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EXECUTIVE SUMMARY

This report presents the results of an extensive study into
the causes of thermally induced wheel failure. Major issues
addressed include the effects of wheel plate design,
héat—treatment, ability to resist thermal ~ damage, the
‘relationship between discoloration and residual stress reversal,
and the amount of brake energy required to cause changes in the
residual stress in a wheel.

Results of this study show that heat-treated, curved plate
(low stress) wheels are the most resistant to thermal and
mechanical damage and, therefore, resistant to failure.

A suﬁvey of wheel performance was made using data based on
wheel removals ‘and derailments. Results of this study indicate
that derailments due to thermally inducéd wheel failure are'
highly seasonal, with the majority of failures occurring during
the 'winter- months, The number of derailments due to thermally
induced wheel failure has declined significantly over the last
seven Yyears as have all other categories of derailments. It was
found that mechanical damage (i.e. tread metal flow, excessive
wear, metallurgical transformation) is necessary for the
initiation of thermal cracks and thus failure. Further,
derailment data show that'wheeis with curved plate designs are
several times 1less likely to fail than wheels of straight plate
design; 1lack of population and mileage data for heat-treated
wheels preclude use of derailment data to assess the role of

heat-treatment in failure rate.
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‘Additional information was gathered from an extensive
program of séw cutting wheels that had been in service.
Experimental programs were conducted using a dynamometer, the
roll-dynamics wunit, and on-track testing. Heat-treated curved
plate wheéis are more resistant to both stress-reversal and
mechanical damage than any other combination of design and
heat-treatment, and therefore more resistant to thermally
induced failure. Over-hanging brake shoes and non-uniform tread
heating were found to be conditions which will increase the
probability of wheel failure.

A Specific combinaﬁions of speed, time and brake shoe force

are. required to préducé thefmal damagé in the rim for each wheel
design and heat-treatment. These data should be used to promote
brake systeﬁ performance specifications.

It was found that discoloration*, while it indicateé thermal
input, is not necessarily evidence of destructive thermal
damage. Discoloration indicates a greater probability of an

 adverse change in residual stress. However, it should be noted
that research indicates some nondiscolored wheels may have
developed high residual tensile stresses. The following diagram
presents the schematic distribution of wheel population and
illustrates that the derailment. rate is higher for discolored
wheels than nondiscolored wheels, while the absolute number of

derailments is higher for nondiscolored wheels.

*Discoloration is defined as "a pattern of 'reddish brown' .
or 'blue' discoloration from heat on front and back face of rim,
4-inches into the plate with decreasing intensity."
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GLOSSARY OF TERMS

Cast Iron Brake Shoe: A brake shoe made of a high phosphorus
(0.4 to 3.0 percent) cast iron.

Cast Wheel: A wheel that is manufactured by castlng steel into
a wholly or partially graphlte mold.

Composition Brake Shoe: A brake shoe formed of a rubber, steel

powder, and knolin composite adhesively bonded to a steel
backing plate.

Crack Initiation: The formation of a crack large enough to grow
under alternating stress.

Curved Plate Wheel: A wheel whose plate profile has a fully
parabollc shape (see Low Stress Wheel).

Class . B Wheel: A wheel which 1is rim quenched to yield a
hardness of 277 to 341 Brinell. Grade B wheels contain 0.57
to 0.67 percent carbon.

Class C Wheel: A wheel which 1is rim quenched to yield a
hardness of 321 to 363 Brinell. Grade C wheels contain 0.67
to 0.77 percent carbon.

Class U Wheel: An unheat-treated wheél which contains 0.65 to
0.80 percent carbon.

Discolored Wheel: A wheel which has a pattern of redish-brown
or blue discoloration from heat on the front and back face
of the rim, four inches or more into the rim with decreasing

intensity.

Fracture: Rapid, unstable growth of a crack at rate approaching
the speed of sound.

H-36 or CH-36 Wheel: A 36-inch diameter one-wear wheel for
service on 100-ton cars. The C prefix indicates that the

wheel 1is. cast whereas the 1lack of a C prefix indicates a
wrought wheel.

High Stress Wheel: A wheel of a design which does not meet the
requirements of AAR Standard S-660.

Incremental Crack Growth: The slow, stable growth-of a crack by

fatigue.
J=33 or CJ-33 Wheel: A 33-inch diameter one-wear wheel for
service on 70-ton cars. The C prefix indicates that the

wheel 1is cast whereas the lack of a C prefix indicates a
wrought wheel,
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o L e p
J=36 _or CJ-36 Wheel: - A " 36-inch diameter two-wear wheel for
service. on 100-ton cars. The C prefix indicates that the.
wheel 1is  cast whereas ‘the 1lack of a C prefix indicates a
wrought wheel. . o S .

Kig: “: -The critical stress_gintensity; factor, - or fracture
toughness, of a material. ’KIc,defines the level of stress
and crack size. Lt e R ‘

Low Stress Wheel:- "A“fwﬁeel of a design which _meets :the-

requirements: of.  AAR. Standard - §~-660 -(Finite -Element
Analysis). g’ ' _ _ .

S-Plate Wheel: - ‘A wheel whose plate proflle has an S shape (see‘;
Low Stress Wheel). . A , ‘

Stralght Plate Wheel: ' A wheei whose plate proflle has a
straight. section between. the rim and hub fllets (see ngh
Stress Wheel) o .

Thermally Damaged Wheel Any wheel, which through . exces51ve

brake 'shoe heatlng, ,h developed ~tensile | residual hoop

stresses in ;ts rim.

Wrought Wheel: A wheel which is manufactured by a process of
forging and rolling. :
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1.0 OVERVIEW.

The 1life of. a railroad wheel is ‘determined by various
factors such as‘ wear, plastic -de:formatio‘n,' fatj(.g'ue_.‘cxjackin‘g of .
the whe'el‘ plate‘, shelling and thermal 'cracki_ng' of thevw‘h‘e‘e,vl
tread, and wheel fracture. The incidenqe of heat related wheel‘
failure; whlch is initiated by a thermal crack in the wheel rim,
has become of great importance in the railroad industry. A
'r'elat'\.ively large number of wheels are removed from service on
the basis of.dJ:.scolo‘ration* of  the Wheel plate caused by severe
thermal loads. The problem of identifying 'g thermally d_amagéd
‘wheel in service is very conplex. R_esearch; has shown that a
similar percentage of both nondiscolored and discolored wheels
deVelép high 1eve_ls .of residual tensile “s"t_:'r,ess in the rlm
These stress levels proxﬁote th‘el propagation of radial rim cra-qks:
and eventually lead to ¢atastrophic wheel Vfa'ilur‘es.v 'Re.se‘arch
has indicated that the initial residual stresses invthe' rim are
altered by the effect of thermal stresses dué to severe braking
operation. A(Additionall'y, the effect of alternating stresses due
“to the mechanical loads at the wheel/rail interface are not well

understood.

#Discoloration is defined as "a pattern of 'reddish brown' .
or 'blue' discolorations from heat on front and back face of
rim, 4-inches into the plate with decreasing intensity".



To improve the safety performance of railcar wheels, the FRA A
supported the Wheel Failure Mechanisms™ Program to better
understand - important ‘wheel failure mechanisms, and’ to develop
technically sound wheel removal criteria and ‘guidelines fér 'safe
operation. ' This project encompassed 14 Technical Tasks ranglng
from a technology' survey through a national “study of wheel

removal guidelines to individual teGhnical ‘problém-oriented |

tasks which included laboratory and track’ testing and analyses. -

FRA also funded an independent study of M-2 fleet car

axle/bearing " failure modes, undér Technic¢al Task T15, included =~

in the same contract covered by Task -Order No. 6.

The “individual” technical tasks of ‘this projéct were grouped

into major subprojects for the purposé of clarity for the

specific areas of wheel safety ihvestigation. ' This grouping is

illustrated in Figure 1.1." o

1.1 Objéctives * %
1.1.1 overview and Program Control (Subproject I)

The purpose 6f ‘this subproject was to provide overall safety
~_guide1ines for wheel removal based on a continuing review éna"

evaluation of national wheel safety statistics. The data base”

and" pert_in‘:e;"yt»fahé]:.’ysig_Eecbiji’qués_ 'wéf"_é‘ d'éf‘veiéb':p'e‘d andmanaged

under this subptroject. In addition, the reSearch results

developed within the other Technical Subprojects were monitored

within this subproject.
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1.1.2 Failure Mechanisms, Verifications and Countermeasures
(Subproject 2) :

T‘he purpose of this subproject was to determine the
mechanisms "of wheel failure, demonstrate these méchanisms by
. causing a wheel failure under controlled conditions and to
suggest ‘methods for preventing wheel failure.

It v-vgs’, very difficult to cause a wheel failuré, but it was
:f-inally acc-:omplishedA with the aid of an artj.ficially induced
defect in a straight plate, Class U wheel after prolonged severe

drag and stop braking on the AAR wheel dynamometer.

1.1.3 The State of Safety Risks Due to Overheated Wheels
- (Subproject 3)

The purpose of this subproject" was ‘to/ determine the effecté
of wh\eel desigh/m;iterial/size and brake application history on
ﬁhe -development- of _‘r'e'sidual stress. The state of residual
stresé’ in the over-heated wheels due to severe modes of braking
applications was evalﬁated. Duration and force levéls of
braking appiication, and the sequence of reapplication required
to- accumulatél critical 1levels of residual stfess in the test
wheels were monitored.

Careful experimental study under controlled conditions in
thé laboratory and extensive track testing was performed to meet
the objective of this subproject. The data accumulated in these

and other tasks were analyzed and compiled into this report.



1.1.4 Nondestructive Methods to Detect Damaged Wheels
' (Subproject 4)

This portion of the program addressed the goal of developing

technically sound wheel removal criteria. It included the

critical evaluation of nondestructive testing techniques, since
they represented candidate methods for possible future wheel
removal criteria. Two specific residual stress measurements

were identified under this program.

1.1.5 Safety of Commuter Cars with Hollow Axles (Subproject 5)

This project was regarded as a stand-alone task performed
independentiy over and above the Scope of the Wheel Failure
Mechanisms Program. The objective of this test program was to
eﬁamine the thermal properties of bearings that have service
Worn_ grqdves between the axle and roller bearing assembly, and
to t.ak'e static méasurements' of bearing cup and seal wear ring
.movement,' and any wear which might have occurred between the
bearing cones and the axle. | The dynamic performance _of a "bent"
solid axle with a straight hollow axle was also compared.

The Roll Dynamics Unit (RDU) was utilized to determine rates

of fretting wear and thermal runaway on hollow

axle/bearing/wheel assemblies of commuter railcars (M-2 Fleet).
Test runs of up to 11,000 miles each, with a M-2 truck were

performed on the RDU and dynamic measurements of bearing



teniperature and bending strain were' monitored. . I'n\‘r.estigation'é
on two axle/bear1ng/whee1 assemblles were made during each -test
rﬁﬁ: All the 1nformatlon was sent to the Transportation Systems
Center, Cambrldge,_ﬂ M,a'ssaﬂchgsettls, and this task was .reported

sep arately



2.0 NATIONAL STUDY OF WHEEL REMOVAL GUIDELINES (TECHNICAL
TASK T1)

2.1 Introduction

The removal and failure trends of railroad freight car
wheels were monitored to determine and define the thermal
patterns developing in service. The methods used and the data
sources of inf'drmation chosen were:

1. The AAR Car Repair Billing System Data Base,

2. The \AAR Wheel Failure Report Data Base, - _

3; ;I‘he FRA Accident-Incident Reports Data Base, and

4. The AAR Car Maintenance Cost Data,-t Base.

'The method used to monltor the wheel removal and failure
patterns is the control chart. The control charts have been
establlshed w1th ﬂcontrol, ‘l;mlts for one ,quarter,v tvfo consecutive
duarters and three consecutive quarters. One control chart has.
been established for leach combinati“on of data source and
normalizing faetor (car _mAilbes, active cars, or ton miles). The
control limits have been ‘est_ablished to provide 95% confidence
sﬁ_ch that when the data source mean has shifted significantly,
the liin’its have been exceeded.

Thls sectlon contains the data sources chosen and the
trends for each data source quarterly from 1980 to the latest

quarter for which information is available.



2.2 Data Sources

Four sources of data have been identified which may be used

to monitor the impact of a change in the definition of an

overheated wheel. These a¥e as follows:

' 1 .

The AAR Car Repair Billing Exchange System Data (CRB) -
These data contain forelgn car repair bllllng on the
majority of the North Amerlcan freight car fleet. The
job codes and why made eédee in this system support the
determination of the number of v}heels rembved due to .
thermal damage and/or discoloration.

The. AAR Mechahical Division Wheel Failure Report (or

MD-115)° - These forme are voluntarily cvomipleted and

submitted to the AAR Mechanical Division for all
cracked or broken plates, rims or 'flanées. B The why
made codes permit the number of wheel failu‘res' d&ue“to
thermal damage to be determined. | ’ |
The FRA Accident/Incident Rheport:su; Reilroad aeeidente
(derailmehﬁs/coilisions) resultlng in damage exceedlng
a minimal threshold ($3,700 in 1984) must be reported

to FRA. These reports permnit the humber of ac01dents

caused by ‘thermelly damaged wheels to be estimated.

Since the actual cause of a cracked of broken wheel can
not be determined from these data, ”—we.a'ss‘unie‘"el‘l
cracked or broken wheels are the result of thermal
damage.

The AAR Car Maintenance Cost Data Base - These data are
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maintained by the AAR Research and Test Department, and the data
base contains both system and foreign repairs to freight cars’
owned by eJ.ght part1c1pat1ng roads., These railreads voluntarily
submlt this 1nformatlon for approximately 500,000 freight cars.
The repair 1nformatlon in thls data base is 1n a form consistent
lWlth the CRB system. Thus, the number of wheels removed due to

thermal damage and discoloration can be determined.

2.3 Trends

The purpose of monltorlng data on wheel removals, failures
and acc1dents/1nc1dents 1s prlmarlly to detect 51gn1flcant
1ncreases in the number of thermally damaged wheels in servlce
_or the number of wheel thermal damage related accidents. This
has been a'ccom'pvlis_heo_l‘. by the .use of .centroI 'ehart_s for eech
variable of."‘int_e're'st.‘; ‘The centrol chart is a plot of the ndata ..
o‘ver th.e reievent_period of time. ) Centroi iimits avr’_e
established to detect the occurrence of a significant change in
. process average. Control 1limits may be set for a variety o'lf
occhrrence-s. For exampl'e; there mey be,llimi_t's for a single
point, for two consecutive 'pfoint_s,- for three consecutive ‘points,
etc. The_limits in this report are the 95% confidence intervals
for one, two and three consecutive quarters.

Figure 2.1 shows the trend fo_r'the rate of wheel removals

due to discoloration (why made code 89 from. Field Manual of the
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~ CONTROL CHART )
RATE OF WHEEL REMOVALS DUE TO DISCOLORATION
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AAR Interchange Rules) per 10,000 active cars (an active car is

defined as a car which moved a minimum of 250 miles in the
'qu»arter) from the Car Main.ten'ance Cost Data. Baée. This average
rate of remo‘valu‘s kis approxixﬁately 175 per 10,000 active cars per
quarter.= The ra‘tef exceeded the upper control limit during the
first quarter of 1983 but has settled back. into statistical
control.

The trend -for the rate of wheel i:'emovals " per mill.idn-'car
miles due'»tc'? discoloration is'sho’wn' in .Figure 2.2. The trend is
vety s_im_ilz;r tb the previoué figure. ‘

The r;afe of wheel removalé per 10,000 "a'c’éivezcars due to

thermal dainage is shown in Figure 2.3. =

The why made codes from the Field Manual of the AAR

Interchange Rules are:

) | ‘66:-'flénge crlacked:'or broken,

o 68-rim cracked or broken,

o -69-thermal cracks with overheating, |

o 74-thermal cracks, and

o 83-cracked or broken plate.

This chart indicates an average of abproximate,ly 22 '\"Mh\eels '
‘”r}emoved pér 10,000 active qars per ciuarfer due to thermal
damage. The rate of wheel removals due to ‘thermal damage has
been quite iow in the 1last four quarters. The i'ate of wheel
removal due to thermal .davmage does not shbw ‘any ‘obvious trends.

The rate of wheel removals per million car miles due to
thermal damavge is shown in Figure 2.4. This chart is 'very

similar in all aspects to the previous figure.
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CONTROL CHART

RATE OF WHEEL REMOVALS DUE TO DISCOLORATION.
FROM THE CAR MAINTENANCE COST DATA BASE — APRIL, 1986
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. CONTROL CHART
RATE OF WHEEL REMOVALS DUE TO THERMAL DAMAGE
'FROM THE CAR MAINTENANCE COST DATA BASE — APRIL, 1986
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’ CONTROL CHART
RATE OF WHEEL REMOVALS DUE TO THERMAL DAMAGE .
FROM THE CAR MAINTENANCE COST DATA BASE — APRIL 1986
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.Thé rate of wheel removals per billion ton miles due to
thermal damage from the car Repair Billing Data Base is
presented invFiguzt:e 2.5. This shows a very high rate of removals - .
during thev'periOd from the first quarter of 1982 through thé
first_iqua,rte‘r -.»of'v 1983.» The rate of removals for the last eleven
: quartérs suggeéfs the rjaté of 'removals due to thermal damage has
shifted dramatically, The reduction appears to be on the order
of 2.5}_wheel.s per billion t‘on—miie‘s.. |
. The ’rate"of Whéel removals per billion ton-miles due to
discoloration is presented in Figure 2.6. This shows a very
high rate of removals d_uring the period from ‘the ,fifst E;uarter
of 1982 thfough ‘vt,he fifst quarﬁer of.j1983. The rate of removais
_fthe‘n falls back dnto statisticial control 'tem‘porarily‘.- «‘Howeve‘r,‘
the rate has been ‘quite variable 'be’tviee@ ‘the first quarter of
1983 and the Sééond_ quarter of 1985. The rate then _d.r'op“pedA
dramatically in response to the rule change to‘ discoloration
front_. g_r_l_d_vjbackA in the second quarter o.f' ‘1985. The average
removal rate since the ‘fir‘_st Quarte'r of 1981 1s above 120»wheels
per billion ton-miles, but 1n 1985 dropped to approximat,éiy 75
wheels per pillion .'to,n mlles o "
’Except‘f:.for ‘the fact that wheel rémovals on adcount of
disco,lored'wh‘eels and removals on account of crécked wheels
‘peaked during the first quar.ter. Qf' 1983, the two >causes; do not
'seem to iﬁd\ie' exactly with ea.ch"bther.‘ It should also be noted
that _'the rate of removals for discoloration is approximately ten
‘times'tl';at" of wheels rém0ved for cracking.

The trend in the rate of wheel failure reports submitted to
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CONTROL CHART

FOR THE RATE OF WHEEL REMOVALS DUE TO THERMAL DAMAGE .
FROM THE: CAR REPAIR BILLING DATA BASE — Februqry, 1987
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FIGURE 2.5 RATE OF WHEEL REMOVALS PER BILLION TON MILES DUE TO THERMAL DAMAGE
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CONTROL CHART -
FOR THE RATE OF WHEEL REMOVALS DUE TO DISCOLORATION
FROM THE CAR REPAIR BILLING DATA BASE — FEBRUARY 1987
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the AAR per billion ton-miles 1is shown in Figure 2.7. Only
those failure- reports which indicate an associated derailment
are included. - This figufe shows a great deal of variation in
these data. Howeverj_ﬁhe tate has for the most part remained in
Zstatistical control.

There is also a clear seasonal pattern to the derailment
”data with the . number  of derailmenté peaking during the winter
_quarter; tO’produce approximately as many_deraiiments asjoccﬁr in
the remaining nine moﬁths. It is suggested that there are
probably. two major reasons for this behavigr: 1) the incfeése
in brake valve malfuﬁgtions>,due to ffééZiné, and 2) ?the
'increasedf track modulus due to road bed freezing, and hence
greater:dynamic loading. | | | :
‘ The data in the wheel failureﬂfépopts contaiﬁ in?ofméfionl
on thé _type of whéel that failed and whether or néﬁ‘iéiwasj
:discolored. it is possible to useffhisﬁinformatioﬁ'td ﬁake;
qualitatiﬁe comparisons of wheel faiiu#e rates for diffgrenﬁl
categories of jwheelé. Table 2.1 summafizes‘this information.
The tabie is based on the analysis'of»157 wheel failures in11984
and 1985. . As indicated in the table, it is estimated that ﬁhere
‘were 4li billion Wheel hiles ih this,peridd so that the overall
wheel failure rate  can be estimated at 38 failures per 100
billion wheel miles. - Since only 28 of the 157-whee1-failufes
were curved-plate wheels, it is obvious that the wheei failure
rate for curved-plate wheels 1is significantly 1less than for
straight-plate wheels because ' curved-plate wheel miles

substantially exceed straight-plate wheel miles, inasmuch as

2=12
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‘CONTROL CHART
FOR THE RATE OF WHEEL FAILURE REPORTS
DUE TO THERMAL DAMAGE CAUSING A DERAILMENT
FROM THE AAR WHEEL FALLURE DATA BASE — seplember, 1986
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TABLE 2.1
WHEEL FAILURE DATA FOR CURVED-PLATE AND STRAIGHT-PLATE,
DISCOLORED AND NONDISCOLORED, RAILROAD CAR WHEELS
FROM AAR DATA BASE (1) (1984 AND 1985 DATA)

Condition “1i: T 7 Wheel Failures

Overall Failure ”5157/411‘= 38 failures per 100 billion wheel miles
Rate (2) ‘

Curved-Plate Straight-Plate
Curved-plate, T o T Tt tiigag
Straight- Plate ' S ' '
Breakdown
A _NonDiscolored Discolored NonDiscolbréd ‘Discolored
NonDiscolored, - - 22 - e.ctroar o, - 81 - 1 <48
Discolored g e : : ; ' =
Breakdown -
B&Cc . U _B&C U B&C U “B&C U
Heat Treatment = 6  -16- 2 4 22 59 . .18° 30

Breakdowq‘

(l) Wheel fallures in perlod 1nclude.

22 curved-plate nondlscolored wheels
"6 curved-plate discolored wheels
. 81 straight-plate nondiscolored wheels
- _48 straight-plate discolored- wheels .
157 total wheel fallures - :

(2) 411 bllllon Wheel mlles based on 922 bllllon ton mlles in
1984 -and. 884" billion ton mlles in 1985, 34.9 and. 35.4
(estlmated) ton miles per car..mile in 1984" and 1985
respectlvely, and 8 wheel mlles per car mile. -
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they are generally on newer, more active cars.

The table also shows a breakdown for discolored and
nondiscolored wheels in both the straight- and curved-plate
categories. Note that for each of these wheel types the
discolored wheels represent about 1/3 of the faijlures. Since
discolored wheels représent less than 5 percent of the
population, the discolored wheel miles must be much less th;an
nondiscolored wheel miles, it is obvious that the wheel failure
rate for discolored wheels must be larger than for nondiscolored
wheels.

Thé téble also shows the breakdown in wheel failures by
heat treatmént. Becauée the number of failures is small, it is
difficult to develop any discernible trends from the data.
However, lacking data on the heat-treated versus non-heat
treated wheel population and mileage, no conclusions on‘ the
effectiveness of heat treated wheels in resisting fracture can
be drawn. The benefits of heat-treated wheels will be supported
by other evidence to folléw.

The trend in the rate of FRA reportable accidents caused by
thermally damaged wheels is ShoWn in Figure 2.8. The rate.of
accidents due to thermally damaged wheels has declined steadily
éince 1980. This trend has continued throughout 1986. t

The FRA cause codes which are >con.si‘d,ered to be related to
thermal damage are the following:

o} 460 - broken flange,

o} 461 - broken rim,

o) 462 = broken plate,

15
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CONTROL CHART
FOR THE NUMBER OF ACCIDENTS CAUSED BY THERMALLY DAMAGED WHEELS
FROM THE FRA ACCIDENT DATA BASE — FEBRUARY, 1987 -
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o] 463 - broken hub, and
o 468 - thermal damage.

Any accidents involving locomotives are not included in

these data.

Complete wheel failure data from AAR MD-115 forms is

tabulated in Appendix 2.0 for 1983-1986.

2.4 Status of Investigation of Wheel Failures

A wide variety of investigations have been made during the
past 25 years on the subject of wheel fracture. The reports
which were issued were focused on selective aspects of the
fracture. problem and not brought together in a cohesive
analysis.

In reltrospect, the sequence of investigations was
remarkably effective. It identified specific technical problems
that were subsequen.tly resolved and resulted in reduced wheel
failures. -In addition, it provided a  technological base that
can now be used in the development of a rational explanation of
the total problem of wheel fracture.

The sequence is outlined below:

l. First Step Investigations. Fracture mechanics tests

were used to determine the effects of composition and
"heat treatment on fracture and fatigue properties of
wheels. (References 1, 2, and 3.)

2. Second Step Investigations. Samples of fractured

wheels were examined to determine the fracture-critical
combination of observed crack size and calculated

stress. Fracture properties (K;.) and fatigue
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properties (da/dN) were determined for the sample
wheels. >The sampling was drawn from a wide variety of
.rgilroad sources. The primary investigation, Reference
(4), is of major importance because it represents the
fi_rst data base which is large enough for adequate
analysis of wheel fractures.

3. Third Step Investigations. The wheel fracture

experience ‘(;969_-_,1_98_3): for a single railroad .(UP) was
~examined for the case of fractures .which caused
_deréilme_nts. This investigation, Reference (5),
def}ermined the distribution and range of
fracture-critical crack si‘zes. -~ Fracture mechanics
calculations were made for determining fracture-
critical stresses for specific crack sizes.  The
- average Krpg. fracture. value was used for : the
calculations.

_ 4. . Other Investigations: The subject of thermally-induced

stresses -and residual stress -systeins was investigafed
over a long period (1970 to ,_1'985). In recernt years,
investigations of this type represented ‘the major
.. thrust of research. The results were correlated in
this study with the information developed by References
(4) ~and (5). The primary reports include References
(6), (7), and (8).
.Despite these extensive studies, full advantage has not
:been4 taken. of the large amount of critically-important

information in the fracture analysis reports of the ‘railroads
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for cases of wheel fractures resulting “in derailment. This
information inciudes the nature of damage to the wheel rim and
the flange metal, damage that results in the de\}eioplﬁent of
cracks. The damage involves abusiv‘e'w'ear,i hard er.ttle spots
V(m‘artensite) due to localized frictional heating, severe metal
flow, localized work hardening, and dimensional changes such as
wear of the flange and the deVelopment of sharp points at flange
tips. This damage can be related to misalignmeht of brake
shoes, improper brake shoe selection, or other probiems relatihg
to-brakes. Except - for cracks at the'fiange tip, the‘other
c_raeks in wheels are all ‘due to stress eon"cent’ration points
.arising from wear or plastic flew or metal emb’rittlemeht
‘effects, not related to- fatigue 1n1t1atlon. 4

on an individual basis, railroads applled this 1nformatlon |
to mlnlmlze the metal damage responsible for development of
cracks. A large’ reduction in the rate of wheel fractures
causing derailment was achieved durlng the 1970 to 1985 perlod
as a resﬁlt of imprévement in brake rigging, better centrol over
brake alignment, and a change from cast iron to ‘covmpositio.n
brake shoes. . |

This report is the first general attempt te reiate'abasive>
damage of the rim and ‘the flange to the incidence of crack
development. The data were originally dev"eloped’. on an 'atl—hoe
basis for spebific‘grnaps of cars and specific service
conditions of particular railroads. |

Information that &ome of the wheels.tﬁat‘fractured and

caused derailments also showed plat‘e discoloration due to
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overheati_ng_; was developed as a result .of railroad experience.
ThlS observation 'resultled‘ in the AAR rule and the FRA .regulation
that wheels which showed more than four - inches discoloration
should be removed from serv1ce. The - benefits of this rule are
presently the subject of 1ntens:.ve debate. In particular, the

value of thJ.s rule as applied to wheels of high stress -and low

A4 L

stress des1gn 1s still beJ.ng evaluated
Th:Ls part of the overall Wheel Research Program is intended

to add 1nformatlon,‘ derived from a re_v1_ew of railroad failure-

anal-VSls reports for cases _'ofv fractures causing derailments.
This' in‘t‘ornation ‘an‘d_ the prior information described by the
pr‘eviouslyj Vcited steps of technology e_volution,« and particularly.
theﬂ Jprimary 'r_eports of Ref_erences (l{,)»,_» (5), (6),- (7), and (8),-
places the curren-t wheel fﬂailure .problem . in a much more
comprehens1ve context :

» In rev1ew1ng the rallroad fallure analys:Ls reports, curved
and stralght plate des1gn wheels and wheels dlscolored in excess
of the four inch rule are 1den_t1_f'=1e,d :_and_ discussed
approprlately

Approx1mately“600 railroad fallure analysis reports from.
the UnJ.on Pacific, Sant_a Fe, and Norfolk Southern railroads were
rev1ewed Special attention ~was given to  approximately 400.
reports that prov1ded a suff1c1ently complete description of.
facts to permit a comprehen51ve failure analysis.  These are
cited in this report as "good file data." -
The data from the Union Pacific covers the period for 1969

to 1983; for the Santa Fe from 1977 to 1985; and from the

Norfolk Southern from 1981 to 1985.
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2.4.1 Description of Fracture Critical Cracks
2.4.1.1 Type and Percentage Distribution
‘ Fracture critical cracks’ (FCCU are defined as the cracks

described 1in the‘fai;ure analeie_reporte prepared by the
individual railr'o'ad,'w.hich caused 'fracture' resuiting in _a'
derailment. S | | |

Figure 2;9‘describes'the crack locations, relatrve
percentage, and the typical cauees forvcracks_studied by the UP
and tﬁ’e‘ Santa Fe railroads. Metallurgical examination (cross
sectioning and etching adjacent‘todthe fracture surface)
established those cases rﬁ which'therevwere hard-brittle spots
due to localized surface overheatlng (1n ‘excess of 1350 degrees
F) which produced martenSJ.te and a larger surrounding zone  of
spheroidized pearlxtef |

Flgure 2.9 also presemtsla summary of crack types and metal
damage. The Figure 2 .9, codes of "typlcal" severe metal damage
means that over 80 to 90%. of the cases (for each crack location)
involved severe metal damage as cited in the fall_ure analysis
reborts. |

The percentage of inner flange .and back rim cracks fcr the'
Union Pacific and Santa Fe reports is remarkabiy similar and in
the order of 32 to 35% for each type.

The percentages- of center. rim and rim'edge cracks  are
different for the two rallroads ’. Santa Fe explains its 1low

percentage of rim edge cracks are due to action to eliminate
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over-riding brake shoes after 1977. Before this time, the
percentage of rim edge cracks was high and led to the action to
correct this brake problem.

The higher percentage of center rim cracks for the Santa Fe

was described as due to more extensive use of cast iron brake

shoes. Cast iron shoes  cause higher 1local temperatures than
composition brake shoes. This leads to 1localized (shallow)
-surface heating (resulting in martensite). The composition

brake shoes produce deeper but lower surface temperatures. The
UP Railroad had a major campaign in the early 1970's to retrofit
all cars with composition shoes.

Back rim cracks were attributed, in most cases, to retarder
shoe and/or guard rail action. The prohibition by AAk-’ on rim
- stamping at critical locations has virtually eliminated this
cause of failures.

The high percentage of inner flange cracks observed in
reports from both railroads is due to sharp points at'the'~ top of
the inner face of the flange. These points are a result of the
planing off of the flange' and the development of a straight
metal surface that intersects the top of the flange at a sharp
point. In over .90% of the inner-flange crack cases, the crack
had originated at this sharp point as shown in the photographs
in Section 9.

Similar types of cracks were also observe’dAby the Norfolk
Southern railroad. Percentages are not cited for this railroad
because of the smaller number of reports that were available for

review. Primary attention in the reports of the Southern
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railroad was given to a unique type of crack described as
"shattered rim defect." Shattered rim defects were developed as
a result of large slag inclusions in wrought steel wheels.
There was' a history of such failures in wheels made for the
Southern before 1977 by one supplier who furnished most of the
Southern's wheels. The pre-1977 wheels were cast by top pouring
from the ladle, which trapped slag inclusions at edges. After
1977, the Southern required bottom ‘pouring, which eliminated
slag inclusions. Shattered rim failures were no longer a
problem after the change was made in the manufacturing method.
This is an excellent example of reduction of derailment-causing
fractures by manufacturing process changes which resulted in

metallurgical improvement.: .

2.4.1.2 Differences Between Low and High Stress Wheel Failures

It is interesting to note that . there is a significant
difference in fracture behavior between low. and high stress
wheels. = Virtually none of the failures of low stress wheels
originated at rim cracks. .The point of crack . initiation for
these wheels was at the intersection of the planed metal surface
and the flange. This sharp point was the site of high stress
concentrations and led to development of a fatigue crack and
ultimate failure even in these wheels with their much better

overall failure record.
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Year
1983 *

1284

1985 -

lo86*

Total

TABLE 2.2
DERAILMENT DATA FROM AAR MD-115
WHEEL FAILURE FORMS

Straight Plate3 Curved Plate ‘
Non-Discolored* Discolored Non-Discolored Discolored

12 7 1 0
(60%) (35%) ( 5%) (0%)

38 ' 28 8 : , 4
(49%) - - (36%) (10%) (5%)

45 22 14 2
(54%) (27%) (17%) , (2%)

11 1 4 0
(69%) : ( 6%) (25%) (0%)
106 - 58 - 27 6
(54%) (29%) (14%) ' (3%)

* DATA INCOMPLETE FOR ENTIRE YEAR



3,0 PILOT TECHNOLOGY SURVEY (TECHNICAL TASK T2)

‘ As part of this research project, a. comprehensive
technolocj‘y search was conducted. It should aserve as an example
of the cost and benefits to 'be derived for use on future
projects. - For the 1literature search, the Rail,road Research
Information System data base was included. Reports and other
d.ocv:um',entat_'ionv were dconsidered and experts in the technology
field were also ‘contacted. After the literature search, a
.smallv library of applicable documents for this particular

“project was established.

3.1 g Major Flndlngs and Current Status

. A survey of technologlcal llterature lwas conducted bj (i)_
__s.earchlng the avallablevllterature on this -and related subjects,
~and. (ii) c'ontacting experts wno vhave‘ made or are currentj.y
making contributions in the field of wheel- failur‘e mechanisms.
A small llbrary of applicable documents for thls partlcular
AprOJect was establlshed at the Transportation Test Center ‘The
small.llbrary includes a computerized information retrie\}al
system with each lis_ting ac'companied.by a special annotation
pre‘pared_ by the technical staff associated with the project.
‘ This 'w‘a"s performed - after a .comprehensive evaluation of the

various documents compiled in the small library.



Initial Survey

A file search on Railroad Wheels was acquired from the

Railroad Research Information System. The following key phrases

weré used by the RRIS for this search:

wheel residual stresses  wheel thermal stress

crack pro'pagatioh in wheel finite element ana]'.ys.isE of v;rheels
wheel fracture S "piast-icity in wheels a

wheel designs o wheel ﬁ{etallﬁrgy

mechanical properties of wheels

The RRIS Field Search was then compared w1th the TTC
Technical Library holdlngs to determlne items that are currently
“on hand. .Other items from the Field Search that seemed relevant
‘and p‘ro‘.iﬁisihg.;wer—ei identified for achisitioh ' These items were
located a'nd"purchas"'ed and gathered together 1nto a separate
i llbrary of research llterature for thlS project. |

‘The project personnel:then conducted a limited; yvet
comprehenstive ‘evaluation “of ‘this "separate library" .to ‘decide
" which documents will ‘be“ used. They also contacted approprlate
experts in this technology fleld to become acqualnted w1th on-
going activity ‘elsewhere. The rationale for their selection and

organization of information is described below.



Computerized Information Retrieval System

"The references; ' detalls, subject’ classification'-; and special
notations made by the pro;ect technical staff were thenv entered _.
into the ‘"TTC ' Computerized Information 'Retrieval System so that
research ‘-’per\'s'o'r’inel‘ 'coul'd brap‘idiy’ sort through this special
-"-librar'y" and  ‘locate references espec1ally pertlnent to thelr
partlcular technlcal tasks. + A detalled descrlptlon of the TTC'
Computerlzed' Information Retrleval System is glven in Appendlx
3.1, | ‘ o | |

The computer program used at TTC to establlsh this
Information Retr1eva1 System is the DATATRIEVE Program. ‘

The preliminary' 'criterion for selecting a particular
reference to - 1nclude 1n thlS select blbllography was. d:l.rect_
appllcablllty to at least one of the technical tasks of the FRA
,_ Wheel Program. In addltlon, certain --references of‘ 1nd1rect
applicability were selected if the’y" contained 'good' fundamental
information or technology of general appllcablllty to the

'research program.

Format Evaluation

The bibliographic reference details and special notations

that appear in the listing are explained in'the following.



TTC Document Number

'.[“he,_tlinitia’l riumber_or alphanumeric string :is given in thé
ﬁppgr _Hleft‘ corner of each reference entry in. the TTC Library
assiéned document number. ; This. number serves -as the ~!!1icens,e’
blé{:e" t_o_ id»en_tilfy' aup‘a_rticularj . reference. Typical document

numbers of various character types. are: 100,000, 200 000, 300

000, FRA, étc. .

Standard Reference Detail__

A Féllowing the document number, a .standard »\identification of
‘the reference by article, titlg,: author(s), volume or -periodical
name and number, publishing. or:gainiz*atiqn,_,‘d_qte: and .page number

is 1isteo’l_ .

S

spgciai_ ciassif_ication -Notes .
| . Following .the _;;gfgreﬁc‘e identification -are- selected -subject
cai;egoﬁ:'ies and key wérds or phrases. |
| The fifst phrase 1listed is the prixhary_ -"s_ubje‘__:ct -~ group
selected by' the reviewing research personnel for classifying
this pgrticular reference. The ten primary groups ~established
are: | ‘ |

1. S_ervig:_,c—; Eval};_a‘_cions_ o

2. Experimental Stress Studies

a. Nondestructive



b. Semidestructive
c. Destructive v
‘3. Tread Contact Stress, Cracks or Hot Spots
4. Brake Shoe Studies-v
5. Material Pr}opertie’s,_
6. Crack Propagation
7. Finite Element Simulatien.
8. Laboratory S imulation
9. - Track v'.I‘est_s'
10. 'Gen,eral Applicability
~After the primary subjeét,' th,e_v primary 'pr'ogram: technieel
task number‘ to which the ,refverence. app_Iies is listed. Then the
spe,cifi‘c wheel _type(s) and ‘elass ' of ~steel. (if aﬁailable) are
'1ist-.,ed.. : If there are anymse'c'ond'ary 'subjectvs .to which the
reference may apply, ﬁhese are_a;lso' 1ieted 1n decreasing order
of applicability. Closing out this groub of key phrases are ‘.any

pertinent ones 1isted.or'1}the standard _library reference card.

Special Annoﬁetiqn

. On some 'of the reference V’listj,:_ng:‘s,' a speeial abstract or
annoﬁation is  provided by research personr_iel. This brief
annotation focuses _primariiy on the purposes and conclusions of
the ﬁar‘ticular references that are especially appl',icable to the
Wheel Failure Program. . They eemetimes ‘contain ah evaluation of
Athe' pertinence and _q_uality of some aspect of work cited but

generally do not attempt to abstract the entire document.
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Other Selected References

The annotated bibliography is supplemented by the selected
references that either have not been specially annotated or are
judged to be secondary, but of general interest:to the progran.

Al

Annotated Listings

Annotated listing of references according. to the order of
assigned numbering system is presented in.Appendix 3:2.,

Listings of annotated references can :be retrieved using
TTC's computerized information A»;-retrievalj.,,sxstem-: under typical
key words, "THERMAL", "STRESS", "CRACK", "FATIGUE", -"BRAKING",

ete.

3.2  Application. of Pilot .Technology to. Wheel Failure Mechanism
' Program

- R

‘Because of the annotatlon processes the program s. pr1nc1pal
' 1nvest1gators were requlred to ‘review each of the approx1mately
200 ’references, ‘a’ rev1ew of the status of current technology
more extensive than is normally undertaken. The beneflts of the
study are demonstrated, however, in the fact that fracture crack
growth and - fracture toughness 1nvest1gatlons were, for example,
deemed unnecessary s1nce suff1c1ent data ex1sted 1n the

literature.



4.0 PERTINENT MATERIAL PROPERTIES (TECHNICAL TASK T3)

The requirements of this task calls for the determination
of the cyclic behavior of Class B, C, and U wheels at ambient
and elevated temperatures. The effect of martensite on thermal
cracking of the classes of wheels selected for this study was to
be determined with an appropriate test rig. Four ‘wheelé of each
class were to be tested. Tests were to be conpleted .to
characterize wheel materials in terms of their ability to arrest
a running crack. A minimum of 12 specimens of each class were
to be tested. In order to make statistical distribution of
dahgerous wheels among nondiscolored wheels in service, a
minimum of . 100 wheels were to be saw cut. Standardized test
data from cooperating laboratories were to be anélyzed.

The final lab materials test plan was designed to enhance
the applicability. (to variable strain and temperature cycles) of
elevated temperature, mechanical property data, which was more
representative of actual wheel braking cycles, particularly at

slow strain rates.

. Introduction .

In order ‘to develop some understanding of critical wheel
material properties, the following experiments were performed:

1. Low=-cycle fatigue tests of Class B, C, and U wheels at

ambient and elevated temperatures.



2. Fracture crack arrest tests of Class U and C wheels.

3. Laboratory induced ther"mal cracking of Class B, C, and
U wheels.

4. Investigation of the effect of slow strain rate on
wheel steel flow properties. |

5. Radial saw-cutting of wheels (in order to provide a
basis for estimating the statistical distribution of
- dangerous wheels).

Detailed test conditions, results, and conclusions

corresponding to each of the above experiments follow.

4,1 Elevated Temperature Cyclic Behavior Task

Low-cycle fatigue tests were conducted on Class B, C, and U
wheel materials at ambient and elevéted temperaturés. The
specimens were taken from the rim sections of B, C, and U wheels
and were subjected to constant strain amplitude fatigue -cycles
on a 22-kip test frame. Detailed test conditions, as well as
results and conclusions, were reported in the form of an ASME
paper (presented at the 1985 ASME Annual Railroad Transportation
meeting). A copy of this report is attached as Appendix 4.1.

The data gathered in the Cyclic Behavior Task are being
used primarily in Technical Tasks T4 and T1l0 to provide actual
stress-strain curves for the temperatures of interest in the
elastic/plastic finite element analyses.

It was generall} observed that cyclic performance
deteriorated with increasing temperature as shown in Table 4.1

and Figures 4.la, b, and ¢ . The heat-treated Classes B and C

4-2



TABLE 4.1 : ’
FATIGUE PROPERTIES FOR CLASSES B, C, AND U WHEEL STEEL

Wheel  Temp. or' b ef! c K' n'

Steel o¢ (ksi) (ksi)
B 25 . 224 -0.106 . 0.631 -0.606 243 | 0.175
B 200 303 -0.156 0.257 -0.595 433 0.263
B 400 196 -0.114 2,590 . -0,.879 174 0.130
B 600 76 -0.093 0.918 -0.739 717 0.125
Cc 25 260 -0.111 1.850 -0,721 237 0.154
Cc 200 222 -0.092 0.147 -0.468 324 0.196.
C 400 187 -0.096 8.700 -0.982 152 0.098
C 600 68 -0.075 1.921 -0.828 64 0.091
1} 25 180 -0.101  0.528 -0.587 201 0.172
u 200 159 = =-0.102 0.147 ©~ -0.448 246 0.228
u 400 166 -0.118 1.685 -0.771 153  0.153
U 600 81 -0.104 0.762. - -0.698 84 0.148

of' -~ Fatigue strength coefficient (1 ksi = 6.8948 MPa)

b ~- Fatigue strength exponent

eg' -—- Fatigue ductility coefficient

¢ -~ Fatigue ductility exponent

K*' «- Cyclic strength coefficient

n' -- Cyclic strain hardening exponent

1. Steady'state stress amplitude =
[ . N
K (steady state plastic strain)n

2. Strain range = £ (2Nf)b + gf' (ZNf)c

2 E
Nf = No. of cycles failures
3. v _b
n = -
c
4, k'= Fl-
(efl)n'
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materials performed better than the nonheat-treated Class U

material.

The differences in carbon level had a noticeable

effect on fatigue performance.

4.1.1 Fatigue Test Conclusions

1.

The cyclic fatigue 1lives at all temperatures tested
converged at strains exceeding one percent.

At. strains less than one percent, fatigue 1lives are
considerably reduced as the test temperature is
increased.

Differences in material performance are more pronounced
at longer lives (low strain amplitudes) than at shorter
lives (high strain amplitudes).

Thé heat-treated wheel materials (C and B) exhibit a
higher resistance to fatigue than the nonheat-treated
(U) material.

The Class C material with higher carbon content shows

better resistance to fatigue than the Class B material

‘with lower carbon content.

4.2 Fracture Crack Arrest Tests

The crack arrest fracture toughness (Ki,) properties of

Class U and C wheel steels were exanmined. Notched test

specimens, taken from the rim portion of appropriate wheels,

were wedge-loaded until rapid crack extension occurred. A
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complete description of test conditions, results, and
conclusions appears in Appendi# 4.2. The results of this study
indicate that the crack arrest fracture toughness of
heat-treated Class C wheel steel is somewhat higher than
untreated Class U steel at roomn temperature, and that this
difference increases with temperature (Figure 4.1D).

A dependency of Ky, values on .test temperature was noted
for Class C steel, while -Class U steel appeared fairly
insensitive to temperature. This difference appears to be
related to the effect of interlamellar pearlite spacing on crack
propagation in the steel. | |

Based solely on the K;, data, it may also be concluded
that rim heat-treated wheels could arrgst larger thermal cracks,
prior to unstable propagation, than‘untreated wheve'ls. The
critical flaw size tolerated would increase with temperature for
thé Class C wheels. This behavior would not appear in Class U
wheels which are tested below 100°cC.

A comparison of actual wheel failure -data revealing
critical flaw size prior to full failure showed fairly good
agreement for Class U data, but suggested that predictions for
critical flaw size tolerance for the Class C wheels baséd on

K15 Values were too large.

4.3 Thermal Cracking Test

The purpose of these tests was to develop a laboratory

technique to produce thermal cracking in wheels and to evaluate
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CRITICAL FLAW SIZE VERSUS STRESS
Based on crack arrest data

3.0
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FIGURE 4.1D CRITICAL FLAW SIZE -VS- STRESS FOR WHEEL STEELS,

BASED ON CRACK ARREST DATA
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the relative resistance to such cracking of Class B, C, and U
wheels. The mechanism for the cracking being studied is the
restrained contraction of untempered martensite,' which is
similar to the mechénism of quench cracking.

To produce this condition, a localized portion of the wheel
tread is heated toi a temperature exceeding 1333°F t.o ;,olStain
some transformation to austenite. Then this localized region is
cooled fast enough for the austenite to transfofni to martensite.
The restraint provided by the: unhea_te;éﬁuremaind,er of the wheel
during subsequent cooling should ﬁ:%b'duce sufficiently high
stresses to crack the brittle martensitic region. An épparatus
was constructed and runs were conducted with instrumented

wheels.

4.3.1 Apparatus

To enforce the above éonditions, a ‘-machine was constructed
to support the wheel in a vertical position by the bore and to
turn it at speeds of 1 rpm and slower. Further, an
oxygen-acetylene burner was supported and clamped so that the
distance from the torch tip could be adjﬁsted. A steel pan,
measuring 10 inches wide by 48 inches long by 11 inches deep,
was fitted with a standpipe and drain, placed beneath the wheel,
so that the lower 9 inches of the wheel was submerged in water.
The make up water was provided by two low pressure nozzles
directed at the wheel plate about 12 inches above the water
"level in the pan. The general arrangement of the test rig is.

shown in Figure 4.2,
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The trial wheel was fitted with .eight 1/16 inch diameter
sheathed thermocouples in héles drilled to the mid-tread
positions ffom the back face of the rim. The 1/8 inch diameter
holes wére centered 1/4", 1/2%, and 1" from the tread. After
the thermocouples were pléced in the holes, steel wool was
packed around the "thérmocouples. The thermocouple dafa g (v::ere
acquired by a modified personal computer for data accjuiéii:ibn,

storage and printout.

4,3.2 Test Specimens
~_All of the wheels for these tests were CJ33 with a

parabolic plate. Four Class B, four Class C, and five Class U
w'héjé.ls were designated for these tests.. One of the c1ass U
wheels was drilled for the placement of thermocoﬁples, in. the

' rim. This wheel wa-s.‘used for development of the test procedure.

4.3.3 Thermal Cracking Te'st Conditions, Results

Several prelim'in-a‘ryv'tria'is ‘were conducted with about 1/4 -of
the wheel to determine fhe gas pressure, torch-tip/wheel
proximity, and wheel speed that would result in the desired
. apparent surface temperature. After this was accomplished,
additional preliminary trials were conducted to enhance the
quenching of the heated spot. Subsequently, trials were
conducted with full rotation of the wheel to determine if
cr»acking would occur. The conditions for these trials were

based on the results of the preliminary trials. There were
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as follows:
1. Rego tip TWP2579-56 - gas pressures of 20 psi oxygen
and 10 psi acetylene to provide heat outéut of about
50,000 Btu/hr.

2, Torch tip to wheel tread distance - 1 inch.

3. Wheel speed about 1/20 rpm or 5 in/min.

4. Water sprays directed at wheel plate and water

immersion of lower 9 inches of wheel.

Three classes of wheels (Class U, B, and C) were tested.
It was theorized that for each of the transients, Class U wheels
would take the least amount of time to crack. This is because
they are not heat treated and have a relatively high carbon
content. The next class of wheel to crack would be the Class C
wheels since they have the same relative carbon content but are
heat treated. Finally, Class B wheels should have taken the
longest amount of time to crack since they have lower carbon
content than the others and are heat treated. For each
transient, two wheels were tested from each class. The results
which are give below show there is no difference in the
crackability between the different classeé of wheels. However,
they do fit well with the empirical model developed by Fec and
Sehitoglul.

Two methods were used to determine wheel crackability. The
first method was to note the revolution when the first crack was
observed. The other method was to note when 25" of cracks were
observed in the tread. This latter method has the advantage of

not being dependent on localized conditions.
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Temperatures in the interior of the rim region were measured
by three thermocouples placed at depths of 11/2", 3/4" and 1".
These thermocouples entered the rim from holes drilled in the
side face to the above depths underneath the center of the rin.
Data were automat;'.cally_ collected every second using a Compaqg
Plus computer attached to a Data Translation 2805 low-level
A-to-D converter with:- cold junction vcircuitry. The problem with
collecting data from the thermocouples was that their presence
affected test results. The holes drilled for their placement
created local stress risers. During the tests, most of the
cracks would originate at these holes and grow to the- tread. For
this_ reason, thermocouples were only placed in wheels used to
test the setup. The thermocouples were used to determine
temperatt_lres under test conditions. bgring the actuél testing,
no thermocouples were used..

Surface temperature was determined by.us'ing a Hughes Probeye
inf;:ared thermal vision with frame filter. Temple sticks were
used to confirm that when the thermal vision was giving a
temperature reading of 900°C, the actual hot spot temperature
was between 899°C and 927°c.

The first series of tests were done at 900°c. The
subsequent cracking which developed on the surface of the tread
was dramatic. The transient was so severe that ‘all cracking
.could be observed with the naked eye.

Figure 4.3 shows a typical wheel after a test. Cracking was
uniform around the wheel. Most cracks started at the interface

between the hot spot and the rest of the wheel. They then grew
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FIGURE 4.3 TYPICAL EXAMPLE OF UNIFORM CRACKING
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towards the center of the wheel, meeting with cracks from the
other side of the hot spot. These cracks started at 45° to
the direction the wheel was rotating in. These cracks grew then
towards the center of the hot spot. As they grew towards the
center, their orientation changed to perpendicular to the
direction of wheel rotatien.

On some of the wheels tested at this temperature, a more
localized form of cracking networks’ occurred (Figure 4.4). The
crackingv was ‘not ‘as uniform ,'es .with the ‘other wheels._ This type
of crackihg is ‘due to more 1oca1iz-e'd conditiohs'.,- | These crack
networks opened quickly. As a result,-mere stress was relieved
quickly and it took longer for wheels experiencing. this type of
cracking to ‘meet the 25" crlterla.

Cont-rary’ to predlctlon, at 900°C, there was ho difference
between the three classes of wheels in terms of the number of
revolutlons for cracklng to occur. This is regardless of
whether 1n1t1a1 or 25" criteria is us,ed. The resﬁlts at 900°c
are presented in Flgure 45

As expected, martensite was produced in the hot spot. Most
of the cracklng occurred in the martensitic region.

At 700°C, the thermal strain is less severe. This means
both that, it will take longer for cracking to develop and that
when it does, the cracks will be less visible. This is because
not enough thermal stress has developed yet to open the cracks
as fully as was the case at 900°C. Cracks were found by
spraying dye penetrant on tread. This method found cracking

gquicker than the magnetic particle tester which was in use when
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_FIGURE 4.4 _ LOCALIZED. FORM OF CRACKING NETWORKS
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the testing was initiated. Because -of the longer amount of time
for cracking to occur, only the initial cracking criterion was
used in this test.

The ob‘served cracks were of the hairline type. They tended
to develop in the center of the flame-impingement region. Figure
4.6 shows that again, there is no difference between the
different classes of wheels with regard to when cracking will
occur.

While the material is affected 1less severely, the flame
still influences it. Figure 4.7 shows a cross section of a Class
U rim after it was macroetched in a 16% ammoniﬁ_m 'pers_t'llfate
solution. )

The etchant showé regions which have been affec@:éd by heat.

In this case, a small region by the tread can be seen which has

been heated enough to show up when macroetched.

4,3.4 Discussion of Thermal Cracking Test Results

As Figures 4.5 and 4.6 clearly show, there is no significant
difference between the different classes of wheels with regard to
when they will crack. At both temperatures, the wheels cracked
at abbut the same number of revolutions.

An explanation‘for the lack of difference between the
different classes of wheels can be found in work by Fec and
Sehitoglu [1]. They used hourglass-shéped specimens made out of
Class U wheel material. These specimens were rigidly held at

each end in water-cooled grips while the center was cyclically
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heated by an induction heater until the specimen cracked. The

net strain from such cycling is 0, as shown in the equation.

erp + €y = O [1]

where ety is the thermal strain and en is the mechanical

strain. Then,
Aeyy + ey = 0? : ' | ' | | [}2]
The thgrmal strain is defined as:
k‘Ae.ith=o{AT S 3]

whereO( is the- thermal .e:kpansion- doefficiep£ an'd AT is the
difference between maximum énd minimum temperatures of the
thermal cycle.

The mechanical strain can be defined by the Coffin-Manson
Laﬁ: | |
b

Aem = aNf

(4]

a and b are constants, while Ny is the number of cycles
for cracking to occur.

Fec and Sehitoglu determined that the value of a is 0.01595
and b is 0.1148.0) was measured to be 0.000017/°C. For plain

carbon wheel steels, this value of the thermal expansion
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coefficient changes insignificantly between the different wheel
classes.
By substituting Equations 3 and 4 into Equation 2 and

rearranging, Fec and Sehitoglu defined the cycles to failure as:
Ng = (0.000017( T)/0.01595) (-1/-1148) (5]

Figure 4.8 shows a plot of the results of this equation,
cycles to failure versus AT.

To apply Equation 5 to the lazy susan results, 'AI has first
to be determined. The minimum temperature in the cycle is
38°c. If the maximum temperature in the cycle is assumed to
be the temperature of the hot spot, then for the 900°C test T
would be 862°c. However, the maximum temperature is really a
gradient which involves the cooler material surrounding the hot
spot. Thus, an effective AT has to be established. Based on
the thermdcouple data taken from the rim region, it was
established that for a hot spot temperature of 900°C, the
effective AT is 700°cC.

At a hot spot temperature of 700°é the effective AT is
500°C. Then, at a surface temperature of 900°C the expected
number of revolutions to failure is 12.8 while for a surface
temperature of 700°C the predicted number of revolutions to
failure is 240. These predicted values have been plotted on the
graphs in Figure 4.5 and 4.6.

The predidted number of cycles to' failure agrees well with

the number of cycles before first cracking is observed in the
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wheel, particularly at 900°c. At 700°C, note that the
number of cycles for first cracking i:o occur wés higher than
predicted in all cases. The reason for this is that the liquid
penetrant was not sensitive enough to pick up initial cracking.
Near the end of testing, a new magnetic particle tester was
subsequently obtained to detect cracking. This unit ’/found
cracks 50 to 60 revolutions before the dye penetrant did on the
two wheels it was used on. It is felt that at 700°C the
results would be closer to the predicted values if this magnetic
particle detector had been used. (For the saké_ of Acomparison,
none of the results reported at 700°C were based on the
magnetic particle detector. Rather, results were reported based

on the dye penetrant test.)

4.3.5 Conclusions

Based on the thermal cycling testing performed, there is not
any significant difference in performance between the Class B,
Class C, and Class U wheels in regard to when they will first
crack. It should be noted that in the case of wheel crack
initiation, this process is "short éircuited" by the production
of stress risers because of the occurrence of wear. Rather,
cracking can be pred‘icted by the empirical model ’developed by

Fec and Sehitoglu [1]:

N; = ( aAT/0.01595) (71/0.1148)
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The only part of this equation based on material properties

is the thermal expansion coefficient, o , which varies 1little

between the three classes of wheels. Here it was assumed to be
a value of 0.000017/°cC.

Based on both the logic behind the model and the agreement
of the lazy susan experimental results with it, it is felt that
the Fec énd Sehitbglu model can adequately predic_t the number of

cycles to failure, in this situation.

4.4 Effect of Slow Strain Rate

Almost all the monotonic and cyclic mechanical property

tests conducted to date have been performed at a conventional

strain rate of 0.002/Sec. However, it has been observed that
actual strain rates enforced on the hot rim steel of wheels
subjected to prolonged drag braking are usually below
0.000002/Sec. or some three orders of magnitude slower than
conventional test rate‘s. - Therefore, preliminary tests were
conducted to gain some insight into the possib'le rate
sensitivity of wheel steel flow properties (cyclic and

monotonic) at elevated temperature.

Preliminary results indicate that a three order of .

magnitude reduction in strain rate could cause a significant

reduction in flow stress, that is, greater than 20% at 400°c .

(752°F). This indication is based on some cyclic property
data obtained recently from Prof. Huseyin Sehitoglu at the

University of Illinois and from a monotonic tensile test with
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step changes in strain rate conducted at AAR Chicago.

The effect of a- one order reduction in strain rate on
cyclic 0.2% offset yield was tested by Prof. Sehitéglu at the
University of Illinois. An 11% reduction in flow stress at
400°C was obseﬁed for ha ‘reduction in strain rate 6f one order
of magnitude. No effect of strgin rate was seen at 200°c.

The effect of step Vreauction and subsequent increases in
strain rate over four orders of magnitude in a special tension
test of Class 1U steel ;at 406°C is shown in Figure 4.9. After
uniform strain rhardeni_'ng was established “at a strain of about
2.6%, the strain rate was abruptly reduced in steps from 0.002/
Sec. to 0.000002/Sec. and subsequently increased back to 0.002/
Sec. Thié pi:'ocedure was repeéted but-" to a slower rate,
0.000002/Sec., at higher strain 1n the same test. As seen in
the figure; the drop in flow stress and subsequent rise are
essentially identical for the same strain rate increment. A
reduction of strc;:lin rate of two orders of magnitude to 0.00002/
Sec. causes a 'flow‘ stfess reduction of between 9.6 and 12.1%.
At the slower -rate of 0.000002/Sec., the flow stress continues
to relax during the period of straining bﬁt seems to reestablish
at a flow. stress‘ level at 1least 21.6% below that for
conventional réte. Even greater relaxation rate was indicated
at the slowest rate of 0.000002/Sec., but the test was too short
to establish a steady flow stress.

From this preliininary test‘ at 400°C a strain rate
sensitivity, m, of at least 0.03 may be expected where the

relation between flow stress and strain rate is given by:
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o= c (&)™
(at a' given value of strain and
temperature)
This relation‘ship",was proposed originally by Zener and
Héll_aman in 1944. As Dieter (Mechanical Metallurgy, 1961) has

observed, this parameter can be obtained from a. test where

strain rate is rapidly changed from one value to another.

= log (92/91)
: log (€2/¢1)

It is ekpe‘cted that the strain rate sensitivity will

increase with temperature.

4.5 Wheel Saw=Cutting

The purpose of this subtask was to estimate the number of
unsafe wheels of various designs, at different 1levels of
discoloration and usage.

To differentiate between wheels with potentially dangerous
levels of tensile rim stresses and wheels with compressive rim
stresses sufficient to inhibit crack growth, a destructive
saw-cutting procedure was applied to a population of 387 wheels.
In this procedure a given wheel was cut radially from the flange
in towards the hub, and resulting _Aflange tip displacements were
measured as a function of. saw-cut depth.

In addition to the 387 wheels which were saw-cut at the TTC,
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188 wheels were cut in separate research programs by the Norfolk
Southern, Union Pacific, and Santa Fe railroads.
Flange displacement data for the 188 wheels were provided

by the railroads and were used to augment data coliected at the

TTC.
. The freight car wheels selected for this study included:

1. Wheels taken out of service by visual inspection of
wheel discoloration that extends 4 inches (102 mm) from
the rim into the plate region on one side (AAR Why Made
Code 89) and those subsequently taken out of service
due to discoloration on both sides (there are 123
‘wheels in this data set), |

2. Wheels taken out of service due to thermal cracks (AAR
Why Made Code 74),

3. Wheels taken out of service due to reasons other than
AAR Why Made Codes 89 and 74, and

4. 26 .new wheels.

In addition, 23 wheels from dynamometer testing were

saw-cut. ’

4.5.1 Radial Saw-Cutting Procedure

A Rockwell Model 28-345 band saw unit was modified at TTC,
to facilitate radial saw-cutting of railroad wheels. This type
of band saw has a movable table which is retrofitted with linear
bearings, while the saw blade is mounted on a fixed column

(Figure 4.10). A constant force feed is provided by a pulley
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and weight system. A wheel failure guard is fabricated_ around
the saw uhit to pfotect pefsonnel and the saw in case a
catastrophic wheel failure should occur.

Instrumentation for.the radial saw-cutting unit consists of
appropriate 'transducers,-eleptronic signal'éonditioners, and
data acquisition system. To monitor the movement of the table
supporting thé railroad wheel, a calibrated string pot system is
provided. An MTS clip gage with a range of 0.1" to 0.3" is used
"to measure the circumferential displacement that occurs at the
flange tip during the radial cut. The clip gage is attached to
knife édges that affix to the back of the wheel fiange with the
wheel mounted on the band saw table (Figure 4.11). An x-y
plotter automatically records the MTS clip gage dis'placement
versus the depth of cut during the cutting operation. »

To prepare a wheel for cutting, the clip gage mount is
attached to the back fim face. The wheel is placed flat on the
band saw table and the blade is centered between the two knife
edges. 'Theb band saw ‘unit is started and the saw blade is
allowed to cut through the knife edge support bracket until it
‘juét reaches the flange tip. At this point, the band saw unit
is stopped and the clip gage is mounted on the knife edges
around the cutting blade. The x-y plotter is initialized to
zero displacement and zero depth of cut before the band saw uﬁit
is once again started to initiate the.'rad,ial cut. A typical
response of the clip gage is shown in f‘igure 4.12, with the
superimposed wheel cross secﬁion, to the same scale as the depth

of cut.



-

FIGURE 4.11 SAW-CUTTING UNIT WITH CLIP GAGE MOUNTED ON THE
FLANGE TIP OF TEST WHEEL
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An informal standardization of the saw-cutting method was
agreed upon by the AAR,,Nbrfo_lk Southern, Union Pacific, Santa
Fe, and FRA to ensure aase of data - interpretation between
laboratorias. | |
| After the saw-cutting program at Puebio was well underway,
an additional saw—.cut openinlg 'measurement‘ capability was
installed. Due to obvious differences in the opening/closing
behavior of flange tip and tread surface (toward froﬁt face) for
a number of test wheels, an extended arm clip-on displacement
gage with a range of 0.5 inches to 1.0 inches (13 mm to 25 mm)
was provided (Figurej 4.13) with a special mounting bracket and
knife edges. This additional clip-on displacement gage measured
the displacement of the front tread surface. As saw-cutting
progressed through the flange and tha tread, the savf blade was
allowed to cut through the mounting bracket of the'extended arm
clip gage, which was tack-welded to the tread position toward
the front face, afﬁar whiéh'_tﬁe,, saw ﬁnit was stopped and the
second clip gage displacement on the x-y plot was initiated to
zero. A typical response of both the clip gages is shown in
Figure 4.14. The cross section of the saw=-cut wheels is

superimposed to the same scale as the depth of cut.

4.,5.2 Typical Saw-Cutting Responses
If a rail car wheel is cut radially, one of three general
types of behavior will usually be observed. A new or undamaged

Class U wheel will show a relatively low compressive stress as
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the cut proceeds into the rim. As the cut approaches the bottom
of the rim, the circumferential displacement measured at the
flange tip begins to increase in the positive direction as shown
in Figure 4.15. A heat-treated wheel (Class B or C) which is
new or undamaged exhibits a continually increasing compressive
residual stress to a point approximately two inches into the
plate where a ‘constant high level of compressive stress is
maintained, as shown in Figure 4.16. A thermally damaged wheel,
on the other hand develops an increased level of opening at the
. flange tip as the cut proceeds inward, as shown in Figure 4.17.

A crack located in this ‘area of tensile stress would probably be

able to propagate with no possibility of arrest.

4.5.3 Determination of,:Residual Stress in the Test Wheels Prior
to Saw-Cutting by Hole Drilling-Strain Gaging Method

During the course of the saw-cutting program, it was
decided to determine the residual étress in the test wheel at
ceftain strategic locations such as back side rim face, back riin
fillet region and front fillet region, before the wheel was
actually saw-cut. This was dlone to see if a suitable
correlation exists between the saw-cut disblacement and the
original residual stress at certain locations in the wheel
before thé actual saw-cut. For this purpose, the hole
- drilling-strain gaging method of determining_ surface residual

stresses was used for selected wheels, prior to saw.-cutting.
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The hole drilling-strain gaging method is a semi-destructive
method for measuring residual stresses near the surface of
isotropic elastic material. The method involves placing a strain
gage rosette on the surface, drilling a hole in the vicinity of
the gages to a depth greater than its diameter, and measuring the
relaxation strains. The residual stresses in the area
~ surrounding the drilled hole relax, and the relaxation is nearly
. complete when the depth of the drilled hole approaches 1.2 times
the diameter.

The measured strains are then related to relieved principal
stresses through a series of equations.

The surface strains relieved are related to the relieved

principal stresses by the following relationship:

€r = (A + Bcos22) 0, + (A - B cos2 0‘)UY [1]
where '
€ = radial strain relieved at point P,
A = _ 1 4 ;2
2E
B = _ l+v x i -3
(v+l r2 g)’
O xr Oy pr1nc1pal stresses present in the structure before
drilling

o = angle between the directions of r and o,

E = Young's modulus,

v = Poisson's ratio,

r = D (see Figure 4.18)

Do



" FIGURE 4.18 ' STRAIN GAGE ROSETTE ARRANGEMENT FOR DETERMINING
. RESTDUAL STRESSES
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o
I

diameter of gage circle, and

Do

diameter of drilled hole

Measuring the relieved radial strain €1s €5, and €4

provides sufficient. information to calculate the principal
stresses dx and Gy and their orientation, g, with respect to

an arbitrary selected reference.

Solving for principal'stresées and direction yields:

¢+ z
—-—1 r/@l €2 )+(€2 €3) (2)
LS VA P Fr— @

ton2fg = €1€2€2€+ €3
' .

where A and B (both of which are negative) are determined from
Figure 4.19. Equations (2) and (3) define the maximum (o)
and minimum ( Gy) principal stresses. Direction angle 8 is

referenced to gage 1 where clockwise is positive (+) direction

and:

B=p F (€+ €3)/2<E€
ﬂ:ﬁy IF C€|+ 63)/2>€|
p=45 F &= &5

- P YU —

A =— .
28 °

B=—__7
28 P

The following graphs of Figure 4.19 are extracted from
Technical Note TN-503-1 of Measurements Group Inc., Raleigh,

North Carolina 27611.
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It is determined e#perimentally that when the depth of the
hole- equals the diameter,  100% of the strain is relieved and,
thereafter, the change in the relieved strain is minimal. For
our analysis, the calculated principal »stresses'at the point
where ‘depth _eqﬁals diameter >are regarded as ~the residual
stressee at‘locatioh él. ‘

| Once A'égffaFd» ,cy‘ are dete;miped, 9, and 9, (which
can be hoepher“raaial stfesses,_depehding on the orientation of

gage #1  on the wheel) can be calculated from the Mohr Circle

reletionships}' ‘
M..G.‘.é.___O’x;O'ytO'x;G'ycoszle FB = fx
- AND e =U;*UY :07;3"" cos2 f IFF=py

. o .- ‘ -

M

Figuresu 4.20 and 4.21 show typical arrangements of the hole
drilling-strain gaging method for railroad wheels.

A éiete behding experiment WaSrcoﬁducfed in order to Qerify
the accuracy of stresses obtained froﬁ the hole drilling
'meﬁhed. In this test, a 5 1/2" x 15 x 9/16" steel plate was
subjected to 4 point elastic bending witﬁ .08" displacement at
the plate ends. Hole drillings were performed before and after
the bending, and 1longitudinal and transverse strains resulting
from the bending were measured on the surface of the plate
midway between the' ends. | surface stresses induced by the
bending were then calculated using the following three

indepehdent methods:

-44
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FIGURE 4.20 SETUP FOR HOLE DRILLING STRAIN GAGE METHOD TO
EVALUATE RESIDUAL STRESSES IN RAILROAD WHEELS

FIGURE 4.21 HOLE DRILLING UNIT SETUP ON BACK FACE RIM OF A
WHEEL RESTING ON THE ROLL DYNAMICS UNIT AT PUEBLO
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1. Thé hole drilling method.
2. "Direct calculat}on of stresses from meésufed strains by
assuming pure tension.
3. Theoretic&l estimation of the . stresses based on the
Aenforced displécements. A
The stresses calculated from the hole drilling method showed
good agreement with those calculated‘fromfmeasured‘étrains and
displacements. A detailed report of this experiment is given. in

Appendix 4.

4.5.4 Correlation Attempt Between Saw-Cut Displacement Behavior
and Residual Stress Before the Saw-Cut at Selected
Locations of the Wheel

Surface residual stress detefmination was used at sélected
locations for numerous wheels before fhe'saw—cutting.  The study
presented here; refers tbt.thé qorrglation atﬁempﬁs ﬁade for a
representative group of wheelé'"(éee' Table 4.3) ﬁétween the
surface residual streSsés'at'seléctedzlpcations'of the wheel and
the “saw-cut displacementl 5éhavior. SeerlFigure 4.22 for the
description of selected locations B1, Bz;st) and B4.

The = results of . the . hole ;drii;iﬁg;éﬁxain‘ gaging method
applied to measure the . residual- streSSeéq:at; Bi,» Bz, and B4
locations were obtained fpr=£hé aboﬁé\grou;*pf wheels and these
selected test wheels ﬁereﬂsaw—éuftaﬁdrindiﬁidual wheel responses
(in the hoop direcfion) to radial éaw-cqt"werebrecorded with MTS

clip gages as described under'"Radial Saw-Cutting Procedure."



TABLE 4.3
GENERAL INFORMATION ABOUT SELECTED TEST WHEELS
FOR EXPERIMENTAL STRESS ANALYSIS

AAR Why
TTC ID Mfg. Date Serial No. Class Design Made Code Discoloration

0009 78/02 42183 U CH36 89 ’ Yes
0010 78/02 45459 U CH36 89 Yes
0011 /80/03 61258 U CH36 89 Yes
0031 . 82/02 24190 U CH36 89 Yes
0046 76/10 4102 U CH36 89 Yes
0047 ' 82/03 61430 U CH36 89 Yes
0051 75/10 51585 U CH36 89 Yes
0054 75/10 51933 U CH36 89 " Yes
0070 64/09 18187 U CJ36 -- No
0095 71/01 587204 C CJ36 -- No
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FIGURE 4.22 A TYPICAL 33 INCH (CURVED PLATE) TEST WHEEL,
SHOWING LOCATIONS (Bl, B2, & B3) OF HIGH
TEMPERATURE STRAIN GAGES AND THERMOCOUPLES

4-48



%y

Analysis of flange tip displacement (in the hoop direction)
to saw-cutting at various depths of cut was carried out, and it
was seen that at a given depth of cut, the flange ¢tip
displacement exhibited a certain relationship with the biaxial
state of stress at Bl, B2, and B4 looations, as neasured by hole

drilling~strain gaging method.

Hoop Component of Residual Stress

Q
n

Radial Component of Residual Stress
" Equivalent undirectional stress in the hoop direction, ¢ =
- Vvop. | -
It may be noted that hoop strain in a biaxial state of
stress is given by (1/v) (og ; VoR) .
Figures ‘4.23 and 4.24 show the linear relationship between

= (0p = V&) ,meésnred at the Bl location and flange tip
displacemenf at 2 inches (51 mm) and 2.5 inches (64 mm) depth of
cut, respectively.

In Figure 4.25 the average of values at ﬁl and B4
locations is plotted against the flange tip displacements at 2.5
inches (64 mm), 5.5 1inches (140 mm), and 10 inches (254 mm)
depth of cut for three test wheels. They also seem to hold a
linear relationship. -

Figure 4.26 presents the linear relationship between
values measured at the B2-1ocation, 5.5 inches (140 mm) radially

down from flange tip for six test wheels and the corresponding
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FIGURE 4.25 FLANGE TIP DISPLACEMENT AT 2.5 INCHES, 5.5 INCHES,

AND 10 INCHES DEPTH OF CUT -VS- AVERAGE OF o VALUES
AT Bl AND B4 LOCATIONS
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flange +tip displacement ag 5.5 inches (140 mm) depth of cut. The
same values are plotted égainst maximum flange tip opening
during the saw-cutting operation in Figure 4.27 which is also a
linear relationship.

This selective study showed that the response of the wheel
to radial saw-cut (flange tip displacement in the hoop direction)
at a given depth of cut has a linear relationship with equivalent
uniaxial stress‘ in‘ the hoo§ direction at selected locations on

the rim and rim fillet regions.

4.5.5 Data Base for Saw-Cutting Results
A data base was created as a means of storing characteristic_
flange tip displacement data for each of the wheels{ A given
flange tip displacement versus saw-cut depth plot was
characterized Ey four variables as shown in figure'4.28. \
In addition to the measured values c.0.1, C.O.z;umih, and
max., tﬁe following information was entered into the table:
1. Plate shape (straight or curved), wheel design, and
manufacturer |
2. Amount of discoloration
3. Whether the wheel opened continuously, closed
continuously, or exhibited a combination :of both
displacenents
4. Residual stresses : calculated from hole drilling (for

selected wheels only)
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‘FIGURE 4.28 TYPICAL SAW-CUT DISPLACEMENT NOMENCLATURE
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5. Calculated net "rim force" corresponding to the outer
3" of the rim. (For details, see the 'closed form
solution for the interpretation of residual stress from
saw-cut displacement data'.)

The complete data base 1is maintained at Pueblo. A
representative sample of data base containing saw-cut inférmation
is presented in Appendix 4.3.

The c}assification of railroad wheels -saw-cut at TTC, so
far, is presented in Figure 4.29. The classification of railroad
wheels whose saw-cut details are available in the data bése at
TTC, is preseﬁted in Figure 4.30. This includes wheels which are
saw-cut at TTC as well as those saw-cut at participating railroad
laboratories. This figure shows the logical classification of
wheels in »terms "of ‘class, design, and size. The next figure
(Figure 4.31) shows the classification of saw-cut wheels into
discolored and non-discolored types in each category of class,

design, and size.

4.5.6 Saw-Cut Opening Analysis

The saw-cut displacement data obtainea by radial saw-cuttiﬁg
of‘ rail car wheels can be analyzed to obtain an indication. of the
mégnitude and distribution of the residual stresses within a
wheel. The saw-cut opening displacement curve_b&litself is not a
good representation of the residual stresses in a wheel.

During. the implementétion of the Wheel Failure Mechanism

Program, two different approaches were taken to evaluate the
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DETAILED SAW-CUT OPENING
MEASUREMENTS WERE MADE ON
31 WHEELS FOR FINITE

*ELEMENT ANALYSIS

ACCOMPLISHED BY 11TR1

FIGURE 4.29 NUMBER OF SERVICE AND TEST WHEELS SAW-CUT AT TTC
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residual stresses from the saw-cut displacement data. vThe first
approach consisted of measuring the saw-cut opening displacement
on both sides of the wheel along the entire lengthzof a cﬁt.. A
thréé-dimensional finite element analysis was performed to
determine the stresses that result when the cut is closed. A
circumferential displacement 1oading was assumed- on the free
surface. The stresses that are calculated for the plane of the
cut are then an indication of the stresses thatvekisted before
the wheel was cut.

The second approach consisted of the development of a simple
mathematical model for determining the averagé hoop stress
distribution from the saw-cut displacemenﬁwdata.

The model assumes that the cut portion of the wheel consists
of several interconnected rings. _Uéing’”thé reverse saw-cut
displacement response, the rings are brbughﬁ>to their original
position. During this process, stresses are developed on the
interface of adjacent rings. The'stresses required to bring the
rings back to the original po%ition are the original residual
stresses and they depend on the'diSplacément response as well as
the stresses on the interface. '~ Equations based 6n‘the6ry of
elasticity are formulated for individual rings." The;indiﬁidual
rings are then reconnected, generating in the process, the entire
shear and hoop stress distribution along the radial cut. In the
second approach, "the résults from tﬁe analysisr were used to
calculate the total circumferential force in the rim of the wheel
and this force 1is suggested as a measure of the safety of the

wheel.



Total rim forces were computed for all service wheels which
exhibited an opening or mixed opening/closing flange tip
displacement during the radial saw cutting procedure. Wheels
which exhibited a monotonic closing displacement were assumed to
have a negative rim force. The distribution of computed rim
forces for all_saw-cut service wheels is given in Table 4.4.

Figure 4.32 and 4.33 show the saw~cutting data segregated on
the basis of net rim force for Class U and Class C wheels. These
data show that heat-treatment is as effective as design in
resisting thermal damage. - Heat treatment appears to be more
effective in curved plate wheels than in straight plate wheels.

An effective graphical method of presenting distribution
information is cumulativeA‘probability plotting. Figure 4.34
presents the cumulative percentage of curved plate wheel
-population versus. the net rim forces computed from the saw-cut
‘displacement data.

Figure 4.35 presents the similar information for straight
piate wheel population that were saw-cut.

As an example of tthinterpretation of these plots, consider
the meaning of the straight 1line representing the Subgroup of
straight plate, Class U, discolored wheels from Figure 4.35. We
see that 73% of these whéels have a net rim force less than 100
Kips. |

An estimate of the accuracy of the second method for

predicting the rim force was made-by comparing the results with

4-62



TABLE 4.4

DISTRIBUTION OF RIM FORCES FOR SAW~CUT SERVICE WHEELS

*TYPE/DISCOLORATION OF WHEEL
CODE: 1Ist digit - 1 = curved plate
2 = straight plate
2nd digit - 1 = nondiscolored
2 - discolored
¥ WHEELS

, » WHICH
WHEELS TOTAL % OF % OF % OF CRACKED
CODE*/CLASS WHEELS WHEELS WHEELS WHEELS DURING

<0 kips 0-100 kips >100 kips SAW-CUTTING

12 U 82 30.5 40.2 29.3 4.9
22 U 438 41.7 31.2 27.1 14.6
12 C 135 89.6 9.7 . 0.7 0
22 C 13 84.6 0 15.4 0
12 B 6 66.7 33,3 0 ' 0
11 U 108 51.9 45.3 2.8 0
21 U 73 67.1 24.7 8.2 1.4
11 C 21 95.2 4.8 0 0
21 C 35 74.3 14.3 11.4 8.6
21 B 21 66.7 19.0 14.3 ‘ 4.8
22 B 5 100.0 0 0 ‘ 0
11 B 5 100.0 0 0 0
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TABLE 4.5

COMPARISON OF NET RIM FORCE COMPUTED FROM 3-D
FINITE ELEMENT ANALYSIS AND 2-D CLOSED FORM ANALYSIS

Wheel No. Type Class Net Rim Force
3-D F.E. Analysis 2-D Closed Form
(Kips) Analysis (Kips)
29 CH36 U +156.5 +152.0
156 cJI33 U + 22.5 : + 18.0
30 CH36 U +163.5 +167.0
72 H36 U + 43.2 + 49.0
21 - CH36 U + 72;5 + 69.0
16 CH36 U + 15.3 + 14.0
57 CH36 U + 4.6 - 10.0



those from a 3D-finite element analysis. The results were
surprisingly close, as shown in Table 4.5, with the promise that
the second method, though simple, does give reasonably accurate
predictions of rim force.

Detailed presentations of saw-cut analysis by both the
3D-finite element analysis and simple analytical model are made
'in Section 11.0.

Illustration of a Rating Basis

After ascertaining. the net rimlforces for all the saw-cut
wheels, analysis was performed for foﬁr types of responses
(closed type, opened and mixed type; opened type, and fractured
type) by prescribiﬁg three familiee of'rating points which are
described under Case I, Case II and case III in Figures 4.36,
4.38, and 4.40, respectively. | |

The saw-cut' wheels are’divided ihtc 12 categories as shown
in Table 4.6. For each category of wheels that were saw-cut, the
rating points are computed based on the net rim force levels and
these results are presented in Flgures 4. 37, 4.39, and 4.41.

The most dominant category with the maximum performance
rating is fcdnd to be for the curved plate, Class C wheel. The
most dominant category with the minimum performance rating is
found to be the discolored, Class U, curved or straight plate.
It may be noted that in all but one order of ranking (wheel type
6 and 9 ranking), the relative performance rating of a given

wheel category is found to be the same.



TABLE 4.6

CURVED

DESIGN DISCOLORATION
CATBGORY CLASS DETATL
1 CURVED U DISCOLORED
2 STRATGHT U DISCOLORED
'3 curved c DISCOLORED
4 SfRAIGHT o DlscoLbRED
e CURVED | B DISCOLORED
6  CURVED U NOﬁDfSCOLORED
7 STRAIGHT v NoﬁpIéQOLoREp
8 CURVEDt c NONDIéCOLORED
9 STRATGHT c NONDISCOLO#ED
10 STRAIGHT B NONDISCOLORED
TR STRAIGHI B DISCOLORED
;iz D B NONDISCOLORED
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FIGURE 4.40 THIRD RATING OF FOUR TYPES OF SAW-CUT RESPONSES
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4.5.7 Conclusions from Saw Cutting Analysis

The saw-cut opening displacement curve by itself is not
a good representation of the residual stress in a wheel.
The net rim force calculated from a mechanic's model
using the saw cut opening displacément curve does
correlate with the intensity of wheel residual stress
and 1is proposed as an index or measure of wheel rim
residual stress state (especially at a level of 100 kips
or average rim tensile stress of about 10 KSI which may
be a threshold 1level for unstable propagation of
critical size cracks).

Based on this measure, the effect of discoloration,

wheel class, and plate shape were

Ca. Discolored wheels are more likely to have high

residual rim tensile stresses.
b.: Generally, 'Class -C steel wheels have lower
residual tensile stresses.
c. The rim tensile stresses are lower in curved plate
.wheels. |
Sixty wheels with service ‘induced thermal cracks (AAR
Code 74) were saw cut (Appendix 4.3).
None of these wheels displayed the presence of

residual tensile stresses, indiCating that crack



1.

initiation and stress reversal are ' independent
processes. Dynamometer and track tests failed to
produce thermal cracks in all but one wheel. As all of
the wheels tested had new wheel tread profiles, the
crack initiation process lacked the necessary

mechanical or metallurgical damage to proceed. -

Overall Conclusions from Technical Task T=-3

Elevated temperature fatigue tests indicate that heat
treated wheel steels exhibit 'a higher resistance to
fatigue than  non-heat treated: (high temperature
fatigue).

Crack arrest tests show that heat treated wheels can
arrest largé%» _thermal cfacks prior to - unstable |
propagation théﬁ non-heat treated wheels.

There 1is no significant difference in crack initiation

. behavior of the various wheel heat treatments based on

lab test results wusing . a rotating wheel subjected to

_ torch heating and subsequent cooling of the tread.
‘At higher temperature (752°F), there is significant

.(20%) reduction in flow stress of wheel steels (Class

U) for very 1low strain rates (2 x lo'qsec'l) that
may .occur. during sustained drag braking. Higher
residual rim tensile stresses on cooling are associated

with lower hot compressive yield or flow stresses.



Therefore, lower stress-strain curves should be used in
‘stress analyses of wheels during drag braking. Class C
steels are expected to show similar behavior.

5. Analyses of wheel saw cutting data indicate that
discolored wheels are more 1likely to have high rim
tensile residual stresses than nondiscolored wheels,
and that heat treated (Class C) wheels and curved plate

wheels have lower rim tensile residual stresses.
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5.0 EFFECT OF HEAT TRANSFER AND RAIL LOADING - TECHNICAL
TASK (T4) )

The main objectlve of the Technical Task-T4 1s to determlne
the effect of heat_‘ transfer _.at the rail contact through
, explerj.-menta:_l. study under controlled conditions using the Roll
Dynamlc Um.t (RDU), B_ra_ke: Dynamometer (BDI{),. and the Induction
Heating Fac111ty. The effect of ‘rail_'_load and heat transfer on
_the development/alteratiea of wheel residual stresses is
J.nvestlgated as a part of this technlcal task.

Thls.sectlon is divided 1nto four major subsectlons. . 1)
__Br}ake Dynamomv_eter "Testlng, 2) RDU Testing, 3) Heat Transfer
Analysis, and 4) 'Inductiorx ‘Heati:ng Tests. Major “test analysis
results are presented at the end of each subsection. The
‘overall conclusmns of Techn:Lcal Task T4 are summarlzed at the

end of the sect:Lon.

status of .Testinq/Ma-ior Findinqsv

5.1 Brake Dynamometer Testlnq

'I‘he Brake Dynamometer tests in support of Technlcal Task T4
were conducted and coordinated with Roll Dynamics Unit tests,
track q\tests, induction heating tests, and analytical stﬁqies.
The objective. was met by‘: conducting low and high speed
drag-braking tests with composition ‘brake shoes at di;‘:‘ferept

levels of brake force. The majorit_y of tests were pe_rformed‘

AN



loading. Limited testing was carried out (1) without vertical
rail loading and (2) with both vertical and lateral loads. Post
'test evaluations included residual stress determination at
’ﬁcertaln strateglc wheel locatlons by the\hole-drllllng strain
‘gaglng technlque. Temperatures and surface stralns at selected
'locatlons of the test wheels were monltored durlng the testlng.

" For Brake Dynamometer testJ.ng, ‘a - scheme was developed to
. comb:Lne both Techn:.cal Tasks T4 and Té for convenlence. The
purpose of Task 4, w1th regard to the dynamometer tests, was
twofold. "First “it was de51red, by way ‘of temperature
measurements, to determlne the amount of heat lost from a heated
.wheel to the alr, brake shoe, and rall

In addltlon,‘ it was des1red to determlne the effect of
braklng parameters (speed and brake force) and wheel parameters
(diameter, rim thickness, heat treatment class, and plate shape)
on residual stresses developed in wheels subjected to repeated
drag-braking. This latter purpose is common with the objectlve-b
of Technlcal Task Té6 except that T6 covers addltlonal types of -
'test wheels. For this reason, Brake Dynamometer testlng covered
'under both Technlcal Tasks T4 and Té are presented in thls
r’sectn.on. . | | |

Because severe drag-braklng (at constant speed) is known to
) produce res:Ldual ten51le stresses in the rims of wheels, thls
type‘ of test was chosen folr this .s'tudy. The general plan was to
conduct 25 drag braking cycles of 45 minutes duration (with

water cooling between cycles) on each wheel and then have the

wheels saw-cut at Pueblo for the residual stress determinations.
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Wheels and Instrumentation Used for Brake Dynamometer Testing

For this study, twentyéeiéht new one-wear freight-car wheels
wereﬁqbtained, Table 5.1. These wheels represented wheels with
straight, barabolic, ahd ngn shaéed plates; U.and C classes, 33-
and 36-inch dlameters, new rim thicknesses, and rims machined to
the reappllcatlon limit. In addition, four of the Class U
wheels were in a fully stress relleved condition.

'I‘he wheels were instrumented Wlth thermo'couples on the
tread, back fece of the: rim, and on the front hub-plate fillet
(Figufe 5.1);‘ One wheelihad additional thermocouples on the- rim
and }ﬂate. . The wheels also had one strain gage at the
front%hub-plate fillet. Several wheels‘had high temperature
strain gages on the back faces of the rims. All thermecoﬁple
and strain gage leads, except for the tread thermoeeuple; were
connected to a slip ring.. Temperatures were measured
conti:nuously with a mi;l,tipoint stri‘p; 'chart recerder. Strains
were measured fnrith a static strain ‘indicator at - the beginn.ing
(cold) and end (hot) of each drag-brake cycle. In addition,
some of the wheels were observed w1th an 1nfrared thermography
unit during testing. For selected tests, a hand- held Exergen
'microscanner' model D infrared thermometer was used te:measure
the wheel temperatures at the end of the tests, During'certain
limited tests, a Hughes Alrcraft Probeye Model 4100 thermal
video system was used to monitor temperature development during

the test cycles.



TABLE. 5.1
DRAG TESTS ON DYNAMOMETER FOR TECHNICAL TASKS T4 AND TS'

Plate Code Brake Vertical Lateral

Serial Section (Class Type Number Speed = Force  Load Load

- 95409 CJ-33 9] P S 20 mph = 1500 1b = 27 kip 0 kip
94783 CJ-33 c P S 20 is500 = 27 0
295403 CJ=-33 U P 7 40 1500 27 0
95526 CJ=-33 U P 6 20 3000 27 0
95400 . CJ-33* U P . 8 - 40 : 1500 27 . 0
43878 J=33 0] St 15 20 . 1500 _ 27 0
47382 J=-33 U st - 16 - 20 3000 27" 0
43888 J-33 U st 17 40 1500 27 0
42283 J=33 U st 18- - 40 ! . 750 27 0
84787 CJI-33 C P 10 20 3000 27 0
94777 CJ~-33 C P 1l 40 1500 : 27 0
95383 CJI-33 C P 12 40 750 27 /0% % 0
49543 - J=33 C St 20 20. 1500 27 : 0
49549 J=-33 C st 21 - 20 : 3000 127 0
49544 J-33 C st . 24 40 1500 . 0 -0
5174 J=-33 u S 25 40 1500 27 0
4907 J=-33 C S o+ - 40 1500 0 0
95401 CJ-33 U(ann) P -3 40 1500 27 4]
43905 J=-33 U(ann) st 13 40 : 1500 27 - 0
-94561 CJ-33% U(ann) P 4 40 1500 27 0
43928 CJ-33* U(ann) St 14 40 . 1500 27 0
47371 J-33% U St 19 40 ‘ 1500 27 0

49622 J=-33 C st 23 40 . 1500 27 13.5

4892 J=-33 c S 26 40 1500 27 0
49541 J=-33 C St 22 40 1500 27 0
46470 ~ H-36 U St 33 40 1800 33 0
. 307400 CH-36 U P 27 40 1800 33 0
1755 H-36 U 0

S - 29 40 ' 1800 - 33

*Machined to reapplication limit
**Part loaded - Part unloaded
+TA (3-24), T6 (25-27, 29)

++Not in matrix of Table 8.1 of Sp-2



Section Plate Class  Rim
J33 P U(Ann)** Nk
cJ33 P U(Ann) - R
CJ33 P U N
CJ33 P U R
CJ33 P C N
J33 st U(Ann) N
J33 st U(Ann) R
J33 St U N
J33 st U R
J33 st C N
J33 St C N
J3i3 st C N
J33 ngn U N
J33 - ngn C N
J33 ngn C N
CH36 P U N
H36 ngn U N
H36 St U N

*All tests 25 cycles. Each cycle 45'minutes'braking followd by“is minutes water cooling.

- 27

27
27
27
27

.27
27
27

27

27

27
0
27
27
0

33

33

33

TABLE 5.1 (CONT.)
DYNAMOMETER DRAG TESTS

Vertical Lateral
Load

Kips

Wheel or Test No.

v Load Speed : 20 mph .
Kips B.F. 1500 1b 3000 1b
0
0 5 6
0 -
-0 9 10
0 :
-0
.0 15 16
0 ,
0 20 21
13.5 ‘
0
0
o
0
0
0
0 .

**U(Ann) = Class U wheel that was renormalized.

*#%*N = New rim thickness.

R

Rim machined to reapﬁlication limit prior to test.

+Wheel 12 tested without rail contact for 10 of 25 cycles.

+++1800 1lb brake force instead of 1500 1lb.

++Wheel not in original program.

750 1b

12+

18

1500 1b
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5.1.1 Test Conditions

The tests were conducted és outlined in Table 5.1. ' For the
33~-inch diameter wheels, brake forces of 1500 and 3000 1b. were
used at a speed of 20 mph; brake forces of 750 and 1500 1b. were
used at a speed of 40 mph. A brake force of 1800 1b. was used
at 40 mph for the 36-inch diameter wheels. Most of the wheels
were tested with the tread of the wheel in contact with the heéad
of the 9-foot diameter rail wheel. The head profile was that of
an AREA 136RE rail canted 1:40, the normal cant in track. With
rail/wheel contact, the vertical load was 27 kips for most of
the 33-inch diameter wheels and 33 kips for the 36-inch diameter
wheels. Two of the 33-inch diameter wheels were tested without
rail contact, and one was tested with vertical load for 6 cycles
and without contact for 19 of the 25 éycles. In addition}-‘one
of the 33-inch diameter wheels was tested with a 27 kip vertical

load and 13.5 kip lateral load.

5.1.2 Dynamometer Test Results

An important objective of these tests was to determine the
reiationship of the drag-braking conditions on the alteration-of
residual stresses in the wheels. Some observations were made on
the relationships of speed, brake shoe force, and vertical load
(wheel 5) to wheel temperature, apparent strain at the front
hub-plate fillet, and heat transfer to the reaction rail.

A'Appenldix 5.1 lists the strain and temperature data obtained



for wheels No. 5 through 17. These data are summarized in Table
5.2. Heat transfer studies conducted on wheel No. 5 are
présented in Appendix 5.1, Table 1. With regard to the increase
in wheel and rail temperatures during the tests, it appeared
that both temperatures were markedly affected by  the vertical
load, For example, a preliminary observation of temperatures
~showed that tests with a vertical load of about 27 kips produced
average wheel tread and rail . temperatures of 487°F and
161°F, respectively. bIn contrast, tests with much 1lesser
vertical load, such as 5 kips, produced average wheel tread and
rail temperatures of 528°F and 106°F, respectively. Tests
with an intermediate level of vertical load of 13.5 kips
produced intermediate temperatures. Thus, increasing the wheel
.load decreased the wheel temperature and increased the rail
telﬂperature. This effect is probably caused by a corresponding
increase in contact area.

The effects of wheel/rail contact on the strains and
‘temperatures developed in the. wheels from drag braking is
further illustrated by the behavior of wheel 12 (Table 5.3 and
Figures. 5.2 ‘and 5.3). .- This wheel was té_sted -at 40 mph with a
brake force of 750 I_Lbs. (which corresponds to a Bhp level of
24), with a Vertical load of 27 kips for the first six cycles,
and then with no vertical load for the remaining 19 cycles. |

With no vertical load, maximum temperatures increased by
~about 100°F on the tread and rim, and the hot wheel ‘strain
increased by about 1000 , compared to the results obtained

with the application of vertical load, thus confirming that the

5-8



TABLE 5.2
TEMPERATURE AND STRAIN RESULTS

oo : ‘ ‘ Temperétufé, °F
* Wheel Strain, M€ Tread Rim Plate

No. Cold Hot  Cold  Hot Cold ~ Hot  Cold  Hot
5 Max
- Min .
Avg 75 . 500
6  Max  +164  +3242 100 845 = - 95 220
Min  -303  +2276 65 - 500 - . - . 6 160
Avg 41 42556 83 573 - - .81 191
7 . Maxk +282 +2574 95 700 95 535 95 205
Min - - 77 42013 50 525 50 420 50 150
Avg +99 42385 74 579 79 485 78 184
9 Max +143 42440 100 . 590 100 490 100 195
- Min - 43 42180 60 530 55 430 60 155
Avg + 47 +2259 76 565 76 . 4h6 82 184
10 - Max +123 42592 95 795 95 580 95 205
Min - 87 +2128 75 550 80 . 520 80 155
Avg +30 +2399 85 623 . 85 543 - 85 185
11, Max 0 +1786 100 . 610 _ 8 470 8 180
Min - -129  +1215 75 370 75 400 75 150

Avg - 66 +1381 84 525 81 422 80 162
12 See Table 5.3 and Figures 5.2 and 5.3 |

15 Max -210 +3222 120 790 110 505 100 210

Min - 0 +2342 70 . 545 65 420 65 170

Avg  +127  +2839 93 . 628 85 467 - 73 196

16 Max  +405  +3442 110 785  -100 610 80 220
Min - . =500 - +1902 70 490 50 - 460- 60 - 145
Avg . -258 42533 79 620 77 532 70 186

18  Max. - +56 - +2760 100 595 80 - 515 85 ~ 170
Min  -344  +2071 75 405 75 385 7 75 145

Avg  -127 42400 80 527 78 46 77 151

17 Max - +440 43605 115 725 110 545- 110 205
Min ~ -205  +2184 60 450 50 . 390 50 140

Avg - 15 ~ #2816 87 573 83 467 82 174

pe = Micro inch/inch ' _
"Max" and "Min" are the extreme values of strains measured when wheel was cold
and when wheel was hot, "Avg" represents the average of 25 strain values.
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Gage-Cold Gage-Hot Load Temperature

o wn

W &

Test # pE ue
1 0
2
3 -164 1653
4 =205 1662
5 -303 1756
6 - 60 1951
7 0 2740
8 - 39 2922
9 -124 2816
10 5 2855
11 7
12 - 6 2794
13 - 96 2754
14 -134 2621
15 98 1760
16 0 2186
17 195 2370
18 47 2492
19 75 2780
20 137 3074
21 13 3080
22 94 3028
23 11 2958
24 50 2951
25 3 2755
Avg 1-6 -146.4 1775.
Std 1-6 106.9 119.
Avg 7-14 - 48.4 2786.0
std 7-14 56.4 88.3
Avg 15-25 65.7 2675.4
Std 15-25 59.0 406.9
Avg 7-25 17.7 2718.
Std 7-25 80.8 3217.
Avg 1-25 - 16.5 2543.3
std 1-25 109.5 477.7

. TABLE 5.3
DYNAMOMETER DATA FOR WHEEL #12 (7/31/85-8/6/85)

Vert. load removed

47.7 min. test

47.39 min. test

New shoe aft. 25 min.

Wheel Ambient Tread Rim
Temperature Temperature

Kips F F F Comments
27 80 495 450
27 85 495 420
27 75 500 450
27 90 510 430
27 90 530 440
27 75 530 425

0 80 675 515

0 95 720 550

0 90 720 525

0 80 130 560

0 95 760 520

0 80 750 525

0 95 770 540

0 95 650 500

0 80 435 395

0 90 510 430

0 85 560 - 480

0 90 620 495

0 95 650 545

0 80 680 580

0 95 620 580

0 85 600 560

0 90 630 550

0 95 630 520

0 80 650 545
27.0 82.5 510.0 435.8

0.0 6.3 15.0 11.7

0.0 88.8 "~ 821.9 529.4

0.0 7.0 38.7 18.3

0.0 87.7 602.3 516.4

0.0 5.8 71.6 57.8

0.0 88.2 652.6 521.8

0.0 6.3 84.2 46.0

6.5 86.8 618.4. 501.2
11.5 6.8 95.7 54.7
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rail  wheel and the: associated vertical load reémove a substantial
amount -of heat from: the test wheel.

Table 5.2 shows the representative 'samples of the maximum,
minimum; and average values of. radial strain at the front
hub-plate fillet as well as the temperatures for the tread, rim,
and plate during the 25 tests.” 'Strain and temperature values
are shown at two points 'in' time: - (1) at “the start, and (2) at
the end of drag braking cycles. Strain values measured when the
wheels are hottest indicate the relative expansion of the rim
~due to braking. High or low values of hot-strain values appear
to be associated with the corresponding high or low tread
temperatures. For "example, the highest strain value for wheel
No. 6, + 3242 ue, was associated with the highest 'tread
temperature, 845°F. ' Rim temperatures weré "about 120°F below
those of. the tread. .- Front hub-platé fillet temperatures were
even lower, being generally around 200°F or less. |

The power 'input to the 33-inch diameter wheel is related to

the brake force and speed by the following:

Power Input (Bhp) = Brake Force- (-15755) X -Speed: (mph) .

This equation .gives power inputs of -24- and 48 Bhp for ‘the
combinations of speed and brake force used-in- these  tests when
the coefficient of,K friction, , is assumed to be . 0.3. However,
the coefficient 'of friction of AAR M926. high-friction
composition brake shoe is not. constant, but decreases. with

increasing temperature at the wheel/brake shoe interface. Other
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factors affecting ~are the contact area, wheel surface
roughness and possible changes in the friction characteristics
of the materials due tq use. Therefore, when drag bfaking tests
are conducted with a. cdnstant brake force, the horsepower
- changes (decreases) during the course of the 45 minute braking
cycle and is cohsistent from cycle to cycle. Furthermore,
because of the speed and forqe'dependence of , doubling speed
or brake force should not exactly doﬁble the horsepower. There
is a considerable variation of heating among wheels exposed to
essentially the same braking conditions. For example, wheels 7,
11, and 17 were exposed to 1,500 lbs. brake force at 40 mph, but
their average peak tread temperatﬁres were 579°F, 525°F, and
573°Fy respectively. = Further, wheels 6, 10, and 16 were
exposed to 3;000 1b. brake force at 20 mph, with a corresponding
average peak tread temperatures of 573°F, 623°F, and
620°F. -

The variation of the coefficient of friction during a
drag-brake heating cycle is illustrated by the torque curve
shown in Figure 5.4. Torque for two of ﬁhe wheels, 9 and 10,
was measured with the strain gage torsion cell built. into the
axle. These torque values represent a combination of torqué or
retarding forces times radius, from two sources. These are
brake shoe friction and traction or rolling resistance between
the wheel and rail. Therefore, the vélues presented in Figure
5.4 do hot reflect only the retarding forces due to braking. It
is possible that the rolling: resistance also changes during the

test.
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Inasmuch as the axle torque results from resistance of the
track wheel, as well as from the braking forces, torsion values
obtained without braking were subtracted from those obtained
with braking to obtain trle values caused by braking alone. 1In
most of the tests, the axle torque was not measured; the
tangential braking force 'wﬂas‘ estimated by using a coefficient of
friction value of 0.3, as described earlier.

The eomplete ‘results of the temperature and strain
measurements are lisl:ed in Lotus 1-2-3 files. Because these
data are ancillary  to the main objective of this study, they
will not be 'discussed further here. Also listed in the Lotus
files are the saw-cut data obsained from Pueblo.

These results of Brake Dfnamometer testing show that the
Class ¢C wheels have lower residual stresses after repeated drag
‘brake testing than those- of the Class U wheels. The data show
generally  that more se_vere braklng condq.tlons produce higher
tensile s"tress le\./elsv in .C1as,s U wheels. . In class € wheels,

this effect is less pronounced..

5.1.3 Conclusions from Saw-CuttJ.ng Results of Wheels Tested on
Brake Dynamometer

The wheels tested on the Brake Dynamometer were saw-cut and
net rim forces were computed from the saw cut displacement
data. The following conclusions can be drawn from 'Ehe results

obtained (Table 5.3a).

1. All the Class C, 33-inch diameter wheels, both straight
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TABLE 5.3A ,
WHEELS TESTED ON BRAKE DYNAMOMETER

Net Rim Force Computed from Saw-Cut Displacement Data

Total Number of Drag Braking Cycles = 25

Duration of each cycle = 45 minutes

5-17

Assumed Brake Shoe Coefficient of Friction = .25
St. Plate St. Plate ' Ccurved Plate |Curved Plate
Class U Class C Class U Class C
33" diam. 33" diam. 33" diam. 33" diam.
TTC BHP> Net |TTC BHP] Net TTC BHP| Net |TTC | BHP] Net
I.D. Rim |[I.D. Rim |I.D.{ Rim | I.D. Rim
No. Pre.- {No. Fre. {No. Frc, | No. Frc.
(KIPS) (KIPS) (RIP (KIPS)
208 20 | +39 211 |40 | -61 209 20 | +20 224 |20 1 -70
227 20 | +43 417 |40 | -88 225 4Q +31 233 |20 | =25
234 40 f75 423 120 |{-58 226 [40 |+129 |210 |40 |+35
235 40 } +158 435 40 | -9 418 |40 +84 228 140 | -14
419 40 | +80 230 |40 } +250 | 420 |40 |+180 | 229 |40 | -55
421 | 40 |+250 1422 l40 1+90
—-Assorted Test Wheels—?

TTC, . Wheel -Plate BHP _ Net
I.D. Diam. Shape * Rim
No. . (Inches) .| - Force

) (KIPS)
430 33" s 40 +27
434 36" P 48 480
433 3 st. 48 +40
432 36" S 48 +8
* S = § Plate, P = Parabolic¢ Plate, St. = St. Plate



2.

plate and curved plate designs, showed net compressive
rim forces after 25 drag cycles at 40 Bhp (assuming
coefficient of friction 0.25), each cycle lasting for
45 minutes, simulating fully loaded 70~-ton vC:ap'acity
car. - |

One Class C stféight plate wheel without cor;_'l-:_act-jwith

the track wheel (which simulates rail) at the above

- braking severity fractured during saw-cutting. - Due to

the absence of track wheel contact, the wheel rim
experienced higherf levels of temper,at,ﬁre vle‘ading to
substantial stress reversal in the rim.

Lower levels of braking 'severity (20 Bﬁp, .25' cyciés, 45
minutes duration) produced relatively lcwel;' ieveis of
teﬁsilé rim forces -in Class U, s'tra‘ightﬂ‘p:late and
curved plate wheels. Higher lévels of b‘rakin"g “ sevérity
(40 Bhp, 25 cycles,. 45 ‘minutes d"uraﬁion), produced
higher 1levels of net tensile rim fofcés"vinclu‘ding
unsafe (> 100 kips) levels of net tensile rim forces,

in both the Class U, straight plaiié and curve.d‘ plate

‘wWheels.

Under higher levels of " braking severity: (40 Bhp, 25

~¢y£:les, 45 minutes durahtion)',‘-‘a ‘Class U, 33 inch

diameter wheel with thin rim (which was: machined to
condemning limit before the start of the test),
fractured during saw cutting, indicatiﬁg dangerous
levels of tensile rim forces.

There was no apparent difference between the
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fully stress relieved and as-received, Class U wheels
in their net rim forces after drag braking at higher
levels of braking severity. | ' |

6. No distinct differences were obse;:ved between vthe net
rim forces of Class U’ 'st'rai-}g'ht plate and Class U
parabolic plate wheels at the 40° Bhp level. Ciass U,
S-plate showed lower" net"r'im‘ forces coinlp-ared to both
straight plate and p'ar‘abbiid plate wheéig.

7. 36 inch diameter, Class U wheels perfor‘hmed .'be'tter than
33 inch diameter, Class U wheels (when c‘:ompare‘d' at
equivalent braking séverity levels)'.: 3.6 inch'vdiant'tét.:er,

" 'Class U, S-plate wheels sh'owed the 'iowes;l: r;et rim
forces compared to Claés U, 36 inch,diamete:, str;aight
plate and parabolié plate wheels when teétéd under the
same braking s.everitt:.y' levels. C |

v

5.2 Testing on Roll Dynamic Unit

The objective of testing ‘conducted on’ 'At:he}lR'DU.~ was to
investigate the effects' of brake “force and ."s'.'p-éed on the
alteration of residual stresses in 33-inch diameter wheels with
" wheel loading correspdnding to’ a 70—;t'or'1Aca'pacfi.ty ”.(lo-aclled) éar.
The secondary purpose was to " es"‘t‘imateb“tﬁ‘:he ‘amount of‘heat
transferred from the wheel to the roller during a few tests.
The majority of tests were conducted 'in; the draci:; bféking mode
for a 's.ix't'y'—minute duration while the rest’ Weré executéd under

the stop braking mode.



The test wheels selected for testing on RDU were restricted
to Class U, 33-inch diameter and parabolic plate design. All
the wheels were brand new before instrumentation.

‘ With_'the test truck mounted on the Roll Module Unit of the
RDU, necessary modifiéations were performed to provide
longitudinal-restraint and vertical-loading systems.

The brake rigging for the test truck was retrofitted to be
similar to the conventional rigging of a 70-ton car. Shop
conpressed air was admitted into the brake cylinder through a
regulating valve (set at the required pressure) and a remotely
controlled directional valve, so that braking loads were applied
ﬁo the test wheels as if through a conventional brake 'rigging
system.,
| A hydrauliec powe'r unit with related control hardware
activated the vertical loadiﬁg system, providing an axle load of
53,000 1bs, éimulating fhe weight of a loaded 70-ton capacity
car. _

The Roll Module Uhit of the RDU was reconfigured to provide
approximatély 40,000 ft-lb of rolling inertia per wheelset. The
d'riving arrangement for each roller set consisted of one Lateral
Actuator Thrust Assembly (LATSA), one gear box, one (No. 2)

lewheel, and one 600-hp motor.

5.2.1 Truck Instrumentation
Figure 5.5 presents the description of Test Trucks 1 and 2.

Truck 1 was provided with limited instrumentation (only
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thermocouples), while Truck 2 was heavily instrumented with high

temperature strain gages and 'thermocouples.

The test trucks were provided with instrumented brake heads

to monitor the tangential and normal brake loads that were
applied during the test runs, Tl;e brake shoe load cells were
- strain-gaged and. Caiibreted Vbehfore they ;;were fitted 'in the brake
beams of the test truck.
The brai:e shoe normal force and the braking or tangential
force' for each test 'w_heell vere determined from the voltages
developed across th‘e' strain-ga‘ge bridges and from the
callbratlon factors unlque to each ‘load cell. The calibration
factors were obtamed by callbratlng the brake shoe load cells
individually in an MTS tes:,t‘ setup.

A typical plot obtained for stafic brake shoe n:ormal force
versus brake cylinder pressure is shown in Figure 5.6. The
brake shoes used were of high- frlctlon compos1tlon type (AAR

M926). They were centered -on the wheel treads throughout the

test run.

522 Test Conditions
A series of drag b"ra}_g:ing cycles, each usually consisting of

60 minutes of brake eylinder pressure (brake load) and speed

followed by co,oliﬁé to roem »temperaﬁure-{‘? were conducted. The

test wheels were subjected to thermal cycles of moderate
horsepower levels (at the brake shoe-wheel interface) initially,

followed by severe drag braking episodes (higher than 50 brake
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horsepower levels at the brake shoe-wheel interface). After the
wheels weré cooled, hole drilling-strain gaging was used after
every few thermal cycles to estimate residual stresses at
certain critical locations on the wheels.

Tables 5.4 and 5.5 present relevant details pertaining to
tesﬁ parameters.

The performance of various transducers, slip rings,
signal-conditioﬁing equipment, and data collection methods wére
checked out duriné the first series of tests. Truck No. 2 was
made ready with instrumented wheelsets, with a typical
instrumentation iayout as presented in Figure 5.7.  Instru-

mentation scheme for RDU testing is presented in Figure 5.8.

5.2.3 Instrumentation of Wheels

All wheels were new ('in "as received" condition). High
temperature strain gages and thermocouples were installed on the
test wheels at locations Bl (lower back side of rim), B2 (back
side of rim fillet region), and B3 (front hub fillet region), as
pfesented in Figuret 5.9; The test wheels were heated to
1,100°F and slowly cooled to relieve tl;1e ‘stresses induced in
the strain gages during installation.

- It is recib‘gnized that this ﬁhermal treatment also relieved
the manufacturing stresses in the wheels and reduced their
hardness. |

Temperature data measured at locaf.i_or;s Bi, B2, a'nd»B3 were

acquired through axle-mounted slip rings, while tread
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‘ TABLE 5.4
TESTING OF TRUCK #1 ON RDU (DRAG BRAKING)

WHEEL FAILURE MECHANISMS

Brake Axle
Cvlinder . i Vertical
Pressure  Speed Duration Load
Date Run No. (psi) * (mph) (minutes) Direction (kips)
02/25/85 2 30 30 60 West 44
02/26/85 3. 30 36 60 East - 44
02/27/85 4 40 40 30 West 52
02/28/85 5 40 40 40 East 52
03/01)85 6/7 40 - 45 30 West 52
03/04/85 8/9. 45 40 30 East 52
03/05/85 10/11 50 30 60 West 52
03/06/85 12/13 50 30 60 East 52
03/07/85 14/15 60 20 60 West 52
03/08/85 16/17 50 40 60 East 52
03/18/85 18/19 45 40 60 West 52
03/18/85 20/21 50 35 60 East 52
Brake Average
Cylinder Normal
Pressure Force/Shoe
(psi) (1bs)
30 ‘900
40 1400
50 1800
60 2200
45 1600
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TABLE 5.4 (CONT.)
TESTING OF TRUCK #1 ON RDU (STOP BRAKING CYCLES)

WHEEL FAILURE MECHANISMS

Brake Axle

Cylinder Initial Vertical
» Pressure Speed Load

Sl. No Run.No. (psi) (mph) Direction (Kips)
1 | 22 50 30 West 52
2 , 23 60 30 West 52
3 24 | 50 35 East 52
4 25 _ 60 35 | East 52
5 2 50 40 West 52
6 27 60 40 West 52
7 28 50 50 East 52
8 29 60 50 . East .52
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TABLE 5.5 ‘
TESTING OF (INSTRUMENTED).TRUCK #2 ON RDU

WHEEL FAILURE MECHANISMS

Average Vertical Load/Axle 52 Kips (Simulating Fully-Loaded ?70-Ton Car)

Brake Cylihder ‘ Speea _uDﬁpaEipn‘w

Date " Run No. Presure (psi) (mph) (ming;es) Direction Reha;ks'

4/2/85  30/31 20/60 Static Brake Shoe
: . Tests

4/2/85 »:32/33 10/20 20 - 80 West Cleaning of new

tread surfaces
4/3/85  34735/36 30 30 60 West Four video Caméras
- in position for ob-
serving front & back
~ of wheels #6 & #8
4/3/85  37/38 30 30 60 - East : "
' (Hole Drilling Performed on Wheel #5 at BI, B2, B3 Locations)
4/6/85  39/40 40 30 60 west e
4/4/85 41742 40 30 60 East "
| (Hole Drilling Performed‘bn Wheel #6 at Bl, BZ,ﬁB3 Locations) |
4/8/85  43/44 o0 30 607 West "
4/8/85 45/46 ° 50 30 * 60.  East 7w
o (Hole Drilling Performed on Wheel #7 at BI, BZ; B3 Locations)
4/9/85 . 47/48 50 25 60 West "
4/9/85.  49/50 50 25 - 60 East L
- L (Hole Drilling Performed on Wheel #5 at Bl, B2, B3 Locations)
4/10/85 51/52 40 25 60 West "
4/10/85 53/54° 40 - 25 60 East "

" (Hole Driliing Performed on Wheel #3 at Bl,,BZé_h3 Locations)
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o TABLE 5.5 (CONT.)
TESTING OF (INSTRUMENTED) TRUCK #2

WHEEL FAILURE MECHANISMS

ON RDU

Average Vertical Load/Axle 52 Kips (Simulating Fully-Loaded 70-Ton Car)

Brake Cylinder Speed  Duration

" 50 o 35 o

5-28

Date Run No. Presure (psi) (mph) (minutes) Direction Remarks
4/11/85 55/5% - 45/60 . 42/50 60 West a) "

: ' e . ' ‘ b) Severe sustained
drag braking to
hold 50 BHP for
at least first

, 30 minutes
4/11/85 57/58 A 42 30 East a) 4 video cameras
_ b) Sustained drag
braking (after
this test, all
video cameras
removed)
_ (Hole Drilling Performed on Wheels #8 at Bl, B2, B3 Locations)
4/12/85 59/60 40/50 38 40 West Tried to maintain
L ‘ ' 40 BHP throughout
the test
4/12/85 62163 - 40/48 38 55 East "
(Hole Drilling Performed on Wheel #5 at B1, B2, B3 Locations)
4/13/85 <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>