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(ABSTRACT)

A new failure criterion for discriminating good and bad (overheated) railroad car wheels is

proposed. This criterion can replace the conventional ”four inch" discoloration rule. The procedure

for the new discrimination criterion is based on the fluctuations of the azimuthal residual stress in

the tread of the wheel. This criterion is based on a maximum likelihood statistical analysis of data

obtained from six different wheels as deterrnined by x-ray diffraction. Of these locations, the anal-

ysis showed the tread, and perhaps a critical point on the top of the flange, to be the most sensitive .

to residual stress. The variance analysis showed that fluctuations in stress at the most sensitive lo-

cation in the tread appeared to be related to the service history. The residual stresses showed an

oscillatory pattem in the hoop direction around the wheels.

Extension of the measurement technology to the use of magnetoelastic stress measurement

is proposed. To evaluate the inaccuracy in stress data possible from a large sample with curved

surface, corrections for a deliberate tilt of the plane of the x-ray diffractometer from the normal to

the sample surface have been developed. Analysis of different misalignments are discussed. To

validate our x-ray residual stress data, residual stresses were also measured by hole drilling. Excel-

lent agreement between two techniques was found. Finally, stress variation with depth below sur-

face was deterrnined by the hole drilling technique.
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1.0 EXECUTIVE SUMMARY

Train derailments result in large fmancial losses to the railroad industry and sometimes even

involve loss of human life. One of the major causes of train derailments is wheel failure. In order ‘

to reduce the probability of an accident due to wheel failure, the industry uses the ”four inch' dis-

coloration rule to remove suspected wheels. However, it is widely believed that the "four inch" rule

does not perform satisfactorily in discrirninating between good and bad wheels. One estimate sug-

gests that eighty percent of the removed wheels, especially those of the new curved plate design, are

in fact good wheels. This results in an estimated $80 million annual loss.

The causes of the wheel failure have been investigated by many scientists in order to fmd a

technique with better discrimination than the ”four inch" rule. Previous research has shown that

wheels fail by fracture. The initiation and propagation of cracks has been shown to be related to

residual stresses which are believed to be caused by thermal braking cycles. Thus, determination

of residual stresses in railroad car wheels has been a significant research topic for many years.

The residual stresses in wheels have been studied using Barkhausen noise, saw cutting, hole

drilling, and other analyses. However, x-ray diffraction, one of the major tools for the investigation

of residual stress, has not been attempted previously for residual stress measurements in uncut

railroad wheels because until recently it was slow, not portable, and thus inappropriate for use in

the field, on large samples such as a railroad wheel.
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The purpose of this research was to use high speed, portable x-ray residual stress technology

to characterize railroad wheels subjected to different histories, to use statistical analyses to fmd the

critical locations on the wheels where measurements should be made which maximize the discxim-

ination between good and bad wheels, and to evaluate whether a nondestructive technique utilizing

x-ray residual stress analysis or some other calibrated nondestructive evaluation method has po-

tential for use in place of the current "four inch" rule.

Six wheels (two new, two normal wear, and two heat-discolored wheels) were through char-

acterized by x-ray diffraction to construct the data base for the statistical analysis. Each normal

wear wheel had been used to some extent, but had no grooves on the tread and no discoloration

on the plate. Each heat-discolored wheel had approximately four inches of discoloration on the

plate and grooves on the tread.

For the x-ray stress measurements, a wheel carrier was constructed to allow convenient and

safe experirnents. The x-ray residual stresses were determined by measuring the change of the lattice

spacing as a function of the orientation of the grains in the metal. The strain was then calculated

from the lattice spacing change, and H0oke’s law was used to determine the stress from the strain.

ln all, residual stresses were determined at over one thousand locations on the wheels. Rust in

certain regions of the wheel resulted in a poor signal to noise ratio so that accurate diffraction peak

positions were difficult to resolve. ln order to improve the quality of x-ray diffraction, a cleaning

solution was used. A large tilt of the diffractometer in a plane perpendicular to the plane of the

diffraction was needed because of the complicated geometry of the wheels. An equation was de-

rived to correct for this tilt. ln addition, the effects of the misalignment errors on the x-ray stress

measurements were considered.

In an auxiliary experiment, hole drilling was used to measure the depth profile of residual

stresses and to provide a comparison with the x-ray results. A special fixture was designed to adapt

and align the hole drilling device to the wheel. The agreement of the residual stresses deterrnined

by the x-ray diffraction and hole drilling was excellent.

Since the technology is to be applied in an industrial setting, the stress which characterizes

an overheated wheel must be measured as rapidly and inexpensively as possible. Therefore, it was
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essential to measure the state of stress at many locations on a wheel in order to determine if certain

locations showed more sensitivity to changes in residual stress with service history. Stress meas·

urements were made at a large number of locations over the entire face of each wheel. Maximum

likelihood statistics test were used to select the most sensitive location which would characterize the

wheel. It was found, surprisingly, that it was not the mean stress at the key (most sensitive) lo-

cations that characterized the service history. Rather, it is the fluctuation of the stresses around the

wheel which seems to be the discrirnination factor. Thus, the mean RMS fluctuation of the residual

stress measured in the key location on the tread is proposed as a potential indicator for the dis—

crimination of good versus bad wheels. Magnetoelastic measurements are proposed a possible high

speed implementation of this observation.

In the following chapters, the history of residual stress measurements in railroad wheels is

discussed as well as other relevant work ir1 the area of wheel failure. Then a brief review of the

general principles of residual stress measurement by x-ray diffraction and hole drilling is presented.

Chapter 4 describes the experimental results of over 1000 stress measurements on the six wheels and

the correlation of these data with the hole drilling data. In Chapter 5, maximum likelihood analysis

is applied to these data to determine the locations on the wheels at which the residual stress is most

sensitive to service history. An analysis of the fluctuation of the residual stress as a function of

service history is also carried out. The key results of the statistical analyses and this interpretation

are given in the discussion of Chapter 6. The esscnce of the dissertation is sumrnarized ir1 the

conclusion and recomrnendation of Chapters 7 and 8. Appendix A describes diffractometer rnisa-

lignment errors in x-ray residual stress measurenets.

EXECUTIVE SUMMARY 3



2.0 HISTORICAL REVIEW OF RESIDUAL

STRESSES, FRACTURE, AND FAILURE IN

RAILROAD WHEELS

Safe operation and maintenance of wheels on railroad freight cars is a problem of major sig-

nificance to the American and intemational railroad industry. Fracture of wheels or failure of axle

bearings can, and unfortunately sometimes does, result in derailments with loss of human life and

serious impact on the environment. More often, derailments are not so sensational but yet involve

significant expense in terms of repairs to cars and roadbed and in loss of revenue due to delays and

reroutings. As important, there is a negative public perception of the safety-consciousness of the

industry.

Industry concem with this problem, ir1 the absence of definitive analytical technology and

knowledge of the physical metallurgy of the mechanisms of wheel fracture and failure, led to a

consensus of expert thinking that many of these failures were probably correlated with wheel

overheating due to drag brakirrg. lt was also estimated that the degree of wheel overheating might

be related to the discoloration of the oxide on the wheel near the rim. As a result, the "four inch”

criterion evolved, in which it was estimated that if the rust discoloration extended radially four
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inches from the rim towards the axle, the wheel may have suffered potentially damaging overheat-

ing. Unfortunately, this ad hoc industry attempt to manage a difficult and serious problem in the

absence of definitive engineering evidence was incorporated ir1to the "four inch rule" by the Fedral

Railroad Administration (FRA). Thus, what originally had been intended to be an industry

guideline instead had become a Federal administrative law subject to er1forcement and which carried
° severe penalties for failure to comply‘.

The cost of the four inch rule to the industry, currently estimated at over $100 million an-

nually, is very highz. Experience now indicates that there is little or no correlation between wheel

discoloration and potential for failure2" especially with the newer design curved-plate wheels".

ln fact, it is estimated that in excess of 80% of the wheels removed under the requirements of the

four inch rule are, in fact, good wheels’·‘·‘. This implies a needless loss to the industry of over $80

million annually with no resulting improvement in the safety of the railroad system!

From the foregoing, it is apparent that it is of critical importance to the industry to: (i) de-

velop technology that will unequivocally relate some physically measurable parameter of a wheel

to its propensity for failure, (ii) assure that this technology can be applied in the field by the rail-

roads within their existing wheel inspection procedures, a.r1d (iii) keep the cost of such inspections

to an amortized value of under $7 per wheel‘.

For approximately the past decade there has been a major effort to understand the nature of

railroad wheel failures, both from a theoretical and an experimental point of view. Under the

sponsorship of the Association of American Railroads (AAR), significant progress has been made

in developing finite element analysis computer codes which predict the heating of, and resultant

residual stresses in, wheels subjected to a variety of bralcing conditions—’
’ 12. As these calculations

have evolved, the elasto~plastic behavior of the wheels and various types of thermal loads have been

included in the calculations. The temperature gradients predicted by the calculations, as well as

other properties such as braking forces and coeflicients of friction, have been examined

experimentally"·" and these results have been incorporated into improved computational analyses.

A representative result for a single wheel is shown in Figure l. This result will be of importance

in Section 4 when the X-ray residual stress results are discussed. A primary result of these calcu-
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Figure I. Calculated residual stress contcurs in a curvcd plate railroad whee|‘
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lations is that it has been shown that residual stresses developed during the heating / cooling cycle

of extended braking are clearly large enough to create conditions under which crack growth and

ultimate wheel failure would be expected to occur. This result also shows no steep stress variation

in depth near the surface of wheel. It is to be noted that these calculations assume cylindrical

symmetry. As will be seen later, this assurnption may be questionable.

In recent experimental saw cutting work", it has been observed that in approximately 10%

of the wheels studied there can be signiiicant deviations of the residual stresses from azimuthal

(cylindrical) syrnmetry about the wheel axle. This effect is attributed to hot zones which appear to

be some 200°F hotter than the rest of wheel, and seem to extend over 90 to l20° angular range.

The effect is often so severe that, even though the circumferential residual stresses outside this zone

may be compressive, they can be tensile within the zone. It is important to note that this effect

was discovered only after the present research was proposed and the experiments were begun.

In conjunction with these computational studies, there has been considerable effort expended

to experimentally verify the state of residual stress predicted by the computational models. The

topic has been the subject of a major Department of Transportation (DOT) conference‘°, and in-

clude such technologies as saw cutting"·", Barkhausen noise analysis (BNA)’•", and hole

drilling*°·*‘. More recently, the AAR and National Aeronautics and Space Administration (NASA)

- Langley have jointly developed technology based on the magneto-acoustic effect“"" . This in-

strument is currently under evaluation at the AAR and a recent conversation with Namkung indi-

cates that much work remains to be done before the technique can be considered as a production

tool for the characterization of stresses in real·world samples". Because, as will be discussed below,

the metallurgy of steel rails and railcar wheels is expected to be quite similar, the review of residual

stress measurement in rails by Cheesewright" should be of significance to the present work. lt is

important to note that, with the exception of notes in passing by Barton et
al’

and CheesewrightZ°

residual stress measurement by x·ray diffraction has not been considered for application to the

railroad wheel problem even though it is an old and well-established technique°°‘” . This is be-

cause, prior to the development of PARS" (Portable Apparatus for Residual Stress) by James and

Cohen in 1976, it was not possible to make measurements on entire wheels without sectioning. It

REVIE\V OF RESIDUAL STRESSES, FRACTURE, AND FAILURE IN RAILROAD 7



has only been in the last four years that PARS has evolved from a university prototype into a viable

commercial product that it has warranted consideration. It is to be noted that the Technology for

Energy Corporation (TEC) Model 1600 X-Ray Stress Analysis System used on this research was

developed by Professor Hendricks, while he was with TEC, applying the original James and Cohen

patent.

Although the effect of microstructure on the mechanical behavior of railroad wheels has not

been extensively studied, there have been fracture mechanics studies°‘·”. Furthermore, there have

been several fundamental studies on rail steels, which are essentially the same alloys as those used

in wheels. Thus, these rail studies should provide guidance in the present study. Pearlite

interlamellar spacing has been shown to have the greatest effect on the fatigue crack initiation en-

durance limit" although it has only a minor effect on fatigue crack propagation". Prior austenite

grain size, pearlite colony size, and colony orientation also tend to control fatigue crack

propagation", with roughness-induced crack closure being cited as a controlling mechanism".

These variables must be exarnined in any comprehensive study of fatigue crack control in railroad

wheels.

At a meeting among CSX Transportation, AAR, VPI&SU, and CIT personnel held in March

1987, it was concluded that of all of these various residual stress measurement technologies, X-ray

diffraction showed the greatest prornise to give possibility for discriminating good and bad wheels

because of its speed, accuracy, and small sarnpling size, and because it is the only NDE technique

which can provide all components of the stress tensor required for a complete analysis of the

complex state of stress in railroad wheels. However, it was also recognized that its speed is not

sufficient to meet the criteria of a $7 per wheel cost, and thus it must be supplemented with a less

expensive, faster technique. Of the possible fast, portable technologies, the magnetoelastic method

appears very attractive. This technique measures residual stresses with the Barkausen noise gener-

ated by a extemal magnetic field applied to the sample”·"°.
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1 3.0 PRINCIPLES OF RESIDUAL STRESS

MEASUREMENTS BY X-RAY DIFFRACTION

AND HOLE-DRILLING

This section briefly reviews the elementary theory of stress analysis by x·ray diffraction and

hole drilling. Further details can be found in the literature.‘°‘”·"‘“ As will be seen in Section 4.2.1,

the data from railroad car wheels cannot be interpreted in terms of the simple classical theory of

biaxial stresses developed in Section 3.1.1. On the contrary, it is essential to consider the role of

shear stresses, the theory for which is reviewed in Section 3.1.2. Finally, because of the curved

surfaces found in most locations of interest on wheels, it is essential to consider the errors intro-

duced by inadvertent or unavoidable tilts of the diffratometer with respect to the component sur-

face. A brief summary of the results, whose mathematical derivation is described in Appendix A,

is given in Section 3.1.3. In addition, the hole drilling technique is described in Section 3.2.1 The

hole drilling technique is used for confrrmation of x·ray stress data and for evaluation of the stress

variation with depth.

PRINCIPLES OF RESIDUAL STRESS MEASUREMENTS BY X-RAY DIFFRACTION AND
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3.1 X-RA Y DIFFRACTION

3.1.1 Basic Theory

I
The basis for the determination of residual stresses by x~ray diffraction is Bragg’s Law for

diffraction. Essentially monochromatic x-rays, produced in the x·ray tube when energetic electrons

(50 keV) impinge on a pure metallic target (usually copper or chrornium), are scattered by the at-

oms comprising the material under investigation. In a crystal in which the atoms have a known

periodic arrangement (Figure 2), the constructive and destructive interferences among the scattered

waves result in scattered radiation in sharp, well-defmed locations given by the famous Bragg

equation

where

l = X-ray wavelength,

d,,,,, = atomic spacing of the (hkl) plane, and

9 = scattering angle of the diffracted peak.

From this, it is seen that an accurate determination of the scattering angle, 0, with a known wave-

length radiation, l, allows the determination of the d-spacing of the (hkl) plane.

In a polycrystalline material in which the grains take on random orientations, the (hkl) planes

have a uniform distribution of their normals in space. However, at any given time, only those

planes whose normals bisect the angle between the incident and diffracted beams will actually

dilfract. Thus, by changing the orientations of the components under investigation with respect to

the diffractometer, it is possible to detemiine, with a high degree of accuracy, the changes in the

d-spacings with orientation. In a stress-free material, all of these d-spacings should be equal (to

PRINCIPLES OF RESIDUAL STRESS MEASUREMENTS BY X-RAY DIFFRACTION AND
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Figure 2. Bragg’s Law from x-ray beam dilfraction in the crystal structure.
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about 1p.A). However, if a stress is applied to the sample, there can be significant changes in the

d·spacings. This concept is the basis of the technology used in this research program.

The relationship between the changes in the d-spacing of a given crystallographic plane and

an applied triaxial stress field can be obtained with a Cartesian coordinate system transformation

law, Hooke's law, and the strain·deformation relationship."·" That is

d — do
,cos2qS + 6,2SlI12¢ + 622sin2¢ — 633)sin2¢

1+ 752633 ‘ S1(°11 + 622 + 633)

+ —ä S2(6,3cos¢ + 623sin¢)sin2¢ . (3 — 2)

The term d,, is the d-spacing of the (hld) plane in the unstressed material, while d,_, is the d-spacing
”

of that plane whose normal has an orientation (¢,¤,b) with respect to the sample coordinate system

(see Figure 3). S,(hkl) and S,(hl<l) are x-ray elastic constants for the material, and the 6,, are the

components of the applied or residual stress tensor. A more detailed analysis, described in Section

3.13 and presented in full Appendix A, gives the general relationship for d,_ ,„_,_,,,_• where (¢>, aß,

X) are these orinentation angles and (Anß, Ax) are misalignment errors. For an isotropic medium,

and

1 1 +g S2<h1¤> =ä

where E is Young’s modulus and v is Poisson’s ratio. It is important to note that S, and S, are

functions of the x-ray wavelength used and the Miller indices (hld) of the diffracting planes. If the

PRINCIPLES OF RESIDUAL STRESS MEASUREMENTS BY X-RAY DIFFRACTION AND
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applied or residual stress field is biaxial, then 6,, = 0 for i,j = 3. Under these conditions, Equation

(3-2) reduces to ·

d · do

'°Callingthe terms in the first bracket 6, , the stress in the aß direction, and realizing that at aß = 0

das o ‘ do

Equation (3-3) can be reduced to

da av ‘ da 0 1
(3 — 4)

This result suggests that if the stress field is biaxial, a graph of d,‘, versus sin“aß should be a straight

line of slope é- S,(hkI)6, , and if the x-ray elastic constant S; is known, 6, can be obtained. It will

be shown that in several cases this is a valid approximation. However, it will also be seen that this

is often not the case and that, at a minimum, shear stresses must be taken into account.

3.1.2 Effect of Shear Stresses

It is clear from Equation 3-2 that if the shear stresses 6,;, 613, Or 62, are non-zero, the simple

result given by Equation 3-4 is no longer valid. As will be seen from the data presented in Sections

4.2, this is often the case ir1 the wheels.

Consider the case in which the coordinate system defining aß (see Figure 2) is defined along a

known, simple symmetry direction of the component. For example, for measurements on the tread

PRINCIPLES OF RESIDUAL STRESS MEASURENIENTS BY X-RAY DIFFRACTION AND
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of a wheel, define ¢ = 0 to be in the circumferential or hoop direction. Substitution of ¢> = 0 into

Equation (3-2) yields 1

do, — do .
S26] Sj(6jj + 622 +633)‘

(3 ·· 5a)

and

do,o ‘ do 1T=?S2°33+Sl(°ll +**22+**32) · (3**%)

Subtracting Equation (3-Sb) from Equation (3-5a) gives

dw ‘ dw 1 . 1 .
=?S2(6jj “633)SlII2\ll +?S26j3S1H2\ß

•Thisresult indicates that if the shear stress in the plane of rotation of the diffractometer is non-zero,

the plot of d„_„ versus sinäß will be nonlinear and will be split for ulwé 0. Such effects are exactly

what have been observed in many of the measurements. The two stress coefiicients (6,, — 6,,) and

6,, may be obtained by performing a multiple regression of d„_, versus sinztß and sin2¢, a procedure

readily accomplished on a wide range of statistical analysis packages available on both mainframe

and IBM—PC (International Business Machine·Personal Computer)" computers. ABSTAT‘°

running on an IBM—PC clone and
SAS‘”’

running on IBM-3090 were used for this project.

PRINCIPLES OF RESIDUAL STRESS MEASUREMENTS BY X-RAY DIFFRACTION AND
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3.1.3 Effect of Sample Misalignment

The relationships between the x-ray measurements of crystal d-spacings and the various com-

ponents of the stress tensor presented in Equations (3-2) and (3-6) were established implicitly as-

suming that the x·ray diffractometer was perfectly aligned with respect to the component surface

at the location where the measurements were made. Because of the complicated geometry in the

heat·discolored region in the plate of the wheel, the diffractometer had to be tilted by an angle

(Figure 4) to measure residual stresses. This implies that the stress tensor was determined in a dif-

ferent coordinate system. Therefore, in order to correct the stress to the true stress tensor (X = 0 in

Figure 4) in the coordinate perpendicular to the sample an equation for the coordinate transfor-

mation should be considered.

The result for this case, by applying Aa/1 = AX = 0 to Equation (A-21) of Appendix A, can be .

obtainedz

= Lib; sinzzß {(cos2¢> — sin2X sinzdz) 611 + ( sin2¢> - sin2X cos2¢>) 622

— cos2X 633 + sin 2d>(1+ sin2X) 612

+ sin 2X( cos ¢> 623 — sin ¢> 613)}

. . ' 2 .Sm 2¤l«{ Sm °22) + (S1¤2¢> ' c°$2¢) 612]

+[¤¤Sx(Si¤¤¢¤2;+¤¤S<¢>¤i;)]}- (3-7)

In Equation (3-7), M is the d-spacing of the (hkl) planes obtained after rotating the same (hkl)

planes, which are spaced by do, by a rp, X, and ¢• angles as shown lI1 Figure 4. dg is the d·spacing

in a stress free state and d„_1_3 is the d-spacing obtained after rotating by X and ¢>. ln the typical

case where d> = 0, Equation (27) becomes

PRINCIPLES OF RESIDUAL STRESS MEASUREMENTS BY X-RAY DIFFRACTION AND
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_ . Q .°”
J}

+l€—Lsin 2•p{cos x0l3—SlI1x6I2} . (3-8)

Thus it is seen that, depending on the specific values of the components of the tensor, the inter-

pretation of the coefficients of the multiple regression of d,_X_, versus sinzrp and sin2rp as

(6,, - 6:,,) and 6,, , respectively can lead to potentially significant errors. For this research, a X tilt

of the diffractometer of 18 degrees was applied at 3.5" from the rim comer in the plate of the six

wheels. This means that the normal stress values determined at this location are 10% less than

those obtained if this effect is ignored because sin218° = 0.1. For this result, it was the assumption

that sin2(18°) = 0.1 and 2 1.0. The x-ray nonnal stress in the xz axis, (az, - 6,,) , can

not be determined near the rim due to the wheel geometry. However, at other locations it was

found that 2 1.0. (i.e. an 2 az;). Therfore this assumption was also made at these

locations. The importance of these corrections explains some of the difliculty Professor

Hendricks" has had in interpreting the data from flat sheets of nickel-plated steel which were tilted

through large X-angles in an attempt to avoid serious preferred orientation problems.

X-ray stress measurements need careful alignment of the x-ray diffractometer with respect to

the sample because misalignment of the x-ray diffractometer can lead to signjlicant errors in the

stress determination by the diffractometer. Accordingly, the effect of misalignment has been studied

by many researchers""‘ , who found that the misalignmnets were caused by sample displacement,

sample curvature, and the deviation of true zero position of rp. However, Arp and AX misalignments

of the x-ray diffractomter had not been considered speciiically. Hence, they were examined in detail

in this research.

The generalized equation considering these misalignments is derived in Appendix A. The

resulting equation giving corrections for these misalignments is considered here. When the exper-

PRINCIPLES OF RESIDUAL STRESS MEASUREMENTS BY X-RAY DIFFRACTION AND
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imental misalignment errors, Aw and Ax, are small and X = 0 (no deliberate tilt of specimen and

/or instrument), Equation (A-21) of Appendix A becomes:

dw Aw A ‘ do Aw A ¢ 1 {[ cos2¢6,, + SlIl2¢d22 — 622 + sin 2¢>6,2]

+ [ —4$¢ U23 ‘ 4 C¢* U13 JM

622-2Sw 0l3]Ax} Slllzw

I + U23 + C¢ U13]

+ [COS2¢ 0,1+ SiH2¢022 “ 033 + SlI]2¢012sin

245 sin Zw _ _
+[ T- 6,, —

622 + ( S1I12¢ — cos2¢>) 6,2] Ax} sin 2w.

(3 — 9)

If ¢• = 0 (no deliberate rotation of specimen and /or instrument), Equation (A—22) becomes

dw Aw A
— do Aw A 1 + ,

-2622 AX} Smzw

1 + v .

Equation (3-10) irnplies that Aw and Ax induce fictitious shear stresses because they are

multiplied by (6,, — 6,2) and 6,2, respectively, in the second term of the right hand side. It is noted

that the magnitude of the errors in the x-ray stress measurement depends on both the misalignments

and the stress condition. Thus, it is also critical that the diffractometer be carefully aligned such that

AX = Aw = 0.

PRINCIPLES OF RESIDUAL STRESS MEASUREMENTS BY X-RAY DIFFRACTION AND
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3.1.4 Experimental Technique

The residual stress measurements were made using a Technology for Energy Corporation
l

(TEC) Model 1610 Mobile X-Ray Stress Analysis System. A photograph of this unit is shown in

Figure 5. The measurements were made with vanadium-filtered Cr K, radiation (1. = 2.2906 A)
h

diffracted from the (211) planes of iron. The radiation was recorded in a Xenon-filled linear

position—sensitive x·ray proportional counter”. The low·power x-ray tube was operated at 35 kV

and 1.7 mA. Typically, pinhole collimators 4 mm in diameter were used. Data were collected for

60 s per 1/1-angle for each stress measurement, and 7 angles were recorded in an angular range of -45

to + 45°. Under some circumstances, other collimators, measuring times, and numbers of

¢—angles were used as dictated by the data to be acquired. The x-ray elastic constant S2 was ob-

tained from the literature and was prograrnmed into the TEC software system."
i

The acquired data were recorded in the on-line Digital Equipment Corp. (DEC) LSI 11/23 Plus

minicomputer and were stored on floppy disks. The software system applied all standard x-ray

diffraction corrections to the data—background scattering, sample absorption, Lorentz polarization,

Compton scattering and then computed, by a least squares titting routine, the angular position of

the diffraction peak. Bragg’s law was used to compute the d-spacing of the lattice planes (Equation

3-1). Corrections were made for K,, — K,} wavelength spreads and for sample tilts. The resultant

data were then plotted as d versus sinzgb plots as required by Equations (3-4) and (3-6). Typical

results of these analyses are shown in Figures 6 and 7. lt is to be noted that almost 1000 such

two-page computer analyses were performed in obtaining the data presented in Sections 4 and 5.

Instead of reporting each and every one of the analysis in this dissertation, only the final results are

reported here. The original data are available from Professor Hendricks.

It is to be noted that the data in Figure 6 show no sinzr/z split while the data of Figure 7 show

a signilicant split. This is of particular signilicance to the correct interpretation of stresses in railroad

car wheels. These data were acquired at two different locations on the same wheel (serial number

37334), and indicate that location B has significant shear stresses present. Use of standard multiple

PRINCIPLES OF RESIDUAL STRESS MEASUREMENTS BY X-RAY DIFFRACTION AND
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Figure 6. Typical d versus sinzgb plot for a railroad wheel steel in which no shear stresses are present.
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Figure 7. Typical d versus sinznß plot for a railroad wheel steel in which shear stresses are present.
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regression techniques on an IBM-PC compatible personal computer allowed the fitting of Equation

(3-6) to such data to recover accurate values for both the normal stresses and the shear stress as

well as estimates of the variance of each stress. These data will play a critical role in the statistical

interpretations presented in Sections 4 and 5. Additional information concerning the use of the

TEC X-ray Analysis System can be found in the TEC Operation and Maintenance Manual°°
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3.2 HOLE DRILLING

3.2.1 Basic Theory

The determination of residual stress by hole drilling is based on the relaxation of the neigh-

boring material surrounding the position where the hole is drilled. The material relaxation is eval-

uated by reading strains from a strain gage rosette attached to the desired location. Using Kirch’s

approach to the stress field around a circular hole, the superposition principle for the stress states

before and after the introduction of a hole, Hooke’s
Iaw‘“·“·°‘*“,

and the assumption of a uniaxial

stress field, the relationship for the relaxed radial and tangential strains in the plate after a hole is

made are

6,, = 6„(A + B cos 29) (3 — lla)

where

6,, = uniaxial stress in the i coordinate

l + v GA ‘ ’ 1212 ( r ll
- __t1 ._. 1 ¤_ 1 rB- [ZE [( ,+V4)( ,) (,)]

+ v a g_
C-- ZE [—( HV )( , )’+( , )‘]

9 = angle between coordinates (refer to Figure 8).

If the biaxial stresses (611 and 6;;) are assumed, the radial component of the strain is:
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Only Equation (3-11a), the 6,, term, is used for the derivation of Equation (3-12) because the re-

lieved radial strain, 6,, , is known to be significantly greater than tangential strain, 6,. As a result,

commercial strain gage rosettes are designed with radially oriented grids as shown in Figure 8."

The two principal stresses and the angle between the direction of one of the principal stress and the

coordinate system of the rosette may be obtained by evaluating Equation (3-12) at three different

orientations. This is accomplished through the use of a strain gage rosette as shown in Figure 8.

The equations for determining minimum and maximum stresses and the direction of the

principal stresses can expressed in terms of three strains which are obtained from the three radially

oriented strain gage rosette with the geometry. The equations
are9"“·“·“

6,,,,,,, (6, —62)2 + (62 -
63)2 (3 — 13a)

6,,,,,,, =
223%

+% ((6,
—6,)’

+ (6, - 6,)2 (3 — 13b)

tan26. (3-136)83 Er

where

6, < 6, : 6 refers to 6,,,,,, ,

6, > 6, : Ü refers to 6,,,,,, ,

6,=6,:i9 = 45,

6, <62 : 6,,,,,, at + 45°,

6, > 62 : 6,,,,,, at - 45°,

and 6 is the anglc from gage 1 to the nearer principal axis.

These equations determine the average residual stresses over a volume from the sample surface to

a certain depth after a hole is drilled through a thin plate. ln order to use these equations for the

blind hole case where the hole does not penetrate through the plate, certain factors such as strain

gage rosette geometry, milling Cutter size, and hole depth should be considered since parameters A

and B are dependent upon them. In reality, the parameters should be determined by an experiment
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with the same sample condition, which is virtually impossible in almost all practical cases including

this research. Fortunately, Schajer°‘ has determined these parameters based on a ftnite element

analysis. For this research, his values of theparameters were used.

In the preceeding analysis, a biaxial state of stress in which 6,, = 0 has been assumed.

Nichola°’ has shown that an approximation for depth dependence of the residual stresses can be

obtained with the following relationship:

dn, = —n
—

n-1

where

6’,, = approximate residual stress in the nth drilling

6,, , 6,,_, = average stress from the surface to depth, and

Z,, , Z,,_, = depths of drilling increments n and n-1.

The stress components in the sample coordinate system ca.n be obtained using a Cartesian

coordinate system stress transforrnation law, 6’,, = a,,,,a,,,6$,},;" (The detailed expansion of the trans-

formation law is presented in Appendix A):

61} =CO5286’]l622where

the strain gages 1 and 3 represent 6,, and 6,, , respectively, and
6’,,

and 6’,, are the principal

stresses (Figure 8). After strains are read from the strain gage rosette, the average and the approx-

irnate residual stresses in the principal coordinate system and the stress components in the sample

coordinate system may be easily obtained on a personal computer using Equations (3-12) to (3-15)

and a spreadsheet program such as Lotus l23°°.
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3.2.2 Experimental Technique

The residual stress measurements were made using several strain gage devices supplied by the

Measurement Group with the following procedure. After the sample surface was cleaned with the

cleaning solution provided by the Measurement Group, a strain rosette (Figure 8), Measurement

· Group TEA·06-062RE-120, was applied at the position where the stress was to be measured‘7·“.

The wires were connected between strain gages and a portable strain indicator, Measurement Group

Model P-3500°°, which converted a change in the resistance of the strain gage to the voltage signal

and calibrated itself. Since the strain rosette was used, a portable switch and balance unit, Meas-

urement Group Model SB·l07° was cormected to the strain indicator. Each strain gage in the

rosette was balanced and switched individually by the unit before the measurements7°. A milling

guide, Measurement Group Model RS-200 7*, was centered over the strain gage rosette and then

cemented to the sample. The milling rod was inserted into the milling guide after the milling cutter

was inserted into the rod. The air supply system was assembled to the rod. Then nitrogen gas

(about 20-35 psi) was applied to rotate the milling cutter to cut a hole. At each 0.0025” increment

of the hole depth, the strains were read from the strain indicator. After each increment, the milling

cutter was stopped for 10 seconds to cool the sample? A new milling cutter was used for every

measurement position in order to obtain more accurate and consistent data? The parameters A

and B in Equation (3-12) of Section 3.2.1 for residual stress determination were obtained from

Schajer’s tab1e“ , which considered the strain gage rosette, milling cutter, and hole depth. Addi-

tional information in the use of this experimental technique can be found ir1 the references 72

through 74.
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I
4.0 RESIDUAL STRESSES IN RAILROAD

CAR WHEELS

In this section the results of the investigation of residual stresses in the six wheels provided
I

by CSX Transportation are reported. Section 4.1 describes the analytical procedures and methods,

including a description of the wheels studied, metallographic chracterization, wheel terminology, the

design and construction of special caniers which allow the performance of the x-ray measurements

at nearly any location on each wheel, the procedures used to prepare the wheel surfaces for meas-

urement, and the choice of measurement locations. Section 4.2 presents the experimental results,

including their variation with axial location and with azimuthal location on the wheels, and a

comparison of the results from the wheels of varying service histories. This analysis shows that

there are statistically significant differences between the observed stresses in certain key locations

on these wheels. In addition, the x-ray and hole drilling residual stress data are intercompared.

The residual stress variation with depth obtained by the hole drilling technique is shown.
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4.1 PROCEDURE

4.1.1 Description

Six railroad car wheels of various service histories were provided by CSX Transportation for

this investigation. Included were four flat plate and two curved plate wheels. Two were new, two

were used with normal wear, and two were heat discolored. One of the heat-discolored wheels had
severe tread grooves. The details of each wheel, plus two other wheels of lesser known service

histories - wheels which were held in reserve - are presented in Table l. It is important to note

several of the major differences among these wheels. They were produced by three different man-

ufacturers over a period of 12 years; one was a wrought wheel (H-36 in Table l), the others were .

cast (CH-36 in Table 1); one was a class C heat-treatment, while the others were class U, and two

different stress designs were represented (flat and curved plate). Although, as will be seen in the

analysis section, such a wide choice of parameters makes detailed statistical intercomparisons of the

results from one wheel to the next quite difficult and subject to larger uncertainties than are

normally desirable, it was important tg initially determine if there were any major residual stress

differences among the wheels which could be attributed to these variables. Thus it was concluded

that in this research it was important to examine a variety of wheels which were representative of

those most commonly found in service in the industry.

4.1.2 Optical Metallography and Hardness

For microstructural analysis, small sections were taken from the inner corner of the hub

(Figure 9) of the the wrought, normal wear wheel (Wheel A) and the cast, normal wear wheelRESIDUAL STRESSES IN RAILROAD CAR WHEELS 3l



Table 1. Wheels shipped to Virginia Polytechnic lnstitute in 1987 for residual stress measurementsu

A B C D E F

Ianufacturer Sumimoto Abex Griffin-GS Griffin-GC Gritfm-GX Abex

Serial 37334 125049 59494 61681 17636 169518
Number

Production 4-75 8-82 3-87 11-87 7-81 9-76
Date

Fumishing RCS 7-87 RCS 7-87 RCS 7-87 LVLE 12-87 RCS 12-87 RCS 12-87
Shop

Design H—36 CH-36 CH-36 CH-36 CH-36 CH-36

tress Design High Low Low Low Low High

Plate Design Flat Curved Curved Curved Curved Flat

Class of U U C U U U
Heat Treat.

Apparent Normal Severe New None Greater 4" Normal
Defects Wear Tread Misiit Heat Wear

. . Grooves; Discolor.
Heat

Discolor.

1"read/Flange 27/ 16; 14/ 16; 14/ 16;
23/ 16 4 pts. 4 pts.
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Figure 9. Location of microsection on the hub.
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(Wheel F). Microstructures of other areas such as the tread, flange, and front and back rim were

not determined. This was because destruction of the wheels for microstructural analysis changes

their stress field and could cause catastrophic failure. Furthermore, it is expected that these wheels .

will be used in future experiments such as magnetoelastic analysis a.nd saw cutting. The micro-

structures of these areas of wheels with different service histories have been studied by other research

_ groups“·".

After polishing the microsections and etching them with 2% nital, rnicrographss were made

using a LECO NEOPHOT·2l light metallographic microscope. Scanning electron rnicrographs

(SEM) were made on the same samples using a JEOL JSM-35 equipped with a KeVex x-ray

flourescence analyzer. The micrographs are shown in Figures l0 and ll. Both microstructures

show that the wheel is a essentially fully pearlitic steel as pointed out by Carter et al".

From these rnicrographs, prior austenite grain size and pearlite colony size were assessed using _

the linear intercept method"·" and interlamellar spacing was determined using the method described

by Ridly.” The results are shown in Table 2. Table 2 shows there is no difference in interlamellar

spacing for the two samples. However, the prior austenite grain size of the wrought, normal wear

wheel is shown to be about three times larger than that of the cast, normal wear wheel while the

pearlite colony size was about 50 percent greater. The difference in pearlite colony size of the two

wheels was also imdicated by their microhardnesses. This test showed that the microhardncss of

the wrought, normal wear wheel was 230 VHNW, ar1d that of the cast, normal wear wheel was 529

VHNMO. The microhardeness test was carried out with a LECO DM-400 Hardness Tester using

the method described by Dillinger.°°

The microstructure in the rim of wheels subjected to severe braking has been reported by

Wardriso and Devez.7° There it was found that if cast-iron brakes were used, three different regions

of microstructure were forrned as a result of the heat generated by brake shoe contact with tread.

First, the microstructure near the tread surface consisted ofmartensite, nodular pearlite, and bainite.

Beneath the surface, in the tempered area, the microstucture becomes ferrite, pearlite, and

spherodized
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Table 2. Microstructural features determined in the hub of wrought and cast, normal wear wheels.

-Wrought Cast
wheel wheel

Pearlite interlamella: 0.28i0.02 0.25j;0.02
$P¢‘~¢l¤8 (um)

Pearlite 32gbS 2l;l;5
Colony size (pm)

Prior austenite ll4j;8 33i2
grain size (pm)

Hardness 230 529

(Vl”INaoo)
i
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carbides. In the next region, positioned below the heat affected areas, fine pearlite with a small

amount of proeutectoid fenite at the grain boundaries was produced. However, if composite brake _

shoes were used, less heat was generated than with cast-iron brakes because the composite brake

shoes are designed to have a higher coefficient of friction.°‘ As a result, the tread is tempered and

_ the microstructure even near the tread surface consists of ferrite, pearlite and spherodized carbides

as well.

4.1.3 Design and Construction of Wheel Carriers

Two wheel carriers were designed and constructed which permitted x-ray residual stress meas-

urements to be made in any direction at almost any location on the wheel. The first carrier pro-

vided for vertical mounting (in order to allow movement of mounted wheels through standard

36-inch doorways) and rotation of the wheel about its center. The mounting angle fixture with

clamps and brackets allowed the positioning of the x-ray diffractometer head and milling guide at

almost any location on any surface of the wheel which might prove to be important or interesting

from a stress point of view. Schematic diagrams of this carrier are shown in Figures 12 and 13.

The x-ray diffractometer mounted on the carrier and the articulated arm of the diffractometer are

shown in Figure 12. Figure 13 shows the hole drilling equipment: milling guide, strain indicator,

and balance unit. (Note: There are some locations at which x-ray measurements could not be

made because of the restrictions due to the geometry of the wheel and the x-ray head.) The carrier

has been found to perform satisfactorlly.

The second carrier was a simple device, constructed of four sections of 6 x 6 inch timbers bolted

together and mounted on wheels. This unit allowed movement of the railroad wheel into any ori-

entation for the measurements on the rim, hub, and plate. A schematic drawing showing the x-ray

diffractometer positioned on the plate area of a wheel is shown in Figure 14.
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Figure I2. Schematic drawing of vertical wheel carrier with the x-ray diilractometer mounted.
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4.1.4 Surface Preparation

The effect that rust on the surfaces to be measured might have on the ability to accurately de-

termine residual stresses in wheels caused major concem. Through contacts at Caterpillar Tractor

Company, the forrnulas of two different solutions known to remove rust were obtained. One, a

mixture of hydrochloric and nitric acids, was believed to also remove some of the base metal of the

wheel. Although this first solution was completely successful in removing rust from the wheels, a

second organic—based solution was sought because of the desire to measure the surface residual

stress without the need to correct for the removal of any material. The solution of choice, based

on 2-butyne· 1,4 diol which acts as a strong inhibitor on the acid, was found to completely remove

rust with no apparent effect on the base metal. This solution was routinely used for cleaning the

wheels. It was found in measurements on the wheel tread where there was not as much rust as on

the plate, that measurements before and after the rust removal treatment gave statistically equivalent

results. Thus, it is believed that all problems associated with wheel preparation for reliable stress

measurements were solved.

4.1.5 Choice of Measurement Locations

Although examination of the literature indicates that wheel fractures initiate at a few well-

defined locations", it was believed to be important to thoroughly characterize the state of surface

residual stress at a wide range of locations in railcar wheels. A cross section of a wheel with the

various wheel terminologies is shown ir1 Figure 15. Sixteen locations were defined on the hub,

plate, rim, tread and flange of the wheel as depicted in Figures 16 and 17.

lt is of critical importance if the technology developed in this research is to be applied in service

that the stresses which characterize an overheated wheel be measured as rapidly as possible. This
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Figure I6. Positions in a flat plate wheeI7.: Numbers in parentheses represent the designation of the
location on the wheel perimeter. Numbers represent the approximate distance (in inches)
on the perimeter from the first measurement point.
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Figure I7. Positions in a curved plate wheel'.: Numbers in parentheses represent the designation of
the location on the wheel perimeter. Numbers represent the approximate distance (in inches)
on the perimeter from the first measurement point.
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means that only a few (preferably a single) measurements be made at a single, carefully controlled

location. lt is also important to determine which component of the stress tensor at this critical

location -- if one can be found -- is most strongly correlated with wheel overheating. Thus, the first

objective of this research was to seek such a location. Based on previous work at the AAR, the

locations identified in Figure 16 were selected for measurement. These include measurements on

the front rim, tread, flange, back rim, back plate, and hub. Previous work" indicated that these

were the locations of crack initiation in many wheels failures. Measurements were made at each

location at four equispaced angular positions around the wheels (0°, 90°, l80°, and 270°). lnitially,

residual stresses in hoop and axial directions were deterrnined at each location. Finally, in order to

fully characterize the frst wheel, measurements were made at ten different, more closely spaced lo-

cations on the first wheel (Wheel A in Table 1).

It was learned very early in the research that the radial and axial components of the stress

tensor for the wheel were uninteresting. It was only the circumferential or hoop stresses which

appeared to contain the information sought. Thus, in the following section, only normal and shear

stresses in this direction are reported. Furthermore, after careful examination of the first wheel

(Wheel A) it was found that the data showed cylindrical symmetry. Therefore the measurement

program of the rernaining wheels was, in the interest of time, reduced to acquire data only at the

0° and 90° positions. Because of the possibility of the measurements on the heat-discolored wheels

showing fluctuation of stress, or hot zones, in the range of 90 to 120 degrees, measurements were

made at the four intervals of 90° for detemrination of critical points.

After the critical point in the axial direction was found using the likelihood statistics, the six-

teen orhtogonal azimuthal positions around the wheel at the critical point were chosen in intervals

of 22.5 degrees, as shown in Figure 18. The azimuthal stress data from the six wheels were used

for discrirnination of good and bad wheels using the variance statistics and, as was noted in Section

2, gives a clue to identify a wheel with hot zone.
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Figure 18. Sixteen angular positions in the tread of wheel.
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4.2 RESUL TS

The objective of the work performed on the first wheel was to characterize a flat plate wheel,

a normal wear wheel, and a heat-discolored (less than 4") wheel, as fully as possible. The results
l

of this study are reported in Section 4.2.1. Section 4.2.2 introduces the intercomparison between

the drilling and x-ray residual stress measurement and also explains the variation of the residual

stress ir1 depth.

4.2.1 X·ray Residual Stresses

A straight plate wheel with normal wear (Wheel A) was used for the initial studies. Stress
l

measurements were made in the circumferential (hoop) direction at ten different locations across

the tread width at each of four rotational positions (indicated as 0, 90, 180, 270 degrees from an

arbitrary starting position). Typical plots of lattice spacing, d, versus diffractometer tilt angle, tb,

are shown in Figures 6 and 7. It will be noted that the curve shown ir1 Figure 7 is split, with data

for negative np and positive •/1 angles following different curves. This is a very signilicant observa-

tion. lt indicates either a non~zero shear stress in the plane perpendicular to the wheel axis or a

misalignment of the instrument. Because of the difliculties associated with precision alignment of

the diffractometer on a railroad wheel, particular care was taken to verify that the observed split is

real and not an experimental artifact. It was determined that the observed split can be reliably in-

terpreted as arising from shear stresses in the wheel. With this assurance the data for each meas-

urement location was fitted by a least squares multiple regression model to obtain both the normal

and shear stresses in the hoop direction. A plot of the normal stresses at each location is shown

in Figure 19, and a plot of the shear stress is shown in Figure 20. In these figures the mean stress

and the la error bars of the measurements are both shown. The standard deviations of each
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Figure 19. Circumferential normal stresses in the tread of Wheel A at four different wheel
rotations: as a function of distance from the rim.
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Figure 20. Circumferential shear stresses in the tread of Wheel A at four different wheel
rotations: as a function of distance from the rim.
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measurement are estimated to be approximately $2.5 ksi for the normal stresses and $0.5 ksi for

the shear stresses.

Several important conclusions can be drawn from these results. First, although the variation

of both the normal and shear stresses at the various wheel angles in wheels exceeds the estimated

la value for each measurement by approxirnately a factor of 5, the data are still remarkably uniform

at each position on the tread as the wheel is rotated about its axis. This degree of symmetry was

maintained when the measurements were extended to include the other points on the front rim,

{lange, back rim, plate and hub. These data show no evidence of sigriilicant hot zones which would

be expected to produce major deviations from cylindrical symmetry. Second, from Figure 19 it can

be seen that the normal (hoop) stress is larger and compressive, varying from about -50 ksi at the

front rim comer of the tread to about -90 ksi towards the {lange. There is clearly a maximum

compressive stress about 3 inches on the tread from the front rim comer. Finally, it is seen from

Figure 20 that the shear stresses are small (-10 ksi to + 10 ksi) and that in the center of the tread

they are of opposite sign to the shear stresses near the rim or the {lange. This is a very unusual

result, and a great deal of effort was expended to verify that the analysis was valid. Based on a

preliminary analysis of the errors in the stresses, and from the reproducibility of the data both at a

given location and as a function of wheel rotation, we are confident that the error bars on these data

points are approxirnately $ 0.5 ksi, and the results are valid.

Based on these data it was concluded that, within the accuracy required for the measurements,

this wheel (Wheel A) was cylindrically symmetric (As will be seen in Section 5.2, the data from the

heat-discolored (more than 4") curved wheel shows significant deviations from azimuthal symme-

try.). Thus, in the interest of time it was decided that for all further work, unless larger variations

of the data than observed here were found only two measurements (0 and 90°) would be made on

each wheel for the likelihood statistical analysis to be described in the next chapter.

Nleasurements were also made at most of the sixteen axial locations for at least two (0 and

90°), and often more, azimuthal rotations on the six wheels (A through F) for the variance statistical

analysis. The data were analyzed as before to recover both the normal and shear components in

the hoop direction. Complete results are presented in Appendix B.
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Graphical representations of the x-ray normal and shear residual stress data of the six wheels

are shown in Figures 21 through 32. In these ligures, the data are plotted on a radial cross section

of the wheel to show the values and the locations from which they come. Based on the initial .

likelihood statistical analysis described in the next chapter, a few locations on the wheel were

identilied as being most sensitive to changes in residual stress as a function of service history. One

of the locations, location 5, was in the center of the tread. At this critical point the x-ray stresses
l

were measured in azimuthal intervals of 22.5 degrees around each wheel. The azimuthal distrib-

ution of the x-ray stresses at this key location is shown in Figures 33 through 38. In all of these

figures (21-38), the magnitude of either the normal stress or the shear stress in each wheel is plotted

as a vertical distance from the surface of the wheel at the measurement location. The shaded bands

represent the interpolated stresses at the surface of the wheels. Compressive normal stresses are

represented outside the wheel, while tensile stresses are inside. A ruler at several locations around

wheel aids to visually estimate the magnitude of the stresses.

It is important to note that both heat—discolored wheels (Wheels B and E) showed grooves in

the tread. Sketches of the locations and magnitudes of these grooves are shown in Figure 39. The

grooves are made by friction, wear, and spalling in the instantaneous contact area between the brake

shoe and the wheel. The position of brakes on the tread of two wheels is shown ir1 Figure 40. The

brake shoe contact with the tread does not exceed 50 percent of the area of the shoe face", whose

width is about the same as the tread and whose height may be as little as several thousandths of

an inch higher than neighboring regions on the tread or on the brake shoe.7° This uneven brake

shoe contact and the wom out brake pad are believed to be the cause of the grooves in the tread,

as shown in Figure 39.

The approximate stress measurement locations are also shown in Figure 39. Note that lo-

cation 6, which is approximately 3 inches from the rim, is inside both grooves. Because of the

surface roughness effects inside the grooves, it was sometimes necessary to shift the measurement

location by a fraction of an inch to either side of the normal location. Figures 29 and 31 clearly

show that the groove is a boundary to reverse the sign of the stress. This may be because either

thermal cycling,'° different thermal expansions between two regions,°‘ or both processes take place.
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Figure ZI. Normal stresses in axial direction in cross view of a new, curved plate wheel (Wheel D).
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Figure 22. Sheer stresses in axial direction in cross view of a new, curved plate wheel (Wheel D).
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Figure Z3. Normal stresses in axial direction in cross view of a new, mislit curved plate wheel. (Wheel
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Figure 28. Shear stresses in axial direction in cross view ofa cast, normal wear, Hat plate wheel (Wheel
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Figure 36. Normal stresses in azimuthal direction in side view of a cast, normal wear, flat plate wheel
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Figure 41 illustrates how our postulate of thermal cycling might generate residual stresses." During

heating generated by the üiction of the brake shoe contact with tread in the initial braking cycle,

the grooved regen in the tread deforms first elastically and then plastically in compression along
l

the trace AB. At elevated temperatures, stress relaxation will occur along BB'. On the other hand,

during cooling the groeved regen fellows the trace BC. When the wheel is completely cooled after

. the initial braking cycle, a residual tensile stress (AC) is developed in the groove. After each suc-

cessive braking cycle, the residual tensile stresses will be increased gradually and will reach a range

of cyclic thermal stresses from a tensile stress, ST, to a compressive stress, Sc, in the closed hysteresis

loop, GH.

The postulate ef how residual stresses may be generated by the different thermal expansions

between the groove and its neighboring regions°‘ is illustrated in Figure 42. When the grooved re-

gen is heated to a relatively high temperature, it expands but is also restricted by the neighboring

material. This causes the development ef compressive stresses in the grooved regen and tensile

stresses in its neighboring regions. If the thermal gradient is large enough and the heating rate is

fast enough, permanent yielding (plastic deformation) will occur between the groove and the

neighboring regens. This results in more expansion of the neighboring regions than in the grooves.

After the wheel is air-cooled, tensile residual stresses are developed in the groove and compressive

stresses in the neighboring regions.

We note, however, that service residual stresses may be complicated by the residual

stress field, by the condition of brake shoe contact with wheel, and by rnicrosructural transf-

ormations in the material.

4.2.2 Hole Drilling Residual Stresses

Residual stresses were also measured by hole drilling for confirmatien ef the x-ray measure-

ments as well as to obtain their depth profile. Section l2.2.l shows the strains obtained from a
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strain gage rosette mounted two inches from the front rim comer in the tread of the cast, normal

wear wheel (Wheel F) and the approximate residual stresses in the sample coordinate system

calcuated using Equations (3- 14) through (3- 15). The last column of Section 12.2.1 shows the more

accurate residual stresses in the sample coordinate calculated using the flnite element method which

was supplied by Flaman." Sections 12.2.2 and 12.2.3 show strains and approxiamte residual

stresses at two inches and three inches, respectively, from the front rim corner in the tread of the

heat-discolored (more than 4') wheel. Figure 43 shows the comparison of approximate and more

accurate calcualtions of residual stresses for the cast, normal wear wheel (Wheel F). Both data

show a smooth variation of residual stresses with depth. lt is clear that the more limited approxi-

mation of Equation (3-14) does not differ greatly from the more exact results of the linite element

calculatuion because the stress gradient is not too large. Since the residual stresses at the first depth

increment should be the same between the two calculations, as is observed, and since we were in-

terested only in the trend of how the residual stresses vary with depth, the simpler approach

(Equation (3- 14)) was used for all other hole drilling results presented in this work. Figures 44 and

45 show the residual stress variation with depth at 2" and 3', respectively, from the front rim corner

in the tread of the heat-discolored (more than 4") wheel (Wheel E). Also, in both ligures the x-ray

and hole drilling residual stresses are intercompared at the near surface of the tread. The "x” re-

presents the x-ray stress values. These ligures indicate that x-ray residual stress measurements and

hole drilling measurements are the same within the statistical accuracy of the data. For example,

the x-ray measurement value at the surface of the groove of the heat-discolored (more than 4”)

wheel was 26i5 ksi whereas the hole drilling measurement value at the same position was 20i~5

ksi.

The residual stress decreases with the depth, but does not vary steeply in the near surface re-

gion. This is a very important result in deciding whether x-ray diflraction can be applied to measure

residual stresses in wheels. As was predicted by linite element analysis (See Figure 1.), the stress

contours were expected to be perpendicular to the surface of the wheel. The data of Figures 43-45

are consistent with this hypothesis, suggesting that x-ray near surface measurements are indeed a

valid measure of the state of stress in the wheel.
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5.0 STATISTICAL ANALYSIS

In Section 4.2.1, data were presented which permitted a likelihood ratio statistical analysis to

determine if one (or more) of the sixteen axial locations might be used as an indicator for a service

history sensitive location for x-ray measurements. In Section 5.1, it will be shown such a critical
i

location at which the residual stress varies with service history in a statistically significant manner

indeed can be identiiied.

The important problem to be addressed was the question of discriminating between good and

bad wheels. Section 5.2 discusses the procedure of the discrimination using variance statistics. The

variance statistical analysis utilized the x-ray residual stress data of Section 4.2.1 to relate the degree

of the azimuthal stress tluctuation to the service histories. It will be shown that the overheated

wheel showed signiiicantly greater fluctuations than the other wheels.
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5.1 CRITICAL MEASUREMENT POINT: Maximum

Likelihood Test

The data shown in°Figures 21 through 32 clearly indicate that the residual stresses (both normal

and shear) vary significantly with location around the perirneter of the wheel. These variations are

more clearly seen in Figures 46 and 47

The remaining questions are whether or not there is a quantitative means by which the stresses

at one (or more) of these locations may be used to distinguish overheated wheels, and if so, does

this stress vary monotonically with service history? With the help of the Statistical Consulting

Center of the Virginia Tech Statistics Department (Prof. R. V. Foutz and graduate student B. K.

Koons) we have developed a likelihood ratio test to answer the first of these questions. The second

question is answered in the next section.

In the likelihood ratio test,"’ the parameter

6 2,4

(Xijk " i..1<)2
AK = %———— 15 — 11

(Xuk ‘ 21.101
1 1

where

XL, = measurement at the particular position, k, of the particular azimuthal angle, j, of

the wheel, i.

KJ = average of all the measurements of the particular position, k.

KL, = average of all the measurements at the particular position, k, of the particular

wheel, i.

In equation (5-1), AK is a parameter which measures how much the data at a given location in a

given wheel vary from the mean of the data for that location for all wheels. Small values of ZK in-
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dicate little statistical significance to the variations, while large values indicate considerable signif-

icance. The results of this analysis, computed using all of the data in Appendix B and treating six

wheels as a single indistinguishable group, are shown in Figure 48. As a statistical significance test, V

the AK values computed from Equation (5-l) may be compared with F,,_, where F is found in

standard statistical tables, n=i+ j + k-l, and P=i+ j + k-m where m is the number of wheels and

_ i, j, k are defined in Equation (5-1). Because different numbers of measurements were made at the

various locations on each wheel, the statistical parameter %- F,,_, is different for each location. The

values for 95% confidence limits are given in Table 3. Those locations for which AK > > F„_,

are locations at which the stress varies significantly with service history. A clearer picture of this

may be gained if one plots the ratio R = AK/ T2- F,,_,, as shown in Figure 49. Here, A, value for each

location is noimalized at the 95% confidence limit, and those locations which show R > > 1 are

very sensitive to service history while those with R < l are insensitive. Thus, it is clearly seen that

several locations show significant variations among the various service histories. However, it is

those locations at center of the the tread (location 6), on the plate (locations ll-13), and possibly

at the tip of the flange (location 8) which show the greatest sensitivity.

Note that location 6, which has the largest AK and, thus, the greatest sensitivity, is approximately

3 inches from the front rim and is in the grooves cut in the overheated wheel. The effect is also

clearly seen in Figure 46. A likelihood ratio test of the shear stress data is more difficult to interpret.

As may be seen in Figure 47, the shear stresses change sign with location on the wheel. After some

thought, one realizes that the sign of the residual shear stress in any given wheel must depend on

the ”handedness" of the wheel. In other words, the sign depends on whether the wheel was on the

left-hand side of the car, or the right-hand side. But, since railroad cars have no front or rear, and

see service in both directions (probably randomly), examination of the data of Figure 47 suggests

that the data for wheels B and F may be of opposite sign from those for the other four wheels.

Because of such possible effects, the likelihood ratio test was applied to the shear stress data of

Appendix B in two ways. First, the R values for the data from all six wheels was computed in

normal way. The results are shown in Figure 50. From these data, it is seen that the shear stresses

STATISTICAL ANALYSIS 84



40

L
I
k

, „_ ,. .. . „

I
i
h
0 „. . . ,. . r... .. „ ..,, r _ , _

d

FI
a I
t

_ , . . . . . ,. . . . ,
I
o _ I

0 I
#1 #2 #3 #4 #5 #6 #7 #8 #9 #10 #11 #12 #13 #14 #15 #16
f-rim Tread Flange b-Him Plate b,f-Hub

Figure 48. Likelihood ratio, 1, for normal stresses at various wheel locations.

STATISTICAL ANALYSIS 85



Table 3. Statistical signiücance values for various locations on complete set of six wheels

Measurement n = i + j + k- 1
”

P = i + j + k·m Tg- F„_ P_ „_„
Location

1,2 5 3 15.0

3,4,9,10 14 9 4.7
V

5,8 15 10 4.3

6,11 13 8 5.3

7 7 5 6.8

12,13 11 7 5.7

14 8 4 12.1

15 9 5 8.6

16 3 2 28.7
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in the edge of the tread (location 4) and in the flange (location 8) are highly sensitive to the service

history of the wheel.

In order to estimate the effect of the possibility of reversed signs of the shear stresses due to .

uncertainty in the "handedness' of the wheel, the sensitivity ratio, R, was recomputed after changing

the signs of all the data for wheels B and F as suggested above. The results are shown in Figure

51. It is seen here that this effect makes location 4 less sensitive than the results shown in Figure
l

50, but has little effect on the sensitivity at location 8.

STATISTICAL ANALYSIS 89



7
N
0

fr}63

5 .. ..•
d

4 ,...I

k

30

3 2 a l l I l _! g
R

I .
0

O
#1 #2 #3 #4 #5 #6 #7 #8 #9 #10 #11 #12 #13 #14 #15 #16

f-Rum Tread Flange b-Rlm Plate b,f-Hub

Figure Sl. Normalized likelihood ratio, R, for shear stress at various wheel locations.: The signs for
the data from wheels B and F have been reversed.

STATISTICAL ANALYSIS 90



5.2 DISCRIMINA TION ANAL YSIS: Variance Test

The data of Figures 33 through 38 clearly indicate that the residual stresses in the greater than

four inch discolored wheel vary with the azimuthal location around the wheel. The fluctuations

are subtantially less in the other five wheels. In order to clearly observe the stress pattern with re-

spect to the service history, the residual stresses of the six wheels are assembled in Figure 52. The

question to be answered is whether there is any possibility of discriminating between good and bad

wheels using the fluctuations of these data. This question can be easily solved by applying a

quantitative approach using variance statistics which estimate the degree of stress fluctuation from

the mean value. The approach developed with the help of the Statistical Consulting Center of the

Virginia Tech Statistics Department (Prof. R. V. Foutz) is that of variance statistics.“·"' ln this

analysis the parameter, 5,,, which is given by

1

where

X,,, = measurement at the particular azimuthal angle, k, of the particular position, of

the particular wheel, i,

RL = average of all the measurements at the particular position, of the particular

wheel, i, and

n = degree of freedom,

is a measure of how much the stress vaxies in the circurnferential direction from the mean of the

stress data at the critical location for all six wheels. A small value of 5,, implies little fluctuation

of residual stresses with respect to the circurnferential angles. The result of this analysis is shown

in Figure 53. This figure clearly implies that the heat-discolored (more than 4”) wheel shows the

maximum variance of residual stress compared with other five wheels. The rest of wheels do not
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show a significant statistical difference from each other. The appearance of the heat-discolored (less

than 4’) wheel, indicates that it is bad. However, the variance test shows it may still be good. The

heat-discolored (more than 4') wheel, Wheel E, shows a severe variation of stress with the

azimuthal angle in the tread. It is believed that this wheel has hot zones. Such azimuthal Variations

of the normal stresses are expected when Variations in manufacture, metallurgy, and service history

are considered. It is suggested that the hot zones come from the slipping of brake shoe contact

with tread, rail contact with tread, or both when the brakes are applied.

A further statistical analysis was performed by fitting the data of Figures 52 to either a ürst

or second order of Fourier series by a least squares technique. The results are shown in Figures

54·56. The equations for the least squares fit are given in Table 4. The magnitude of the coeüi·

cients in the Fourier series gives in Table 4 should be coupled with the values of S, computed for

each wheel. Large values of S, are directly correlated with large Fourier coefficients. It is clear from

these data that the stresses in the wheels are not random, but vary periodically with azimuthal angle

around the wheel in all but one case. It is interesting to note that the most damaged wheel has a

periodicity of 2wt while all the other wheels have a periodicity of lwt (or is constant). These results

will be discussed in more detail in the next chapter.
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Table 4. Equations for the least square; fitting of the residual stresses shown in Figure 52.

. = 60.+ alcoswt + azsinwt + blCOS2u>I +bzS1I12(Dt 0

Wheel dg (ksi) al (ksi) al (ksi) bl (ksi) bg (ksi) Rz
Identification

New - 24 - 0.8 - 3.0 0.25

New — 30 6.4 - 2.1 0.55
Misfit

Normal wear - 52 0.9 · 4.3 0.03
wrought

Normal wear - 56 - 0.3 1.0 0.19
Cast -

Discolored · 46 4.0 2.7 0.32
less than 4"

Discolored · 54 - 3.1 - 3.0 14 0.5 0.55
more than

4”
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6.0 DISCUSSION

The data and analyses of the previous chapters raise some important and interesting

questions. First among these is: Are the results reasonable and consistent with previous work?

This is a difficult question to answer for several reasons. Saw cutting has been the primary tool
[

used in the past to determine the state of stress in a used wheel. However, saw cutting measures a

complex average of the stresses throughout the bulk of the wheel in the vicinity of the cut, whereas

the x·ray measurements determine only the local near-surface stress at the point of observation.

Since there has been, to date, no data acquired by both methods from the same set of wheels, there

was no way to intercompare the data. It has been the industry experience‘·‘ that in some wheels

ir1 which two radial saw cuts were made there are both tensile and compressive residual stresses.

These effects were attributed to hot Zones in the wheels. The present observations of large, sys-

tematic fluctuations of the residual stresses in the tread of the overheated wheel (greater than four

inches, Wheel E) are consistent with such saw-cutting results.

In this research, an intermediate measure of residual stresses between those provided by saw

cutting and by x-ray diffraction was possible by hole drilling at selected locations. Hole drilling

provides an indicator of bulk stresses in the vicinity of the hole which would not average the data

over as much material as the saw cut. The excellent agreement of the surface residual stresses es-

tirnated by hole drilling and x-ray diffraction is gratifying. Furthermore, the relatively shallow gra-
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dients of the stresses with depth justify the assumptions made in Chapter 2. ln the future, it is

suggested that_such measurements be made on all six wheels characterized in the present work prior

to their destruction by saw cutting.

Opinsky et a1." have calculated the residual stresses expected (including those at the surface)

in a severely overheated wheel by a finite element method. Their results indicate that the normal

stresses should become tensile nearly everywhere on the surface of the wheel. Some of their data

are replotted in the format of the data presented in Section 4.2, as shown in Figures 55-57. These

results should be compared with Figures 21 through 32. The present data indicate that in areas

where there was clearly a high thermal load, such as in the region where a groove was cut in the

wheel, the surface residual stresses are tensile, as predicted. However, on the same wheels in regions

away from the point of application of the load, the normal stresses remain compressive in disa-

greement with the theoretical predictions. This is not altogether surprising because it is clear that

the actual changes in residual stresses in overheated wheels is more complex than the computed

effects. The most likely reason for the discrepancy will be found in the underlying assumptions of

the calculations.
l

An important unanswered question raised by these results centers around whether the bulk

stresses in the wheel are more nearly represented by the calculated data or by the x-ray near surface

measured data. This question was answered by an intercomparison of hole drilling and x-ray

diffraction. This intercomparison indicates no steep variation ir1 near surface stresses. This suggests

that the near surface stress measured by the x-ray diffraction can represent bulk stress.

Another achievement of the intercomparison was that the residual stresses were confrrmed

by the hole drilling technique. The intercomparison showed that the difference of the stress meas-

urements between two techniques is within the range of the error of stress measurements. For ex-

ample, the x-ray stress is 26iS ksi at
3”

from the back rim corner on the tread of the discolored

(more than 4”) wheel whereas the hole drilling stress 20iS ksi.

The analysis of Section 5.1 clearly shows that the state of residual stress varies as a function of

service history at certain key locations on the perimeter of the wheels. However, several important

questions remain unanswered. Among these are (1) is it important to distinguish among the various
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Figure 57. Circumferential residual stress for 36" curved wheels cooled to ambient temperature: fol-
lowing 60 minutes of a 48 bhp (35.8 kw) thermal load to the overhanging breaking force H.
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Figure 58. Circumferential residual stress for 36" curved wheels cooled to ambient temperature: fol-
lowing 60 minutes of a 48 bhp (35.8 kw) thermal load to the centered breaking force U.
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Figure 59. Circumferential residual stress for 36' curved wheels cooled to ambient temperature: fol-
lowing 60 minutes of a 48 bhp (35.8 kw) thermal load to the overriding breaking force".
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types of wheel designs, (2) can a single stress measurement at a key location indicate wheel over-

heating, and (5) does the stress at these key locations vary monotonically with some measure of

service history?

In the beginning of this research, it was decided that it was important to characterize a range

of wheel designs and service histories which was representative of the wheels currently in service.

Thus, as was seen in Table l wheels of two stress designs, two differing metallurgies, from three

manufacturers, and with at least two different shape designs and two plate designs were examined.

One might normally expect that the states of stress in each wheel of any given service history would

vary with each of these parameters. lf such variations are large from each type of wheel, the vari-

ations in residual stress with service history would be masked and the objective of this research

program could not be reached. The results of Section 5.1 unambiguously show that such is not the

case. Indeed, in the analysis presented in Section 5.1 because only six wheels were examined and

because of the large number of wheel design parameters represented by these six, it was not possible •

to make any distinctions among them. ln other words, from a statistical point of view, it was as-

sumed that all the wheels came from the same population. That the effects of service history on

residual stress stand out so clearly, as shown in Figure 49-5l unambiguously shows that these var-

iations are far more significant than variations which may result from various wheel design param-

eters. This is a crucial observation because it indicates that it is likely that a residual stress testing

procedure can be developed in which the discriminant test for 'good" versus 'bad' or overheated

wheels is independent of the type of wheel under investigation. This hypothesis is strengthened

further by our observations which irnply that the stress fluctuations at the critical locations are su-

perior indicators of severely overheated wheels than in the absolute value of the mean stress. If this

proves to be the case, it will allow enormous simplification in the field test procedures proposed for

future work.

The second question regarding the identification ofkey locations for stress measurements on the

wheel, and the third question, regarding monotony of the stresses with service history are interre-

lated. The likelihood ratio test developed in Section 5.1 clearly identified several potential locations

to be considered as key locations. These included the center of the tread, the flange, back rim, and
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the plate. The likelihood ratio test does not take into consideration any information concerning

service history_of the wheels while the variance tests described in Section 5.2 suggest that fluctu·

ations in the stresses at the critical locations may be the key to developing a reliable NDE tech-

nology. lt only tests to see if there are significant variations of the stresses at various locations

among the wheels. Similarly, the variance tests also do not take service history into consideration,

but only serves to identify wheels with abnormal fluctuations. To be usefirl as a tool for retirement

for cause in the industry, it is essential to demonstrate a monotonic relationship between residual

stress at key locations and service history. Examination of Figure 49 shows that at some key lo-

cations (e.g. location 6) such monotony does not exist. Rather, the compressive residual stress in-

creases (becomes more compressive) as the wheel sees normal wear, and only on overheating does

it decrease or become tensile. This effect can cause serious problems with the interpretation of the

data of Figures 46 and 49 because there are two values of service history which can result in a given

observed residual stress.

To corifimr that the key locations identified in Figure 49-5l are unaffected by this effect, we

assume that new wheels are "broken in", or reach an equilibrium state of residual stress reasonably

rapidly. If such is the case, the likelihood ratio test can be repeated using only the data for used

and overheated wheels. The normalized results of such an analysis are shown in Figure 58. From

these results, it is seen that the original identification of key locations was valid. However, it is seen

that the location on the plate are no longer significant. A similar analysis for the shear stress

produced data essentially identical to those of Figures 50 and 51.

These results show that the changes in circumferential normal stresses in the plate occurred

during fbreak in" while those in the tread and flange occurred during overheating. On the other

hand, all significant changes in shear stresses at location 8 appear to occur during overheating.

The identification of a critical, or most sensitive, points for changes in residual stresses with

wheel overheating are consistent with the work of Carter et al" in which the fracture mode of 7

wheels was exarnined. On comparison of our suggested key locations with these data, it is seen that

the origin of the crack leading to fracture for the majority of these wheels coincides with one of
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these key locations. This result suggests a link between the state of surface stress in the wheel and

the fracture mode.

lt remains to be shown how the residual stress at these key locations varies with the service '

history, and whether or not a critical cut-off value of stress can be identified which dilferentiates

'good' from 'bad' wheels. The question of hot zones, a source of stress oscillation and deviations

_ from azimuthal symmetry, is of great significance for any qualitative NDE characterization of

wheels. The x-ray stress results indicate that heat-discolored (more than 4') wheels clearly show

the most azimuthally asymmetry of residual stresses in the tread compared with new, normal wear,

and heat-discolored (less than 4") wheels. This suggests that the heat-discolored (more than 4')

wheel may posses hot zones. For the qualitative analysis of the azimuthal residual stresses, the

variance test was used, which indicated that the variances of residual stress measurements on the

tread of the six wheels were signiticantly related to the service history. Also, this may imply that

hot zones are one of main causes of stress fluctuations. The variance statistic gives a possible dis-

criminating procedure. However, we need to test a large population of wheels to obtain a reference

variance as an index to discrirninate wheels. In addition, more heat-discolored wheels need to be

tested in order to see how strongly the residual stresses in azimuthal direction fluctuate from this

measurement. This can only be accomplished through the measurements on the wheels with

carefully controlled service histories such as could be accomplished on a dynamometer or perhaps

on a unit train. Such tests are left to the future research program.

The least squares titting using Fourier analysis (Figures 54-56) shows a periodicity of the

residual stresses in the azimuthal direction for all of the wheels except for the cast, normal wear

wheel. The new wheels (Wheels C and D), which were not machined, but in both cases as cast

or wrought, shows that the mean stress is only about 50-60 % of that of used wheels and that the

fluctuations are clearly mar1ufacturing-process-related. One of the used wheels, a cast wheel

(Wheels F), shows a very uniform stress distribution. On the other, the other used wheel (wrought,

Wheel A) shows a $4.7 ksi oscillation with a periodicity of lwt (Table 4) around the mean of - 50

ksi. Considering the fact that these used wheels had seen only limited service, we would expect

because of the lwt periodicity that the latter wheel was misaligned or unbalanced during service.
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The heat-cliscolored (less than 4") wheel (Wheel B), which has several grooves on the tread, also

shows a periodicity of lwt around the mean of - 46 ksi with $4 ksi oscillation. This is not sigr1if~

icantly different from Wheel A. We would attribute the oscillation to the same effects as for Wheel

A. However, the heat-discolored (more than 4') wheel (Wheel E), which has a single groove on

the tread, shows a periodicity of 2wt around the mean of - 54 ksi with $14 ksi oscillation. Note

that not only is the periodicity of the stress in this work different from all other wheels, but the

magnitude of the oscillation is approximately three times (3x) larger than those of the other wheels.

Thus, the stress state of this wheel is clearly different from that of the other wheels. The periodicity

of the stress in this overheat wheel cannot be accounted for by the effects suggested for the other

wheels. Rather, it can be accounted for by either a non-uniform processing, off-center wheel

(possibly in the curve), irregular application of the brake shoes to the wheel, uneven brake shoe

contact with the wheel, or a locked wheel sliding on the rail during braking.

Because of the small statistical sample of wheels of varying service history available for this U

study, it is not possible to resolve many of the unanswered questions raised in the preceding anal-

ysis. However, it is unequivocal that:

• certain key locations in the wheels are more sensitive to changes in residual stress during service

than are others

• we have identiiied at least two such key locations

•
the residual stresses show an oscillatory pattem in the hoop direction around the wheels, and

•
theimaguitude of the oscillations is greatest for severely overheated wheels.

A detailed quantitative veriiication of these conclusions will require a major x-ray stress analysis

effort on a much larger statistical sample of wheels of known and controlled service history.

It is recognized that the x-ray diifraction technique will cost much more than $7 per wheel

to measure azimuthal fluctuation of stresses. The azimuthal fluctuation may be obtained supple-
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mentally by a faster technique, such as the magnetoelastic or magnetacoustic techniques, since they

. take less than 1 minute at each location”·” compared with 5-10 minutes by x-ray diffaction.
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7.0 PROPOSED NDT PROCEDURE

The results of the previous chapter indicate that key locations in the tread and on the rim of

the flange are particularly sensitive to changes in residual stresses caused by overheating of railroad

car wheels by dragging brakes. They also show that it is likely that fluctuations of the residual hoop

stresses are excellent indicators of overheated wheels. These observations provide the basis for a

potential new NDT procedure designed to discriminate overheated wheels.

Figure 61 shows a proposed flow chart for the discriminating procedure. Reference data will

be collected from a large population of wheels of known service history using x-ray or some other

technology. A critical variance value and the appropriate periodicity of these variations, which

separate the good from bad wheels, will be obtained. Then, the circumferential residual stresses of

an unknown wheel are measured at the critical location. The sample variance and periodicity is

compared with the reference values. lf the former is less than the latter, the wheel is expected to

be good and reusable. Otherwise, it should be removed from the service.
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2 8.0 CONCLUSIONS

The research on railroad car wheels leads to the following important conclusions:

• This is the first time, to our knowledge, that x-ray diüraction has been successfully used to

measure residual stresses in a wheel without sectioning the wheel. Normal and shear stresses

can be quickly (less than 10 minutes for each measurement) and reliably (j;4 ksi) obtained at

most locations. The difference between the maximum and minimum normal stresses in

azimuthal direction in the tread on two new wheels, two normal wear wheels, and the heat-

discolored (less than 4') wheel is distributed within 25 ksi, whereas the difference in the heat-

discolored (more than
4”)

wheel within 50 ksi. This implies the severe oscillation of normal

stresses in the azimuthal direction of tread of the latter.

• Detailed measurements at a critical location on the tread of the severely overheated wheel in-

dicates that the oscillating stresses vary sinusoidally around a mean compressive stress of - 50

ksi with an arnplitude of i 14 ksi.

• Hole drilling confirms x-ray diffraction residual stress analysis. The difference in residual

stresses between two techniques is within the standard deviation, i5 ksi, for each measure-

ment.
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•
Hole drilling shows a smooth stress variation with depth. This suggests that x-ray diffractiou

is applicable to wheels even though it measures stresses only in the near surface region(a few

micrometers). ‘

• At the 95% confidence limit, likelihood ratio tests have identified several key locations on the

perimeter of a wheel at which the residual stress varies siguificantly with service history. The

most sensitive of these locations is near the center of the tread where maximum pressure is

expected to be applied by the braking mechanism. Other signiticant locations include the tip

of the flartge, the comer of the back rim, and the back plate. The key locations are consistent

with those locations where crack irxitiation was observed in another AAR study.

•
The identification of the key locations appears to be independent of the manufacture, geom-

etry, or design of the wheel. .

•
The magnitude of statistical fluctuations in the circumferential residual stresses may be the key

to identifying bad wheels.

• The circumferential residual stresses show an oscillatory pattem in the hoop direction around

the wheels.
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9.0 RECOMMENDATIONS

It is suggested that the residual stress at several of the key locations be measured by both x-ray

diffraction and magnetoelastic or magnetoacoustic techniques as a function of controlled and

known service history. The objective of such research would be; (i) to determine if there is a

monotonic relationship between either the absolute value of the residual stress or the fluctuations

and periodicities of the stresses with service history, and (ii) to determine if qualitative measure-

ments of the stress fluctuation ir1 the azimuthal direction in the tread of a wheel may be possible

with magnetoeastic or magnetoacoustic teclmiques which are faster and less expensive than x-ray

diffarction. In order to have maximum experimental control, it is believed that the first data should

be acquired on a dynamometer, from several wheels (perhaps four) of differing designs and operated

under different simulated braking thermal loads. Only after such carefully controlled experiments

should more realistic, but less controlled, data be acquired from wheels in actual railroad service.

It is suggested that the six wheels characterized by x·rays in this study also be exarnined by saw

cutting in order to develop a methodology for intercompaiing the surface residual stresses sampled

by x-rays and the bulk average stresses sampled by sawing.
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11.0 APPENDEX A

II.] DIFFRACTOMETER MISALIGNMENT
ERRORS IN X-RA Y RESIDUAL STRESS
MEASUREMENTS

This section describes the derivation of Equations (3-7) to (3-10) in Section 3.1.3, Elfect of

Sample Misalignment, and also discusses other special cases of misalignmnet. It is a preprint of a

paper submitted to the Journal of Applied Crystallography for publication.
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DIFFRACTOMETBR MISALIGNMENT ERRORS IN X-RAY RESIDUAL STRESS

_ MEASUREMENTS

Abstract

Misalignment of the the x-ray diilractometer can lead to significant errors in the stress measured

by x-ray diffactometry. A generalized equation is derived for the relationship between the crystal

lattice d-spacing and the stress tensor which involves the Aal and Ax misalignments of the

diffractometer as well as large X-angle tilts and al>-angle rotations. Inclusion of the 45 and x rotations

allows for measurements with complicated sample geometries as well as for a direct comparison of

the X and al: geometry diffractometers in common use. In the case of no misalignment errors (Ax,

Aal: = 0), the symmetries between the classical aß-till and X-tilt diffractometers are clearly shown.

The generalized equation is reduced to more manageable forms for several approximations in which

the misalignments are small. How these errors affect the computation of shear and normal stresses

is also discussed. Finally, determination of residual stresses in more complicated sample geometries

is discussed.
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. Introduction

Errors in the determination of residual stresses as deterrnined by x-ray diüractometry may

result from many sources and may be broadly classified into three groups : instrumental, geomet-

rical, and material [Jatczak & Boehm, 1973; James, 1977; Noyan & Cohen, 1987]. Diflractomer

. misalignments, an instrumental source of error, may be induced by sample displacement, aß axis

missetting in the plane of the incident and diffracted x-ray bearns, specimen curvature, and the de-

viation of the true zero position of aß [Zantopu1os & Jatczak, 1970; Jatczak & Boehm, 1973; James,

1977; James & Cohen, 1979; Noyan & Cohen, 1987; Pardue, Hendricks & James, 1988; Hendricks

& Jo, 1988; Pardue & James, 1988]. ln addition, it is possible that rnisalignment errors may result

from a rotation of the diffractometer in the plane perpendicular to the aß axis either by the misa-

lignment of the specimen and/or instrument by an amount AX or because of a deliberate tilt of the

diffractometer by an angle X. In this paper, the general equation of the stress measurement for a

specimen which is rotated through angles aß, Aaß, X, AX and d> with respect to the x-ray

diffractometer is derived. To our knowledge, this is the first complete presentation of a generalized

A relationship which involves all possible tilts and misalignments of the diffractometer. Unfortu-

nately, the final result is very long and tedious. In the following sections of the paper, several special

cases are considered in which the complexity of the general result can be substantially reduced.

Finally, the effects of misalignrnent A¤ß and AX on the evaluation of stresses are considered. The

importance of these errors is illustrated with a numerical example.

Generalized Equation for Stress Determination

in a Specimen Which is Rotated through aß, Aaß, X, AX, and da Angles

1. Asswnptions

In order to derive the equations for stress determination, the following assumptions and

conditions are employed [Zantopulos & Jatczak, 1970; Frederick & Chang, 1972; Noyan & Cohen,

1987L

1. the specimen is isotropic, homogeneous, and elastic,

2. the specimen has a statistically random orientation of numerous fine grains,
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3. the shcar strains and stresses are symmetric so that ar; = 6;,, ar; = ou, and
723 =' 6:2,

4. no x·ray focusing aberrations are involved, and ·

5. there are no deviations in the 2H diifraction angle caused by microstrain or
faulted structures.

In this paper we consider only diffractometer angular misalignment errors. The problems

. associated with preferred orientation and/or inhomogeneous distribution of elastic strain (failure of

assumptions l and 2) are extremely complex. They have been treated under a variety of assump-

tions by Marion and Cohen (1975), Dölle and Hauk (1978), Lode and Pieter (l977;l98l), and

Barral et al (1987). A review of the work prior to 1987 is found in Appendix B of Noyan and

Cohen (1987). The role of errors introduced by the failure of assumptions 4 and 5 have been

thoroughly treated by James (1977) and James & Cohen (1979) and reviewed by Noyan and Cohen

(1988).

2. Derivation of the Strain Equations -

The generalized equation for x-ray stress deterrnination for the rotations of rp, Arp, X, AX, and

¢> is derived through three basic equations of material science and the mechanics of materials : a

Cartesian coordinate system transformation law, Hooke’s law, and the strain-deformation relation-

ship. ln this derivation, rp is the tilt of the diffractometer in the plane of the incident and diiiracted

x-ray beams, X is the tilt of the diffractometer perpendicular to the incident and diifracted beam,

and ¢> is the rotation of the difiractometer about the normal to the sample surface and an arbitrary

definition of the coordinate system.1 The transforrnation law is used to express the strain tensor in

the laboratory coordinate system, (x" in Figure 1), in terms of the strain tensor in the specimen

coordinate system, (x' in Figure 1). As will be seen shortly, because there are tive distinct rotations

of the diffractometer with respect to the sample which must be accounted for, we will use a lower

case Roman numeral primed notation to denote each successive tilt. The transformation of the

strain tensor from one coordinate system (unprimed) to another system (primed) is defined by

[Frederick and Chang, 1972] as

1 This notation follows that of Noyan and Cohen (1987). Other notations are in use elsewhere in the liter-
ature. The reader is cautioned that in some cases symbols used by us are used by others to denote dif-
ferent angles [e.g. Macherauch and Wolfstieg (1977) and Wagner et al (1982).]
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8'ij = aim‘Ün8mn (1)

where _
s’ü

= the strain tensor in the piimed coordinate system,

an = the strain tensor in the unprimed coordinate system, and

ann, gn = the direction cosines between two coordinate systems.

The components of the strain tensor can be obtained by expanding Equation (1) as follows :

8,11
= a1ma1n8mn

= **1 1**1118111 + **12**1n82n + **13**1»18311
= a11al181l+ a12a1182l + **13**11831

+ **11**12812 + **12**12822 + **13**12832
+ **11**13813 + **12**13823 + **13813833

8,12
= **11**21811 + · · ·

All of the tensor components can be grouped and rearranged in a matrix form as

8I1l 8,12
8,13

**11 **12 **13 811 812 813 **11 **21 **31

8,21 8'22 8,23
= **21 **22 **23 821 822 823 **12 **22 **32

8,31 8,32
8,33 **31 **32 **33 831 832 833 **13 **23 **33

or

6 (2)

where AI is the transpose of A,.
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Figure l. Transformation of the coordinate system from sample coordinates (x,,x,,x,) to
diffractometer coordinates (x1", xf, x,"). The diffractometer moves in the plane defined by (x1",x1")
a.nd rotates about the x," axis. The diffraction vector lies along x,". If a coordinate vector is not
shown, it is colinear with the previous vector of next lower Roman superscript and has been left
out for clarity. The sequence of rotations are as follows: x —• x' by a rotation ¢> about x;; x' -•
X" by a misalignment rotation Ax about x{; x" -» x"' by a tilt of the diffractometer, X, about
x{( =x{'); X"'

—> X"' by a misalignment rotation A10 about x§"; and x"' —• x" by a tilt of the
diffractometer, np, about x§"( = xj").
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With the same idea as above, the strain tensor for each coordinate transforrnation can be

written in the following simpliiied matrix form. First, the rotation of the coordinate system by 45
around x; (See Figure l) gives

l

6 = A 6 AT (3)4) ¢ S ¢

where 6, is the strain tensor in the x' coordinate system, 6, is the strain tensor in the x (sample)
coordinate system, and

Cd: Sd> 0

A, = —S¢ C45 0 . (4)
0 0 l

In Equation (4) and in all following equations, C and S are a shorthand representation for the
cosine and sine functions, respectively. (C45 = cos ¢>; S¢> = sin ¢>) The rotation of the x' coordi-

nate system by A; around xf gives

TSAX

=where6,, is the strain tensor in the x" coordinate system and

l 0 0
AAX = O CA; SA; . (6)

0 —SA; CA;

The rotation of the x" coordinate system by ; around x{ gives

T

sxwhere6, is the strain tensor in the x"' coordinate system and

g l 0 0
Ax = 0 cx sx . (8)

0 —S; C;

At this point, it is important to note that we have separated a misalignment error (A;) from a de-

liberate tilt (;) to allow us to examine these effects separately. We will similarly separate the A4/«

error and deliberate ip tilts in the following two rotations. The rotation of the x"' coordinate system

by An/1 around x{" gives
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SAW

=whereSu is the strain tensor in the x"' coordinate system and

CA¢ 0 -—SA¢

AM = 0 l 0 . (10)
SA¢ 0 CA•/«

· Finally, the rotation of the x"' coordinate system by ¢ around x{" gives

T U 1)

where Sw is the strain tensor in the x" (laboratory) coordinate system and

Ctß 0 —S•/1

Aw = O l O . (I2)
$(0 0 Ctp

lnserting Equations (3), (S), (7) and (9) into Equation (11) yields

T T T T TBw = AwAAwAxAAxA¢6sA¢AAxAX AAwAw . (13)

With the transpose property and associative law of matrix multiplication [Wylie & Barrett, 1982],
Equation (13) can be converted to

T

°wor
Sw = A6,AT (16)

where

_ A11 A12 A11
A = AwAAwAlAAxA¢ = A21 A22 A22 .

A11 A12 A33

Since the x-ray diffractometer measures only shifts in d-spacings in the planes perpendicular to the

diffraction vector and since the coordinate systems have been defined such that the diffraction vector

lies along x§’, we need only 6,, from Equation (15)
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for thc x·ray strcss rncasurcmcnt. Expanding Equation (15), thc strain along x;’ is

°33,ab aabx ax ap F Agxßu + A§2s22 + A§a¢ss + 2As2A11*=21 + 2A33A31£31 + 2A33/132832 · (16) .

Using Equations (5) through (15), Equation (16) can bc cxpandcd to

„3M
M X M X, = a, ,( smzab cos2Ab caxszab + coszab smzaab wazap

S
+ sinzab SiI12A\p sin2; cos2A; sinzab + coszab cos2Aab sin2; cos2A; sinzab

. + sinzab sin2Aab cosz; sin2A; sinzab + coszb cos2Aab cosz; sin2A; sinzab

— 2 sinzab CAb SAab S; CA; Sab Cab — 2 sinzab CAab SAab C; SA; Sab Cda

+ 2 coszab SAab CAab S; CA; Cab Sab + Zcoszab SAb CAab C; SA; Cab Scb

+ 2 smzab smzaab sx cx cax sax smzqs + 2 caszab coszaabsxcxcax sax Suiza

+ 2 Sab Cab CAab SAab cos2¢ + 2 Sab Cab cos2Aab S; CA; Cab Sab

+ 2 Sab Cab cos2Aab C; SA; Cqß Sab — 2 Cab Sab sin2Aab S; CA; Cab Sqß
l

— 2 Cab Sb sin2Aab C; SA; Cab Sab — 2 Sab Cab SAb CAab sinz; cos2A; sinzab

— 4 Cb Sab CAb SAab S; C; CA; SA; Sinzab

- 2 sap cab sab caab coszx smzax smzqs)

+ a:22( sinzab cos2A•b sinzab + coszab sin2Aab sinzab

+ sinzab sin2Aab sinz; c0s2A; coszab + coszab cos2Aab sinz; cos2A; cos2¢>

+ sinzab sin2Aab cosz; sin2A; coszab + coszab cos2Aab cosz; sin2A; coszda

+ 2 sin2abCAabSAab S;CA; Sab Cab + 2 sin2•bCAabSA•bC;SA;SqS Cab

— 2 cos2abSAab CAab S; CA;S¢>Cab — 2 cos2abSAb CAb C; SA;SabCq$

+ 2 sinzab sin2Aab S; C;CA;SA; coszab + 2 coszab cos2AabS;C;CA;SA; coszab

+ 2 Sab CabCAabSAab SiI12¢ — 2 Sab Cab cos2AabS;CA; Sab Cab

— 2 SbCab cos2Aab C; SA; Sd>C¢> + 2 Cab Sb Si1'12AbS;CA; Sab Cab
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+ 2 S4 C4 — 2 S4 C1/;SA4CA1/1 siuzx cos2Ax cos24

-21 S4 C4SA1l¢CA1l1 $4 CXCAXSAX cos24 - 284 C4 $A46A4 coszx SiIl2Ax cos2¢>)

+ s33(si112¢ SiI12A¢ sinzx si112Ax + CO82¢ cos2A¢ siuzx si112Ax

+ sinznß SiI12Älß coszx cos2Ax + cosznß c0s2A•[¢ cos2A¢ coszx 606113;

— 2 Sinza/r six12A1ß SX CXSAXCAX - 2 cosznß c0s2A1/1SxCxSAxCAx

— 2 S4C1/zSA4CA¢ sinzx sin2Ax + 4 SAXCAX

- 2 $464$A46A4 coszx cos2Ax)

+ 25,, ( 51:124 cos2A•j« S4 C4 — 51:1246A4$A4 SXCAX Si.D2¢

— si1124CA¢SA¤/«CxSAx Sillztß + COS21ß si¤2A¢S4C4

+ cos24SA4CA4S;;CA;; siu24 + cos24SA4CA4 CXSAX si¤24 I

+ 51:124$A4 CA4SxCAx cos24 — 511124 51112A4 51112; c0s2AxC¢ S4

— 2 51:124 51:12A4$x6x6Ax$AX64 S4 - coszn/1CAu/¢SA•ßSxCAx cos24

— Coszlll cos2A1/« sin]; cos2AxC4S¢> — 2

cos24 — SiI12¢ 51:12A4 coszx SiI12AxC¢S¢

— coszn/¢CA¤ßSA¢Cx$Ax cos2¢ — cosznß cos2A¢ coszx sin2AxC¢>S4

+ 2 S4C1/¤CA¤ßSA•ßS¢C¢> + S¤l«C¢« cos1A1ßSxCAx si112¢•

+ $464 cos2A4 CXSAX 51:124 - 64$4 51112A4$x6Ax SiI12¢

. - 64$4 51112A46x$Ax SiI12¢ + $464 51:12A4$x6Ax cos24

+ S4 C1l«SA¢ CA1/1 sinzx c0s2AxCqSSd> + 4

C1/154 cos2A4SxCAx coszqß + C1l:S1/zCA4SA¢« sinzx cos2AXC4S4

+ S4C4 si112A4CxSAx 60624
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+ 2 SwCwSAw CAw coszx sin2AxC¢>S¢ — CwSw cos2AwCxSAx cos24>)

+ 21:23 ('sin2wCAwSAwSxSAxS¢ + siuzw si¤2Aw six12xSAxCAxCw

+ smzw si¤2AwSxCx si¤2AxC¢ - cos2wCAwSAwSxSAxS4>

+ coszw cos2Aw si¤2xSAxCAxC¢> + coszw COS2Ä\pCxSx SiI12ÄxC¢

— s1¤*wcAwsAwcxcAxsw - smzw si¤2AwC;;Sx cosäxcw

- smzw s1¤2Aw coszxcmcsaxcw + c0s2wSAwCAwCxCAXS¢

— coszw cos2AwCxSx cos2AxC¢ — coszw cos2Aw cos2xCAxSAxC¢>

+ SwCw sin2AwSxSAxS¢> — 2 Sw CwSAwCAw si¤2xSAxCAxCw

- 2 SwCwSAwCAwCxSx sir12AxC¢ — CwSw cos2AwSxSAxS¢>

— SwCw si.¤2Aw CxSAxSw + 2 SwSwSAwCAwSxCx cos2AxCw

+ 2 SwCwSAwCAw c0s2xCAxS6xC¢ + CwSw cos2AwCxCAxS¢>)

+ 2„,, ( s1¤’wsAwcAwsxsAxcw - smzw s1¤2Aw s1¤“„sAxcAxsw

— smzw sanüwsxsx sauüxsqs - cos2wCAwSAwSxSAxC¢

— coszw cos2Aw si112xSAXCAXS¢> — coszw cos2AwSxCx si1x2AxS¢>

- s1n2wsAwcAwcxcAxcw + smzw 51112Aw cxsx cos2AxS¢>

+ sinzw sin2Aw cos2xCAxSAxS¢ + cos2wCAwSAw CxCAxC¢>

+ coszw cos2AwCxSx cos2AxS¢> + coszw cos2Aw cos2xCAxSAxSd>

2 + SwCw si¤2AwSxSAxCw + 2 Sw CwSAwCAw si¤2xSAxCA;S4>

+ 2 SwCw CAwSAwSxCx sin2AxS¢> — CwSw cos2AwSxSAxC¢>

—S¤/1C1/1 sin2A1/1CXCAxC¢• — 2 SwCwSA1/1CAwCxSx cos2AxSd>

— 2 SwCwSAwCAw cos2xCAxSAxS¢ + CwSw cos2AwCXCAxCw) . (17)
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To verify that Equation (17) is indeed correct, we note that, if Anh = x = Ax = 0, the fol-

lowing equation is obtained,

which is equivalent to Equation (22) in Dölle's paper [1979] or to Equation (5.4) in Noyan and

Cohen [1987].

3. Derivation of the Stress Equation:

Hooke’s law is defined for an isotropic elastic material as [Frederick & Chang, 1972]:

l + v v
Bü

=T0,j—?6k_k6,,where6,, are the components of the stress tensor, v is the Poisson’s ratio, E is Young’s modulus,

6,,,,56,, + 6,, + 6,,, and 6,, is the Kronecker delta iirnction.

The strain·deformation relationship is defined by

_ ¢h Anh 1 A1 ¢ ‘ do
933.WAr//1A1¢ — do (19)

where d, A,, A, A is the lattice spacing of an (hkl) plane represented in the x" coordinate system, and

dg is the lattice spacing of the stress-free material. These planes are perpendicular to x§’ in our

notation. Of course, it is d,A,,, A,, which is measured by means of x-ray diifraction using Bragg’s

law. Finally, for clarity, we shall adopt a three subscript notation, d,_,_, , in which the Anh and

Ax subscript are dropped. However, the explicit dependencies on A¤h and Ax will be shown. The

reader should note that in this notation, the order of the subscripts is not the same as the order of

rotations of the coordinate systems. The notation adopted here has been chosen because it is

closest to that commonly used in the literature with which we wish to compare our results.
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Substitution of Equations (18) and (19) into thc right hand sidc of Equation (17) produccs,

aücr much algobra, _

=-%sinzalz {6H( cos2A¢ coszqö + sin2A¢ sin2X cos2AX sin2¢

+ Sin2A¢ c0s2X 81112Ax siu2¢ — 2 CA¢ SA¢¢ SX CAX Sd> C¢
1

— 2 CA¢ SA¢ CX SAX S¢> C¢> + 2 sin2A¢ SX CX CAX SAX sin2¢>

- sin2A¢« cos2¢ - cos2A¢ sin2X cos2AX sin2¢>

- cos2A¢ cos2X sin2AX sin2¢ - 2 sw cm sx CAXC¢ ss

— 2 SA¢ CA¢ CX SAXC¢> S¢> — 2 c0s2A¢SXCXCAXSAX siuzeß)

+ a22( cos2A¤/1 sin2¢> + sin2A¢ sin2X cos2AX cos2¢>

+ sin2A¢ cos2X sin2AX cos2¢> + 2CA•ßSA•# SXCAX S¢ C¢

+ 2CA¤ßSA¤ßCXSAXS¢• Cd: + 2 51.!12A\[I SX CXCAXSAX cos2¢

— sin2A¢ sinzqß — cos2A¢ sin2X cos2AX cos2¢>

- cos2A¢ cos2X sin2AX SSS’¢ + 2 sA„p cw sx CAXS¢Cd>

+ 2 SA¤/4 CA¢ CX SAXS¢>C¢ 5 2cos2A¢SXCXCAXSAX cos2¢>)

+ 633( sin2A¢ sin2X sin2AX + sin2A¤ß cos2X cos2AX

— 2 si112A¢ SX CXSAXCAX — c0s2A¢ Siflzx si112AX

— cos2A•ß cos2A¤j« cos2X cos2AX + 2 cos2A¤/;SXCXSAXCAX)
7

+ 2612( cos2A•/1 Sdz C¢> — CA¢SA•ß SXCAX sin2¢>

— CA¢SA¢CXSAX sin2¢• + SA•ßCA¤ßSXCAX cos2¢>

- Si.I12A¢ sin2X cOS2AXC¢ S¢• — 2 siI12A•ßSXCXCAXSAXC¢ Sd>
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+ SA•ßCA¢C;SA; coszqö - ganzA; gngzx ganzAxc.;s.;
‘

- si¤2A¢S¢C¢• — SA•ßCA¢S;CA; ganz.; A

— SA./«CA¢ C;SA; si112¢ + cos2A¢« sinz; cos2A;C¢S¢

+ CA¢SA¤ßS;CA; cos2¢ + 2 cos2A¢S;C;CA;SA;Cq‘>S¢>
l

+ CA¢SA¤[1C;SA; gngz.; + nngzA; cosz; ganzAxc.;s.;)

+ 2623 ( CA•pSA¢S;SA;S¢ + sinzmp si112;SA;CA;C¢

+ si112A¤ßS;C; siu2A;C¢ — CA•ßSAn#C;CA;S¢

— ganzA„;cxsx cos2A;C¢ - ganzA.; gngzxcA;sAxc.;

+ CA¤ßSA¤ßS;SA;S¢ - cos2A¢ si¤2;SA;CA;Cd>

— cos2A¤/1C;S; si¤2A;C.; — SA¢CA.pC;CA;S¢

+ 2 nngzA.;cxsx cos2A;C¢ + gngzA.; gngz;cAxsAxc.;)
U

+ 2cl3( SAgbCA¢S;SA;C¢· — SiI12A¢ Sin2;SA;CA;S¢>

— SiI12A\ßSxSx sin2A;S¢ — SA\ßCA¤/1C;CA;Cd>

+ ganzA.;c;sx gngzAxs.; + gin2A.; nngzxcAxsAxs.;

+ CAnßSA¤ßS;SA;C¢> + c0s2A¢ sin2;SA;CA;Sd>

+ C0S2A1ßS;C; Si!12AxS¢ - CA1[¢SA¢C;CA;C¢

— cos2A¢C;S; cos2A;SqS — c0s2A•ß cos2;CA;SA;S4‘>)}

+ sin 2\[l{6l](CA\[/ SA•/z cos2¢>
+ cos2A¢ S; CA; C¢ Sd:

+
c0s2A•/1 C; SA; C¢> S¢ — si1:12A¢ S; CA; C¢ S¢>

- ganzA.; cx SA; c.; S.; - sA.; cA.; ganz; gngzAx ganz.;

— 2 CA•ß SA./1 S; C; CA; SA; sin2¢> -
SA•ß CA¤[: cosz; si112A; si112¢•)
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+ 622(CA:}SA:} Si!12¢ — cos2A:} CA:}SxCAx S4, C:}

cos2A} CX SAX S¢C¢, + sin2A:}SxCAx S:} C:}

+ ,m2A4 CXSAX $4 c4 - $A4,cA4 M2; c0s2Ax cos2¢>

- 2 SA:} CA:} S; CXCAXSAX cos2¢• - SA:}CA:} coszx si¤2Ax cos2qS)

+ ¢133( — SA:} CA:} sinzx siuzAx + 2 SA:}CA:}SxCx SAXCAX

— SA:}CA:} coszx cos2Ax)

+ ¤;;(2 CA¤}SA:}S¢C¢> + cos2A}SxCAx si¤2¢,
u

+ cos2A:} CXSAX si112d> — si112A:}SxCAx sinzeß

— s1¤2A:}cx$Ax SiI12¢ + ,a¤2A4$xcAx cos2¢

+ SA:}CA:} sinzx cos2AxC¢S¢ + 4 SA:}CA:}SxCxCAxSAxC¢S:} -

- cos2A:}SxCAx cos2d> + cA4$A4 ,1;,2; c0s2AxCd>Sd>

+ si112A•}C;;SAx cos2¢>

+ 2 SA:} CA:} coszx si112AxC¢S¢ - cos2A:} CXSAX cos2¢)

+ 623( sin2A•}SxSAxS¢ — 2 SA:} CA:} sin2xSAxCAxC¢> ‘

- 2 SA:} CA}CxSx si112AxCd> — cos2A:}SxSAxS¢>

— SiI12A:} CXSAXS:} + 2 SA:}CA:}SxCx cos2AxC¢

+ 2 SA:} CA:} cos2xCAxSAxC¢• + cos2A:}CxCAxS¢)

V + ol3( sin2A•}SxSA1Cd> + 2 SA:}CA:} Si!12xSAxCAxSd>

+ 2 CA:}SA:}SxCx si¤2AxS¢> — cos2A:}SxSAxC¢>

— sin2A:}CxCAxC¢> — 2 SA:} CA:}CxSx cos2AxS¢>

— 2 SA:} CA:} cos2xCA;;SA;(S¢> + cos2A:} CxCA;(C¢>)}
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+ { six12;[611( cos2A•ß cos2A; Si112¢ — cos2A1/1 si112A; si¤2d>)

-
+ 622( cos2A¢ cos2A; cos2¢ — cos2A¢ siu2A; cos2¢)

+ 633( cos2A«ß si112A; — cos2A«ß cos2A¢ cos2A;)

+ 2612 ( - cos2A¤/1 cos2A;C¢S¢ + cos2A¢ six12A;C¢S¢ )

+ 4623 cos2A¢CA;SA;C¢> —
4613 cos2A¢SA;CA;S¢]

+ sin 2;[2611 cos2A¢S;C;CA;SA; sinzdr + 2622 cos2A¢S;C;CA;SA; cos2¢

— 2633 cos2A¤ßS;C;SA;CA;

+ 612( — cos2A¤ßS;C;CA;SA;C¢S¢> - cos2A•ßC;S;SA;CA;C¢S¢)

+ 623( cos2A¤ßC;S; six12A;Cd> — cos2A¢C;S; cos2A;C¢>)

+ „„( - c¤¥A„ps;c; sin2A;S¢ + coszmpcxsx c¤s“A;s4> 1]

+ [611( 2 SA•/1 CA•ß S; CA; Cd: S45 + 2SA¢ CA¢ C; SA; C¢> Sd:)

+ 622(
— 2 A¢CAaßS;CA;Sd>Cd> — 2 A¤ßCA¢C;SA;Sd>C¢)

+ 2612 (SA1/z CA¢S;CA; sin2¢> + SA¢CA«[«C;SA; sinzda

— CA)/«SA¢S;CA; cos2d> — CA¢«SA1ßC;SA; coszqä)

+ 2623 ( — CA•j«SA•ßS;SA;Sd> + SA¢CA¢C;CA;S¢>)

+ 2013 ( ” CA•ßSA¤ßS;SA;Cd> + CA¢SA•/¢C;CA;C¢>)

+ 011( si¤2A¤!« c0s2¢>
+ cos2A¢ si¤2A; si¤2¢)

I
+ 622( si112A«p Si.I12¢ + cos2A¢ si¤2A; cos2¢> ) + 633 c0s2A¢ <=¤S2Ax

+ 612(si¤2A1pS¢>C¢ + cos2A¢ si¤2A;C¢>Sd> ) + 623 c0s2A¢CAxSAxC'4>

- 613 cos2A¢« cA;sA;s¢ 3 -—j; 372,,} (20)
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Equation (20) is the generalized equation for x·ray stress determination with a dilfractometer which
is rotated through p, Arp, X, AX, and rp with respect to the sample coordinate system.

Although it is an incomplete proof of the correctness of Equation (20), we note that if X =
0 and 6); = 6;; = 0 Equation (20) becomes

— do
6,, coszrp + sin 2¢>6,2 + 622 sinzrp — G33}X

{( cos2Ap — sin2Ap) sinzrp + ä sin 2Arp sin 2rp + sin2Arp}

+iG -L G (21)E 33 E kk •

Equation (21) is identical to Equation (6.101) presented in Noyan and Cohen (1987).
The key observation which may be made concerning Equation (20) is that it is of the form

l+v .2 l+v .·*—*?O—*——(T·)AS111 ¤p+(T)BSu12p-{-C (22)

where A, B, and C are terms involving the various components of the stress tensor and trigono-
metric functions of the various angles relating the sample and diffractometer coordinate systems.
The coeflicients A, B, and C may be obtained from Equation (20) in the most general case, or from

the more specialized cases to be discussed in the next section. As will be seen, these coetlicents can
be simplified even further under other special conditions and/or geometries. Thus, regardless of the
misalignments of the diffractometer with respect to the sample, a two parameter multiple regression
of d„,„ versus sinzrp and sin2p is the correct procedure for analyzing the data. However, the misa-
lignments AX, Arp introduce corrections to the interpretation of the coeflicients A and B which,
unless accounted for, will lead to errors in the evaluation of the components of the stress tensor.
These errors are discussed in detail in the next section.

We note that regardless of the values of X, AX, rp, and Arp, for rp = 0

d0, X, ¢
_

do
= C. do

Thus, by subtracting this term from Equation (20) we can express the general result in the form

(23)

Equation (23) is a rigorous result. Because d,,_,_‘ does not deviate from d, by more than one per-

cent, in practice the d, in the denominator of the left hand side of Equation (23) can be replaced
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by d„_,_•, the aß = 0 intercept of the d versus sinzaß plot. Thus, even in the most general case, and
as has long been known from the less general derivations, the need for knowledge of 61,, the stress-
free lattice spacing, is eliminated.

SPECIAL CASES

l. Comparison X- and aß·D@·actometcrs

The first result which can be obtained from Equation (20) is a direct comparison of the two
major diffractometer geometries in current use, the X and the aß geometries. Careful examination
of the coordinate system transformations in Figure l shows that a diffractometer which is tilted
through an angle aß while holding aß = 0° and X = 0° measures the same d-spacings as a
diffractometer tilted through X degrees while holding aß = 0° and aß = 90° J lf we ignore misalign-
ment errors and apply a similar procedure as for the derivation of Equation (23), we find

¢ß,0,o"d0,o,0 1+ . 1+ .——-Tjl——=(7—‘-—)(¤H —d’33)SlI12tßI +(#_)Ö13 s1n2aß (24a)
0

while

do, ,o0"do,0,<>0 1+ . 1+ an 2; . (24b)
0

The symmetry of Equations (24a) a.nd (24b) is to be noted. The particular advantage of Equation
(24b), long used in European diffractometer geometries [Macherauch and Wolfstieg, 1977], is that

the sample absorption factor, although dependent on aß, is independent of XF Thus, X
diffarctometers require no absorption correction. It is also usually possible to make measurements

to larger X tilts than in the equivalent aß geometry. The general result presented in Equation (20)

thus may be used for an equivalent error analysis of the X-diffractometer. For brevity, we pursue

here only the results for the aß-diffractometer. ·

2 There is an infinite manifold of such transformations. We illustrate the relations with only one case.

3 Note that there is a divergence of opinion on angular notation for the various diffractometers as a
X—dif1”ractometer is called a aß-diffractometer by Macherauch and Wolfsteig (1977) and Wagner et al
(1982), while our aß diffractometer is called an cmdiffractometer by them.
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2. Deliberatc X-til: in a gp-Ddfiactometer
A

Due to complicated geometries of the sample, sometimes the diffractometer must be tilted
through large X angles (Refer to Figure 1). The result for this case, by applying Anp =AX =0 to

‘ Equation (20) and similar procedures as for the derivation of Equation (24a), becomes

¢». .¢» ‘ do. .¢ 1 . .I
do

x
= $1112If/ {(cos2qS — S1I12x sin2¢>) 6,, + ( sin2¢> — sin2X cos2¢>) 633

— COSZX 633 + sin 2¢>(l + sin2X) 6,3

+ sin 2X( cos ¢ 633 - sin ¢> 613)}

l + . . sin 2¢ .
'l" SH] 5111

T
(UH * 633) + ( Sl.I12¢ * cos2¢) Ülz]

+[¤¤¤x(Si¤¢¤;3+¤¤S¢¤13)]} - (25)

In the typical case where 45 = 0, Equation (25) becomes 3

. . · do, .
= sin2·p{ G1; — Sillzxvgg — ¢¤52X¤33 + $i¤ ZXGZ3}

sin 2•p{ cos X6,3 — sin X6,3} . (26)

Thus it is seen that, depending on the specific values of the components of the tensor, the inter-

pretation of the coefficients of the multiple regression of d,_,_• versus sinzip and sin Zip as 6,, — 633
and 6,3 respectively can lead to potentially significant errors. The importance of these corrections

explains some of the difficulty one of us (RWH) has had in interpreting data from flat sheets of

nickel-plated steel which were tilted through large X-angles in an attempt to avoid serious preferred

orientation problems. Equation (Z6) should be compared with the classical result show Equation
(24a).

It is important to note from Equations (Z5) and (Z6) that it is possible to obtain all six ele-

ments of the stress tensor by making np scans at three different X tilts at the same rotation angle ep.

This is to be compared with the more traditional way of making ip scans at three different 45 ro-

tations with X = 0. In many practical examples, the X·tilt procedure may offer the possibility for

such measurements when the d>-tilt is precluded by the large and complicated sample geometries

or vice versa.
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3. Errors in tim Small-Angle Approximation
”

Since the experimental misalignment errors, A¢ and Ax, are small the sine and cosine terms
may be expanded in a power series. Then, if only the linear terms are retained, Equation (20) can
be reduced to

= %-L sin21[« { [ ( coszqß — sinzx sin2qS) 611 -1-(sin2¢• — sinzx cos2¢>) 622

— coszx 033 + Sin SiI12x)012

+ Sm 2X(C¢ U23 ‘ S¢ 613)] + [ 2 SX( Sin 2¢(U22 ‘ U11)

+ ( ¤<>S°¢> — ¤i¤2¢>)> G12 — 4Cx($4>¤2;1 + C¢°13)] M —

011* COS2¢ 022 + 033 +Sill+

2C¢>( — sinzx + coszx) 623 + 2 S¢>( sinzx — coszx ) 613 ] Ax}

+ $i¤ 2¢{ [ Sx (U11 ‘ 622) + SX( $i¤2¢ — ¢°$2¢) U12

+ cx<S¢ «»„ + <:¢· «„> 1 + 1< ¤¤¥¢ — Sinzx si¤*¢ )¤11
+( si¤2¢ — sinzx ¤¤¤24>> U22 — wszx vg;

+ sin 2¢>(l + sinzx ) 612 + sin 2x(C¢> 623 - S¢ 613) ] A1/1

+ [ Cx ir%i<¤11 — ¤22> + Cxt Si¤2¢· — ¤¤S2¢ > rm

— $X($¢ U23 + C¢ U13) Ax

COS2¢022 "" 033 * sin 012)

+ 4(C¢ U23 " $¢ U13) Ax ] + Sin 2X[( — C¢ U23 + $¢> U13)

-1- ( 5111243 611+ eos24> 622 - 633 — sin 2¢> ¤12)] Ax}
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+ [Sg; sin 2¢>(aH —
622) — 2 SX cos2¢ an

+ V12 "‘
ÜVu} (27)

If X = 0 (no deliberate tilt of specimen and /or instrument), Equation (27) becomes

, , — do
SiII2¢622 * 633 + Sl.!] 2¢6l2]

— 4 [$¢> 623 + C¢> V1s]A¢ + 2[C¢ 623 ' S¢> 613] A1}

+ Si¤ 2¤ß{ [$¢> dz; +
€¢ di; ] + l¢¤S2¢ V11 + Si¤2¢dzz — d;; + =i¤ 2¢ diz ] M

sin 2qS _
+[ 7** (d11 — Vzz) + ( $1¤2¢ * ¢O$2¢) V12 il AX}

1 ++'ji{2l$¢V2;+C¢V2;]AW+l$¢V23—C¢*V1a]^X

+ V12 ‘üV1«1«} (28)

These results show that the angular error terms Ax and Anß introduce errors into the interpretation
of both the slope of the d„,„ versus sinzwß plot and the sinza/1 split as well. Since some of these terms
involve the product of the misalignment error with one of the norma.l stresses, these errors may be
quite large. They are the subject of the last section of this paper.

4. Misaligrunent Errors in a aß-Dwuctometer

Consider the case of small misalignment errors Aw and Ax in a diifractometer where there is
no deliberate X-tilt. lf ¢> = O and a similar procedure as for the derivation of of Equation (24a) is

applied, Equation (28) becomes

¢p, , ‘ do. 0. 0
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A similar equation is easily derived for ¢• = 90°. Equation (29) shows that the physical interpre-

tation of the slope and the sinzrh split of the d versus sin’•h plot may be significantly changed as a

result of the diffractometer misalignment errors Ah and AX. However, the magnitude of such errors

depends on the actual values of the components of the stress tensor. In general, it is seen that an

error in the zero of the th-tilt (Ath) induces a sinzth split even if the shear stress components are zero.

If one is not aware of effects such as these, the sinzth split could be interpreted as a tictitious shear

stress. The magnitude of these effects will be discussed in the next section.

NUMERICAL EXAMPLES

Examination of Equation (29) shows that, unlike the classical results presented heretofore, the

coefficient of sin 2th (B in Equation (23)) is not zero even in the absence of shear stresses if there

is an angular rnisalignment. Thus, if the diffractometer is inadvertently tilted (X) or misaligned

(Ath,AX) there may be a sinzth split which could be misinterpreted as a shear stress. To investigate

the magnitude of such errors, we have performed several numerical tests using a stress tensor rep-

resentative of the stresses found in cast steel railroad wheels. In these examples we have used du

= -500 Mpa, an = -300 Mpa, an = 300 Mpa, 6;; = 61; = an = 0, andä= 5.88xl0"

Mpa". .

Figures 2 and 3, generated from Equation (29), show the resultant error for several typical

values of AX and Ath misalignments. The effects of AX and Ath are additive (Refer to Equation

(29)). Figure 3 shows the effect of each misalignment, AX or Ath, separately on the shift of the d-

spacings. An important conclusion may be drawn from these data. Since typical d-spacing shifts

which result from residual stress are of the order of several hundred ppm, the errors introduced by
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the misalignment errors are significant. For example, in plane stress the d-spacing at rp = 45° shifts

by ·0.0004lÄ from the true d-spacing. .

To further investigate these effects, an equation of the form of Equation (24) was regressed

against the data of Figure 2 and 3 to determine the values of the ficticious shear stresses. Table l

shows the values of both the individual and the combined effects of Ax and A•/1 misalignments on

the ficticious shear and normal stresses under the assumed conditions. In this example, the fiticious

shear stress is shown to increase considerably with the misalignments. Comparison of Figures 3

(A) and (B) shows that the Anß error is larger than the Ax error under these specific stress assump-

tions. However, it should be noted that the rnagnitude of the fictitious stresses depends on not only

magnitude of rnisalignment errors but also magnitude of the corresponding normal and shear

stresses.

111:6

*5 Z‘ **1*
6.6 g

T? *.6+% — ‘• s J
Z I 12 f A J1
2 J

3 ‘Ci ‘ ‘j

F..---1;\.‘2CZ ~_‘—

J ‘ \ —..J
i.
.-,1 I

. . . 1u I 4
1 1.1 6.; 1.2 :.4 .;.6

5 Ü-

QFigure2. The combined effect of Ad: and A; misalignments on the d·spacing versus sinznß plots
for a material in plane stress with 611 = -500 Mpa, an = -300 Mpa, and 61; = 300 Mpa .
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If 6,, and du exist, AX and A(L rnisalignments also affect the detexmination of the normal
stresses (Refer to Equation (24)). However, the effects are small, or even sometimes negligible,

because of themultiplication of normally small shear stress and small misaligument angles.

Table 1
"Fictitious Shear Stresses' introduced by misalignments

UH = Üu = Un = Ü}; = Ü}; = Ü:} =

0Error(deg)— d,zAx(MP&) 6,,A(L(MPa) Total(MPa)

0 0.0 0.0 0.0
l -8.7 -5.2 -13.9
2 -17.5 -10.5 -28.0
3 -26.2 -15.7 -41.9
4 -34.9 -20.9 -55.8
5 -43.6 -26.2 -69.8

DISCUSSION

The results of our derivation and of our numerical calcuations for a specific example clearly

show that inadvertent AX and A(L misalignments of a x-ray residual stress diffractorneter can have

a significant effect on the interpretation of the residual stresses in a sample. However, although the

final results are complex, it is shown that the general form of the d„,„ versus Slllzlll plot is unchanged

from the traditional result; only the numexical values of the coefficients change. lf a deliberate

sample tilt (X) is required because of the sample geometry, it is still possible to recover the entire

stress tensor provided that the value of X is known. ln fact, if (L = 0 and only X is varied, our results

reduce to that standard equations for a X diffractometer.
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12.0 APPENDIX B : RESIDUAL STRESS
DATA FOR WHEELS

This chapter consists of four sections, containing x-ray residual stress data, hole drilling strain

data, and residual stress data. Sections 12.1.1 and 12.1.2 introduce x-ray residual stress data which

are graphically shown in Figures 21-32. Section 12.2.1 shows hole drilling strains, approximate

residual stresses (Equation 3-14), more accurate residual stresses (finite element calculation) at the

two inches from the front rirn comer on the tread of the wrought, normal wear wheel. Sections

12.2.2 and 12.2.3 show hole drilling strains and approximate residual stresses at two inches and three

inches, respectively, from the front rim comer on the tread of the heat·discolored (more than four

inches) wheel.
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12.1 X-RA Y RESIDUAL STRESSES

12.1.1 Circumferential Normal Stresses in Six Wheels at Sixteen Location

Location Wheel D Wheel C Wheel A (ksi)
(Figure 16) #1 #2 #1 #2 #1 #2 #3 #4

(1) -55.7 -66.5 -33.6 -19.6

(2) -53 -49.7 -30.8 -39.9

(3) -22.5 -23.1 -26.2 -55.8 -55.8 -45.0 -60.0 -48.0

(4) -42.4 -36.9 -19.7 -30.6 -77.2 -97.9 -75.8 -65.3

(5) -22.1 -32.1 -26.7 -40.9 -55.0 -51.0 -48.9 -48.7

(6) -48.4 -50.1 -35.0 -28.3 -67.2 -92.6 -75.1

(7)
(8) -38.9 -60.7 -72.7 -79.7 -25.2 -25.4 -18.3 -26.0

(9) -23.4 -26.2 -25.5 -27.5 -44.0 -69.0 -52.0

(10) -47.1 -42.5 -33.6 -30.7 -14.7 -18.6 -8.7 -9.7

(11) -51.4 -41.4 -40.3 -49.3 -12.3 1.2 - 8.9

(12) -35.1 -35.9 -28.4 -18.4 - 8.1 -13.8

(13) -50.0 -57.0 -22.5 -31.3 -10.9 -17.8 -12.0

(14) -39.3 -38.1 -20.3 -17.9

(15) -51.4 -48.4 -27.0 -46.25

(16) -45.0 -45.6 -42.9 -59.0
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Location
l

Whccl F _ Whccl B Whccl E (ksi)
1

(1:181116 16) #1 #2 #1 #2 #3 #4 #1 #2

_ (1) - 9.2 -17.6

(2) + 1.5 -13.2

(3) -47.7 -83.9 -24.5 -24.8 - 7.1 -40.6 -54.3

(4) -101.7 -101.3 -54.8 -46.9 -43.9 -51.6 -95.2
(5) -98.9 -90.2 -53.0 -57.0 -58.4 -48.0 -61.5 -82.5

(6) -106 -92.6 28.9 13.2 5.4 29.3 16.7

(7) -83.3 -80.6 -73.7 -66.5 -80.1 -89.0 -104.9 -145.7

(8) -59.3 -24.5 29.2 37.5 32.0 20.3 -26.9 -22.5

(9) -98.3 -54.1 17.6 14.3 11.2 24.4 -32.6 -15.1

(10) -26.7 -16.3 - 4.6 11.7 - 0.9 · 5.1 10.1

(11) - 9.4 -19.5 5.4 1.0 5.7 - 8.4 -10.4

(12) - 0.3 4.6 - 1.5 - 2.0 - 6.4 -2.7

(13) - 1.8 1.5 - 4.7 -14.6 -11.2

(14) - 2.9 2.8 - 6.9 -17.6 -26.4

(15) -54.9 -20.0 -15.3 - 7.0 -31.0 -38.6

(16)
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12.1.2 Circumferential Shear Stresses in Six Wheels at Sixteen Location

Location Wheel D
4

Wheel C Wheel A (ksi) '

(Fi8¤r¤ 16) #1 #2 #1 #2 #1 #2 #3 #4

4 (1) -5.5 -0.6 2.0 0.0
(2) -4.2 -7.2 0.0 0.0

‘

(3) 0.0 0.0 0.0 0.0 -8.7 0.5 -4.4 -4.3

(4) 0.0 0.0 0.0 0.0 3.7 5.1 7.2 6.7

(5) -1.2 0.0 0.0 .0 2.3 0.3 5.9 8.6

(6) -1.7 -0.9 -3.3 -2.3 -6.4 -3.5 -3.1

(7)
(8) -2.2 -0.6 -2.8 -2.8 -7.9 -6.0 -8.5 -7.5

(9) 2.2 -1.8 0.0 -1.8 -3.2 -4.8 -3.9

(10) -5.9 -5.6 -4.3 -2.1 -4.9 -4.6 -4.0 -3.2 °

(11) -4.4 -5.5 -4.5 -3.6 0.0 -12.7 -9.8

(12) -2.3 -2.3 -2.2- -1.5 0.0 0.0

(13) 0.0 0.0 -3.3 3.9 0.0 0.0 0.0

(14) -3.7 -4.4 -3.9 -2.0

(15) -3.0 -3.6 -3.2 -4.4

(16) -7.3 -5.6 -5.3 0.0
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Location
-

Wheel F Wheel B Wheel E
(Figure 16) #1 #2 #1 #2 #3 #4 #1 #2

(1) - 0.4 -2.4
(2) 0.0 0.0
(3) -6.9 -2.7 0.0 -2.9 3.5 3.8 10.2

(4) -7.4 -1.6 -7.5 -6.2 -8.4 -8.4 2.5
(5) 6.5 9.7 -5.0 -8.7 -6.9 -7.8 -11.8 -5.6

(6) -5.5 -3.9 0.0 2.6 2.8 2.5 0.0
(7) 0.0 8.0 1.7 0.0 0.3 4.2 -2.5 -4.5
(8) 4.0 4.0 -2.5 -1.3 -1.0 -1.6 -4.5 -3.0
(9) 10.6 2.8 -3.4 0.0 0.0 0.0 0.0 0.0
(10) 2.3 0.0 0.0 -1.0 -8.8 -1.0 0.0 0.0

(11) -1.1 -3.8 -1.1 0.0 0.0 -2.9 0.0 0.0 _
(12) 0.0 0.0 -2.6 0.0 -2.0 0.0
(13) 0.0 -0.4 0.2 0.0 1.8

(14) -7.4 -1.4 -2.8 0.0 0.0

(15) -2.8 -2.9 0.0 -3.3 1.4 1.4
(16)
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12.2 HOLE DRILLING RESIDUAL STRESSES

12.2.1 Strains, Approximate and More Accurate Residual Stresses at 2"

from Rim Comer on the Tread of the Cast, Normal Wear Wheel

Approximate More accurate

Hole depth Strain residual stress residul stress (ksi)
(inch) 1 2 3 aixal hoop axial hoop

0.000 · 0.005 37 40 31

0.000 - 0.100 85 97 87 -56.8 -57.7 -58.0 -59.0

0.010 - 0.020 166 203 204 -56.7 -65.7 -45.8 -62.8

0.020 - 0.030 214 272 290 -45.6 -59.4 -31.5 -48.6

0.030 - 0.040 235 309 334 -36.9 -49.4 -16.1 -27.0
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12.2.2 Strains and Approximate Residual Stresses at 2" from Rim Corner

on the Tread of the Heat-discolored (More Than 4") Wheel

Approximate
Hole depth Strain residual stress (ksi)
(inch) 1 2 3 aixal hoop

0.000 - 0.005 17 23 21

0.000 - 0.100 55 66 68 -37.2 -44.7

0.010 - 0.020 151 170 186 -63.0 -70.7

0.020 - 0.030 247 267 293 -72.5 -78.0

0.030 - 0.040 292 311 342 -55.4 -57.1
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12.2.3 Strains and Approximate Residual Stresses at 3" from Rim Comer

on the Tread of the Heat-discolored (More Than 4") Wheel

Approximate

Hole depth Strain residual stress (ksi)
1

(inch) 1 2 3 aixa.1 hoop

0.000 - 0.005 -22 0.0 33

0.000 - 0.100 -52 27 113 19.2 -60.0

0.010 - 0.020 -110 106 276 12.0 -77.6

0.020 - 0.030 -161 177 405 13.75 -72.2

0.030 - 0.040 -216 200 458 25.6 -42.2 A
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