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PREFACE

| This report presents Lhe‘rcsu;ts of the first phasc¢ of a program on
Rail Material Failure Characterization. It has been prepared by Battelle's
Columbus Labqratories (BCL) under Contract DOT-TSC-1076 for the Transportation
Systems Center (TSC) of the Department of Transportation. The work was conducted
under the technical direction of Mr. Roger Steele of TSC.

The results of this phase of the program are the basis for the lay out
of the second phase. The objective of the second phase is the development of a
computational rail failure model, This model, in-conjunction with the results
of ongoing studies on Engineering Stress Analysis of Rails and on Wheel-Rail-
Loads when incorporated into a reliability analyses will enable establishment
of safe inspection schedules.

The cooperation of Lhe American Association of Railroads (AAR) and
the various railrecads (Boston & Maine Railroad Company, Chessie System, Denver
and Rio Grande Westerm Railroad Company, Penn Central Railrocad Company, Scuthern
Pacific Transportation Company, and Unicn Pacific Railroad Company) in acquiring
rail samples is pratefully acknowledged. The cooperation and assistance of Mr.
Roger Steele of TSC, Mr. Omar Deel and Mr. David Utah of BCL were of great value

to the program.
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EXPLANATORY NOTE

This report conveys preliminary information onm the crack growth behavior
of a sample of rail steels (66 rails) taken from the population currently
in use in the United States. Ultimately, this information will be used
to predict the flaw growth behavior of actual rails in service under
various loading and support conditions. A more comprehensive treatment
of the subject, with additional test data, will be available later in
1977. This interim report is being issued at this time to provide other
investigators working in the field with the results which have been

generated thus far.
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1. INTRODUCTION

Fatigue cracks in railroad rails can be the cause oﬂ_rail failures and
subsequent derailmenfs. Prevention of these failures reliés ﬁn tfmely detection
of fatigue cracks when they are still small and not likely to cauge failures. 1In
order to establish safe inspection périods, data are required on the a?ailable
time for crack detection, i.e,, the time it takes for a small detectable.crack to
grow to a critical size that can cause rail failure. Therefore, the rate of fatigue-
crack propagation has to be known. )

One portion of the Federal Railrcad Administration's (FRA) Track Perfor-
mance Improvement Program is the deQelopment of a predictive rail failure model
that enables a determination of optimal inspection periods through a calculation
of fatigue-crack-propagation behavior. The reséarch reported here concerns the
first phase of a program to develop this rail failure model.

In order to predict fatigue-crack growth and failures under a service
load environment, fatigue-crack-rate data are required. These data should come
from a sufficiently large sample of rails presently in service to properly evaluate
the statistical variability of fatigué-crack-growth properties. The first phase of
this program consisted of the generation and analysis of fatigue-crack-growth data
of 66 raill samples of various age, make, and weight. The samples were taken from
existing track from all sections of the United States.

This report presents the crack-growth data for the 66 rail samples. Also
presented are chenical compositions, mechanical properties, and some data on micro-
structure and fractographic features. A statistical analysis was performed te
evaluate possible correlation between. one or more of these parameters and the re-
sistance to fatlgue-crack propagation.

On the basis of the present results, the 66 samples were divided inteo
three broad categories of rate behavior. Further characterization of the three
categories will be conducted; i.e., the effect of parameters such as stress ratio,
temperature, and microstructurdl orientation be experimentally evaluated. The be-
havior under variable amplitude lcading also will be investigated. Subsequently,
the computational failure model will be developed after which the results will be

reported,



2, RAIL MATERIALS: SAMPLE SQURCE AND DESCRIPTION

At the outset of this program, an effort was made to assemble a representa-
give sampling of rail materials which are presently, and will continue to be, in
service on U. S. railroads. Variations of rail size, rail producer, andlyear of
productrion were the primary selection criteria, Elevén of the major rgilroad
organizations were contacted for contributions of rail samples. Directly or in-
directly samples were received from the following organizations:

e Association of American Railroads

® Boston and Maine Railroad Company

® Chessie System

® Denver and Rio Grande Western Railroad Company

¢ Penn Central Railroad Cempany

e Southern Pacifichran5portation Company

® Transportation Systems Center

® Union Pacific Railroad Company.

A total of 66 material samples were received representing sizes from 85 1b/yd to
140 1b/yd, produced over a period from 1911 to 1975 in both U. S. and Japanese mills.
The samples were given identification numbers from 00l to 066. Basic information on

the samples is presented in Table 1.

3. METALLOGRAFHIC CHARACTERIZATIONS

3.1 CHEMICAL ANALYSES

Specifications for the chemical composition of rail steels vary slightly
with the rail size (expressed as the weight per yard of rail). The ASTM Standard
Specification for Carbon-Steel Rails, ASTM Designation: Al-68a, states the fol-

lowing chemical requirements:

Elemént, Nominal Weight, 1b/yd

percent 61-80 - 81-90 91-120 121 and Over
Carbon 0.55-0.68 0.64-0.77 0.67-0.80 0.69-0.82
Manganese 0.60-0.90 O.6b—0.90 0.76-1.00 0.70-1.00
Phosphorus, max 0.04 0.04 0.04 0.04
Silicon 0,10-0,23 0.10-0.23 0.10-0.23 0.10-0.23.



TABLE 1. _RAIL MATERTALS INVENTORY

BCL We. or
Sequence Racaipe Source Section Centrolled MLl Year Month Sample

Numbe £ Darte Souree Number Numbar Typs Conl Brand Rallad Rallad _length . Ramarks

fele} 10/16/75  TSC 418 138 BSCQ 1929 11 4-7/8 Steelcon Open Hearch ced, “ang, He, 81530 AREA

202 \ 521 83 1911 W, Maryland ASCE .

003 199 130 1929 11 i7-178 Steeltan Open Hearth “ad. Mang. Hr. 81366 AREA

204 100 85 B5c0 1920 k1) Steelton Open Haarth ASCE

falekd 188 118 - 192¢ 9 35-3/8 Steelton Gpen Hearch ded. Mang. Hr. 81692 AREA

006 ¥D-1 LS RE 1974 15-1/2 Vacuum Degassed, Sydney VT Rail, New L1S Ib A&Y

Qo7 ¥p-2 115 RE 197 16-1/8 Yatuuam Degaased, Sydney ¥T Ratl, dew Ll§ b AaM

Qo8 338 53 1924 155/8 Leckavannz Open Hearch ASCE

00% 44l 130 1929 ° 36-1/8 Steslron Open Hsarch Med, “ang, R, 83549

010 31% B5 1919 16=1/4 lackawanna He. 850 ASCE

o1l 10/14/73  AAR UP-3-4 1310 Re Yes GF&I 1965 1l 63-1/2

012 UP-1-1 (=D RE CFSI 1953 12 47-1/2

013 BC.1-1 127DM Tlltnois 1954 1 60172

il te-1-14 1338 RE Yes CF&1 1955 11 a8

18 uP~1-20 1330 RE Tes CP&I 1949 1 ar-142

918 UB-2A-9 133 Tes CF&1 1987 5 Sa-1/2

o017 yp-2a-8 13} CF&I 1957 1 L1 ]

3] LP«2Ae2 1330 RE Yus CF&l 1952 4 40

o9 UP-3-5 1330 RE Yeos CF&L 1965 11 uD-3/4

020 5F-2-) 119 - CFel 1987 a7 '

w2l Lve-1-27 1330 RE fes [« 2%¢ 1955 11 a2-1/4

022 UPe24431 1310 aE Tay CRal 1856 3 sL-1/2

oI} UP-7A-17 1Y) Yas ' CF&I 1957 1 52

0zZ& UP-24-22 1330 RE Yes CF&al 1356 1 51-1/2

0zs up-3-1 1310 RE Yes uss 1965 7 see3/4

0zé UP-24-15 1330 RE Yes CF&l 1§37 1 49-344

027 UP-1:6 133 CF&Y 1856 12 %]

028 uP-24-18 1330 RE Tea [#194 - 1953 b1} so

a29 SF-2-2 ‘119 fea CE&T - 1958 L 39-3/4

alo 5Fa26 119 CFal 1933 11 48=1/4

nil UP=L=7 133 CF&al 1936 12 316-174

niz UP~2A-20 13311 RE Yes uss 1953 3 47-3/4

033 ve-i-12 133 CFal 1955 1L 46-1/2

03X §F-2-3 1190 Tea 1957 L 46=3 &

a5 12746075 Denver & 163 1150 RE Yus CF&l 1953 5 35-3/4 Heat CH 9332 D3 Defssz IDO §, Defect No. L83

Ris Crands

Qa6 143 112 RE CFal 1933 2 Ja<3t4 Hest 10033 F20CH Dsfect BHJ 2. Defsct Ra. le3

a3 601 1155 Yes CF&D 1943 12 ag-l/a Haat CC 2060 E3 Defact TDDS. Defect No. SOL

a8 158 1111 CF&l 1930 9 37-3/4 "Hear 16422 £ & IM Defect TDDS, Defect No. 138

a39 215 90 P&l 1934 4 38-1/4 Heat 2521 C, Dafect TDDS, Defecc #o. 215

Q40 499 100 2434 1928 1 34 Haar 2996 3 19, Dafwcc VSH & inch (sub for
BH) Defeer No. 459

3 154 1150 a8 Yas CFal 1953 3 16-1/4 Heat 15198 F) Defesc H3H, Defecc Na, 133

[ Y] 498 loo CF&L 1923 3 EL] Hear 3004 21 Defect TDDS, Defuct Ne, 496

043 179 50 cral 1921 3 36 Haat 1368, Defect BAJ2, Dafect No. 179

[ 24 110 RE Fal 1936 3 36-1/4 Heat 13116 Al Defact TDDS, Defect No. 24

Qas 19% 110 RE CFP&l 1930 2 25-142 Heat 11121 Cafect HSH 5 (mch (aub far BH)
Deface Na, 199

nab 136 A2 Tas CFel 1964 1 36 Lindw Flamm Hyrdered Ratl

Ly 2/9/76 Chessie 130 RE Beth. kL)

048 122 CB Tos Bath, 1963 36

049 115 . RE Yus Uss 1959 kL)

[e21s] 132 EE Yes uss 1948 36

o5l 130 RE Inland 1531 16

082 100 ARAB uss 1916 16

033 140 R/E YToa uss 1956 3%

LTS 13l RE uss 1933 6

[iL1] 131 BE RBach. 1847 ] 38 Beat 86462 PalL

056 132 RE Bech. 1943 5 36 Hear CH 812% F-11

[=144 140 RE Bath. 1933 L 16 Hear CH 8367) C-3

058 Lao RE Begh, 1974 3§ Fully Hes Tramted, Aaac 68674 1-19

a3y 3/1/76 Chesste 133 uss 1967 1 Sperry detecced Defett Heat 95-P-134 B27
(Corvemaster)

060 (%23 Bech. 1975 I 36 Heut 162724-A-21

081 124 Berh. 973 193 36 Hame 162729-A-12

062 124 Bach. 1973 1z 3& Hemt 187006-4-32

063 L4 Barh. 1975 12 16 Hakt 175105-A-¢

064 124 Hippon 1975 7 36 Heag A-39262 D-2

068 124 Nippon 1873 7 36 Hesat A-39780-D-3

066 124 Nippon 1975 7 36 Heat A-39378 ¢-7




No specification for the sulfur content is given by the ASTM Standard,
but it states "that thoroughly deoxidized steel will be furnished and that, in
every stage of manufacture, strict adherence to the standards of best practice
of the individual mill will be observed'". On this basis, it is reasonable to
assume that the sulfur content of rail steels should be controlled by the mill
to a maximum of about 0.050 weight percent..

Chemical analyses of each of the 66 rail samples were made for total
carbon, manganese, silicon, and sulfur in percent by weight, and for hydrogen and
oxygen in parts per million (ppm). The results of the analyses are presented in
Table 2. Duplicate and, in some instances, triplicate analyses were made for
hydrogen and oxygen and these are shown individually in the table,

Four rail steels, Samples 001, 003, 005, and 009, were designated by
ﬁhe suppliers as medium manganese steels. The manganese contents of three of
these steels (Samples 001, 005, and 009) were within a range, 1,36 to 1.48 percent,
normally associated with medium manganese steels. However, the manganese content
of Sample 003, 0.76 wéight percent, was within the standard chemical requirements
for its rail size. A fourth rail steel, Sample 038, contained a manganese content
of 1.48 welght percent, which means thar it is a medium manganese steel also.
Since the chemical requirements for the medium manganese sreels were not
available for rail steels, an assessment of these values in the total range of
compositicnal variation cannot be made.

An analysis of the composition data presented in Table 2 indicates that
the compositions of several rail samples, excluding the medium manganese steels,
do not meet the chemical requirements contained in the ASTM Standard and the assumed
maximum sulfur content. Table 3 lists the samples which do not meet the require-
ments and the manner in which they deviate from the requirements.

With the exception of Sample 053, the hydrogen content determined in
each of the 66 rails was between 0.2 and 1.1 ppm. The hydrogen content of Sample
053 was reported to be 6.1 and 6.5 ppm in two determinations. The concentration
of hydrogen in all other rails was characteristic of residual levels of hydrogen
concentrations present in steels. Since hydrogen will effuse from steel at
ambient temperatures over a pericd of time, it would be expected that rails of
‘ early vintage that may have had high hydrogen contents when placed into service
would now contain only residual amounts,

The oxygen contents of the 66 rails were generally well below 100 ppm.
The only exceptions were rail Samples 004 and 045 which contained averages of 538
and 333 ppm of oxygen, respectively. These oxygen contents are considerably

higher than normal for silicon deoxidized rail steels,
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TABLE 2. RESULTS OF CHEMICAL ANALYSES OF RATL SAMPLES 001 THROUGH 066

Elemental Content, ‘
Rail Size, weight percent Hydrogen, Oxygen,

k‘ﬁx

o

Sample  1lb/vyd C Mn Si 5 ppm ppm
001 130 0.63 1.48 0.21 0.022 0.8, 1.0 100, 96
002 85 0.74 0.61 0.07 0.154 0.8, 0.9 46, 48
003 130 0.77 0.76 0.20 0.036 0.4, 0.5 71, &9
004 85 0.67 0.62 0.30 0.052 0.7, 0.5 519, 435, 659
005 130 0.63. 1.36 0.21 0.033 0.6, 0.8 52, 54
006 115 0.72 0.97 0.10 0.028 0.4, 0.4 23, 25
007 115 0.73 0.93 0.18 0.037 0.4, 0.3 24, 26
008 85 0.66 0.94  0.20 0.029 0.8, 0.8 57, 61
009 130 0.61 1.46 0.29 0.039 0.7, 0.7 56, 59
010 85 0.63 0.74 0.14 0.028 1.1, 0.9 132, 138
011 133 0.73 0.81 0.19 0.028 0.4, 0.4 57, 51, 56
012 133 0.79 0.84 0.18 0.029 0.8, 0.7 54, 58
013 127 0.74 0.89 0.24 '0.028 0.8, 1.0 51, 47
014 133 0.78 0.74 0.17 0.014 0.8, 0.8 86, 84
015 133 0.76 0.82 0.19% 0.033 0.6, 0.6 54, 54
0l6 133 0.81 0.93 0.17 0.044 0.6, 0.8 39, 43
017 133 0.79 0.85 0.26 0.048 0.9, 1.0 4i, 43
018 133 0.75 0.89 0.17 0.046 0.7, 0.6 45, 43
019 133 0.74 0.88 0.21 0.038 0.4, 0.4 38, 36
020 119 0.75 0.83 0.15 0.033 0.8, 0.7 34, 32
021 133 0.79 0.90 0.21 0.024 0.7, 0.6 41, 45
022 133 0.78 0.87 0.20 0.028 0.4, 0.5 46, 47
023 133 0.79 0.92 0.21 0.040 0.6, 0.7 39, 35, 46
024 133 0.81 0.83 0.12 0.030 1.0, 0.7 26, 28
025 133 0.80 0.91 0.23 0.016 0.7, 0.7 29, 27
026 133 0.78 0.94 0.17 0.050 0.5, 0.5 47, 46
027 133 0.78 0.87 0.23 0.022 0.7, 0.6 45, 45
028 133 0.71 0.90 0.17 0.022 0.7, 1.0 79, 53, 69
029 119 0.72 0.89 0.19 0.046 0.5, 0.6 45, 43
030 119 0.80 0.90 0.16 0.028 0.5, 0.7 52, 54
031 133 0.79 0.76 0.15 0.022 0.5, 0.4 53, 49
032 133 0.80 0.94 0.18 0.035 0.5, 0.5 63, 61
033 133 0.78 0.92 0.23 0.025 0.6, 0.5 37, 35
034 119 0.77 1.04 0.17 0.023 0.5, 0.7 38, 38
035 115 0.76 0.80 0.23 0.028 0.5, 0.4 27, 27
036 112 0.75 0.81 0.18 0.0l16 0.4, 0.5 57, 54
037 115 0.72 0.93 0.25 0.017 0.4, 0.5 86, 67, 61
038 112 0.57 1.48 0.16 0.029 0.3, 0.3 78, 82
039 90 0.71 0.81 0.17 0.028 0.3, 0.3 81, 107, 168
040 100 D.58 0.64 0.08 - 0.030 0.4, 0.4 39, 34
041 115 0.77 0.81 0.21 0.043 0.4, 0.3 91, 93
042 100 0.63 0.71 0.08 0.026 0.3, 0.4 49, 36, 64
043 90 0.75 0.81 0.15 0.032 0.6, 0.4 84, 85




TABLE 2. (Continued)

Elemental Content,

Rail Size, weight percent Hydrogen, Oxygen,
Sample 1b/yd c Mn Si S ppm ppm
044 110 0.78 0.88 0.20 0.016 0.3, 0.3 84 86
045 110 0.65 0.65 0.21. 0.027 0.6, 0.5 342, 286, 372 .
046 133 0.78 0.90 0.20 0.027 0.2, 0.3 49, 48 i~
047 130 0.76 0.46 0.11 0.044 1.1, 0.7 43, 41 )
048 122 0.79 0.95 0.17 0.022 0.7, 0.6 58, 61 v
049 115 0.80 0.89 0.11 0.040 0.9, 1.1 48, 50
050 133 0.75 0.91 0.20 0.036 0.5, 0.6 56, 56
051 130 0.84 0.72 0.19 0.016 0.6, 0.5 47, 51
052 100 0.72 0.90 0.19 0.021 0.4, 0.4 52, 54
053 140 0.85 0.91 0.18 0.032 6.1, 6.5 44, 44
054 131 0.78 0.76 0.20 0.021 1.0, 0.6 36, 32
055 131 0.78 0.90 0.17 0.028 0.8, 0.8 33, 35
056 132 0.80 0.90 0.19 0.039 0.7, 0.7 44, 46
057 140 0.77 0.94 0.16 0.028 0.7, 0.9 58, 46, 50
058 140 0.83 0.84 0.18 0.048 0.4, 0.5 47, 44
059 133 0.83 0.98 0.14 0.024 0.4, 0.3 22, 25
060 124 0.80 0.90 0.12 0.013 0.5, 0.4 56, 36, 47
061 124 0.80 0.91 0.12 0.015 0.4, 0.7 46, 46
062 124 0.79 0.84 0.08 0.017 0.3, 0.6 45, 51, 48
063 124 0.79 0.86 0.12 0.033 0.3, 0.3 49, 59, 64
064 124 0.76 0.85 0.18 0.018 0.6, 0.6 43, 49, 54
065 124 0.82 ° 0.90 0.17 0.016 0.3, 0.3 41, 42 -
066 124 0.75 0.90  0.18  0.019 0.4, 0.7 37, 36 —
| 4
TABLE 3. RAIL SAMPLES NOT WITHIN CHEMICAL REQUIREMENTS
Rail High Low High Low High Low High
Sample C C Mn Mn Si Si S
002 X X X
004 X X
008 X
010 X
013 X
017 X
034 X
037 X
040 X X X -
042 X X -
045 X X . .
047 X -
051 X
053 X
058 X
059 X ) .
062 ’ X




3.2 MACROSTRUCTURES

Most of the 66 rail samples exhibited uniform macrostructures through-
out their full cross sections. The principle variances in the macrostructures
among the rail samples were differences in fineness or coarseness, These dif-
ferences may be related to the prior austenite grain size and/or the pearlite
colony size. Typical macrosﬁructures obseryed are exemplified by the photomacro-
graphs in Figures 1 and 2, Samplés 027 and 019, respectively. Figure 1 shows a
typical coarse-textured macrostructure which was observed in 19 rail samples
(Samples 007, 012, 014 through 018, 020 through 024,'027Ithrough 032, and 042).
Figure 2 shows a fine-textured macrostructure which was observed in the remaining
47 rail samples, except for Sample 058. Sample 058 had a macrostructure which
exhibited very little of a structural pattern as shown in Figure 3.

The macrostructures of Samples 046 and 05% showed that the running sur-
faces apparently had been heat treated. The heat-treated surface of Sample 059
is evident in Figure 4. The surface heat treatment suggested that these two
samples were from the ends of rails that were end-hardened, a process commonly
used to reduce wheel batter at the rail joint,

The macrostructure of Sample 002 showed that its running surface appar-
ently had been repaired by the mechanical removal of surface damage and subsequent
deposition of weld metal. The repair weld in this sample is evident in Figure 5.

The macrostructure of Sample 00l showed evidence of a high inclusion
content and internal fissuring, both conditions being located primarily in the
web section and at the bottom of the head section. These conditions can be seen
in Figure 6,

Cracks were observed in the macrostructures of Samples 061, 062, and
063, The cracks in these three rails were located centrally in the web below the
rail head, All three cracks extended through the éntire thickness (1 inch) of
the transverse cross sections, The cracks are believed to be the remains of
shrinkage porosity formed in the steels during solidification of the original
ingots, The cracks are visible in the photomacrographs of SémpleSHOGlJ,062, and
063 shown in Figures 7, 8, and 9, fespéctively. ‘Sample'Oéé exhibitéd decarburi-
zation around thé'crack‘as indicated by the white.zone ih;Eigure 8. _ |

Some chemical segregation in the central zone of the web rail section
was indicated by the macrostructures of Samples 003, 025, 040, 060, 061, 062, and
063. An example of this condition is shown by the photomacrograph of Sample 003
in Figure 10. Similar conditions of chemical segregation exist in Figures 7, 8,

and 9.
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TYPICAL COARSE~TEXTURED MACROSTRUCTURE OF RAILS - SAMPLE 027

FIGURE 1.
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FIGURE 2,

TYPICAL FINE-TEXTURED MACROSTRUCTURE OF RAILS - SAMPLE 019
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FIGURE 3. MACROSTRUCTURE OF RAIL SAMPLE 058

Note lack of any structural pattern.
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FIGURE 4,

MACROSTRUCTURE OF A HEAT-TREATED RUNNING SURfACE - RAIL SAMPLE 059
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FIGURE 5. MACROSTRUCTURE OF A REPAIRED RUNNING SURFACE - RAIL SAMPLE (02
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FIGURE 6.

MACROSTRUCTURE OF RAIL SAMPLE 001

Note internal fissures.
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FIGURE 7.

MACROSTRUCTURE OF RAIL SAMPLE

Note crack in the web.
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FIGURE 8.

MACROSTRUCTURE OF RAIL SAMPLE 062

Note segregation and crack in the web,
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FIGURE 9.

MACRCSTRUCTURE OF RAIL SAMPLE 063

Note hairline crack in the central
area of the web.
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FIGURE 10.

MACROSTRUCTURE OF RAIL SAMPLE 003

Note segregation in the web,
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3.3 MICROSTRUCTURES

Microscopic examinegions of longitu&;nilrmetallographic specimens of
the rail samples ehowed thét the-microsthcturee_ef 48 rails consisted of essen-
tially 100 percent»fihe bearlite with very minor amounts of free ferrite occur-
ring adjacent to some mahgenese sulfide inclesions oflalong a few prior austenite
grain boundaries. A typlcal microstructure is shown by the photomicrograph of
Sample 051 in Figure 11, _The mlcrostructures of Samples 004, 010, 013, 028, 038,
041, 045, 047, and 052 con51sted ‘of 85 to 95 percent (visual estimates) fine
pearlite with the remainder being free férrite located primarily along prior
austenite grain boundaries. Rail‘Sampleefooa and 045 contained the most free
ferrite in the form of a ferrite;qetwerk along prior austenite grain boundaries.
Figure 12 shows the microstructure\of Saﬁple 004. The remaining Rail Samples,
002, 036, 037, 043, 054, 058, 064, 065 aed 066, had microstrucrures consisting
of about 96 to 99 percent (visual estlmates) fine pearlite with the remainder
being free ferrite scattered along. prlor austenite grain boundaries and adjacent
to some sulfide inclusions. The mlcrostructure of Sample 058 (shown in Figure
13) had much finer pearlite and cons;ﬁerably smaller pearlite colonies than any
of the other rails. This type of microstructure was suggested already by its
fine macrostructure. The very smell pearlite colony size is obvious by compari-
son with the pearlite colony size'iﬁ'Figure 11. This fine structure Suggests
Sample 058 was heat treated f0110w1ng hot rolling.

Internal cracks in Sample 001, which were evident during macroscopic
observations, were clearly apparent during ﬁicroscopic observations. Three prin-
cipal cracks running generally parallel to che longitudinal direction of the rail
were observed in the longltudlnal metallographlc spec1men examined. An example
of one of the cracks observed is’ shown in Flgure 14 .The' cracks propagated pri-
marily across pearllte colonles "but also some propagatlon was observed along
pearlite colony xnterfaces In the spec1men examlned the cracks were located
below the- runnlng surface about %,anh andudeeper. The longeeE crack observed
was approximately 200 mils., The cracks are believed to be the result of a high

hydrogen content in the steel when the rail was manufactured.
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FIGURE 11. PEARLITIC MICROSTRUCTURE TYPICAL OF THE
MAJORITY OF RAILS - SAMPLE 051L

100X

FICURE 12. FERRITE NETWORK IN A MATRIX OF PEARLITE -
SAMPLE 004
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HEAT-TREATED PEARLITIC MICROSTRUCTURE OF

RATIL SAMPLE 058L

FIGURE 13.

100X

INTERNAL CRACK IN RAIL SAMPLE 00l1L

FIGURE 14
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4, EXPERIMENTAL DETAILS

4.1 SPECIMENS

One tensile specimen and one fatigue-crack-growth specimen were machined
from each rail sample. The orientation of the specimens is shown in Figure 15.
Charpy V specimens were taken from six rail samples — 023 and 030 which exhibited
a high rate of fatigue-crack growth, 019 and 031 with madium crack-growth rates,
and 001 and 036 with low growth rates. Forty-five Charpy specimens were made, 15
from each of the three growth-rate categories. From each category, five specimens
were taken in each of the three directions shown in Figure 15. The specimens were
taken from the center of the rail head. 7
. The tensile specimens were standard ASTM 0.25-inch-diameter specimens.

Charpy specimens were also of standard dimensionsj i.e., 2.165-inch ldng, 0.394-

inch thick with a square cross section. '

Fatigue-crack-growth spascimens were of the compact tension (CT) type.
Their dimensions are shown in Figure 16. The specimens were provided with a 1.650-
inch deep chevron notch (0.900 inch from the load line). Details of the notch can

best be observed in Figure 17 which shows two specimens, one before and one after

testing.
4.2 TESTING PROCEDURES

Tensile and Charpy tests were performed in accordance with standard pro-
cedures. I

To expedite the crack-growth tests, spécimens were precracked in a
Krause fatigue machine. Crack-growth experiments were conducted in a 25-kip-
capacity electrohydraulic servocontrolled fatigue machine. Figure 18 shows a
specimen mounted in the fatigue machine. The tests were performed at constant
amplitude, the load cycling between 0 and 2500 pounds, resultipng in a stress ratio
of R = 0, Cycling frequency was 40 Hz, but was reduced to 4 Hz toward the end of
a test to enable more accurate recording of the crack size giving final failure.
The laboratory air was kept at 68 F and 50 percent relative humidity.

Crack growth was méééu%ea Gisualiy; using a 30 power traveling micro-
scope. The cracks were allowed to grow in increments of 0.050 inch, after which
the test was stopped for an accurate crack size measurements. Crack size was

recorded as a function of the number of load cycles,
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Crack growth specimen

Charpy specimen

@_

Tensile specimen

[IGURE 15. ORTENTATION OF SPECTMENS
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0.750" dia
]‘80" ﬁ

Thickness: 05"

FIGURE 16. COMPACT TENSION FATIGUE CRACK GROWTH SPECIMEN
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FIGURE 17. COMPACT TENSION SPECIMENS BEFORE AND AFTER TESTING
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4

COMPACT TENSION SPECIMEN IN FATIGUE MACHINE

FIGURE 18.
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5. TEST RESULTS

The tensile properties of the 66 rail samples are presented in Table 4.
With a few exceptions, the tensile ultimate strength (TUS) and the tensile yield
strength (TYS) are in the order of 130 ksi and 75 ksi, respectively. One heat
treated rail showed a high TUS of 188.3 ksi and a TYS of 127.3 ksi. Two tensile
specimens (030 and 045) contained longitudinal cracks as became apparent after
fracture, since the fracture path parctly followed these cracks. This resulted
in the strength of those samples being low. It should be noted that these samples
were different from the ones reported cracked in Section 3.2,

The Charpy data are presented in Tables 5, 6, and 7. They show that in
-the range of ambient temperatures the Charpy energy is essentially the same for
all these steels. Transition temperatures and upper shelf behavior show some
variation, but these are of limited interestbunder‘operational conditions,

Some typical fatigue-crack-propagation curves are given in Figure 19.
The curves show that the number of cycles to grow a l-inch crack to failure showed
a wide variation for the rails from which the specimens were taken. This will be re-
flected in the rate of growth, which is the basis on which the materials will be com-
pared in the next section. Also the final crack size at failure showed quite a wide
variation which will be reflected in the toughness number. The raw test data (crack

size versus cycle number) of all specimens are given in Appendix A.

6. DATA ANALYSIS

In order to develop a failure model for track rail, one must ideatify
and quantify the damage processes, couple them appropriately, provide a means for
accumulating the damage (i.e., compile the crack growth), and establish the
criterion for failure or frécture. The first step in implementing these tasks is
the baseline effort of crack-growth characterization and metallurgical studies
previously described. In the following sections, the approach to interpretation,
quantificarion, and correlation of these data is discussed. In the next phase,

this will be broadened to consider additional variables.
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TABLE 5. CHARPY 1MPACT TEST RESULTS FOR CATEGORY 1 RAILS
(HIGH GROWTH RATE)

Specimen |, Temperature, Energy, Shear Area,
Orientation r - ft/1b : ‘percent
L 32 5 0
L RT 4 0
L RT 3 0
L 212 5.5 20
L 300 18.5 99
T 32 2 0
T RT 2 0
T RT 2 0
T 212 2 40
T 300 3 98
ST 32 3 0
ST ‘ © RT 4 0
ST RT 4 0
ST 212 5 20
ST _ - 300 11.5 95
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TABLE 6. CHARPY IMPACT TEST RESULTS FOR CATEGORY 2
: - RAILS (MEDIUM GROWTH RATE)

. opecimen -- Temperature, Energy, Shear Area,
Orientation F - ft/lb percent

L 32 3.5 0

L RT 4

L RT 4 0

L 212 | 10 10

L 300 ©13 45

T 32 2 0

T RT 2 0

T RT 2 0

T 212 3.5 5

T 300 6.5 45

ST 32 3.5 0

ST ’ RT 3 0

ST RT 4

ST - 212 7 25

ST 300 12 95
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TABLE 7. CHARPY IMPACT TEST RESULTS FOR CATEGORY 3
RAILS (LOW GROWTH RATE)

Specimen Temperature, Energy, Shear Area,

Orientation F : fe/lp percent
L 32 3 0
L RT 4 0
L RT 5.5 0
L 212 11 45
L 300 14 70
T 32 3 0
T RT 2 0
T RT 2 0
T 212 4.5 0]
T 300 10.5 65
ST 32 2 0
ST RT -3 0
ST RT 3 0
ST 212 5.5 15
ST - 300 13 95
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Crack Length, q, inches

26
Pmax 32900 Ibs
24— R=0

8=40 Hz

Specimen numbers

20— 042

1 (

045

) 500 1000
Number of Kilobycles, N

FIGURE 19. TYPICAL FATIGUE CRACK PROPAGATION CURVES
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6.1 ANALYSIS QF RATE DATA

The rate of fatigue-crack propagation can be expressed as a function of
the stress-intensity factor K. The stress-intensity factor (unit ksi/in.) is a
measure for the stress singularity at the crack tip. If two cracks in the same
material but under entirely different circumstances are subjected to the same
stress intensity, their behavior will be the same. For the -CT specimen used in
this investipation, the stress intensity can be given as
P

K = o772 (I+a/W)(1-a/W)~/%[7.000-7.050(a /0 )+4.275(a/W)" ] - (1)
in which P is the load on the specimen, B is the specimen thickness, W is
the specimen width, and a is the crack size.

The rate of crack growth is related to K through

da
N

= f(AK,R) (2)
where N is the cycle number, R is the ratio between minimum and maximum load in
a cycle, and AK is the raage through which K varies during the cycle. Thus, AK
is found by subst#tuting the load range AP into Equation (1). In the present
tests, the load varied between 0 and 2500 pounds so that AP = 2500 pounds and
R=20.

Over a wide range of growth rates in steels and for fixed R, Equation

(2) can be approximated by

o = cn)” 3
where C and n are constants for a given material. Hence, the various rail steels
can be compared on the basis of their C and n values.

Equation (3) implies that a plot of da/dN versus AK on-double-log papet
is a straight 1line. 1In reality there will be an upswing in the rate of crack
growth towards the end of the test, because the failure conditions are being ap-

proached. This 1is reflected in the following equation:

n
da _ (AR)

dN T (1-R) Ky 0K ‘ ()

Not only does this equation take into account the effect of the stress ratio R,

it also shows that the crack-growth rate becomes infinite if the stress intensity
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at maximum load becomes equal to K The quantit is the fracture toughness
q y K.

Ic*®
of the material, which is the value of K at which fracture occurs. For the
special case of R = 0, the equation reduces to
. A
da _ c _BR . (3)

dN KIC'AK

Both Equations (3) and (5) were evaluated for their applicability teo
the present data base, For this purpose, da/dN was calculated from the measured

crack-growth data through the weighted average incremental slope approximation,

da "Aa) AN§ T na /Aa\‘ '
= (=) 4 —_—— (= - = - . 6
dN KAN i (Ni+1-Ni_1) L\AN}i+l (AN/i - (6)

The results were plotted as a function of AK as determined by Equation (1). Subse-
quently, curves were fitted through the data to give values for C and n, A special
coﬁputer program was used to find the best fit,

Examples of the resulting plots of da/dN versus AK are given in Figure
20. An example of a computer printout giving the basic crack-growth data, crack-
growth rate, and the stress~intensity factor, is shown in Table 8. The variability
of crack-growth rates in the 66 samples can be appreciated from Figure 20. The
heat-treated rail appeared to have the lowest crack-growth rates. It did fall to
the right of the scatter band containing all other samples. All the curve fitting
data, 1in terms of C, n, and the correlation parameter, Rz, are presented in Table 9.
The correlation parameter is generally close to unity which is an indication of the
goodness of the fits. These results have been derived from the basic crack-growth
data listed 1in Appendix A.

Also presented In this table are the apparent toughness, defined as
the stress-intensity factor, determined by Expression (1), for the last recorded

crack measurement, and a life parameter,

\
\

-1
7 /AK=20 -J . ’

N, = F(_ 1\I . (da/dN
L L™/ N
which is a coupled function of C and n used to rank the growth rates.

Very few crack-growth data for rail steels have been reported in the
literature. The data reported in References 1 and 2* are useful for a comparison
with the present results, The British rail steel tested contained 0.56 percent C,
1.02 percent Mn, 0.13 percent Si, and less than 0.05 of P and S each. The steel
had a 0.1 percent yield strength of 67 ksi and an ultimate tensile strength of 121
ksi. Test results for center cracked panels showed a value of 4 for the exponent

n in Equation (3) for the case of R = 0 (Reference 1). Experiments at various R-

-

* References are listed on page 70. 35



Fatigue Crack Propagation Rme; da/dN, inch/cycle

=
- A 045 ()

O 042 (1)
- O 003 (1) .

@® 058 (heot treoted rail} (9]
__— Scatterband of
| baseline data-__
|
|

1
10 20 30 40 50 60
Stréss Intensity Factor Range, AK, ksi-in/2

FIGURE 20. VARIABILITY OF FATIGUE CRACK PROPAGATION RATE BEHAVIOR
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TABLE 8.

SAMPLE OF COMPUTER PRINTOUT OF BASIC DATA ALONG WITH
FIRST STAGE OF RATE ANALYSIS

SPECIMEN ILENTIFICATION 3¢9
GRAIN DINECTION
SPECIMEN CUNFIGURATIUN =CT
THICKNESS & ,Hw?

wIDTH
mAXIMUN
LOAD RaT

s 3,49 IN
LOAD L3
i0 = o

TEST FREUUENCY =
TEST TEMPERATURE

CATE OF

BaS!

ANALYSIS

C uata

CRACK

LENGTH,

Ay INCH
o919
1,004
1,069
1,149
1,229
1,389
1,504
1,960
1,607
1,644
1,667
1,728
1,733

1,836

CrYCLL
COuNMT.
NyKC
328,60
a6y, g0
550,09
049,09
798,0@
784,00
822,08
83p,ve
834,¢@
536,v@
837,00
638,00
930,30

838,74

aly
INCH OVERALL WIDTH a 3,75 INCH

CH HEIGHT = 3,2¢9 INCHW
2,50 KIPS

0

49,0¢ HZ,

a 79,90 DEGREE F
2 2 21 ¢

RATE CALCULATIONS DAMAGE PARA,
Twg THREE K{MAX) OELTA
PAINT POINT K
SLUPE SLCPE KSI=SQRT(INCH]
LANAEvdD 16,99 16,49
«B34E=-05 :
«59BE~UE 18.10 ie,19
«7I9E=08
eB15E=u6 19,01 18,01
«B891E=25
o 106E=Q5 28,23 2b,23
«114E=05
o L4BE"yS 21.43 21,43
«187E=B5
+2H6E=4S 24,44 24,44
J336E-05
«SEBE=YS 27,85 27.09
JD2GE=-UD
e FUME=2S 29,74 2y,74
«101E=24 .
»156E=04 31,08 31,48
o 184E=-024a
: «218E=idd 32,39 32,99
«232E=44
+383E=uU4 33.26 33,28
.53&E-ﬂ4
' +448E=94 35,47 39,47
L417E=04a
«235E-32
L3IADES6Q : 41,12 41,12
+B0BE+QY
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ratios indicated that n = 2.69 in Equation. (4) gave the best fit. It appears that
the material compares with the materials showing the lower growth rates in the

present investigation.
6.2 SYNTHESIS OF CRACK-GROWTH DATA

As validation of the rate analysis, the crack-growth curves were recon-
structed by integrating the rate data according to both the linear (Equation (3))
and the modified-linear (Equation (5)) fatigue-crack-propagation models, In

simple termg the integration can be expressed as

da '
a = dN ) v (1)
_ rda’? '
N = 4N da . (8)

Since the crack-growth model cannot generally be integrated in closed
form, the solutlon of the above expressions is accomplished by a numerical inte-
gration or summation procedure wherein the computational steps must be defined
in detail. Basic sources of error include experimental error, material anomalies,
and simplicity of the model. ‘ .

An incremental definition of Equation (8) can be expressed as

k .
N =é1 (%%)_1 pa (9)
where da/dN = £(C, n; AR ”
ta = (ag - ag)/k
k = number of increments, arbitarily set at 100.

Two alternative schemes of crack-growth prediction are being adopted
in the basic data analysis computer program. One scheme predicts the number of
cycles to grow the crack from a precrack length, a s to a final crack length, ag;
the other predicts the final crack length, ay, which results from cycling the
precrack, a,, Nf times. If the analysis as well as the data models provided a
perfect correlation, the results would, of course, agree perfectly with the
experiment. In reality, however, perfect correlation will not be achieved due
to experimental error, material variation and mere oversimplicity (i.e., inade-
quacy) of thé analysis. The contrast in the results of the two computational
schemes will provide further insight to the source and degree of errors.

The measure of the effectiveness of these two schemes of analysis is

expressed in the "cyclic life margin of safety" which is expressed as
N . .
- actuﬁl -1 . (10)
N . .
computed
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and in the cyclic ecrack growth margin, which is expressed as

qactual L

M., = 2CHE& 4 (11)
a a

computed
Positive values of either of these margins infer that the computed value is less
than the actval and, hence, conservative. The degree of conservatism (+) or
unconservatism (-) is reflected in the variation of margin from unity (1.0).
(Note at the present time, only the life margin, Expression (10}, has been tabu-

lated in Table 9.)

Synthesis Results

The preceding crack-growth-synthesis procedure was applied to the 66
baseline data sets to obtain a set of life margins which in turn were analyzed

statistically. These results are presented in Table 10.

TABLE 10. RESULTS OF CRACK-GROWTH SYNTHESIS

Predicted Predicted Life Margin Statistics
Model Mean Life Mean Life Margin Variance Standard Deviation
Linear 0.936 -0.064 0.010 0.100
Modified Linear 1.035 +0.035 0.011 0.104

(Forman)

From these results, several interesting observations can be made, First,
it appears that the linear model tepds to be unconservative in that it predicts, on
the average, a larger crack lifetime than was encountered in the test. This is
evidenced by the negative value of the mean life margin. In contrast, the modified
lipear model provides a conservative estimate of life and for that reason may be a
more preferable model to use. Second, since the variance and standard deviation
are nearly equivalent for each model, it is judged that lifetime scatter about the

mean is not particularly affected by the model.

6.3 CORRELATICON OF RATE DATA WITH OTHER PROPERTIES

6£.3.1., General Approach

One of the basic objectives of this research program is to discern whether
the crack behavior of rail materials can be linked to more fundamental mechanical,
metallurgical, and processing variables. As a result, a key activity in data
analysis is the broad scale assessment and evaluation of rate data with respect to
other material properties. The following sections describe the initial efforts

which have been undertaken and the results which have been ascertained te date.
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The detection and isolation of primary variables affecting crack be-
havior would be a straightforward procedure if all of the variables were truly
independent. In reality, however, most of the mechanical, metallurgical, and
processing variables are not mutually independent and interact in a very complex
manner. As a result, the discrimination of the dominant factors and the deter-
mination of their order of precedence requires a deliberate search and inveolves
considerable trial-and-error data scanning.

For the baseline fatigue-crack-propagation specimens of this program,

a broad matrix of data was assembled. This consisted of the background, mechani-
cal property, metallurgical and derived crack-behavior variables determined for
each material sample. These were extensively examined by computerized analysis
as well as by more intuitive technical review (i.e., engineering judgments).
While some general trends were discerned, more in-depth probing, analysis, and
data generaticn will be necessary to strength and more positively idemtify the
trends. It appears that the broad scatter of the data will require more diligent
screening and examination of individual tests. The following discussion of pro-

cedures and results presents the current status of this effort.

6.3.2 Automatic Interaction Detector {AID) Analysis

The AID computer program is a statistical tool for assessing the rela-
tive influence of a set of independent variables {(termed predictors) on the
behavior of a specified dependent variable. The correlation {(or lack rhereof)
between the dependent variable and any given predictor is established by decom-
posing the total variance of the dependent variable (fixed for a given body of
data) into a within-subset and a between-subset variance of successive splits

-{i.e., two-part divisions) of the set of values of the dependent variable.

For each predictor, the set of values of the dependent variable are
ordered by either the order of the predictor (if a monotonic predictor) or the
order of the dependent variable (if a free predictor). The set of values of the
dependent variable is then divided (or split) successively into two subsets
along the domain of the predictor. At each split, the within-subset variance
and between-subset variance is computed. The split which produces the largest
ratio of between-subset variance to within-subset variance (i.e., F ratio or
signal-to-noise ratio) is considered the optimum split for that predictor. The
predictor which exhibits the largest ratio of between-subsets variance to total

variance is the dominant or primary predictor for the dependent variable.
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The computational scheme is semiquantitative in that fhe independent
variables are linearly scaled and coded to integral values from O to 63. However,
slnce known correlations do not exist, a method that compares data on such a
normalized basis can provide a clearer discrimination of the dominance (if such
vxlsts) of the primary independent variables,

Once the optimum split of the primary variable has been defined, the
procedure is repeated for the twe groups at each side of the split and so on. The

resulting cascade of splits which is generated in this repetitive procedure can be

graphically displayed in the
Only the salient features of

In this particular
tional variables--the carbon

of crack life (the dependent

AID "tree'", a sample of which is shown in Figure 21.
the analysis are included in this pictorial summary.
illustration, the influence of a range of composi-

equivalents (CE), later discussed--onm the logarithm

variable or criterion scale) is evaluated. The body

of data consisted of 57 specimens (selectively called from a total data set of 67

specimens).

of 37 and 20 at a life value

split on predictors CE4 and CE6.

along with the coded predictor values.

ical details are also given.

The primary variable, CEl, revealed an optimum split into two groups

of 5.90. These two resulting groups subsequently
The mean and standard deviation values are given
Subsequent splits and their related numer-

Note that the dependent variable is ncoted as the

commen lopgarithm of the life parameter.

At the outset of this task, the widest variety of independent variables
was chosen and put into the AID "hopper' to see what would be sorted out. These
variables included

® Rail weight Background
® Year produced

® Tensile ultimate strength

® Tensile yield strength

® Elongation Mechanical Properties
® Reduction of area

® Elastic modulus

® Hardness

® (Carbon

® Manganese

® Silicon

® Sylfur Metallurgical
® Oxygen
® Hydrogen

® Pearlite.
to the life parameter, N.,, as a dependent variable.
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6.3.3. Process of Analysis

The AID analysis proceeded through several stages. It became obvious at
the outset that the variables were not mutually independent. An interspersion of
various metallurgical and mechanical variables became apparent when all the vari-
ables were considered. This inferred that the mechanical property variables were,
in essence, a restatement of the compositional variables (or vice-versa)--a not
too surprising result. This led to selective regrouping and fitting of the vari-

ables to discern those that were most dominant.

6.3.4. Results of Analysis

The dominaance of a particular independent variable may be expressed as
the percentage contribution of its BSS to the TSS of the dependent variable.
The results of the AID analysis of independent variables for leading contenders

can be summarized as follows:

Contribution
. to Variance,
Category T . _Variable percent

Tensile Ultimate Strength 13
Mechanical Property Hardness . 14
% Pearlite 19
% Carbon 8
Metallurgical % Oxygen 8
% Sulfur 5
4.

% Manganese

For the mechanical property category, the nearly equivalent dominance
of strength and hardress is not surprising because of their well-documented inter-
relationship, However, the statistical impact is lessened when one then views
the graphical relationship of strength and life as shown in Figure 22{a).

A similar disillusionment is encountered when one observes the display
of percent pearlite versus life in Figure 22(b). The latter part of the above
tabulation suggested the consideration of a carbon equivalent (CE) which was
expressed as ‘_

% CE=%C+ao {4 Ma=1.7 (% §5)]
The factor 1.7 is the ratio between the atomic weights of Mn and S, As a result,
the term between brackets is the percentage of free Mn, i.e., total Mn minus the

fraction tied up in the compound MnS. The free Mn is in solid solution where it
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has a similar, but less effective, strengthening effect as Carbon. This is re-
flected by the factor . An AID analysis for incremental values of « was con-
ducted from which a value of v = 0.1 was obtained as providing a 21 percent con-
tribution to variances. Again, however, the statistical analysis was poorly

supported with the "shotgun' pattern of Figure 22(c).

6.3.5, Correlation Analysis

The contrast between the statistical AID analysis and the weak evidence
of the graphical displays suggests that any numerical correlation is a coincidence
of "noise" in the data. At the same time, however, the complexity of a carbon or
other egquivalent as suggested by other investigators(B) requires that other micro-
structural details be included. 1In Reference (3), correlation functions were
derived between the TUS, TYS, and 20 ft-1b Charpy impact temperature for ferrite-
pearlite steels. The functions are complex equations containing the percentage
of the various chemical constituents, volume fraction of pearlite, interlamellar
spacing and cementite plate thickness. At the present time, a positive conclusicn
is not tendered. The analysis will be advanced as additional metallurgical
details are generated. However, the complex correlation functions as derived in

Reference (3) suggest that any correlation function may be very artificial.

Consequently, the generality of such functions is doubtful.

7. CATEGORIES FOR FURTHER RESEARCH

7.1 SELECTION OF CATEGORIES .

The present test data provide the baseline information for the computa-
tional failure model to be developed during the second phase of this research
program. However, for a complete failure model, more information is needed con-
cerning crack growth under various circumstances. The effect of the following
parameters will have to be evaluated:

(a) Stress ratio, R

(b) Cyeling frequency, F .

(c) Temperature, T

(d) Specimen orientation,

In addition, the behavior of elliptical flaws and the behavior under mixed-mode

loading and variable-amplitude loading should be studied.
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It is prohibitive to perform all this experimentation on all 66 rail
materials. Therefore, it is necessary to make a selection of a few materials to
be studied in more detail, under the assumption that the results obtained can be
generalized relative to the baseline behavior as observed in the present tests.
Although various possibilities exist to select the materials, the most obvious
criterion for selection is the rate of crack growth, because the differences in
crack-growth rates were so large.

Therefore, three categories were selected for further characterization,
consisting of materials with high (I), medium (II), and low (III) growth rates,
respectively. The basis for categorization was the crack propagation life from
a l-inch crack size to failure. This reflects the combined effects of n, C, and
Kapp in a natural way. As a practical concern, the length of the sample avail-
able for specimen manufacture was also a consideration.

The materials selected for Category I have crack growth lives (from
1 inch to failure) varying from 150 to 270 kilocycles. In Category II the lives
vary from 380-600 kilocycles, and in Category III the lives are 700 kilocycles
and higher. An appreciation of the crack growth behavior of the materials in
the three categories can be obtained from Figure 20. Specimen 3 in Figure 20
had a 1life of 211 kilocycles which is typical for Category 1. The life of
Specimen 42 was 546 kilocycles, typical for Category II, and the life of Specimen
45 was 1,018 kilocycles, which is typical for Category III.

The samples selected for each category are listed in Table 11. Subse-
quent testing will be done primarily on those materials. A more detailed metai-
lographic and fractographic characterization of these materials will be required.
This effort is already under way and some preliminary results are presented in
the following sections.

Some additional samples will be used for more detailed characterization
and testing. These samples will be selected on the basis of the AID analysis.
The criteria for selection will be discussed in Section 7.4. A test matrix and

experimental plan for the second phase of this program is presented in Section 7.5.
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TABLE 11. THE THREE CATECORIES FOR bHASE 17

Crack Growth Life

Rail Sample From 1 Inch to Failure,
Category Number C Mn kilocycles
I 002 .74 .61 270
013 .74 .89 218
014 .78 .74 269
016 .81 .93 150
023 .79 .92 155
025 .80 .91 153
030 .80 .90 197
II 006 .72 97 490
009 .61 1.46 381
018 .75 .89 384
019 .74 .88 435
024 .81 .83 495
031 .79 .76 596
032 .80 .94 404
I11 001 .63 1.48 736
007 .73 .93 796
020 .75 .83 1302
022 .78 .87 803
029 .72 .89 1256
035 .76 .80 1218
036 .75 .80 1269
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7.2 MICROSTRUCTURAL ANALYSIS OF THREE CATEGORIES

7.2.1. Rall Samples Used

From the three categories of rails established on the basis of crack-
growth rate, five rail samples were chosen for more detailed microstructural
analyses. They were Samples 002 and 030 from Group I, Samples 006 and 024 from
Group II, and Sample 001 from Group TII. The selection of the two samples from
Groups I and III was based primarily on major differences in their chemistry.
Sample 001 was selected because of the presence of internal fissures. Sample 004,
which was not categorized, was selected for further microstructural analysis,
since its microstructure consisted of a relatiﬁely high percentage {~ 15%) of

ferrite in a network merphology.

7.2.2. Grain-Size Measurements

Since standard metallographic preparation téchniqués de not reveal
prior austenite grain boundaries in pearlitic steels, an attempt was made to heat
treat the samples in such a way that the grain sizes could be measured. The heat
treatment employed was a partial isothermal transformation at approximately 1100 F,
designed to develop a structure consisting of a network of fine pearlite nodules
at austenite grain boundaries in a martensitic matrix. Partial isothermal trans-
formation was successful using very small specimens, but the nucleation sites of
pearlite nodules were too random to discern a grain-boundary network. Attempts
to reveal prior austenite grains were made also using special etching reagents
on quenched and tempered specimens of rail samples. The reagents used were
(1) Vilella's reagent, an alcoholic solution of 1% pieric = 3% hydrochloric acids,
(2) a saturated aqueous solution of picric acid containing 1 gram of sodium
triolecyl benzene sulfonate per 100 ml of solution, (3) a saturated aqueous solu-
tion of pilcric acid containing 2 ml of Teepol (sodium alkyl sulfonate) per 100 ml
of solution, and (4) a solution of 1 gram of pbtassium metabisulfite and 2 drops
of Teepol in 100 ml of water. None of these etchants revealed prior austenite
grains satisfactorily for grain size measurements. Special etching techniques
were also used on quenched and tempered specimens of rail samples in attempts to
reveal the prior austenite grains, but these too were unsuccessful.

The prior austenite grains were revealed in Sample‘OOA by the ferrite
netwerk present in its microstructure. A similar network was present in the

other five samples at the rail surfaces where decarburization occurred during hot

51



rolling. The depth of decarburization was sufficient to produce a ferrite network
zone below the surface. The width of the zone generally encompassed several prior
austenite grains. Therefore, grain-size determinations on the other five rails
were made in the decarburized surface zones.

Grain sizes were determined by the line intercept method. The number of
grains at 100X magnification intersected by a test line 10 cm long was obtained
three times on each specimen. The ASTM grain size, G, was calculated from

Hilliard's equation:
G = 10.00 - 6.64 log La (12)

Total length of test lines
Total no. intersections X magnification

where Lg =

The results of prior austenite grain size measurements of the six rail
samples, and values computed from the grain-size measurements for average grain

diameters and average number of grains per unit volume also are given in Table 12.

TABLE 12. PRIOR AUSTENITE GRAIN-SIZE MEASUREMENTS

Rail Group Calculated Average No.
and/or ASTM Grain Diameter of of Grains
Sample No. Size No. Average Grain, mm per mm°
Group I —
002 4.3 0.081 ) 1880
030 4.7 0.071 2850
Group II —
006 3.5 0.107 . 820
024 4.9 0.066 3500
Group III —
0ol 4.4 0.078 2100
004 3.2 0.12 600

7.2.3. Pearlite Interlamellar Spacing

True interlamellar spacing, Sg, is the perpendicular distance between
the planes of a single pair of contiguous lamellae. Because true spacing is diffi-
cult to measure directly on metallographically prepared cross sections, the mean
random spacing, o0, of the pearlite lamellae observed in the six samples was meas-
ured. The mean random spacing is defined as the reciprocal of Np, where Ny is
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the number of alternate lamellae intersected per unit length of random test Ilines.
True spacing was then calculated using 5, = %% , the validity of which has been
confirmed experimentally,

The mean random spacing of pearlite lamellae was measured on scanning
electron microscope (SEM) micrographs of the pearlite structures photographed at
S000X. No unresolved pearlite lamellae were observed at this magnification. Ex-
amples of the pearlite, as revealed by the SEM micrographs, are shown in Figure 23.

Thirteen random fields on each specimen were photographed using the SEM.
Intercept measurements were made along six different test lines on each micro-
graph. Each test line was 10 c¢m long. Thus, a total of 78 (6 x 13) test-line
measurements were made on each rail sample. A statistical analysis of the data
for each sample indicated the accuracy of the interlammelar spacings obtained to
be +10 to 14 percent.

The results of interlamellar spacing measurements are presented in

Table 13.
TABLE 13. PEARLITE INTERLAMELLAR SPACING
Rail Group Number of T 5 .
and/or Intersections rue Paﬁlnﬁ' Accuracy,
Sample No. per mm, Ny S5, A + percent
Group I —
002 : 1705 2932 10.2
030 1385.5 3608 10.6
Group 11 —
006 1861.5 2686 10.9
024 . 1464.5 3414 13.8
Group III —
001 2025 2470 10.4
004 1202 4159 12.2

7.2.4. Other Microstructural Parameters

Determinations of the pearlite colony size and characterizations of
the nonmetallic inclusions in the six rail samples are planned but, as yet, have
not been made. Visual estimates of the volume fraction of free ferrite in the
samples are reported elsewhere. More precise determinations of volume fractions of

ferrite using established quantitative metallographic techniques also are planned.
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(b) Sample 006L, Field 13

FIGURE 23. TYPICAL SCANNING ELECTRON MICROSCOPE
VIEWS OF PEARLITE IN RAIL SAMPLES
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7.3 FRACTOGRAPHY

A photomacrograph of the fatigue-test fracture surfaces of the six
rails is shown in Figure 24. The encircled areas on the fracture surfaces denote
the fracture surface locations along the direction of fafigue-crack propagation
where fractographic studies are being made. The locations were selected from the
plots of crack lengths versus the number of load cycles and correspond to the
approximate midpoints of significant changes in the slopes (crack-growth rates)
of the curves. In addition to these locations,.the following fracture surface
locations also are being examined: (1) the precrack fatigue origin, (2) the
approximate midpoint of the length of precrack propagation, (3) the approximate
beginning of constant cyclic load crack propagation, (4) a location approximately
midway between the point where the load frequency was lowered and the point of
unstable crack propagation, and (5) an area of unstable crack propagation. The
locations in terms of distance from the tip (origin of the precrack) of the notch

on the test specimen are given in Table 1l4.

TABLE 14. LOCATIONS OF FRACTOGRAPHIC STUDIES

Sequence of Sample Identification

Location 004 002 030 006 001 024
1st 0 0 0 0 0 0
2nd 0.18 0.17 0.17 0.17 0.18 0.18
3rd 0.31 0.33 0.30 0.26 0.31 0.27
4th 0.41 0.43 0.58 0.32 0.46 0.37
5th 0.86 0.79 1.15 0.47 0.64 0.56
6th 1.26 1.25 1.41 0.81 0.96 0.82
7th -- -- -- 1.22 1.36 1,20
8th -- -- -- -- -- 1.38

NOTE: Numbers shown represent distance from notch root in
inches.
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Some general fracture surface characteristics are apparent in the frac-
ture surfaces shown in Figure 24. Significant observations made at magnifications

up to 100X using optical microscopy are described in Table'15.

TABLE 15. GENERAL FRACTURE-SURFACE CHARACTERISTICS

Rail
Sample
Number Low-Magnification Observations
004 ® The length of the fatigue crack zone was ~30 mm.
® A cleavage facet was located very near the tip {precrack ori-
gin area) of the notch.
® Some scattered cleavage facets were located throughout the
fatigue-crack zone.
® The fatigue-crack zone terminated abruptly and was followed by
unstable c¢leavage fracture.
® Final rupture, about 2 — 3 mm in length, was ductile.
002 ® The length of the fatigue-crack zone was ~28 mm.
® A cleavage facet was located a little below, and on one side
of, the notch tip.
® Some scattered cleavage facets were located throughout the fa-
tigue-crack zone to a crack length of ~20 mm, Several cleav-
age facets were located from 20 mm to the end of the fatigue-
crack zone.
® The fatigue-crack zone terminated fairly abruptly and was fol-
lowed by unstable cleavage fracture.
® Final rupture, about 1 — 2 mm in length, was ductile.
030 ¢ The length of the fatigue-crack zone was ~30 mm.

® Cleavage fracture was predominant at the tip of the notch.

® Some scattered cleavage facets were located throughout the
fatigue-crack zone to a crack length of ~15 mm. At approxi-
mately 18, 23, 25, and 27 mm of crack length, there appeared
to be arrest zones containing increasing amounts of cleavage
fracture in each successive zone.

& The fatigue-crack zone terminated fairly abruptly and was fol-
lowed by unstable cleavage fracture.

e Final rupture, about 2 mm in length, was ductile.
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~ TABLE 15. (Continued)

Rail
Sample
Number

Low-Magnification Observations

006

001

024

The length of the fatigue-crack zone was ~25 mm.

Several cleavage facets were located a short distance from .the
notch tip.

Some scattered cleavage facets were located throughout the fa-
tigue~-crack zone to a crack length of ~12 mm. Beyond 12 mm,
the amount of cleavage fracture increased rapidly to more than
50 percent at the termination of the fatigue-crack zone. From
17 to 25 mm of crack length there was some tendency for cleav-
age to concentrate in apparent arrest zones.

The fatigue-ctack zone seemed to terminate by a gradual tran-
sition from fatigue to cleavage fracture over the last 13 mm

. of fatigue-crack length and was followed by unstable cleavage

fracture.

Final rupture, about 0.5.mm or less in length, was ductile.

The length of the fatigue-crack zone was ~21 mm.

Some cleavage facets were located in the area of the notch tip,
However, fracture-surface features were partially obliterated
by corrosion.

Some scattered cleavage facets were located throughout the fa-
tigue-crack zone to a crack length of ~10 mm. The amount of
cleavage increased between 10 and 21 mm of crack length.
Cleavage tended to be concentrated in ~3 arrest zones between
15 and 19 mm of crack length.

The fatigue-crack zone terminated in a rapid transition from
fatigue to cleavage over the last 6 mm of fatigue-crack length,

Final rupture, less than 0.5 mm in length, was ductile.

The length of the fatigue-crack zone was ~25 mm.
Very little cleavage was located in or near the notch tip.

Some scattered cleavage facets were located throughout the fa-
tigue-crack zone to a crack length of ~13 mm. Beyond 13 mm,
cleavage occurred in increasing amounts.

The fatigue-crack zone terminated in a rapid transition from
fatigue to cleavage over the last 7 — B mm of crack length.

Final rupture, ~1.5 mm in length, was ductile."
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Fractographic studies of the six rails using electron microscopy are
incomplete. 1Initial scanning electron microscopic (SEM) examinations resulted in
some confusion with respect to the interpretation of detailed fracture features.
Similar difficulties were encountered during replication transmission electron
microscopic (RTEM) examinations. However, it is anticipated that continued exam-
inations by both techniques will bring clarification. ‘ ‘

Observations of the fracture surface at the tip ﬁf the naotch (the fatigue
precrack origin) made during SEM examinations of the six rails are shown in Figures
25 through 30. Cleavage facets, indicated bj the letter "C'" in the figures, are
apparent in scme cases. Fatigue striations do not seem to be discernible at the
lower magnifications. The features which appear to be bubbles at the top and to
the right in most of the micrographs are globules of molten metal on the electri-
cal discharge machined surface of each test specimen. The globules are most
eviﬂent in Fipgure 30.

Two SEM views of an area of the fracture surface located 0.17 inch from
the noteh tip of Sample 002 are shown in Figure 31. The views are considered to
be typical of the appearance of the fracture surface areas of most of the samples
when using the SEM. Note the fibrous striated brittle appearance of the crack
surface. The lines in Figure 31 appear to be fatigue striations but they are
actually pearlite lamellae on the fracture surface. Note the similarity between
the pearlite interlamellar spacing shown in Figure 23(a) at 5000X magnification
and the spacing of the lines in Figure 31 at 5000X magnification.

Some random RTEM views of fracture surfaces are shown in Figures 32
through 35. The RTEM micrograph in Figure 32 has an appearance similar to the
SEM micrograph in Figure 31; however, the magnifications differ by a factor of
4, Some striations observed in Sample 004 which appear to be clearly fatigue
striations are shown in Figure 33(a). These striations may be located in ferrite,
gince Sample 004 contained a high percentage of ferrite in the microstructure., On
the other hand, similar striatioms in Figure 33(b) were observed on the fracture
surface of Sample 030 which contained essentially no ferrite.

Occasionally, cross-hatched lines were observed as shown in Figure 34.
Since the replicas were shadowed in a direction toward the crack origin, the lines
in Figure 34 most nearly perpendicular to the direction of shadowing are likely to
be fatigue striations. (These are the striations running approximately up and
down in Figure 34.) The other lines, those that are parallel to the direction of
shadowing, are likely to be pearlite lamellae..

The RTEM view presented in Figure 35 shows primarily cleavage fracturing.
No evidence of ductile overload cracking has been observed in any of the fatigue

fracture zones.
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FIGURE 25.

FRACTURE SURFACE OF SAMPLE 004 AT
THE NOTCH TIP

"C" denotes cleavage fracture.
Tip of noteh is at upper right.
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500X

FIGURE 26.

FRACTURE SURFACE OF SAMPLE 002 AT
THE NOTCH TIP

"'C" denctes cleavage fracture,
Tip of notch is at upper right.
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500X

FIGURE 27,

FRACTURE SURFACE OF SAMPLE 030 AT
THE NOTCH TIP

"C'" denotes cleavage fracture.
Tip of notch is at upper right.
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500X

FIGURE 28. FRACTURE SURFACE OF SAMPLE 006 AT
THE NOTCH TIP

"'C" denotes cleavage fracture.
Tip of notch is at upper right,
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T oty T

500X

FIGURE 29, FRACTURE SURFACE OF SAMPLE 0C1 AT
THE NOTCH TIP

Tip of notch is at upper right.
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100X

500X

FIGURE 30. FRACTURE SURFACE OF SAMPLE 024 AT
THE NOTCH TIP - ‘

Tip of notch is at upper right.
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1000X

5000X

Compare lines at 5000X with Figure 23(a).
66

FRACTURE SURFACE COF SAMPLE 002 0.17 INCH

FROM THE NOTCH TIP, AK ~ 17 ksi-in.Z

FIGURE 31.
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FIGURE 34. CROSS-HATCHED LINE PATTERN -

SAMPIE 024, 1.21 INCHES FROM
NOTCH TIP, AK ~ 45 KSI-TIN.,%

FIGURE 35. CLEAVAGE FRACTURE -
SAMPLE 024, 1,21 INCHES

FROM NOTCH TIP, AK ~
45 KSI-IN,
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The fractographic results obtained so far are in agreement with those
reported in références 1'and 2, The two referenced publications indicate that
the topography of the examined fatigue fractures {s as complex with an irregular
occurrence of striations, trnnsgrunulaf pearlite cracking, and some cleavage.

The observation of a gradual inerease in the amount of cleavage fracture

(4,5)

is in agreement with othetr reports. During Phaée IT of the program, quanti-
tative estimates will be made of the amount of cleavage encounteféd during the
fatigue crack growth in various rail steels. '

The scattered cleavage facets observed close to the notch tip in various
specimens will also be a point of further examination. A two—combénent mechanism
for crack extension at very low growth rates was proposed in reference 6. This
mechanism accounts for planar fracture damage (controlled by AK) in faverably
oriented grains, followed by failure of the unbroken grains {controlled by Kmax)'

It is expected that the tesis at different R-ratios and the threshold experiments

may shed .some further light on this matter.

7.4. PROJECTED EXPERIMENTS FOR PHASE I1

The objective of Phase II is to obtain the more detailed information
on fatigue-crack propagation necessary for the development of the failure model.
As pointed out in the foregoing sections, this information will be generated for
a limited number of rail samples. For this purpose, three groups of samples were
selected with low, medium, and high crack propagation rates. 'It was attempted to
compose each group of rail samples with nearly the same carbon and manganese
content (Table 11).

In addjtion to these three groups, other samples weré to be selected
for further testing on the basis of tBe data analysis. However, no clear-cut
correlations with other properties as might appear from between fatigue-crack
growth rates and metallurgical variables emerged. Therefofe, the selection of the
additional samples were somewhat arbitrary. The weak correlations found with
carbon and manganese content, carbon equivalent, and f;action of pearlite were
used as a starting point for the selection. v

The 10 samples chosen are listed in Table 16. Reasons for selection are
indicated, and it is also shown in which growth rate category each sample would
belong. Two additional experiments will be performed on each sample in order to
obtain further information for the AID analysis. In‘addifion, detailed metall-
ography and fractogfaphy will be performed on 20 samples used in Phase IT. This

work involved the determination of pearlite lamella size, pearlite colony size,
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TABLE 16, SAMPLES SELECTED FOR ADDITIONAL TESTING

Rail
Sample . .
Number Category ( Mn Reason for Sclecrtion
004 I-1I .61 .62 85% pearlite, high sulfur
010 I .63 .74 - 907 pearlite, low sulfur
014 1 .78 T4 low sulfur
026 I .78 .94 low -sulfur
027 I1I .78 .87 low ratio, TYS/TUS
037 1I .72 .93. low sulfur
038 IiI .57 . l1.48 - 93% pearlite, low C, high Mn
040 I-I1 .58 .64 99% pearlite, low C, low Mn
045 III .65 .65 85% pearlite, low sulfur
058 I1I .83 .84 heat treated
TABLE 17. EXPERIMENTS IN PHASE TII
Number of
Specimen Tests per
Test Type Parameters Types Category
Orientation Orientations TL, SL CT 2
Stress Ratio R = -1.0, 0.5 CT, SEN 8
Temperature -40, +140 F CcT 11
R =0, 0.5
Frequenéy»Q, 26 Hz
Surface Flaw R=20, 75 F I SF 2
Mixed Mode I-I1, I-iII Bend 8
Threshold R =-1.0, 0, 0.5 CT, SEN 2
Variable;AmpliEuﬁe ‘ €T, SEN _10
Total 43

Total for 3 Categories 129

Check tests on 10 additionalvsamples listed in table

R =0, Orientaéion LT and TL

Tdtal Number of Tests 149
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prior austenite grain size, inclusion content and fraction of varicus fracture
mechanisms, This will permit an exercise of complex correlation functions as

presented in reference 3.

The test matrix for Phase I is presented in Table 17. The top part
shows the detail testing to be performed on the three categories. The parameters
for investigation are indicated. All this information will be used in the devel-
opment of the failure model. It requires 129 crack growth tests.

The bottom part of Table 17 shows the experimeﬁts to be performed on
the 10 additional samples listed in Table 16, Hence, a total of 149 experiments
will be performed in Phase I1I. All experimental data will be used for a further

evaluation with the AID program.

8. REFERENCES

1. Evans, P, R, V., Owen, N. B., and Hopkins, B. E., "Fatigue Crack Growth and
Sudden Fast Fracture in a Rail Steel', J. of the Iron and Steel Inst., June
1970, pp 560-567.

2. Evans, P, R, V., Owen, N. B,, and McCartney, L, N,, '"Mean Stress Effects on
Fatigue Crack Growth and Failure in a Rail Steel', Eng. Fracture Mechanics,
6, 1974, pp 183-1593,

3. Gladman, T., McIvor, I. D., and Pickering, F. B., "Some Aspects of the Struc~-
ture-Property Relationships in High-Carbon Ferrite-Pearlite Steels'", J. of
the Iron and Steel Inst., Dec. 1972, pp 916-930.

4, Beevers, C. J., et al., "Some Considerations of the Influence of Suberitical
Change Growth During Fatigue Crack Propagation in Steel', Metal Science,
9,3 (1975}, pp 119-126.

5. Cooke, R. J., and Beevers, (. J., "Low Fatigue Crack Propagation in Pearlitic
Steels', Mat. Science Engineering, 13 (1974), pp 201-210.

6. Robinson, G. L., and Beevers, C. J., "The Effects of Load Ratio, Interstitial
Content and Grain Rise on Low-Stress Fatigue-Crack Propagation ing -Titanium”,

Metal Science, 7,9 (1973), pp 153-159.

71/72






APPENDIX A

BASELINE CRACK-GROWTH DATA

The following tabulations present the crack length measurements and
associated cycle count for the 66 material samples received for evaluation in
this program. A total of 67 data sets are presented with a reproducibility
demons tration provided in duplicate testing of Specimen Nos..027 and 027A. Speci-
men No. 029A replaced Specimen No. 029 for which unanticipated crack growth to
failure occurred during an untended cycling period,.

These crack growth data sets are presented sequentially in ascending
order of sample number. The first measurement point represents the precrack length
on the specimen surface after crack initiation and generation out of the chevron
“notch., The final crack length representé the last crack length that could be mon-
itored by wvisual following with a traveling microscope.

ﬁggg% Specimen 27 was cycled at 2 kips, Specimen 46 at 5 kips, Specimen

58 at 4.5 kips. All other specimens were cycled at 2.5 kibs.‘ R =0 for all testse,



CRACK

LENGTH,
A, INCH

CYCLE
COUNT,
Ny kC

SPECIMEN Qi

.910

.24z
1,721
1.060
1,185
1.135
1,186
1,238
1,309
1,347
1,394
1,476
1.532
1,592
1,622
1,648
1.713
1,745
1,748
1,843
2.147
2.162

473,44
549,40
512,80
672,00
708,804
806,00
9358, 1o
jpen,ne
{102,000
1150,20

1280,00

1260 ,0¢
1283,m0
1o, pp
1306,49
1312,04
1320,0¢
1323,04
1326,90
1327,3¢
1327.35
1327,57

CRACK

LENGTH,
4, INCH

cycLe

COUNT,

N, KC

SPECIMEN W2

. 9d0
a9BY
1‘”2’
1.482
1.122
1.174
1¢224
1.290
1'°5°
1,432
1.492
1920
1.56u
1,006
1.0654
1,789
1,758
1,789
1,404
1,828
.83y
l.948
1,964
1,988

35u.40
Ju, 4@
43,40
alp.0a
HAY .00
53v, 00
S5B 4l
592,40
6l.n?
b3v i
bdy, N
055.40
6o UM
064,908
667 .40
669.0%
674,049
671.v0
674.00
675.00
6£77,008
o77.19

CRACK

LENGTH,
A, INCH

CYCLE

COUNT,

N, KC

LA R X R X E L L L E X 2 X J

SPECIMEN D@3

974
1.745
i.289
1,141
1.178
1,254
1,324
1,396
1,462
}e515
1.548
1,628
1,681
1,594
1.741
1,779
1.8¥7
1.869
1,883

265,00
310,00
342,00
370,00
400,00
430,00
450,00
465,08
475,0¢
489,00
485,00
447,00
489,00
49a,0¢
491,36
492,080
492,.3@
453.00
493,03



CRACK

LENGTH,
£, INCH

CYCLE

COUNT,

Ny, WhC

SPECIMEN AU4

.943
1.@19
1.107
1.179
1,252
1,316
1,445
1.521
1,553
1,583
1,624
1,658
1.714

1,737
1,780
1,827
1,851
1.914
2,heb
2,Ren

280,00
448 .09

550,00
603e,0y
63m, 20
67R, 20
688,00
690,029
66%5,0¢
700,00
705,08

712,00

‘715,09

717.P9
718,24
rem.u0
722,14
722,21

CRACK

LENGTH,

4, INCH

SFECIMEN oub

L9d5
.98y
1.1441
1,074
1,499
1.137
1.197
1.230
1,242
1,424
1,368
1.424
1,46y
1.524
1.014
1.,068¢
{.090
1.759D
1,795
1.06])
1,m84
1.918
1,954

CYCLE

CUUNT,

Ny KC

225,40
dPn, nA
3Su,.u8
375,00
4903 .08
434,00
any , ni
48,0
52,10
515,00
53u,40

545 ,0¢

pﬁs.nu
5R5 .49
575,
Hhda,o?
532.0'-7‘
584,44V
585,uP
98p .0l
58b,5¢
587,40
587,52

CHRALK

LENGTH,
A, INCH

CYCLE

COUNT,

N, XKC

LR E N LN LR L L B 2 &

SPECIMEN Q006

.B96
,948
998
1,255
1117
1,152
1,212
1.291
1,404
1,540
{ AR
1,648
1626
1,672
1,685
1,706
1,733
1797
1,820
1,875
1.917
1,945
1.9603

262,00
420,00
SvR,An
640,20

- 780,00

768,02
820,00
887,R
93a,nQ
965,80
970,00
975,32y
978.39¢
LY. N2
9u2.P¢
9B4.,d¢

SpA,¢Mw
991,00
992,20
993,30
994,01
Qu4,22
Qyd 20



CRACK

LFNGTH,
4, INChH

CYCLE
COUNT,
N, kC

SPECIMeN 207

«918

2955

986
1,024
1,AbR
1.098
1,153
1.210
1,268
1.323
1,392
1.443
1,495
1.599
1,665
1,632
1,606
1,722
1,763
1,821
1,882
1,921
1,991
1,970
1,944
2,002

490,20
46p,009
520,08
69m,00
T0R,.049
8an,0Q
9¢nm.AY
1049,0a
1120,80
1160,00
124p,00
{279,290
126p,00
130,09
1320, R0
1325.@v
1330,
1335,08
1338,34
134,00
1343 ,00
1344,00
1344,3809
13a5,00
1345,50
1345,55

CRACK

LENGTH,
&, INCH

tycle

COUNT,

N' KC

SPECIMEN w8

LR T LN ER L ERE L YT ]

254l

» 989
1,030
1,060
l.104
1.134
1.178
1.228
1.267
l.d1w
1.9640
1,422
1.454
leb01d
1.560
1-066
1.734
1.771
i.810
l.,z44d
1 .089%0
1,934
2,02

139,49
175,910
2la,v0
235,40
260,00
28Bu, 00
348,00
by, 00
38,0
40, AP
42(, 10
d3pn,nl
44[{].““
adi .00
465,46
479.000
472.¢a
474,00
475,40
476,40
477 .41
477.78

CrRACK

LENGTH,
4, INCH

CyYcLE

COUNT,

N, KC

SPECIMEN R4S

2913
1,002
1.069
1.143
1,220
1,369
1.504
1,566
1,607
1,644
1,667
1,720
1,733
1,836

dz2a,a@
460,00
550,@9
640,00
7em .00
Tan,0p
82m,09
83a,du
836,00
837 .04
B38,44
838,30
838,74



CRALK CYCLE
LENGTH, COUNT,
4, INCH N, &C

SPECIMEN Q10

919 178 ,0v
o972 215.02¢
.993 248,40
1.m32 275,084¢
1.2065 328,20
1,104 32%,.2¢
f.,143 . 3%p,00
1,185 373,29
.28 4¢0n,%4
1,293 425,68
1.361 45p,0p
i,49E 470,04
{482 480,00
1.587 490,00
1.,57m 495,A1Q
1,6u6 hyA, 0w
. 1,643 - 5p5,@0
1,650 310.0¢
1,727 514,00
1,777 518,70
1,835 521,20
1,869 522,%¢
1.%06 524,4a)
1,961 525,52
2,287 527,70
2,892 527 .63
2.1004 527,69

CRaCw LYCLE
LENGTH, COUNT,
A, INCH Ny, KC

SPECIMEN w11}

924 205,008

Y54 . 258.00
1,038 335,40
1.111 -3 v I B
1,194 460, 0@
1.230 489 .u0@
1.28/7 500,00
1,334 his,v0
1,492 S53a,00
1.439 540 ,9¢
1,464 .. 945,20
1,494 Y- P It
1«03/ 585,44
1.274 561,407
I.028 565,40
1.064 68 .40
1784 571 .49
1.813 574,48
1.865 974,65
g, A4 574,85
FIRRY 574,89

CRALK CYCLE
LENGTH, COUNT,
A, INCH . N, KC

S5PLCIMEN P32

9223 165,00
1.820 22P.Re
1.294 - 20@,2¢
1.199 -3p%,2u
{.341 340,20
1,392 - 350,00

~1e423 355,08¢
1,404 360, A
1,545 368,00
1.586 371,80
1,641 374,0¢
-1.6486 377,00
1,736 379,00
1,776 Jan, ¢
1.818 381,09
{.8/8 381 .80



CRACK

LENGTH,
A, INCH

CYCLF

COUNT,

N, KC

SPECIMEN @143

LA E L IR 2 B F E 2 3 X J |

927
« 295
1,224
1,065
1275
1,100
1,121
1,148
1,203
1.252
1,316
1,3n0
1,620
1,470
{530
1,601
1,604
1.710
{734
1,770
f.81@
1,858
1,915
1,967
2,014
Q.Gbﬂ
2.106

169,08
18a,00
200,40
212,8¢
22nm,8@
230,20
240,00
268 ,R0
280,00
Iop,00
313,00
3R, 00
340,00
352,00
3é6m, 001
368,20
372,04
373,00
375,00
377,00
379,04
L 13 9ol ]
362,50
I8y, S50
384, 44
Jpd, 90

. CRACK
LENGTH,
A, INCH

CYCLE

COUNT,

Ns KC

SPECIMEN v14

o1
1,40}
1,454

1e123
1,204
1,947
1.521
1.014
1.098
$.717
1.757
1.778
1.799
1,441
1.87%
1914
1.964

27n,.u0d
354,00

401, 00

454 .04
504,020

"55b,.00

a9y ,0¢
6A2,09d
6ly.0@
612,04
614,00
615,20
016,40
617.00
614,00
618,57
ti1y4.96

CRACK

LENGTH,
A, INCH

CyCLE

COUNT,

N, KC

SPECIMEN 215

920

974
1,A14
1.959
1,165
1,143
1,190
1,246
1.275
1,318
1,372
1,433
1,465
1.5¢2
1,549
1,588
1,642
1,769
1-7&7
1,796
1.848
1,872
1,930
Z.000

167,08
220,00
260,00
3¢n, e
34n, 00
3sm, 00
420,00
46n,80
49m,00
520,00
550,00
$72,00
540,00
590,00
620,00
619,00
620,00
628,00
632,@p
636,00
638, ¢
640,00
641,50
641,68



CHRALK

LENGTH,
A, InCH®

CYCLE

COUNT,

N, KC

SPECIMEN W16

1,0
1122
1102
1.192
1,247
1.319
1,387
1,442
1,5n1
1,587
1,593
1,645
1.645
1,78
1,773
1.R07
1,835
1,805

160,00
202,24
21,04
2¢0,00
235, 0¢
252, Ay

265,04

275,70
285,0d
292,09

295,y

3al,.n¢
304,00
3Jps, ni
3pB,0¢
3o, R0
3ln, 5S¢
3iB.74

CRACK

LENGTH,
Ay, INCH

CYclLe

CUUNT,
Ny, KC

SFECIMEN 017

W94/
9097
l.,v243
1.454
l.vBe
loltn
1,154
1,242
1.2b50
l1.92¢
11,389
1.474
1.271
1,04/
1.704a
1.7386
1,798
1.b2/7
1,049
{0648
1.848
1.444d

A-7

155,00
1R, U0
209, v
el
24,4
eBy,di
L9, 10

320U 18

d5un .0
JBu. M

ans, ¢0

430 .0

'dbul.ﬂﬂ

46, v
465 ,ul
467 vl
GRY W
4hy, 30
a6G .67
474,01
a7v .16
471,18

CrRACK

LENGTH,
A, INCH -
SPECIMEN

.891
9835

.871

L 90!

TRY.

L3786
1.024
1,094
1,207
1.3¢3
1,387
1.422
1,403
1.452
1.5e2
1,565
1.617
1,601
1722
1.78Y
1,882
1.903
1,923

CYrLLE
COUNT,
N) KC

“iB

485,00
64N, 00
792,06
BP0
Yud,ne
P40, P
1140, 28
1207.Q0
1349 .00
1350 ,90
13d500,00
139P,00
140,00
1‘05.1U
1410,0Q08
1416,06
1421,
142%5,.80
1442 ,P¥
1432,50
1433,7¢
1434,65
1434,67



CRACK

LENGTH,
&, INCH

CYCLE

COUNT.

N, KC

SPECIMEN 219

927

o8l
1,054
1.082
1.123
1.171
{1,230
1,280
1.326
1,363
1,430
1.511
1.5u8
1,633
1.670
1.710
1,762
1.847
1,904
1,m38

270,00
320,00
371,00
420,00
470,92
524,00

- 570,70

6la,.7a
640,00
670,00
7em,00
732,00
750,00
755,00
760,40
765,00
769,70
772,00
772,58
772,86

CRACK

LENGTH,
A, [INCH

LYCLE
CQUNT,
N, XC

SPECIMEN ©2n

Bl
»B849¢
«883
« 921
2979
1.071
1.223
1.280
1,334
1,381
1,399
1.408
1,471
1.522
1.977
1,000
1.620
1.657

1.694.

1,732
1,770
1.632
1.984
2,114

8741,08
920@,00
Q974p.00
141404,00
1060, A0
1123p,060
11728,40
1183p,40@
{189n .80
1193p, 00
1194,
11950,00
11981 ,00
12u00,00
12015,40
12020,.,00
1225,00
IZUJUnUﬂ
12pds5,. 002
12uda. 40
12vdd,uh
12045,00
120d5,79
12ndb,vn

A-8

CRACK

LENGTH,
A, INCH

CYCLE

COUNT,

N, KC

FE T XTI ITE AR Y N Y )

SPECIMEN 221

. 982
0957

- 1,025

1,060
1.182
1,150
f1.1584
1,366
1,342
1,398
1,443
1,497
1.501
1,592
1,618
1,642
1,682
1,718
1,761
1,822
1.85¢6
1,848
1,962
2.010
2,026

2v8 .00
232,08
26m,00
Jg0,2¢
350,00
4pa,0e
450,4¢
320,080
54p,00
56m,0¢
576,00
593,00
6p6,d8
615,00
620,00
625,00
632,00
635,00
640,00
645,00
648,00
650,00
652,00
652,7¢
652,74



CxALK

LENGTH,
¢ INCH

a

CYCLE
COUNT,
N, KC

CPECIMEN 222

LY XL E R T AL YR E N Y ]

, 938
987
1,042
{1,404
1,A88
1.122
1,171
1,244
{.306
1.375%
1,409
1,495
j.504
1,636
1,684
1,703
1,722
1,743
1,704
1,783
1,797
1,829
1,891
1,959
2.741
2.5

‘365,00

38@,00

460,00
530,70
560,00
660,00
77m,00
CEY T
937, Ay

1209, 70

1958, 20

1117,7¢

i14e,40
1160,0¢

1172, 08

1174,00

1178, 44

1182,04

1186,0¢

1190,04

1192,00¢

1196, 49

120,00

1281,79

1202,33

1202,34

LRACK

LENGTH, .

4, [N(CH

338
l,uly
1,_. xISG

“l.12)
" 1.190

1.25¢
1.338
1.440
1,503
1,604
1.620
l1.06])
1.7/92
1,734
1,744
1,787
1.791
1.0813
1.45y
1.973
1:9\3!1

CYcLe

CUUNT,

Ny K

SPECIMEN w23

CE R LY R X Y]

S 132,49

C150v .00
17u, 40
190,40

2ln, 4P
230,00
FEY N
270,07
2B, ud
298,08
293,44
96,00

S 288,00

304,40
381,99

382,40

ME 1Y
A4, 00
SRa,70
35,43
415,49

L CRACK
S LENGTH,
A, INCH

CYCLE
COUNT,
N' KC

SPECIMEN 1n24

792
8l
.840
48065
887
9065
1,219
1 .@7@
1.127
1.218

"1,289

1,426

1,547

1,572
1,6¢1
1.626
1.659
1.687
1,752
1,868
1,524

3z22.40
490,01
500,00
By, Al
707 ,0u
B, B
1Y 1%
11,00
120,00
13va, 20
142,40
1458 ,40
1500, 020

1528,

1524,00
1528,A8
19582,.00
1333 .04
158,36
1541 ,28
1542,60
1542 ,66



CRACK CYCLE CRACK CYCLE CRACK CYCLE

LENGTH, COUNT, LENGTH, CUUNT, LENGTH, COUNT,
A, INCH N, KC A, INCH ° N, KC a4, INCH N, KC
" SPECIMEN 025 " SPECIMEN u2b SPECIMEN R27
,942 133,00 781 24D, 00 .921 3250,0a
1,258 ' {7p,00 B3t 54p,.00 970 3485,09
{,084 180,00 .881 44y,480 1,049 3z7s,mp
1.129 190,00 ’ .912 SR, ne 1,054 3975,8p
1,168 2e0,80 : 9749 600,49 1,166 4290,008
1,241 21P,00 1,033 654,40 1,184 4475,0u
1.239 228,00 1,484 700,00 1,245 46450, 0y
1,241 230,00 1,145 739,00 1,297 4757,0wv
1,323 240,00 1,214 764,90 1,362 .4860,20
1,372 250,00 C1.270 781,00 1,451 - 494m,00
1,423 260,00 1,930 BAN, 00 1.511 4979 ,00
1,464 270,04 1.4382 vid.dn 1,555 4999,0n9
1,948 280,74 1,433 B2d, A0 1.615 5010,00
1,625 299,00 1,466 825,49 1,657 SR20,00
1.668 295,79 1,497 532.09 1.714 Son30,0u
1,749 Ipe, 0 1,954 635,40 1,753 5035,00
2,211 Ja4,00 1.582 638,00 1,769 204n,20
l.01d 841,00 1,846 545,00
1,042 Hdd,pd 1,922 5046,00
1.094 B47 .40
1.,75) d51n,yn
1.794 552,04

A-10



CRAUK

LENGTH,
4, INCH

CyCLE
COUNT,
N, KC

SPECIMEN Q274

.928

. 980
1.02%
1,076
1,139
1.200
1,249
1,299
1,343
{.421
1.542
1,578
1.6u9
1,634
1.668
{702
1,783
1.8uv2
1.833
1.858
1,906
1,925

450,00
550,00
650,30
840,70
950,94
11ew,00
1200,20
1280,00
1350,00
1400,00
1450,00
1460,00
1465,00
14702.00
1475,00
1480,00
1485,00
1487 ,79
1488,0¢
1489,00
1490,20
1490,17

LRaACK

LENLYH,
A, INCH

LYCLE
CUUNT,
N, KC

SPECIMEN- w628

4914
944
.98y

l.142

14229

1.267
1,931
1.360
1,494
1,446

" 1.4BY

1.519
1.54]
1,564
llbgw
1,629
1.064
1.704
1,731
1.750
1.798
1.821
1,877
1.4
1,934
2,134

561,00
778,00
793,00
18472,40
12000 00
1235,.,00
12%0.00
1265.,e0
128000

129%4,0@

13Re. 50
14U5,.42
131@,04
1315,10
1320,40
132500
1330,40
1332.50
1335,.00
1338,5¢4
1342 ,¢0
1442,49
1543,40
13da,.08
1346,560

CHACK

LENGTH,
a, INCH

CYCLE
COUNT,

- Ny KC

SPECIMEN P294

914

.958
1,048
1,042
1,M80
1,099
1,161
1,214
1,270
1,359
1,458
1.608
1,744
1,783
1,820
1,845
1.858
{1.887
1,920
1.951
1,965

73n,d0
90M,.Ap
11im,00
12790.0p
14230 ,40
1549,0¢
1730,0¢
1880,00
2000, 00
215@,0v
225m,0¢
2345,29
2325,09
2327,50
2329,3¢
233R,0¢
2330,6p
2331,10
2331.5¢
2332,0@
2332,07



CRACK

LENGTH,
A, INCH

CYCLE

COUNT,

N, KC

SPEC]IMEN @32

.794

856

<923

970
1,047
1,042
1.086
1,132
1,179
1,239
1,285
1.321
1,386
1,435
i1.5¢40
1.534
1.568
1,667
1,632
1,602
1.694
1.741
1,776
1,804
1,841
1,858
1,688
1,945
2,014

305,04
405,02
480,00
320,00
S4m,00
360,008
S8n,00
600,08
520,00
648,00
65n,08¢
665,00
460,04
89q,. %0

. 708,94

705,20
7ia,08
715,89
718,0¢
721,29
724,00
?27,.,0¢
728,90
731,80
732,.24¢
733,00
733,58
733,77

CRACK

CLENGTH,
4, INLH

CYClLe

CAUNT,

N, KC

SPECIMEN ©31

922

.985
1,023
1,048
1.072
1,49y
1.128
1,158
1.177
1,238
1,458
1,43/
1.493
1,524
1.574
1.627
l.08>
1e711
1,760
1.870
l.b02Y9
1,861
1.94¢
1,977
2,801

250,00
328,00
359,00
38p.0n
414,uR
450,00
S5y, u0
558,00
6np, ¥
708,00
8Rp,08
50,40
873,80
B8R, UK
891,00
YA2,09
911,00
915,Ka
92y .00

- 823,40

425,42
4?27 .00
9298 ,.50
926.67
928,92

CRALK

LENGTH,
A, INCH

CYCLE

COUNT,

N, KC

SPLCIMEN RS2

4765
787
Bl
B33
LBo
.9y
941
,984

1,49
1.12%
1,241
1.327
{.381
1,412
1,448
1.457
1,539
1,571
1.598
1,642
1,652
1,761
1,812
1,859
1,949

Jeg, e
490,906
Jam, A0
640,00
7aa,40
8§pa,np
9ua,08
104,00
11, e
1200 ,0y
13¢0,09
1340,08
1360,0¢
1370,
1360 ,89
1390,4y
140,09
146,00
1410,20
1415,080
1420,90
1425,00
1427 .40
1439,00
1429,35



CRACHK

LENGTH,
a, INCH

CYCLE

COUNT,

N, KC

cepspevassSacweEme

SPECIMEN B33

933
1,66
1.134
1,169
1.2¢3
1,226
1,274
1.326
1,390
1,477
1,523
1,565
1,665
14636
1,654
1.676

1,705

1,738
1,778
1.829
1,885
1,935
1,947

21%,01
Joe,00
3Jae,no
3sn, 00
380,04
400,980
420,04
449,04
460,04
480,04y
490,00
496,09
592,00
506,00
508,02
510,008
512,00
514,00
516,00
318,04
819,04
519,44
519,48

LRACK

LeNGTH,
4, INUH

Cycle

COUNT,

Ny KC

SPECIMEN w34

« Y92
1.176
lo11¢
1157
1,195
1,240
1.286
1e3dy
1.433
1.494
1,944
1,575
1,603
1.024
1.051
JebbBo
1.717
1,74}
1.772
1,530
1.862

A-13

185,u0
231,44
250 .08
275,10
295,44

315,80

335,04
355,40
385,080
391,04
395,00
398,00
ang,de
4P2 ., 40
4P6 .40
an7 .v0e
4aNbs .40
aldy ., vo
4ng .53

CRACK

LENGTH,
4, INCH

CYCLE

COUNT,

N, KC

SPECIMEN B35

.948
1,003
1,045
1,084
1,148
1.167
1.241
1,36
1,384

1,478
1.527
1,584
1.615
1,654

1.677-

1,697
1,719
1,743
1,782
1,825
1,907
1.944
1.95@
2.021

450,00
€ol,.0@
727,04
850,00
19v0,00
1150,00
13¢0,09
145,020
1600, A¢
1700,0¢
1749,0¢
1755,00
1765,A0
1775,80
1760,@0L
1785,00
179R,40
1795,00
180 ,.Ap
1885,080
1810 ,9u
1811 ,9¢
{812,098
1812,31



CRACK

LENGTH,
A, INCH

CYCLE

COUNT,

N, KC

SPECIMEN 036

964
1,014
1,055
1,095
1.121
1,148
1,194
{1,235
{1,296
1,353
1,434
1,506
1,564
1,624

{688

1,749
1,799
1,843
1,879
1,932
1,994

438,020
5%n,00
679,00
85,00
Senm,00
1000@,00
116n,00
1300,09
1450 ,00
1550,08
1650,00Q
1720,5u0
1730,
1750,0@
1761,00
1775,00¢
176n,08
1783,0¢
1785,0¢
1785,5¢
1785,71

CRACK

LENGTH,

A, INCH

SPECIMEN. 0d7

» 939

L HAd

1.43¥%
1,069
1.1°73
l1.14¢
14172
1.207
1.255
1.296
1,454
1,438
1.529
1,998
1.661
1.684
1.7003
1,778
1.820
l.851
1,908
1.949
2.0
d,109

CYCLE

COUNT,
Ny KC

245,080
315,00
LT L
anp, ph
450,00
504,00
550,40
bM2.9l
664,90
7lv,00
764a,a¢
b1y, @
B35,00
B8u,0R
895,40
9AR, e
YRy, e
915,09
Y2, ¥
Y23,0¢
925,44
y26.090
927,44
927 .53

CRACK

LENGTH,
A, INCH

CYCLE

COUNT,

N, KC

SPECIMEN D38

»934

,996
1.069
l.lUJ
1.145
1,197
1.254
1.314
1.365
1.4v8
1,446
1.501
1.572
1,647
1.696
1,745
1.772
{.8u6
1,856
1.865
1,926
1,902
2,020
2,135

3pe,ao
385,00
430,20
315,02
584,00
660,00
75m,00
850,00
959,90
inde, 2
1lem, 00
1179,00
1240 ,09
132a,00
1345,0¢
1375,08
1395,00
1405,.00
1413,080
1425,08
1450,0¢
1435,0¢
1437 ,50
1438,62
1439,5¢



CRACK

LENGTH,
A, INCH

CYCLE

COUNT,

N, KC

SPECIMEN 2389

«938
1,02%
1,064
1,883
1.128
1,161
1,216
1,276
1,344
1,384
1,429
1,478
1,538
1,604
1.633
1,661
1,647
1,742
1,791
1.877
1,915
1,935
2,012
2,036

282,20
400,00
470,09
320,00
620,00
72e,008
spe,a¢
Sem,29
1200,00
j05@a,8¢
119¢,09¢
114m,020
1160,0@
1210,20
1220,.80
123¢2,.20
1240,80
1258,.00
126n,00
127¢.20
1273,00
1275,00
1276 ,85
1276,90@

CRALCK

LENGTYH,
Ay INCH

CYCLE

COUNT,

N, KC

SPECIMEN W4y

rTosSeoeeymreToewn o

985
1.484
1.122
1.152
1.148y
1.221
1.253
1,288
1,422
1.396
1.579
1,686
1.093
1,747
1.012
" 1.87%
1,946
1.957

174,00

230.04
235,09

275,00

Jng.00

320,00

A-13

360,40
J8u.00
415,20
470,08
478,40
48B4 .40
492,00
457 .20
5n2,.e0
505,00
506,50
hde,58

CRACK

LENGTH,
A, INCH

CYCLE

CQAOUNT,

N, KC

"SPECIMEN 241

,926
 .978

" 1.@26

1,066
1,112
1,148
1,196
1,253
1,322
1,386
1,434
1,487
1.540
1,568
1,593
1,651
1,672
1,733
1,782
1,825
1,868
1,906
1,957
2,211
2,871
2,147
2,160

3az2.80
4ya,2a
Su2, %0
oo ,20
700,20
8ya.20
9pn, 2y
1800 ,70
1882 ,80
115,80
119m,10
{220,080
1241,00
1252,29
126,00
127,00
1260,40
1290,008
1297 ,8v
1302,7¢
1385,20
1387 .28
1309,8¢
1311,00
1312,2¢
1313,20
1313,47



CRACK

LENGTH,
A, INCH

CYCLE

COUNT,

N, KC

cTpeesmeoseGdpaal S

SPECIMEN @42

+ 342

e 9758
1,813
1,865
1.120
1199
1.264
1,338
1,397
{,456
1,493
1,514
1,537
1.578
1.624
1. 668
{1,728
1,764
1,808
{.,842
14929
1,554

212,90
d4,08
420,00
525,00
620,20
700,00
760,00
81a,08
84p,00
860,0¢
871,70
876,00
881,00
887,00
894,00
o0n, 81
909,20
998,0a0
941,00
913,20
913,60
913,67

CRACK

LENGTH,
4, INCH

CYCLE

CUUNT,

N, KC

SPECIMEN 143

LA L A L L LR & A L L K LA kg

UL
1,009
1,830
1.97¢
1,087
1,208
1,249
1.294
1,348
1.407
1,467
1,557
1,39y
1.02¢
1.043
1.674
1,708
1.749
1,793
1,858
1.891
1,944
1,990
2.,u5¢

145,00
180,00
2n5,.80
232,09
235.¢0
3ua,48
345,414
3By, aH

calv.pe

A-16

444,00
465,00
485,00
512,00
520,04
52%,.0¢
53d.48
535,00
4,90
$45,08
53,90
555,00
5857 .40
558,61
589,51

560,52

CrRACK

LENGTH,
A, INCH

CYCLE

COUNT,

N, KC

LA A E L LR L LT

SPECIMEN D44

949
1.711
1.067
1,122
1,182
1,229
1,266
1,319
1,358
1,394
1,455
1,490
1,543
1.586
1,647
1.684
1,721
1,742

1,778
1,824
1,919
1,951

210,00
dee,P2

490, PK

497,00
580,00
640,00
680,00
718,20
730,00
750,00
770,04
780,22
750,00
795,09
Buad,de
8“2-5“
804,00
865,00
8U6,50
898,20
809,20
809,23



CRACK

LENGTH,
4, INCH

CYCLE

COUNT,

N, KC

LY P YL P LR E Y ]

SPECIMEN @43

,546

,987
1,029
1,062
1,115
1,461
1,207
1,264
1,320
1,397
1,471
1,522
1,574
1,608
1,655
1,686
1,733
1,778
1,848
1,902
1,969
2,851
2.126

250,00
420,08
550,00
650,08
dge.0w
9¥e, Ny
1940,R0
18P ,79
118,28
127,40
1330,084
136@,01
1385,40
140,480
1415,08
1424%,90
1436,00
1445,20
1455,00
1460,00
1463,008
1465%,.00
1465 ,67

CRACK

LENGTH,
A, INCH

CYCLE
COUNT,
N, KC

SPECIMEN 1486

.B85
«083
8934
«9P2
927
984
1,861
1,149
l.187
1.269
1,367
1,410
1.451
1,472
.00/
1,352
1.595

y0p,00
1554,0@
160,00
1909,90
210u,.v7
2304,89
2500 ,00
260,00
2659,00
270,40
2730,00
2736,040
2742.00
2744.59
274b,49
2747,.10
2747 ,82

CRACK

LENGTH,
A, INCH

e eeeeenescecdaane®

_CYCLE
COUNT,
N, KC

SPECIMEN Q47

YL L I YY)

09085
«946
.98@
1,018

T 1.035

1.071
14102
1.138
1,192
1,274
1,329
1,432
1,486
1,519
1.5062
1.649
1.649
1,685
147329
1.821
1,853
1,845
1,939
1,981%

-378,80
525,00
70,09
Spa,.0p
{000,008
1290,00
1350 ,00
15¢0,R0
1790,09
1948,30
2Naa,89
2id0,0u
2145,90@
21h0,Q0
2170,008
2165%5,00
2195,0p
225,01
2215,08
2220 ,@0
2225,.R88
2228,080
2230,1¢
2230,73



CRACK

LFNGTH,
A, InNCH

CYCLE

COUNT.,

N, KC

SPECIMEN @48

«BY1

914

. 943

979
1,833
1,094
{1,100
1.212
{42083
1,351
1,408
1,484
1.541
1,573
1,604
1,64}
1,662
1.720
{,758
1,783
{1,809
1,835
1,842
1.948
2.761
2,P71

185,00
215,09
25%t,Qu
29p,20
340,00
lga,0v
4im,00
440,24
465,40
485,00
500,00
515,@¢€
525,00
530,04
535,01
540,88
545,020
550,04
552,54
555,24
597,24
859,44
561,00
562,00
563,60
563,84

CRACK

LENGTH,
A, INCH

CYCLE

COUNT,

Ny KC

SPECIMEN w4y

sl
984
1.029
BINEY.]
~1.W92
1.135
1.172
1.231
1.271
1.4614
1482
1.46y
l.010
1,564
1.02¢
1,083
1.709
1,779
l.011
1,063
1,941
1.934
1.964
2,023

26 .10
$Iu.00
394,00
434,40
a7y,00
530 .00
7,084
020.90
bIn.od
b8v.vR
710,00
7dia, B0
/5u,.00
iehlnﬂm
/73.00
775.48
784,44
785,81
7RZ .0l
78By,49
790,40
791,09
792,00

CRACK

LENGTH,
A, INCH

CYCLE

COUNT,

N, KC

SPeCLIMEN @50

PesoeosteveSTeSeeSaw

« 926
2979
1.023
1,094
1,154
1.242
1.257
1,345
1,342
1.453
1,493
1,576
1,624
1.648
1,731
1,703
1,862
1.850
1,912
1.987

285,90
S1@,00
749,09
910,00
1850,00
1125,0¢
120R .02
1275,8%
1315,00p
1345,00
1368,00
1375,20
1345,00
1395,20
1485,du
1410,00
1413,00
1416,
1419,8¢
1421 ,4¢
1421,7¢6



2

CRACK

LENGTH,
A, INCH

CYCLE
COUNT,
N, XC

SPECIMEN ©B51

0921
« 945
e 973
« 992
1,083
1,292
1.178
1,259
1,313
1,352
1.39¢
1,462
1,516
1.585
1,649
1.674
1.723
1.7066
1.812
1,987

365,00
665,00
868,00

1000, 00

{272,080
150,90
1734,00
188,00
194@,0¢
197@,40
20402,a0
204Q,A0
206a,00
2076 ,080
2A835,0Y
209,00
2085,0u
2096,00
2190,09¥¢
2,68

CRACK

LENGTH,

A, INCH

SFECIMEN ad2

TEseeewrreeyeseen

882

945

98y
1,042
1,082
1.117
1.1306
1.1706
1.234
1.274
1,920
1.384
1,438
1.484
14037
1.5843
1.65%
1.719
1.770
1'&2&
1.0899
1.954
‘2L d4
2,999

A-19

CYCLE

COUNT,

Ny KC

275,40
375,29
454,40
H4p,009
6uR,ha
655,24
730,09

768,00

521,089
86,00
890,00
Y2, Vv8
G4y,
955.060
$74,.89
98,00
593,00
497,00
Tung  ad
1unsS,.a¢
1ydd, 8@
1y ,a4
1vAY .53
1uy .55

CRACK

LENGTH,
Ay INCH

CycLE

COUNT,

N, KC

SPECIMEN @53

937

90
1,219
1,057
1.A58
{1,113
1,216
{.270
1.361
1.487
1.54@
1.570
1.595
1,697
1.677
1.701
1,772
1.818
1.803
1,893

415,01
545,00
600,.M0
780,00

"8g0,00
952,00

1850, d¢

116A4,00

1210,90

1262,00

12685,080

1295,.2p

1320,0¢

135,06

1310,.86

1315,0¢

1324,00

1323,9¢

1325,02¢
1326,5¢

1326,58



CkALK

LENGTH,
A, INCH

CYCLE
COUNT,
N, &l

SPECIMEN @54

9uyd
« 951
981
1,014
1.089
1,071
1,325
1,175
1,263
1,321
1,305
1,441
1.5u@
1,587
1.62@
1.654
1.701
1,730
1.781
1., 8u7
1,87¢
1.936
2,99
?2,M08

175,00

~ 3%0.00

440,00
837,00
612,24
740,80
825,00
930,00

1975, 00

115%,00
1285,49
1264,90
138m,00
1330 ,90
1340008
1350,48
1362.06
1365,m0
1372,8¢
1375,0¢
13se,o¢
1382.00
1382,48
1382.4y

CRACH

CLENGTH,
A, INCH

LyclLe
COUNT,
My Kc

SPELIMEN 05>

921
LUBD
1,004
1,440
I.WSD
1.130
1,199
1.234
{.290
1.404
l.J484g
1,439
1.4998
1.537
1.647
1.07%
1744
1,749
1.2A3
1,840
1,560
loul/
lav7y
Z,03]

{6a,0¥
25,8k
326 .04
424,4%
50A4,40
B1a,40
Zlg.00
i, 40
¢lp. o
Y8A, 1
1V'3Wnt‘a
1U9WcUB
1128400
1l 0l
1184 ,0@
1ghy, nA
110,90
1220 .0@
1234, 00
1234,ud
1¢37 4ud
leds,. i
1¢dl.c8
1edlotil

A=20

CRALK

LENGTH,
A, INCH

CyCLE
COUNT,
N, nC

et asceEaEan B e

SPECIMEN 4b6

914

-904
1,067
{.246
t.By8
1,145
1.{08
1.237
1.293
1,351
1,469
1,479
1,514
1541
1.571
1.,6v8
1,657
1.715
1,700
1.8102
{,B64
{921
2,72

a4, ap
611,00
810,00
jé28,00
1222 ,.80
1340,00
1485,00
15879 ,00b
1675,040
175@,00
1840,00
1845,00
186,00
1670, 00
180,00
18972 ,2¢
19v@ 8¢
110,00
191520

1922, 00

193,00
1926,00
1927 ,43



CRACK

LENGTH,
A, InNChH

CYCLE
COUNT,
N, KC

SPECIMEN AS7

ngl

948

963

«998
1,748
1.0y8
1156
1,283
1.2b2
1,325
1,406
1,471
1.537
1,583
1,49
1,691
1.726
1701
1.&34
1,982
1,946
2.011

288,00
335,089
45,79
500,49
620,70
735,90
846,00
%2@,B¢
179@,00
106M, 00
1120,00
115a,00
117e,.80
1180,P0
1190, ¥y
119600
1200 ,00
12p5,00
1218,@@
1213,04
1214.06
1214,34

LRACK

LENGTH,
A, [NCH

CYCLE

CUUNT,

Ny KL

L E N E L N K LN L N 3 R K L 2 3 J

SPELIMEN ©58

YY)

93y

994
1u179
1.192
1.234
1.24/
1,28y
1.317
lfésﬂ
1.42¢
1,454
1.494
1.572
l.810

A-21

Hhp.o@

6fRe,. N0
700 ,0@
Blo,.8@
BSH.An
86,0
k74,92
cBy,dn
899.00A
Y0P
91y,vn
924,00
925,29
Ylu.a0
934,40
34,70

CraCK

LENGTH, |
A, INCH

CYCLE
COUNT,
N, KC

SPECIMEN @59

. +924d
972
1.039
1,789
1el42

REIL]
1,243

1.289
1,346
1,341
1,445
1,997
1.5609
1,594
1,639
{1,689
1.770
1,747
j.847
1,848
1.940
1.951
2,746

A9, 09
590,QAu
665,20
861,70
1004,9y
1285,4¢
19686,09
2246 ,8¢
2413 ,00
2527,.10
2616,8¢
2692,.7¢
2753,90
2778,3¢
28v9,29
2803,8¢
2863.5¢
287a,1¢
2877 ,.6¢
2882,7¢
2885,10
288%,80
28H6,30



CHACK

LENGTH,
y INCH

a

CYCLE

CAUNT,
Ny KC

SPECIMEN 0bd

s 908
1.212
1.047
1,125
1.178

T 1.224
1.277
1,343
1.378
1.414
1.467
1,49H
1,526
1,572
1.617
1,673
1,712
1.746
1,744
1.824
1,98

14p,00
175,928
23N, 08
26p .99
29,20
31d,90
339,16
b4, 0u
360,00
7.0
3an,an
Jd5.0u

" 39n.00

395,04
4¢0,00
485,00
407,00
489,080
41m,9¢
a11,5u
412,47

CRACK

LENGTH,
A, INCH

CYCLt

COUNT,

Ny KC

LR KR LR L N RN N R

SPECIMEN wh}

92¥
951

990
1.855
1.116
le18}
1,223
1,279
lwl\‘du
1.478
1-“10
l1.460
10248
1.270
lebld
1,687
1.721
1.774
l.844
1,930
¢ i3

A-22

158,40
180.09
21n.00

240,00

27 d. 08

jen,ue

32n.08
Jan,ud
J6a, 0t
372.080
Jd8iph,uN
9.l
AN B
anh,nd
41y.00
ald,.00
417,40
419,006
adl,n®
422,04
422,22

CwaACK

LENGTH,
A, 'INCH

CYcLE

COUNT,

N, KC

SPECIMEN Pb2

TeTeYrereYoTeErwTESw

2d7
948
N-TT
1,064
1,294
1,192
1.277
1.,3¢1
1,356
1,345

{.441

1,469
1,500
1,542
1,574
1,613
1,668
t.715
1,8¢8
1,852
1,924

170,90
245,46
2h5,0¢
303,0¢
325,48
372.00
4v0,0L
415,08
425,01
435 .4V
445,09
450,00
455,00
460, 0@
465,70
470 ,0p
475,00
477 ,0@
479,00
479,5@
479,82



CRACK

LENGTH,
A, INCH

CYCLE

COUNHT, .

Ny KC

SPECIMEN @63

»93R
1.013
1,459
1,097
1,133
1.176
1,221
1.277
1,343
1,378
1.421
1,479
1,526
1,559
{604
1,653
1.716
1,746
1.821
1,872
1,969
2,042

140,00
178,84
209,04
220,89
240,29
260,00
28p, 00
dvn 0
32n,5v
332,089
340,29
350,00
36a,080
365,909
370,04
375,04
Jua,ad
382,09
Jud, N
385,00
38%,5u
386,25

LRACK

LENLTH,
A, INLH

CYCLt
COUNT,
N, KC

SPELIMEN b64

2910

991
1,144
1,494
1.149
1,195
1243
1.298
lad4dd
1,99y
1.209
1.54%
1.590
1.b040
l1.699
1.750
1.8007
1.4y
1.89/
1.951
1,99y

6Py,
dln.08
g94,ul
1149,492
1512.14
1456,40
1566 ,.60
1659,10
1/743,.80
1743,50
1791.907
16B4,h8
iblo,df
t825,20
1831,50
1637,10@0
141,70
18d498,70
1edh 38
1udn,q0
1846.70
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CRACK

LENGTH,
Ay INCH

CyCLE

COUNT,

SPECIMEN

Aad

921

952

996
1,087
1.086
1.185
1.187
1.245
1,285
1,340
1,367
1,448
1,488
1.544
1,585
1.607
1.711
1,795
1.858
1.8%1
1.955

2HA Ak
416,020
8pa.Ap
1083,30
1335,08
1475,09
1616,00
1700,00
177@,00
1822 ,00
1854,00
18682,5¢@
1897 ,00
1912,80
1920,50
1931,40
193R, 10
1943,30
1945,3p
1948,.7%
1946,22



CRACK CYCLE
LENGTH, COUNT,
A, INCH Ny KC
SPECIMEN Y66

912 1167,00

o934 127R,00
.972 1480 ,080
1,007 17¢0.00
1,045 1940.94¢
1,070 219m,20
1,097 22¥a,00

14125 2300,080
1,169 2820,90

14224 28sun,2¢
1.274 2aen, e

1,365 3145,00
1.415 3191.0¢
1,473 3232,00
1,508 3258 ,40

1,54%  3265,00
1,691 328v,00
1.651 3z29a,00

1,706 33¢2,00
1,745 3305,00
1,797 338,00
1,840 3313,.99
1.874 3315,14
1,944 3316,50
1,972 3318,.00
2,073 3319.40
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APPERDIX B

REPORT OF INVENTIONS

After a diligent review of the work performed to generate the
aforementioned information, it is believed that no patentable innovation,

or invention was made.

However, this report does contain data on static strength and
fatigue-crack-propagation properties of rail steels presently in use in
the United States — data which is not widely available. Therefore, it is
considered that the data base generated here, although still limited, is
a unique compilation of importance for the improvement of safety and

performance of railroads in the USA.

220 copies

B-1/B-2








