submitted by the original source.
Portions of this document are not fully legible due to the historical nature

of some of the material. However, it is the best reproduction available
from the original submission.
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EXECUTIVE SUMMARY

A nondestructive testing (NDT) method to determine the residual stress in the
rims of cast steel railroad wheels has been evaluated by the Association of
American Railroads (AAR), at the Federal Railroad Administration’s
Transportation Technology Center (TTC), Pueblo, Colorado. The National
Institute of Standards and Technology (NIST), Boulder, Colorado, has developed
an ultrasonic system which uses an electromagnetic acoustic transducer (EMAT)
technique to determine the residual stress in cast steel railroad wheels. The
system is designed to induce polarized shear waves into the rim of the wheel
and measures the thickness averaged stress from the return sound signal. A
similar ultrasonic system, known as the DEBRO-30, is commercially available in
Europe and uses a conventional piezoelectric transducer (PET) to measure the
thickness averaged stress in rail and forged railroad wheels. These two
ultrasonic systems were used during this project and the ultrasonic data

obtained by the systems have been evaluated in this report.

The measurement results show good correlation between EMAT and PET
readings. NIST has identified a systematic offset between the two systems of
approximately 40 Mega Pascals (Mpa) (6 ksi) or less. Results from destructive
tests with saw cutting starting at the flange tip and progressing into the wheel
hub, correlated with ultrasonic measurements taken on as-manufactured,
induction-heated and drag-braked railroad wheels. Saw cut displacements
indicating compression agreed with ultrasonic measurements showing that the
wheel rim was in compression. This was also true of wheels showing a state of
rim residual tension. Comparisons between ultrasonic data and finite element
analysis (FEA), performed at the TTC, also show a correlation between
theoretical hoop residual stress estimates and ultrasonic residual stress

measurements.



The EMAT system has produced positive results, under controlled
environments, to determine the residual stress state of cast railroad wheels.
NIST has further developed the system for portability since the conclusion of
this work. AAR recommends that the portable EMAT ultrasonic system be
further evaluated on both new railroad wheels and in-service wheels which can
be ultrasonically measured for residual stress and compared with destructive
forms of stress determination such as saw cutting. Once a level of confidence is
demonstrated by in-service evaluation results, the system should then be made
available to wheel manufacturers and wheel shops as both a quality control and

safety tool for the railroad industry.
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1.0 BACKGROUND

In order for thermal failure to occur in a railway wheel, three conditions must be
present. First, a thermal crack must be present on the rim of the wheel. Second, a
residual tensile stress must be present to permit crack opening. And third, the wheel
must be subjected to a set of alternating loads to advance the thermal crack until it
reaches a critical size and fracture occurs. If any of the preceding three conditions are

missing, failure will not occur.

Currently, thermal cracks are visually inspected as a normal part of terminal
inspection. However, there exists no reliable non-destructive method for determining

the state or magnitude of residual stress.

Residual stresses develop in a railroad wheel when the wheel is subject to
inelastic deformation. When a wheel is heat treated, the heat treating process creates a
circumferential compressive stress in the rim of the wheel. To create the residual
compressive rim stress, the wheel is first heated uniformly. Heating the wheel
uniformly causes all parts of the wheel to expand uniformly. If the wheel were cooled

uniformly, there would be no change in the residual stresses in the cooled wheel.

The heat treatment process, however, cools the rim of the wheel much faster than
the plate of the wheel. The rim is sprayed with water (rim quenched). The water cools
the rim and as the rim cools, it contracts. The plate of the wheel, however, has not been
cooled as rapidly and does not contract at the same rate as the rim. The radial stresses
caused by the rim contracting and the plate, to which it is securely attached, not
contracting, eventually exceed the yield point of the steel and the wheel suffers
inelastic deformation. In this case, the hot plate is deformed in the radial direction to
reduce its radius and thus relieve the radial stresses caused by the contracting cooled
rim. When the plate itself cools it also contracts. The contracting plate is securely
attached to the now cooled rim. The contraction of the deformed (smaller radius) plate
causes radial tensile stresses to develop between the cool plate and the cool rim. In

1



addition to causing a radial tensile stress in the plate and the rim, the Amismatch=
between the two causes the rim to go into compression. In summary, a residual

compressive rim stress is created when an inelastic deformation makes the cool rim

Atoo large= for the cool plate if both were in an unstressed condition. Radial tensile
stresses between the plate and the rim and circumferential compressive stresses in the
rim result from the fact that the two mismatched geometries of the wheel are securely
attached. Most important is that the compressive stress imparted by rim quenching

prevents crack opening and thus crack growth.

The mechanism also works the other way so that when the rim is heated it
expands. The rim=s expansion is resisted by the cool plate causing radial tensile
stresses between the rim and the plate. If the rim is heated sufficiently between the rim
and the plate, the radial tensile stresses will exceed the yield point of the steel and the
rim will be inelastically (permanently) deformed. The hot rim, when cooled, will
become smaller in radius, thereby reducing the tensile stresses between the hot rim and

the cool plate.

However, when the rim cools it contracts. Because of the inelastic deformation
that occurred when the rim was hot, as the deformed rim cools and contracts it becomes
too small to Afit= on the plate when both are cool and in an unstressed state. Since the
rim and plate are securely attached, a radial compressive stress develops between them
making the plate Asmaller= in radius thus creating a circumferential tensile stress in the
rim of the wheel. This phenomenon forces the rim to become Alarger= in radius to
accommodate the fit with the plate. In summary, a residual tensile rim stress is caused
when the wheel is deformed in such a way as to make the cool unstressed rim too small
for the cool unstressed plate. By implementing a cost effective nondestructive test

method to measure the state of stress in railroad wheels, thermal failures can be



reduced by either reconditioning or removing wheels from service when tensile stress

reach an unsafe limit.

1.1 PREVIOUS WORK

The first reported method for determining the residual stresses in railroad wheels

involved measuring the change in length between two punch marks with Olsen-de-
Shazer strain gages before and after the wheel had been subjected to a service input.” A
disadvantage to this method is, without cutting the wheel, it only measures the
magnitude and direction of stress change.

Wetenkamp, Sidebottom, and Schrader” were the first to measure the reversal of

residual stresses due to

the action of drag braking.

The results clearly

37 28 =20

demonstrated that heavy \

-39 .20 -35
drag braking could

/7

develop circumferential -37¢ -3
stresses in the wheel rim

301 Stress X 1000 i per sg /7. =

as seen in Figure 1. These s ;
(Circumterernti/ol)
data were derived by

(a)-Resicdual Stress Distributior

using the techniques Before Testing

described in Reference 1, o
*Z :
. . +32 . +29 425 *47
except that wire strain e d w28 5 5
+2 +59e +dge  <g5e +57e #53e 0
gages were used and the HEQes o o ® T
+/0+4 +7 +2Z +52 +80 +55 PG *EL
wheels were sectioned in 26 0+z./+.3 A R R A A ; -z
. : 23 -8
order to determine the * 'z'éo 1o 55 455 4B 5 € - ;3 :
+22 +o7o [J . . . o e o-37
absolute stress states and 124 F29 424 A

+42 Stress X 1000 /6. per sg. 1.

] (cv. Fererntial,
magnitudes. ircomserential)

+24
(&)-Residual Stress Distributiorn
After 75 Drag-Tests

Figure 1. Effect of Drag Testing on Residual Stress
Distribution in Rim of Rim-Quenched Wheels

(800-degree draw temperature)
3



A qualitative method for
determining the state of rim
residual stresses was
accomplished by making a radial
saw cut starting at the flange tip.
If the saw cut opened, the rim
had a net residual
circumferential tensile stress.
Jones® improved this method by
attaching a clip gage across the
cut and a string potentiometer to
the saw carriage. The outputs of
the clip gage and the
potentiometer are input into an
X-Y recorder to yield a plot of
opening versus distance. A new
rim—quenéhed wheel will
produce a plot typical of that
shown in Figure 2 while a
thermally damaged whee], that
has produced a net tensile stress
will have a plot as shown in

Figure 3.
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Figure 2. Typical Saw Cut Displacement Behavior
of a New or Undamaged Rim-Quenched Wheel
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Figure 3. Typical Saw Cut Displacement Behavior
of a Thermally Damaged Wheel

A good estimate of the distribution and magnitude of the residual stresses in a

wheel can be obtained from a three dimensional finite element calculation using the

displacement data along the length of the cut.” The wheel with the saw cut is

represented by a finite element mesh with displacements imposed on the free surface

of the cut which are sufficient to restore it to the original state. The resulting stresses

calculated on the free surface represent the original residual stress state within the
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wheel. Figure 4 shows an example of such a calculation. Notice that the residual stress

is not uniform across the rim and that both tensile and compressive stresses are present.

Figure 4. Calculated Distribution of
Circumferential Residual Stresses (ksi) in a
Thermally Damaged Wheel

Many attempts have been made to develop nondestructive methods to
determine the residual stress state in wheels. Two approaches have been the principal
methods of investigation. The first methods attempted used ultrasonic birefringence,
and magnetics to include Barkhausen methods. Bray and his coworkers attempted to
employ ultrasonic birefringence to residual stresses in rails in the early 1970’s, but

encountered difficulties when measuring wheel stresses due to the non uniformity of .



the wheel microstructure and the difficulty of measuring a second order effect with the

equipment available at the time.*

Concurrently, researchers at Southwest Research Institute began the evaluation
of Barkhausen techniques to determine the residual stress state in wheels. The
Barkhausen method measures the noise of magnetic domain wall shift as a magnetic
field is applied. The method relies on the dependence of domain alignment on the
existing stress state. The research was continued through 1987 in cooperation with the
Burlington Northern Railroad, but it was found that the technique had to be calibrated
for each manufacturer, wheel size, and heat-treatment.” In 1992 Australian researchers
reported the adaptation of a magnetomechanical system for determining wheel
residual stresses.” However, application of this method on various Australian rail
systems concluded that while the magnetomechanical system showed promise, it was
not ready to be used as a stand-alone system.’

However, ultrasonic birefringence has been established as the principal
technique for application to nondestructive residual stress determination in the
railroad industry (where birefringence is the relative change in sound velocity when the
polarization direction rotates). Researchers in Japan have applied the technique to
railroad wheels and found good correlation between stress and ultrasonic velocity
when texture is taken into account in wrought wheels.” German researchers have
employed the technique to separate wheels with minor thermal damage to those with
dangerous levels of residual stress." French engineers are applying the technique as a
production tool to ensure the proper stress state in wheels after heat-treatment.” And
the Polish Academy of Sciences has developed a commercial system, the DEBRO unit,
which has successfully evaluated the residual stresses in roller-straightened rails. ”
Concurrent with the above developments, workers at NIST have been applying
ultrasonic birefringence to obtain a more qualitative evaluation of the state of stress in

wheels which is the subject of this report.



2.0 OBJECTIVE

The objective of this project was to evaluate the accuracy and reliability of the
prototype residual stress measurement system developed by the National Institute of
Standards and Technology (NIST), Boulder, Colorado. The electromagnetic acoustic
transducer (EMAT) system, developed by NIST, was used to access the residual stress

state of as-manufactured, induction heated, and drag braked railroad wheels.

3.0 PROCEDURES

The current phase of the Wheel Residual Stress Detection Program began in December
1994. The accuracy of the EMAT system was assessed by comparing EMAT ultrasonic
measurements with ultrasonic measurements taken with the DEBRO-30. Developed by
the Polish Academy of Sciences, the DEBRO-30 is an ultrasonic system, that uses
piezoelectric transducer (PET) techniques. It is available for use commercially in
Europe to determine residual stress in wrought railroad wheels. The residual stress
measurements recorded by the two systems were compared to Finite Element Analysis
(FEA) models developed at the TTC. The FEA models were developed by employing
temperature dependant material properties for Class C wheel steel, provided by the
wheel manufacturer (Griffin Wheel Company), to estimate residual stress distributions
for induction heated wheels. The FEA was also used to perform an “unsawcutting”;i.e.,
reconstructing the wheel, using saw cut data compiled by Concurrent Technologies
Corporation (CTC) in Johnstown, Pennsylvania, Griffin Wheel Company and the

Transportation Technology Center, Pueblo, Colorado.

3.1 TEST PARAMETERS

There were 30 wheels tested, 2 of which remained in the as-manufactured condition, 8

were induction heated and 20 were drag braked. The induction heating and drag
braking, performed to induce thermal damage into the railroad wheels, were

accomplished at Griffin Wheel Company’s Technical Center in Bensenville, Illinois.



Ultrasonic measurements were made prior to and after inducing thermal damage into
the wheels. The measurements were performed at Griffin Wheel Company and at
NIST. The ultrasonic measurements were taken by researchers from NIST (EMAT), a
guest researcher on leave from the Institute of Fundamental Technological Research,
Polish Academy of Sciences, Warsaw, Poland (PET), and a representative from the
AAR/TTC (EMAT).

3.2 TEST WHEELS

Table 1 identifies the serial numbers and conditions of the test wheels. There were

three rim block specimens stress relieved and used as calibration samples for the test
wheels. The rim block samples were stress relieved in accordance with parameters

outlined by Griffin Wheel Company.

The calibration blocks were loaded into a pit furnace and the temperature of the
furnaée was raised to 800 degrees Fahrenheit (F) within 3 hours. The blocks were then
soaked at 800 degrees F for 24 hours. At the completion of the soaking period, the
furnace was turned off and the furnace covers opened. The rim blocks were then pit
cooled for approximately 24 hours.

Table 1. CH36, Class C Wheels Evaluated during Testing

WHEEL IDENTIFICATION WHEEL CONDITION
26508, 26512 As Manufactured
26515, 26529, 26506, 26520, Induction Heated

26522, 26513, 26524, 26526

91768, 81817, 91807, 91813, 91778,
84967, 91784, 91777, 91847, 91843, Drag Braked
84972, 84758, 80887, 86398, 76896,
76933, 83991, 63764, 80582, 80742




3.3 INDUCTION HEATING

The induction heating was performed at Griffin Wheel Company’s Technical Center

with each wheel supported by the hub with the back rim face oriented towards the
floor. The induction heating coil was installed on the rim of the wheel with the wheel
centered within the coil. Figure 5 shows the coil configuration for the induction heating
setup. The wheel was then marked at 3-inch increments along the radius, starting at the
hub and moving towards the flange, using a heat resistant marker as shown in Figure 6.
Temperature data was collected using an infrared thermometer. Temperatures were
collected at 10-minute intervals during the induction heating process. The axial wheel
plate deflection was measured at the rim of the wheel. The maximum axial wheel plate
deflection was recorded with any permanent axial deflection noted. During induction
heating the induction coil voltage and current amplitude were monitored to ensure
uniform heating. The duration of the heating procedure was controlled to the nearest
0.5 minute to ensure uniform heating conditions. The induction heated wheels were

heated in accordance with the parameters identified in Table 2.



Figure 5. Photograph of Coil Configuration for the Induction Heating Setup

Figure 6. Wheel Markings Identifying the Wheel at 3-inch Increments Around the Radius
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Table 2. Induction Heating Parameters For The Eight Test Wheels

Wheel Identification induction Heater Heating Duration
Power Level (Minutes)
{Kilowatts (hp))
26515 38 (51) 30
26529 38 (51) 30
26506 42 (56) 30
26520 42 (56) 30
26522 42 (56) 30
26513 45 (60) 30
26524 45 (60) 30
26526 45 (60) 30

3.4 DRAG BRAKING

Drag braking was performed at Griffin Wheel Company’s Technical Center on a

wheel/rail dynamometer designed and constructed by Griffin Wheel Company (Figure
7). The dynamometer design consists of an inverted standard truck with a wheel set
machined to a rail configuration. A second truck and wheel set is placed on the
inverted truck which simulates the interaction between the wheel and the rail as showﬁ
in Figure 8. The normal load between the two trucks was approximately 25,000
pounds. The axle of the inverted truck is permanently mounted to a drive motor which
can be set at various speeds. A combination of load cells are attached to the
dynamometer to provide the proper simulation of center or flange crowded drag
braking scenarios as shown in Figure 9. The brake shoe to wheel tread orientation can

be seen in Figure 10.
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Figure 7. Wheel to Rail Dynamometer at Figure 8. Wheel to Rail Contact With the
Griffin Wheel Company Griffin Wheel Dynamometer

(e *

Figure 9. Wheel to Rail Dynamometer Load Cell
Arrangement Designed for Simulating Centered and
Flange Crowded Brake Shoe Conditions

12



Figure 10. Brake Shoe to Wheel Tread Orientation

The dynamometer and test wheel sets were instrumented to provide the following
information for both the shaft and end wheels with measurement intervals set at 5

seconds.

Wheel sets were scheduled to undergo drag braking in three 30-minute cycles to
provide uniform thermal damage. The 30-minute cycle was not reached on some of
the drag braking runs due to brake shoe deterioration. Figure 11 shows an example of
brake shoe deterioration during the 90 horsepower (hp) runs with the brake shoe

centered. Two of the 90 hp runs made it to a full 30 minutes but as seen in the

13



photograph one of the runs was stopped at 22 minutes due to deterioration and metal

to metal contact.

After the 90 hp runs, an effort was made to minimize the effect from brake shoe
deterioration by performing a pre-test brake shoe conditioning. Prior to actual test
runs, the shoes were drag braked for 30 minutes at 45 hp. Figures 12 and 13 show front
and side view comparisons of brake shoes which were not conditioned and shoes that
were conditioned prior to drag braking. As seen in the photographs, the conditioned
brake shoes held up better during drag braking. Brake shoes used during flange
crowded runs were ground at the side in contact with the wheel flange corner to
provide a matching profile for better contact in that area. Table 3 lists the horsepower,
operating speed, drag braking duration, and brake shoe position for each railroad

wheel drag braked.

Figure 11. Brake Shoe Deterioration during Drag Braking at 90 Hp with the Brake Shoe Centered.
(Left) Side View of the Brake Shoes after Drag Braking. (Right) Front View of the Brake Shoes
Used during the 22-Minute Run Showing Shoe Deterioration to the Metal Backing Plate
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Figure 12. Front View Comparison of Non-conditioned and Conditioned Brake Shoes used
during 90 and 100 hp Drag Braking Runs. (Left) 90 hp Non-Conditioned Brake Shoes (right) 100 hp
Conditioned Brake Shoes

Figure 13. Side View Comparison of Non-Conditioned and Conditioned Brake Shoes Used during
90 and 100 Hp Drag Braking Runs. (Left) 90 Hp Non-Conditioned Brake Shoes. (Right) 100 Hp
Conditioned Brake Shoes
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Table 3. CH36, Class C, Drag Braked Wheels

Wheel Power Input Operating Speed Drag Braking Brake Shoe
identification Kilowatts (hp) (mph) Duration Position
(Minutes)
91768 56 (75) 60 3x30 flange
91817 56 (75) 60 3x30 flange
91807 60 (80) 60 3x30 center
91813 60 (80) 60 3x30 center
91778 60 (80) 60 3x30 flange
84967 60 (80) 60 3x30 flange
91784 63 (85) 60 3x30 center
91777 63 (85) 60 3x30 center
91847 63 (85) 60 3x30 flange
91843 63 (85) 60 3x30 flange
84972 63 (85) 70 1x47.5+1x44 center
84758 63 (85) 70 1x47.5+1x44 center
80667 63 (85) 70 1x50,1x56+ flange
1x 60
86398 63 (85) 70 1x50,1x56+ flange
1x 60
76896 67 (90) 60 2x30+1x22 center
76933 67 (90) 60 2x30+1x22 center
83991 67 (90) 60 3x30 flange
63764 67 (90) 60 3x30 flange
80582 75 (100) 70 1x27,1x45 + center
1x29
80742 75 (100) 70 1x27,1x45 + center
1x29
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Tread temperatures of approximately 1100-degrees Fahrenheit were reached during
drag braking cycles. Heat bands at the wheel tread were especially apparent during
the higher horsepower runs. Figures 14 and 15 show the beginning of the heat band
and the full heat band across the wheel tread during the 85 hp center positioned drag
braking run at 70 mph. The full heat band was developed at about 24 minutes into a 44

minute run.

At the completion of each drag braking cycle the railroad wheels were air cooled
until the tread temperature had dropped to 500-degrees F or below. Once the wheels
had cooled to 500-degrees Fahrenheit, they were further cooled to room temperature

using a water spray as shown in Figure 16.

Figure 14. Heat Band Origination
During Drag Braking
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Full Heat Band

Figure 15. Full Heat Band Across the Wheel
Tread During Drag Braking

<&

Figure 16. Water Spray of Drag Braked Wheels
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3.5 WHEEL RESIDUAL STRESS MEASUREMENTS
A residual stress measurement was made at approximately 20 locations for each test

wheel. The measurement locations correlated to 10 casting risers on the wheels and the
midpoint between the risers. Figure 17 shows the approximate ultrasonic
measurement locations for the railroad wheels. Measurements were taken using two
ultrasonic systems; one system uses PET while the other uses EMAT. Figure 18 shows
the transducer location at the front rim face and the wave direction during inspection.
The amount of hoop residual stress was determined using through thickness
birefringence measurements taken with the PET and EMAT systems. The birefringence
data generated with the two ultrasonic systems was converted through thickness
average stress using the measured birefringence’s due to texture from the stress

relieved rim block samples and the following relationship as derived by NIST.”

D, = (B-B)/C,
where: o, = Through thickness average stress
B = Total birefringence
B = Birefringence due to texture
C, = Stress acoustic constant for shear waves traveling

normal to the stress field
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Figure 17. Ultrasonic Measurement Locations from the
Front Rim Face of the Railroad Wheels

Sound Beam

9041801 cdr

Figure 18. Transducer Location on the Front Rim Face and
Direction of Wave Propagation During
Ultrasonic Inspection of Railroad Wheels
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When using standard piezoelectric transducers, a couplant (usually a liquid) is
required to permit transmission of the ultrasonic signal into the material being
evaluated. The EMAT system is electromagnetically coupled eliminating the need for
a liquid couplant. The geometry of the beam spread differed slightly due to the
difference in transducer window sizes and design with the EMAT system, providing
less beam spread. This phenomenon may contribute to differences in stress readings.
The difference in arrival time monitoring is primarily due to the PET system
minimizing influences from variations in couplant thickness and surface roughness,
which is accomplished by monitoring the arrival times between the first and second

echoes. System comparisons performed by NIST are listed in Table 4.“

Table 4. Acoustic Birefringence System Comparisons

Parameter PET EMAT
Couplant Required yes no
Window Size 12mm x 12mm 10mm x 10mm
Measured Parameter difference in 1% and 2™ 1% echo arrival time
arrival times
Timing Marker manual, on peak digital gate, on zero
crossing
Measurement Location 1% cycle mid-pulse (usually)
Bandwidth wide narrow
Pulse Length short long
Transducer Manually rotated for 2 | Automatic coil switching
polarizations for 2 polarizations

Although the two systems are based on the same underlying laws of physics
NIST has again stated that the measurements for this evaluation were made with two

distinct systems designed to generate and detect ultrasonic waves. ™
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1. A piezoelectric transducer (PET). This transducer design represents the more
conventional approach to ultrasonic evaluation. A small section of piezoelectric
material is electrically shocked into mechanical resonance. The vibrations pass
through a face plate and fluid couplant into the specimen. The return signal

reverses this process.

2. An electromagnetic acoustic transducer (EMAT). This transducer is becoming
more common with increasing availability of compatible electronics. It contains
a wire coil and a magnet. A radio-frequency electrical pulse through the coil
generates eddy currents into the specimen surface; the eddy currents interact

with the magnetic field to produce mechanical vibrations of sound.

As mentioned previously, the PET system is commercially available and is
currently used in some European applications.” Both the PET and EMAT systems,
built by NIST, use shear horizontal waves traveling through the rim thickness (giving
the thickness averaged stress). Figures 19 and 20 show the PET and EMAT systems

used during this project.
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Figure 19. DEBRO-30 Ultrasonic
Measurement System Using PET

Figur 20. NIST Ultrasonic Measurement System Using EMAT.
The EMAT is on the Left and the Control Console is on the Right

23



The front rim face (frf) birefringence measurements taken with both systems use
the pulse-echo method of evaluation where one transducer is used for both
transmitting and receiving ultrasonic signals. The transducer location for
measurements from the frf was approximately midpoint of the frf. The PET system
requires that the operator determine this location whereas the EMAT system finds this
position automatically with the apparatus used to hold the transducer. Figure 21
shows the transducer location for both the PET and EMAT systems at the frf. The
operation of these ultrasonic systems currently require some technical expertise to both
produce the required settings and perform accurate evaluation of the data. Both
system designs are being modified to reduce the amount of operator involvement to

perform reliable evaluation.

Figure 21. Transducer Locations for the PET and EMAT Ultrasonic Measurement Systems
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3.6 STANDARD SAW CUTTING

Standard saw cutting was performed on two as-manufactured, two induction heated
and eighteen drag braked railroad wheels. The saw cutting was accomplished at
Griffin Wheel Company with cut locations determined from ultrasonic measurement
data showing either areas of high compressive or tensile stress obtained after inducing
thermal damage into the wheels. There were two areas cut on each of the wheels as

shown in Figure 22.

85 HORSE POWER
FLANGE GROWDING

END WHEEL SHAFT WHEEL

RISERS

S/N 91847

Figure 22. 85 hp Flange Crowded Wheels Showing
Saw Cut Locations and Risers

The saw cutting was performed by placing the wheel on the bandsaw transfer
table with the front rim face of the wheel oriented opposite the table surface. The
surface of the flange tip was ground flat and two mounting blocks were attached to the
wheel using an epoxy adhesive. A clip gage extensometer was installed on the
mounting blocks to monitor saw cut circumferential displacement at the flange tip of
the wheel. The wheels were cut approximately 5 inches deep using a band saw with a
feed force of 60 pounds. The saw cut circumferential displacement and radial depth

data was collected. Figure 23 shows the saw cut set up at Griffin Wheel.
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Figure 23. Standard Saw Cutting at Griffin Wheel.
Extensometer Position on Left and Saw Cut Position on Right

3.7 PRECISION SAW CUTTING

Precision saw cutting was performed on two of the drag braked wheels. The saw
cutting was performed at and by Concurrent Technologies Corporation (CTC) in
Johnstown, Pennsylvania, who developed an approach utilizing various methods of
interferometry to evaluate the radial and hoop displacement distribution along a saw
cut. By combining high sensitivity Moiré interferometry with Michelson
interferometry, full field information about the distribution of displacements around a
saw cut notch on both flat surfaces of the rim of the wheel is provided." Figures 24 and
25 show the precision saw cutting set up at CTC. CTC estimates the precision of the
displacement measurement to be better than 100 nanometers. Additional
instrumentation and gauging is used to provide information about the absolute
displacements of the points on the rim with respect to the center of the wheel and

strains in selected locations.
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Figure 25. Strain Gage Setup Across the
Tread of the Wheel at CTC
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The resulting fringe patterns from the interferometry are generated as contour
maps of the measured displacements. The in-plane displacement fields are recorded
with Moiré interferometry while the out-of-plane fields are captured with the
Michelson technique. Photographs of the interferometry setup for these techniques are
shown in Figure 26. The fringe patterns are converted to contour maps of strains and if
the material properties are known stresses can also be shown. The form of
interferometry used by CTC is a cross between holography and the traditional Moiré
method. The method contains all the sensitivity of holography while providing

interpretation of interferograms typical for Moiré methods.

Figure 26. Interferometer Sup t CT. Moire Inteerometer
on the Left and Michelson Interferometer on the Right

3.8 FINITE ELEMENT ANALYSIS

A finite element analysis (FEA) was used to obtain analytical results of wheel residual

hoop stress for comparison to the nondestructive test (NDT) measurements. The FEA
consists of two analyses. The first is the induction heat analysis, which simulates the
induction heating of the wheels during the tests and calculates the resulting residual

hoop stress directly. The second is the saw cut analysis, which calculates residual hoop
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stress using saw cut opening displacement data measured at TTC on wheels saw cut at

both Griffin Wheel Company and Concurrent Technologies Corporation.

3.8.1 Induction Heat Finite Element Analysis

The objective of the induction heat FEA is to calculate the wheel residual hoop stress
caused by induction heating the wheel tread. The steps in constructing the induction
heat FEA are specifying wheel geometry, wheel mesh and element types, material
properties, and boundary conditions. The wheel geometry, provided by Griffin Wheel
Company, is a CC38 2W wheel with AAR-1B tread profile. The wheel is a 2-D axi-
symmetric model with the axle as the axis of symmetry. The mesh consists of 4- node
rectangular plane elements in the NDT zone and 3-node triangle elements in the
remaining area. The wheel material properties, which were provided by Griffin Wheel

Company, are assumed to be homogeneous, isotropic, and temperature dependent.

The boundary conditions consist of applying heat to the tread nodes for 30
minutes and allowing the wheel to cool for 5 hours. This is accomplished for three
different values of heat input (51, 56, and 60 hp) to simulate the actual tests that were
conducted (see Figures 27, 28 and 29). Air convection boundary conditions are
specified for wheel surface nodes not having heat applied. It should be noted that the
FEA wheels start in the annealed condition (i.e. zero residual stress), whereas
manufactured wheels initially have compressive residual stresses. However, the FEA
results can still be compared to the test results if the FEA results are viewed as a change
in residual hoop stress and not necessarily the absolute residual hoop stress in the

wheel.
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Figure 27. Finite Element Analysis of a Test Wheel Induction Heated at
38 kW (51 Hp) for 30 Minutes and Air Cooled for 5 Hours
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Figure 28. Finite Element Analysis of a Test Wheel Induction Heated at
42 kW (56 Hp) for 30 Minutes and Air Cooled for 5 Hours
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Figure 29. Finite Element Analysis of a Test Wheel Induction Heated at
45 kW (60 Hp) for 30 Minutes and Air Cooled for 5 Hours

3.8.2 Saw Cut FEA Model

The objective of the saw cut analysis is to calculate the residual hoop stress in the
wheels using saw cut displacement data. The idea is the hoop displacements
measured after saw cutting up to a depth of approximately 5 inches can be used to
calculate the residual hoop stress in the wheel by effectively “unsawcutting” the wheel
(i.e. returning it back to its original position). This is based on the assumption that after

saw cutting the hoop residual stress in the wheel has been relieved.
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The steps in constructing the saw cut FEA are specifying wheel geometry, wheel
mesh and element types, material properties, and boundary conditions. The geometry,
which was obtained from Griffin Wheel Company, is a 3-dimensional 90-degree slice of
wheel as shown in Figure 30. The mesh consists of 8 node structural bricks in the NDT
zone and 6 node structural tetrahedrons in the rest of the wheel. The material
properties, which were provided by Griffin Wheel Company, are assumed to be
homogeneous, linear, isotropic, and elastic. A modulus of elasticity of 30,000,000 psi is
used. The boundary conditions are hoop direction displacements applied to the two
faces of the model. The cut face hoop displacements are obtained by interpolating the
saw cut opening data, which consist of measured hoop displacements around the
perimeter of the wheel, for the deepest depth of cut. Zero hoop displacement is

applied to the other face of the model.
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Figure 30. Three Dimensional 90 Degree Wheel Slice Used in Developing
the Finite Element Analysis Model
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4.0 RESULTS
4.1 BIREFRINGENCE MEASUREMENTS

Ultrasonic birefringence measurement results between the EMAT and PET systems for
drag braked railroad wheels show similarities in data. These similarities provide
confidence in the accuracy of the systems. There is some offset between systems, but in
most instances the measurements replicate each other with some minor offset. The
replication of results is especially apparent in railroad wheels which were subjected to
greater thermal damage (i.e. 90 and 100 hp drag braking conditions). Table 5 lists the
birefringence data measured at each of the 10 riser locations for each wheel tested.

Figures 31 through 40 provide a graphic representation of the ultrasonic birefringence

measurements.
Table 5. PET and EMAT Ultrasonic Front Rim Phase Averaged
Birefringence (X10*) (MPA) at Each Riser Location
Wheel Description 1 2 3 4 5 6 7 8 9 10
75 hp flange (PET) 02 | 24 3.0 3.3 1.3 1.6 1.5 1.9 3.7 2.0
SN 91817
75 hp flange (EMAT) | 7.8 | 9.0 8.0 7.2 8.9 8.2 6.8 6.1 5.0 76
SN 91817
75hp flange (PET) | 23 | 1.2 2.1 0.1 -1.7 0.5 1.1 0.3 0.3 -0.2
SN 91768
75 hp flange (EMAT) | 10.3 | 8.4 6.4 10.0 11.4 8.7 5.9 8.2 8.0 8.7
SN 91768
80 hp center (PET) 1.1 0.8 3.0 1.2 3.0 -0.3 3.5 4.1 1.8 1.2
SN 91807
80 hp center (EMAT) | 92 | 7.7 8.4 7.8 8.3 9.8 5.9 6.4 6.2 8.0
SN 91807
80 hp center (PET) 70 | 42 23 34 0.2 29 4.1 1.6 3.7 0.8
91813
80 hp center EMAT) | 76 | 83 10.9 10.9 1.6 10.1 8.4 10.1 1.1 11.0
91813
80 hp flange (PET) | NPM | NPM | NPM NPM NPM NPM NPM NPM NPM NPM
SN 91778




Table 5. PET and EMAT Ultrasonic Front Rim Phase Averaged
Birefringence (X10™) at Each Riser Location (continued)

80 hp flange (EMAT) | 86 | 6.7 7.0 75 9.7 9.5 5.9 6.9 7.8 8.3
SN 91778
80 hp flange (PET) | NPM | NPM | NPM NPM NPM NPM NPM NPM NPM NPM
SN 84967
80 hp flange (EMAT) | 7.5 | 6.7 8.7 7.7 4.4 9.6 8.4 8.7 4.2 5.1
SN 84967
85 hp center (60) (PET) | 1.3 | 1.2 3.9 4.2 1.0 3.5 0.9 0.9 1.7 2.2
SN 91777
85 hp center (60) (EMAT)| 7.4 | 9.3 7.2 4.0 48 12.1 8.8 9.0 6.0 6.7
SN 91777
85 hp center (60) (PET) | -7.1 | -0.7 -8.1 9.0 5.7 5.2 2.7 -5.9 9.4 -9.3
SN 91784
85 hp center (60) (EMAT)] 7.2 | 5.9 12.4 10.9 1.9 6.8 7.0 9.9 111 11.9
SN 91784
85 hp flange (60) (PET) | 1.6 | 2.3 2.3 1.8 0.6 0.7 3.5 2.1 1.6 2.4
SN 91847
85 hp flange (60) (EMAT)] 7.6 | 6.7 53 47 75 9.8 6.4 7.2 8.3 8.9
SN 91847
85 hp flange (60) (PET) | -2.4 | -1.2 7.0 7.3 6.2 4.1 5.1 74 74 6.6
SN 91843
85 hp flange (60) (EMAT)| 4.9 | 6.1 10.3 9.0 10 6.4 6.1 9.5 9.9 9.3
SN 91843
85 hp center (70) (PET) | NPM | NPM | NPM NPM NPM NPM NPM NPM NPM NPM
SN 84758
85 hp center (70) (EMAT)| 1.8 | 1.3 6.7 4.6 6.4 2.2 41 49 3.7 3.4
SN 84758
85 hp center (70) (PET) | NPM | NPM | NPM NPM NPM NPM NPM NPM NPM NPM
SN 84972
85 hp center (70) (EMAT)| 2.4 | 0.7 0.4 13 1.7 0.8 2.0 3.0 2.1 0.6
SN 84872 '
85 hp flange (70) (PET) | NPM | NPM | NPM NPM NPM NPM NPM NPM NPM NPM
SN 86398
85 hp flange (70) (EMAT)] -3.3 | 0.9 2.4 0.4 1.2 1.1 1.0 37 2.4 0.1
SN 86398
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Table 5. PET and EMAT Ultrasonic Front Rim Phase Averaged
Birefringence (X10) at Each Riser Location (continued)

85 hp flange (70) NPM | NPM NPM NPM NPM NPM NPM NPM NPM NPM
(PET) SN 80887
85 hp fiange (70) -84 | -44 -7.6 -7.6 -6.5 -6.4 -7 -6.8 -7.2 -7.0
(EMAT) SN 80887
90 hp center (PET) 5.5 5.9 2.1 35 3.2 7.0 5.1 4.4 5.1 6.0
SN 76933
90 hp center (EMAT) 34 3.7 6.2 4.7 7.8 3.1 24 3.9 5.0 5.4
SN 76933
90 hp center (PET) 9.6 10.4 8.8 8.7 6.2 5.6 7.8 6.6 7.6 9.2
SN 76896
90 hp center (EMAT) 2.6 2.4 4.7 0.9 3.1 -0.2 3.9 6.7 3.7 2.8
SN 76896
90 hp flange (PET) 1.3 1.5 1.2 2.3 2.6 3.4 0.8 2.0 0 2.0
SN 83991
90 hp flange (EMAT) 5.4 6.3 9.0 6.9 5.2 6.3 6.8 7.5 6.5 3.2
SN 83991
90 hp flange (PET) 1.1 3.0 4.9 3.3 3.9 0.2 3.5 5.5 4.8 2.0
SN 63764
90 hp flange (EMAT) | 7.8 6.2 5.1 4.3 5.4 7.2 52 1.8 52 7.3
SN 63764
100 hp center (PET) 11.3 53 5.7 7.7 10.7 12.2 7.4 3.5 9.1 7.4
SN 80582
100 hp center (EMAT) 3.0 5.6 7.2 3.6 1.8 1.3 3.5 4.7 3.1 59
SN 80582
100 hp flange (EMAT) | -0.9 35 7.6 4.6 4.8 1.7 4.6 6.7 7.2 3.2
SN 80742
100 hp flange (EMAT) | 9.7 4.1 3.3 4.0 6.2 85 6.8 6.1 2.3 6.3
SN 80742

NPM-No PET measurements taken.
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A comparison of the PET and EMAT through thickness averaged birefringence
values was obtained for each drag braked wheel. The results of those comparisons are
shown in Table 6. Figure 41 gives a graphical representation of the average
birefringence for each of the test wheels. The birefringence averages show the PET
system consistently obtaining lower birefringence results than the EMMAP system.
NIST has attributed this phenomenon to the geometric result of the beam spreads while

traveling in opposite directions.”

Table 6. PET and EMAT Ultrasonic Birefringence (x 107
Front Rim Face Measurements

POWER INPUT (KW (HP}) PET (MPA) EMAT (MPA)
75 hp flange (EMAT) SN 91817 2.1 7.5
75 hp flange (EMAT) SN 91768 0 8.4
80 hp center (EMAT) SN 91807 1.9 7.6
80 hp center (EMAT) 91813 3.0 10.0
80 hp flange (EMAT) SN 91778 NA 7.8
80 hp flange (EMAT) SN 84967 NA 7.1
85 hp center (60) (EMAT) SN 91777 1.9 7.5
85 hp center (60) (EMAT) SN 91784 -6.3 9.5
> 85 hp flange (60) (EMAT) SN 91847 1.9 7.2
85 hp flange (60) (EMAT) SN 91843 -5.5 8.2
85 hp center (70) (EMAT) SN 84758 NA 3.9
85 hp center (70) (EMAT) SN 84972 NA 0
85 hp flange (70) (EMAT) SN 86398 NA 0.6
85 hp flange (70) (EMAT) SN 80887 NA 6.9
90 hp center (EMAT) SN 76933 4.8 45
90 hp center (EMAT) SN 76896 8.1 3.1
90 hp flange (EMAT) SN 83991 1.7 6.3
90 hp flange (EMAT) SN 63764 3.2 5.5
100 hp center (PET) SN 80582 8.0 4.0
100 hp flange (EMAT) SN 80742 4.3 5.7
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4.2 RESIDUAL STRESS MEASUREMENTS

Ultrasonic measurement comparisons between the EMAT and PET systems show that
the measurements do track each other with an offset of approximately 40 MPa (6 ksi) or
less, which has been identified by NIST.” In almost all cases the PET results are higher.

Variables which may contribute to this offset include: -

¢ Initial Calibration
e Texture Effects

¢ Transducer Design
e Beam Spread
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The primary influence will of course be determined by the areas obtained from
beam spread. Beam spread affects calibration by either averaging more or less material
that allows more or less influence from texture. In this evaluation, the beam spreads
generated from the EMAT and PET systems were slightly different, which probably

resulted in the offset between measurements.

The similarity in measurements provides confidence in the accuracy and
reliability of the systems. The results also identify an offset in measurements between
systems which shows a necessity for determining a proper calibration prior to testing.
The ultrasonic measurements for both the EMAT and PET systems are listed in Table 7.

The correlation of the two methods can be seen graphically in Figures 41 through 51.

Table 7. PET and EMAT UMrasonic Front Rim Phase Averaged
Stress Values in MPA at Each Riser Location

Wheel Description 1 2 3 4 5 6 7 8 9 10

75 hp flange (PET) SN 91817 -42 -14 -7 -3 -28 -25 -26 -21 2 -19

75 hp flange (EMAT) SN 91817 -48 -63 -50 -40 -62 -52 -35 -26 -11 45

75 hp flange (PET) SN 91768 -75 -29 -18 -46 -67 -52 -31 -41 -41 -47

75 hp flange (EMAT) SN 91768 | -79 -55 -29 -76 -94 -59 -22 -52 -50 -33

80 hp center (PET) SN 91807 -31 -35 -7 -29 -7 -49 0 7 -22 -30

80 hp center (EMAT) SN 91807 | -65 -47 -29 -44 -53 -73 -23 -29 -27 -63

80 hp center (PET) 91813 45 9 -16 -2 -43 -8 7 -24 2 -35

80 hp center (EMAT) 91813 -45 -54 -87 | -87 -96 77 -56 -76 -90 -88

80 hp flange (PET) SN 91778 -42 -31 -30 -35 -35 -58 -29 -21 -45 -48

80 hp flange (EMAT) SN 91778 -57 -33 -38 -43 -72 -69 -23 -35 -48 -54

80 hp flange (PET) SN 84967 -29 -40 -20 -7 23 -29 11 -48 -30 -26

80 hp flange (EMAT) SN 84967 -43 -34 -59 -46 -4 -70 -55 -59 -1 -13

85 hp center (60)(PET) -28 -30 5 9 -32 -57 -34 -23 -17
SN 91777

85 hp center (60) (EMAT) -42 -67 -40 2 -9 -102 | -60 -62 -24 -33
SN 91777

85 hp center (60) (PET) -46 36 -59 -71 -28 -22 11 -31 -75 -74

SN.A1784 .

85 hp center (60) (EMAT) -40 -23 -107 -87 -100 -35 -37 =75 -85 -100
SN 91784

85 hp flange (60) (PET) -24 -15 -16 -22 -37 -36 0 -18 -25 -14
SN 91847
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Table 7. PET and EMAT Ultrasonic Front Rim Phase Averaged
Stress Values in MPA at Each Riser Location (continued)

85 hp flange (60) (EMAT) -45 34 | -15 -7 -43 73 -29 -40 -53 -62
SN 91847
85 hp flange (60) (PET) 14 30 -45 -48 -35 -8 -20 -50 -50 -40
SN 91843
85 hp flange (60) (EMAT) -10 -26 -79 -63 -76 -30 -26 -69 -74 -67
SN 91843
85 hp center (70) (PET) NPM | NPM | NPM | NPM | NPM | NPM | NPM | NPM [ NPM [ NPM
SN 84758
85 hp center (70) (EMAT) 30 36 -32 -6 -29 24 0 -11 6 9
SN 84758
85 hp center (70) (PET) NPM [ NPM | NPM | NPM | NPM | NPM | NPM | NPM | NPM | NPM
SN 84972
85 hp center (70) (EMAT) 21 44 58 70 31 43 27 92 79 60
SN 84972 .
85 hp flange (70) (PET) NPM | NPM | NPM | NPM | NPM | NPM | NPM | NPM | NPM | NPM
SN 86398
85 hp flange (70) (EMAT) 95 40 22 48 37 66 65 99 84 51
SN 86398 i
85 hp flange (70) (PET) NPM | NPM | NPM [ NPM | NPM | NPM | NPM | NPM | NPM | NPM
SN 80887
85 hp flange (70) (EMAT) 160 109 150 150 136 134 144 140 145 142
SN 80887
90 hp center (PET) SN 76933 25 31 -18 -4 45 21 12 20 32
90 hp center (EMAT) SN 76933 9 6 -27 -8 -47 13 22 3 -12 -17
90 hp center (PET) SN 76896 78 88 68 67 34 27 55 40 53 73
90 hp center (EMAT) SN 76896 19 22 -8 41 13 54 3 -33 6 16
90 hp flange (PET) SN 83991 -28 -26 -29 -15 -12 -2 -35 -19 -45 -19
90 hp flange (EMAT) SN 83991 -16 -28 -63 -35 -14 -28 -35 -43 -31 11
90 hp flange (PET) SN 63764 -31 -7 18 -3 5 -42 0 25 17 -19
90 hp flange (EMAT) SN 63764 -47 -26 -13 -3 -16 -40 -14 30 -14 -41
100 hp center (PET) SN 80582 100 23 28 54 92 112 50 72 50
100 hp center (EMAT) 14 -20 -39 6 29 36 8 -8 13 -23
SN 80582
100 hp flange (EMAT) -56 0 53 14 17 -23 14 41 47 -4
SN 80742
100 hp flange (EMAT) -72 0 10 2 -27 -56 -34 -25 23 -28
SN 80742

NPM-No PET measurements taken.
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A comparison of the PET and EMAT through thickness averaged stress values
was obtained for each wheel condition which includes the as-manufactured, induction
heated, and drag braked conditions. As stated previously, the results show good
correlation between systems with the PET readings consistently higher. The results of
those comparisons are shown in Table 8. Figures 52, 53 and 54 show the average stress
of the test wheels graphically. Figure 55 shows the direct comparison of the average

stress measured between the EMAT and PET ultrasonic systems.

Table 8. PET and EMAT Ultrasonic Front Rim Phase Averaged Stress Values

Wheel Condition Wheel ID No. Power Input PET EMAT
kW (hp) MPa MPa
As Manufactured 26508 0 -46 -82
As Manufactured 26512 0 -49 -96
Induction Heated 26515 38 (51) -13 -65
induction Heated 26529 38 (51) -35 -84
induction Heated 26506 42 (56) 2 -60
induction Heated 26520 42 (56) 5 -59
Induction Heated 26522 42(56) 16 -57
Induction Heated 26513 45 (60) 37 -34
Induction Heated 26524 45 (60) 48 -25
Induction Heated 26526 45 (60) 34 -39
Drag Braked 91817 56 (75) -19 -43
Drag Braked 91768 56 (75) -47 -55
Drag Braked 91807 60 (80) -30 -45
Drag Braked 91813 60 (80) -35 -76
Drag Braked 91778 60 (80) -48 -47
Drag Braked 84967 60 (80) -25 -38
Drag Braked 91777 63 (85), 60 mph -17 -44
Drag Braked 91784 63 (85), 60 mph -74 -69
Drag Braked 91847 63 (85), 60 mph -14 -40
Drag Braked 91843 63 (85), 60 mph -40 -52
Drag Braked 84758 63 (85), 70 mph NA 3
Drag Braked 84972 63 (85), 70 mph NA 53
Drag Braked 86398 63 (85), 70 mph NA 61
Drag Braked 80887 63 (85), 70 mph NA 141
Drag Braked 76933 67 (90) 32 -6
Drag Braked 76896 67 (90) 73 13
Drag Braked 83991 67 (90) -19 -28
Drag Braked 63764 67 (90) -3.7 -18
Drag Braked 80582 75 (100) 50 2
Drag Braked 80742 75 (100) -4 -21
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4.3 STANDARD SAW CUT MEASUREMENTS

Tables 9 through 14 list the saw cut displacements up to a depth of 5 inches into the
drag braked wheels. Figures 56 through 61 show the displacements graphically. The

displacements are shown for both centered and flange crowded brake shoe positions.

Table 13 and Figures 62 and 63 show displacements for the as-manufactured and

induction heated wheels.

Table 9. Saw Cut Depth to Displacement Measurements for Railroad
' Wheels Drag Braked at 75 hp and 60 mph

Depth of S/N 91817 (flange crowded) S/N 91768 (flange crowded)
Saw Cut displacement (in.) displacement (in.)

(in.)

0.0 0.000 0.000

0.5 0.000 0.000

1.0 0.000 -0.001

1.5 -0.001 -0.002

20 -0.002 -0.004

25 -0.002 -0.006

3.0 -0.003 -0.007

35 -0.004 -0.009

4.0 -0.004 -0.011

4.5 -0.004 -0.012

5.0 -0.003 -0.012
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Figure 56. Radial Displacements, After Standard Saw Cutting, of the
56 kW (75 Hp) Wheels Drag Braked at 60 mph for Three 30-Minute Cycles
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Table 10. Saw Cut Depth to Displacement Measurements for Railroad
Wheels Drag Braked at 80 hp and 60 mph

Depth of S/N 91778(flange S/N 84967(flange SIN SIN
Saw cut (in.) crowded) crowded) 91813(centered) 91807(centered)
displacement (in.) | displacement (in.) | displacement (in.) | displacement (in.)
0.0 0.000 0.000 0.000 CTC
0.5 0.000 0.000 0.000 cTC
1.0 0.000 0.000 -0.001 CTC
1.5 0.000 -0.001 -0.002 ciC
2.0 0.001 -0.001 -0.003 CTC
2.5 0.001 -0.001 -0.004 CTC
3.0 0.002 -0.001 -0.005 CTC
3.5 0.003 0.000 -0.005 CTC
4.0 0.005 0.001 -0.006 CTC
4.5 0.006 0.002 -0.006 CTC
5.0 0.007 0.003 -0.006 CTC
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Figure 57. Radial Displacements, After Standard Saw Cutting, of the
60 kW (80 hp) Wheels Drag Braked at 60 mph for Three 30 Minute Cycles
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displacement (in.)

Table 11.

Saw Cut Depth to Displacement Measurements for Railroad
Wheels Drag Braked at 85 hp and 60 mph

Depth of SIN S/N S/N 91784 SIN 91777
Saw Cut | 91843(flange 91847(flange (centered) (centered)
(in.) crowded) crowded) displacement | displacement
displacement | displacement (in.) (in.)
(in.) (in.)
00 0.000 0.000 0.000 0.000
05 0.000 0.001 0.000 0.000
1.0 0.000 0.000 -0.001 -0.001
1.5 0.000 0.000 -0.002 -0.002
20 0.000 0.001 -0.003 -0.003
25 0.001 0.001 -0.004 -0.004
3.0 0.001 0.002 -0.005 -0.004
" 35 0.002 0.003 -0.006 -0.004
4.0 0.003 0.005 -0.006 -0.004
45 0.004 0.006 -0.006 -0.004
5.0 0.005 0.007 -0.006 -0.004
0.030
0.020
0.010
oy
) =3 = Z
-0.010
-0.020
85 hp
(60 mph)

-0.030
0.0

1.0

2.0

cut depth (in)
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5.0

—m— 91843 () —=— 91847 (f) —¥— 91784 (c) —=— 91777 (¢)

Figure 58. Radial Displacements, After Standard Saw Cutting, of the
63 kW (85 hp) Wheels Drag Braked at 60 mph for Three 30-Minute Cycles
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Table 12. Saw Cut Depth to Displacement Measurements for Railroad
Wheels Drag Braked at 85 hp And 70 mph.

Depth of S/N 80667 S/N 86398 S/N 84972 S/N 84758
Saw Cut {flange (flange (centered) (centered)
(in.) crowded) crowded) displacement | displacement
displacement | displacement (in.) (in.)
(in.) (in.)
0.0 0.000 0.000 0.000 0.000
0.5 0.003 0.002 0.000 0.001
1.0 0.007 0.006 0.000 0.000
1.5 0.013 0.010 0.000 -0.001
2.0 0.019 0.015 0.002 0.001
25 see note see note 0.004 0.001
3.0 see note see note 0.007 0.002
35 see note see note 0.012 0.004
4.0 see note see note 0.016 0.006
45 see note see note 0.019 0.008
5.0 see note see note 0.022 0.009

Note: Wheels cracked at a cut depth of approximately 2.0 inches so no other measurements were recorded.
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Figure 59. Radial Displacements, After Standard Saw Cutting, of the
63 kW (85 hp) Wheels Drag Braked at 70 mph for Three 30-Minute Cycles.
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displacement (in.)

Table 13. Saw Cut Depth to Displacement Measurements for Railroad
Wheels Drag Braked at 90 hp and 60 mph.

Depth of S/N 83991 S/N 63764 S/N 76933 S/N 76896
Saw Cut (flange (flange (centered) (centered)
(in.) crowded) crowded) displacement | displacement
displacement | displacement (in.) {in.)
(in.) (in.)
0.0 0.000 0.000 0.000 0.000
05 0.001 0.001 0.000 0.000
1.0 0.000 0.000 0.000 -0.001
1.5 0.000 0.000 0.001 -0.001
20 0.001 0.001 0.003 -0.001
25 0.002 0.002 0.004 0.000
3.0 0.003 0.003 0.006 0.001
3.5 0.006 0.005 0.009 0.003
4.0 0.008 0.006 0.011 0.004
4.5 0.001 0.008 0.013 0.005
5.0 0.011 0.009 0.015 0.007
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Figure 60. Radial Displacements, After Standard Saw Cutting, of the
67 kW (90 hp) Wheels Drag Braked at 60 mph for Three 30-Minute Cycles
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Table 14. Saw Cut depth to displacement measurements

for a railroad wheel drag braked at 100 hp and 70 mph

Depth of S/N 80742 S/N 80582
Saw Cut | (flange crowded) (flange crowded)

(in.) displacement (in.) | displacement (in.)

0.0 0.000 CTC

0.5 0.000 CTC

1.0 -0.001 CTC

1.5 -0.001 CTC

20 -0.001 CTC

25 0.000 CTC

3.0 0.001 CTC

35 0.003 CTC

4.0 0.004 CTC

4.5 0.005 CcTC

5.0 0.007 CTC
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0.020
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Figure 61. Radial Displacements, After Standard Saw Cutting, of the
75 kW (100 Hp) Wheel Drag Braked at 70 mph for Three 30-Minute Cycles
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Table 15. Saw Cut Depth to Displacement Measurements for Railroad Wheels in the

as Manufactured and Induction Heated (45 kW (60 hp)) Conditions

Depth of SIN 26508 S/N 26512 SIN 26526 S/N 26524
Saw Cut (as manu- (as manu- (induction (induction
(in.) factured) factured) heated) heated)
displacement displacement displacement displacement
(in.) (in.) (in.) (in.)
0.0 -0.001 -0.005 0.058 0.082
0.5 -0.001 -0.005 0.062 0.086
1.0 -0.001 -0.001 0.062 0.086
1.5 -0.001 -0.005 0.066 0.086
2.0 -0.009 -0.017 0.066 0.062
25 0013 0017 0.062 0.054
3.0 0.007 -0.013 0.058 0.050
35 0.003 -0.005 0.054 0.050
4.0 0.003 -0.009 0.046 0.039
4.5 0.007 -0.013 0.039 0.031
5.0 0.003 -0.009 0.039 0.031
0.030
0.020
= 0.010
5 /\-————-/-\-
[}
aE) 0.000 g———mr
§ ‘~__/\\k / A\
§'°-°'° \.__\-‘__v/ \v//v
-0.020
as manufactured
-0.030
0.0 1.0 2.0 3.0 4.0 5.0

cut depth (in)

—E8—- 26508 —¥— 26512

Figure 62. Radial Displacements, After Standard Saw Cutting,
of Railroad Wheels in the As-Manufactured Condition
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Figure 63. Radial Displacements, After Standard Saw Cutting, of
Railroad Wheels Induction Heated at 45 kW (60.hp) for
30 Minutes and Air Cooled for 5 Hours

Table 16 and the graph in Figure 64 are a comparison of the displacement
measurements for the test wheels. The measurement was focused at a cut depth into
the wheel of 2.0 inches. This 2.0-inch cut depth was identified because this was the
approximate depth at which two wheels fractured during saw cutting. The wheels that
fractured (see Figures 65 and 66) had been drag braked at 70 mph for three runs of 50

minutes or longer in an 85 hp flange crowded environment.
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Table 16. Saw Cut Depth To Displacement Measurements at a Cut Depth of 2 inches on as
Manufactured, Induction Heated and Drag Braked Railroad Wheels

Wheel Wheel Wheel Displacement Maximum
Serial Number Condition at 2-inch Cut Depth (in.) Displacement (in.)

26508 as manufactured -0.009 -0.013
26512 as manufactured -0.017 -0.017
26526 induction heated (60 hp) 0.066 0.066
26524 induction heated (60 hp) 0.062 0.086
91817 drag braked (75 hp (f1)) -0.002 -0.003
91768 drag braked (75 hp (fl)) -0.004 -0.012
91778 drag braked (80 hp (fl)) 0.001 0.007
84967 drag braked (80 hp (fl)) -0.001 0.003
91813 drag braked (80 hp (c)) -0.003 -0.006
91843 drag braked (85 hp (fl 60)) 0.000 0.005
91847 drag braked (85 hp (fl 60)) 0.001 0.007
91784 drag braked (85 hp (c 60)) -0.003 -0.006
91777 drag braked (85 hp (c 60)) -0.003 -0.004

80667 (*) drag braked (85 hp (fl 70)) 0.019 0.019

86398 (%) drag braked (85 hp (fl 70)) 0.015 0.015
84972 drag braked (85 hp (c 70)) 0.002 0.022
84758 drag braked (85 hp (c 70)) 0.001 0.009
83991 drag braked (90 hp (fl)) 0.001 0.011
63764 drag braked (90 hp (fl)) 0.001 0.009
76933 drag braked (90 hp (c)) 0.003 0.015
76896 drag braked (90 hp (c)) -0.001 0.007
80742 | drag braked (100 hp (c)) -0.001 0.007

(*)Wheels cracked at a saw cut depth of approximately 2 inches.
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Figure 65. Fractured Railroad Wheel X Drag Braked at 70 mph,
3 Runs at a Minimum of 50 Minutes Each Run
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Figure 66. Fractured Railroad Wheel X Drag Braked at 70 mph,
3 Runs at a Minimum of 50 Minutes Each Run

4.4 FINITE ELEMENT ANALYSIS (FEA)
4.4.1 Induction Heat FEA

The finite element analysis conducted for 51, 56, and 60 hp heat inputs and the average
element hoop stress in the NDT zone at the end of each analysis has been calculated.
Each analysis was conducted in two steps. The first step solves for the temperature
distribution in the wheel at discrete time steps. The second solves for the resulting
temperature induced wheel stresses at those time steps. The results from the analysis

are shown in Table 17.
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Table 17. Average Hoop Stress as Generated by
the FEA Heat Model

Heat Input kW (Hp)

NDT zone average hoop stress

MPa (ksi)
38, (51) 34 (5)
42, (56) 55 (8)
45, (60) 82 (12)

Comparing the FEA results with the actual ultrasonic measurements show a
similar trend in hoop stress identification. As mentioned previously, an offset between
the FEA results and the ultrasonic measurements is expected. The offset is due to the
FEA being evaluated from a point of zero stress and ultrasonic measurements taken on
actual wheels which have compressive stresses generated into the wheels during the
manufacturing process. Figure 67 shows the comparison between the FEA results and
the ultrasonic measurements. Figure 68 shows the same comparison as before but with

a -80 MPa offset. The offset has been added to simulate the railroad wheel state after

manufacturing.
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Ultrasonic Measurements Using PET and EMATSs for Evaluating Induction

Heated Railroad Wheels

200

175

425 o

Avg. Stress (MPa)
N

-100

425 e

-150

38'kW 38 kW 42 kW 42 kW 42 kW 45 kw 45 kW 45 kW

Wheel Condition

—m— EMAT —%— PET —=— FEA

Figure 68. Residual Stress Comparison Between the Finite Element Analysis Heat
Model and Ultrasonic Measurements Using PET and EMATs with a -80 MPa Offset to

Compensate for Stresses Generated During Manufacturing
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4.4.2 Saw Cut FEA

The saw cut FEA model was derived by allowing it to reach equilibrium with the
specified hoop displacement data. This amounts to “unsawcutting” the wheel. The
average element hoop stress for the NDT zone was then calculated. The average hoop
stress at the NDT zone for the four wheels that saw cut opening measurements were
made are given in Table 18. Figure 69 shows the trend comparison between FEA from

the unsawcutting process and ultrasonic measurements.

Table 18. Average Hoop Stress as Generated by the Saw Cut Displacement Model

Wheel No. NDT Zone Average Hoop Stress MPa (ksi)
5 (45 kW (60 hp)) 35, (5)
6 (as manufactured) -28, (-4)
7(45 kW (60 hp)) -55, (-8)
8 (as manufactured) -41, (-6)

Avg. Stress (MPa)
»

Wheel Condition

—#— EMAT —®— PET —w— FEA

Figure 69. Residual Stress Comparison Between the Finite Element Analysis Saw Cut
Displacement Model and Ultrasonic Measurements Using PET and EMATs
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The result from wheel 7 was not expected since wheel 5 and 7 were showing the
saw cut to be opening. Because of this both should be in tension, but wheel 7 is
indicating compression in the NDT zone. This is even more surprising since wheel 7

has much larger opening displacements on the tread surface than wheel 5.

The explanation is that wheel 5 and 7 have a neutral axis that cuts through the
NDT zone (leaving the gage and field face elements in compression and the rest in
tension). Since wheel 7 had much larger displacements on the tread the compressive
stress on the gage and field face elements intensified and caused the average NDT zone

hoop stress to be in “compression” even though all the other elements in the NDT zone

were in tension.

4.4.3 Saw Cut FEA Relevant Error Sources

There are three relevant error sources for the saw cut FEA. They are:
(1) Assumption of homogeneous material properties may be in error.
(2) Inaccurate boundary conditions may have been caused by test
measurement errors, when recording saw cut displacements both
electronically and manually.
(3) Hoop stress may vary around the wheel (demonstrated by NDT

measurements at different positions on the wheels).

5.0 CONCLUSIONS

The nondestructive testing system developed by NIST has demonstrated both accuracy
and reliability in determining the residual “hoop” stress in as-manufactured, induction
heated and drag braked cast railroad wheels. Comparison with the DEBRO-30
ultrasonic system, available commercially in Europe, showed excellent correlation in
measurement trends with a maximum offset of approximately 40 MPa (6 ksi).” Both
ultrasonic systems correlate with induction heated finite element analysis trends as
shown in Figure 70. The graph in Figure 70 contains an -80 MPa offset to compensate

for the compressive stressed wheel condition produced as part of the manufacturing
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design process. A correlation also exists between ultrasonic and saw cutting data as
shown in Figure 71. Nondestructive and destructive data trends show a correlation in
identifying the residual stress states of railroad wheels to be either compressive or

tensile.

As mentioned previously in order for thermal failure to occur in a railroad
wheel, three conditions must be present. First a thermal crack must be present on the
rim of the wheel; this condition can usually be determined with visual inspection.
Second, a residual tensile stress must be present to permit crack opening; this condition
could be addressed by using the EMAT system to identify wheel residual “hoop”
stresses in the rim. And third, the wheel must be subjected to a set of alternating loads
to advance the thermal crack until it reaches a critical size and fracture occurs. If any of

the preceding three conditions are missing, failure will not occur.

By implementing the EMAT system to determine wheel residual stress states
during both wheel manufacturing, as a quality control tool, and wheel-shop inspection,
as a safety inspection tool, two of the three conditions for thermal failure in a railroad
wheel would be addressed. Combining visual inspection with residual stress
monitoring would help to assure that wheels containing both thermal cracks and a
residual tensile stress are identified and removed from service. The EMAT also serves
as a tool in identifying wheels which may contain thermal cracks on the rim, but the
stress state of the wheel is compressive allowing the wheel to remain in service, thus

reducing wheel replacement costs.
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6.0 RECOMMENDATIONS

The NIST ultrasonic EMAT system has demonstrated the accuracy and reliability for
determining the residual “hoop” stress state of as-manufactured, induction heated and drag
braked CH-36 railroad wheels. AAR recommends that the system be further evaluated by
measuring residual stresses of in-service railroad wheels. An EMAT system should be setup
in a wheel inspection shop and used to measure stress states on a minimum of 100 wheels.
The wheels would be identified as containing either compressive or tensile “hoop” stress as
measured by the EMAT system. From the wheels sampled a minimum of 50 of these wheels
should be saw cut to verify any correlation with the ultrasonic data. It is suggested that the
wheels identified for saw cutting be equally selected with 25 of the wheels suspected of
containing a compressive residual stress and the other 25 a tensile residual stress. If the
evaluation provides sufficient correlation between nondestructive (EMAT) and destructive
(sawcutting) results then the EMAT system should be considered for commercial

application.

The primary areas to benefit from the EMAT technology would be wheel
manufacturers and wheel inspection shops. The use of the EMAT as a quality control
tool should allow the wheel manufacture to re-evaluate destructive inspection
requirements thus allowing more product available for sale to customers. Wheel shops
could use the EMAT system to assess the safety of wheels entering and leaving their
shops. By identifying the residual stress state of the wheel, a greater level of

confidence in decisions to return or remove wheels from service would be provided.
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