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PREFACE

(TSC) of the Department of Transportation to Summarize work performed 4s a part
of Item 11 of Contract No, DOT-TSC~1076, "Rail Material Failure Characteristics".
Mr. Roger Steele of TSC was the Technical Monitor.

Experimental results developed from tests of uniaxial, smooth Specimens
obtained from the head of an unused section of rail have been reported. Testing
éncompassed a broad range of conditions — monotonic tension, monotonic com-
pression, and fully reversed constant-amplitude strain cycling. Additionally,

a study of "history effects" was made. Included in this study were tests to

examine the influence of orientation, mean stress, initial prestrain, and periodic

tion response and fatigue resistance.

The experimental work was performed in the Fatigue Labroatory of
Battelle's Columbus Laboratories by Mr. Norman Frey, whose work, care, and dili-
gence are gratefully acknowledged. The rail material used in this study was
graciously provided by Mr. D. Stone of the Association of American Railways
(AAR), Chicago. Mr. Garland Smith of BCL was responsible for the cold rolling
reduction of the rail material used in this study.
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INTRODUCTION

1n order to determine both the fatigue resistance of new rail and the
remaining life of in-service rail, use is made of fatigue damage assessment and
accumulation models. When the life to crack jnitiation of rail is defined as
that life after which the progression of a crack can be adequately modeled as 28
rate process, crack initiation and propagation are both observed to occupy
significant fractions of the rails' useful life. In this report, useful life
(design) is considered to be that portion of the life until some minimum re-
sidual strength level is reached. This level is a function of the material,
geometry, and loading and should be chosen with a view for the variable nature
of both the loading and the fatigue process. In the context of these two def-
initions, damage assessment and accumulation models for each of crack initiation
and propagation should be integrated into a single "eontinuing' damage model to
make accurate fatigue 1ife assessments for rail.

The purpose of this report is to present the results of a program to
develop experimental data for and mathematical models of the cyclic inelastic
deformation response and fatigue life of a rail steel useful in performing the
initiation and the propagation analyses noted above. These data and mathemati-
cal models are also useful in assessing the cycle dependent redistribution of
stresses and strains due to rail head plastic flow under service loading. of
particular interest in this context are the inferences of transient material
response on the shakedown phenomenon in rail(l)*.

The results are reported from experiments designed to generate base-
1ine fully reversed strain-controlled fatigue life and cyclic deformation re-
sponse data for longitudinal and transverse samples cut from an as-rolled,
unused section of steel rail. Additionally, both cyclic deformation and fatigue
1ife data developed from studies of mean stress and mechanical history effects
are reported. Test conditions designed to simulate certain events encountered
in rail service loading were both compression and tension strain-controlled mean
stress, initial uniaxial prestrain and periodic overstrain, and rolling induced
ijnitial prestrain. When sufficient data are reported or available, mathematical

models of the process are developed and discussed herein. The report considers,

* References are listed on pages 48 and 49.
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clusions.

EXPERIMENTAL DETAILS
=== ial DETATLS
Materials and Specimens

The rail from which Specimen blanks were taken for this program was
furnished by the Association of American Railways (AAR). Three 6-foot-long
pPieces cut from a single section of 119-pound-per-yard rail were provided. The
chemistry of the rail sample showed its alloy composition in weight percent as
0.82 carbon, 0.87 manganese, 0.035 phosphorous, 0.032 sulfur, 0.21 silicon, and
the balance iron, a composition within ASTM Specification Al for rail steels in
the weight range of 91 to 120 except that the carbon content was 0.02 weight
percent too high. The microstructure of this nominally eutectoid steel was ob-
served to be pearlite throughout the raii cross section. Figure 1 pPresents a
micrograph typical of this structure. Hardness contours obtained from traverses
on a grid in the head and web of the raiil were, as expected, symmetric about the
longitudinal Plane of the rail ag shown in Figure 2, part (a). The Rockwell C
hardness was in the range from 24 to 25.5 ip the central region of the rail head,

With the exception of the tests on material prestrained by rolling,
uniaxial cylindrical test specimens with a 0.250-inch diameter by 0.500-inch-
long gage section as detailed in Figure 3 were used. These specimens were
machined from 13/16-inch square by 5-1/8-inch-long specimen blanks cut Symretri-
cally from the rail head about the longitudinal Plane of the rail ag shown in
Figure 2, part (b). As evident from part (a) of Figure 2, the Rockwell C (Rc)
hardness in the reduced section of these longitudinal specimens was about Rc 24
and varied less than one point. Transverse uniaxial test specimens having a
reduced section identical to that of the longitudinal test samples were machined
from specimen blanks 11/16-inch square by 2-5/8-inch long cut across the rail
head as shown in part (c) of Figure 2. This location was chosen to best match

longitudinal specimen.



FIGURE 1.

PHOTOMICROGRAPH OF THE PEARLITIC STRUCTURE
TYPICAL OF THE RAIL HEAD, WEB AND FLANGE
MICROSTRUCTURE FOR HOT-ROLLED MATERIAL
(FROM THE HEAD); PICRAL ETCHANT
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Specimens used in the investigation of material that had been cold
worked by rolling were obtained from 5/8-inch Square blanks, 4-1/2-inch long
cut from the rolled billet. This billet, obtained from the rail head, was re-
duced according to the following schedule:

® 1-1/4-inch Square blanks were reduced using a 20 percent

per pass reduction until the blanks were 1-inch sSquare.
Rolling was in one direction only. After each pass, the
bar was rotated 90 degrees about its longitudinal axis,
At this point, any cracked material was .cut out.

® The billets were then further reduced, again using a

nominal 20 percent reduction per pass until a 5/8-inch-
thick billet was obtained. Hardnesses measured at a
thickness of 3/4 inch were from Rc 30 to 33. At final
thickness, the hardness had increased to only Re 34 to 36.

. The hardness of the 5/8-inch-thick billet appeared to be
a4 saturation value since further working did not appre-~

ciably alter the hardness,

in areas where surface cracking was not evident, A Photograph of one of the
three billets produced (Figure 4) shows clear evidence of the longitudinal
cracking and banding present in these billets. The hardness of the material in
these billets was typically Rc 34 to 36,

The reduced section of all test specimens was final machined in 20
passes of not more than 0.001 inch per pass. Samples were subsequently longi-
tudinally polished to yield a finish of about 15 u rms and then degreased and
stored. All specimens were provided with threaded ends. Longitudinal specimen
grip ends of both virgin and rolled materials were of sufficient length to pre-



PHOTOGRAPH OF A ROLLED BILLET (TYPICAL)

FIGURE 4.



Apparatus and Procedure

testing was performed in strain control.

Strain was controlled over a 0.500-inch gage length using a clip-on
eéxtensometer calibrated to ASTM Class B,. Strain wag pProgrammed to follow a
sinusoidal waveform at frequencies ranging from 0.1 Hz to 30 Hz, depending on
the amplitude of the control strain. The ability of the extensometer to operate

strain amplitude prior to beginning the test program. To ensure that the temper-
ature of the reduced section remained ambient in tests with either large strain
amplitudes or higher frequencies, the frequency was chosen so that the indicated
temperature (monitored via a thermocouple looped about and in contact with the
test section) remained constant (within § F) during testing. Strain wasg con-~

trolled to within 1 percent of the programmed signal, The extensometer cali-

Load was monitored in all tests using a commercially available load
cell mounted in series with the Specimen. Calibration of the load cell was per-
formed prior to and verified once during the test program. The load cell was
observed aééurate and linear within 0.1 percent of the operating range used,

All specimens were gripped in a fixture arrangement similar to that
detailed in Reference 2. 1t ig noteworthy that such an arrangement features g
liquid-solid Woods metal grip which serves to minimize Specimen mounting

stresses. Prior to commencing the test program, the alignment was ad justed to

recorder, while both load and strain were continuously recorded on a time-based
high-speed strip chart recorder, Specimens were examined after separation to
determine if the failure was representative of the bulk of the metal or if it
initiated at some rail Processing flaw or inclusion. No detailed metallography
of the fractures was Performed. All data reported herein were derived from
test records in accordance with the ASTM Committee E09.08 draft of a tentative
standard for fatigue testing practice.



EXPERIMENTAL PROGRAM

The experimental program consisted of basic materials cyclic inelastic

deformation and fatigue 1ife studies. The test matrix followed is presented in
Table 1.

EXPERIMENTAL RESULTS AND DISCUSSION

Deformation Response

Consider first the deformation response of the rail steel for each of
monotonic and cyclic straining, a study to which 26 specimens have been comnitted.
Data derived from results obtained from monotonic tension, monotonic compression,
incremental step and constant amplitude cyclic strain-controlled tests to charac-
terize metal static and cyclic deformation and fatigue life properties after
Morrow(B), are reported in Table 2 for both longitudinal and transverse orienta-
tions for virgin rail material. Tables 3 and 4 provide a detailed list of other
relevant data for each of the specimens tested in this phase of the program.
Data used to establish the values of these mechanical properties are shown on
coordinates of stress and strain in Figure 5 which presents in part (a) typical
deformation response obtained from monotonic tension and compression testing
along with that for the first and thirtieth blocks of incremental step cycling
for the hot-rolled (HR) material. Part (b) of this figure presents the deforma-
tion response of the HR material obtained from stable stress-strain loops devel-
oped under constant-amplitude strain cycling; part (c¢) presents that obtained
from specimens oriented transverse to the longitudinal axis of the rail, also
for HR material. Finally, part (d) presents the monotonic and cyclic deforma-
tion response for cold rolled (CR) samples of the HR material. For this report,
a stress-strain loop is gaid to be stable if the cyclic rate of change in stress
is less than 10~° ksi/cycle. Results shown in Figure 5(b) characterize the
metal's deformation response in terms of isocycle lines at cycle numbers of 1
(static tension), 10, 167, 10°, and 10®. Note that at higher strain amplitudes
(Aet/Z > 0.15 percent), the deformation response for the longitudinal samples

at cycle numbers greater than 10* is virtually coincidental.
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Upon examining part (a) of Figure 5, it is apparent that the monotonic
response in tension and compression is virtually coincident at strain levels
less that 1.5 percent. Results obtained for transverse specimens tested in mono-
tonic tension shown in Figure 5(c) differ from the corresponding longitudinal
data by less that 1 percent. Also, from part (a) of Figure 5, it can be ob-
served that the stable cyclic deformation response as developed from incremental
step testing differs significantly from the static tension data, particularly
at strain amplitudes between 0.15 and 0.35 percent and beyond 0.6 percent. In the
range of amplitudes bracketed by 0.15 and 0.35 percent, the cyclic stress re-
sponse lies below that for the corresponding monotonic value — in which case
the metal is said to have cyclically softened. Conversely, beyond a strain of
0.6 percent, the cyclic stress response lies above the monotonic curve indicating

the metal has cyclically hardened.

Note that a major fraction of the cyclic softening occurred in the
first block of loading. This observation is significant since it indicates
only a small amount of cumulative plastic strain causes virtually all of the
softening evident after a total of 38 blocks of incremental step history. This
behavior suggests that very early in 1life the deformation response of the metal
in a rail may radically change. Also of interest in this context is the cyclic
hardening observed at strains beyond 0.6 percent. Under incremental step load-
ing, the rate of hardening cannot be similarly established by comparing data
from the first and thirtieth blocks shown in Figure 5(a). To study the rate of
hardening, use must be made of transient stress-strain curves such as those
shown in part (b) of this figure. It is clear that several large amplitude
cycles accumulating a significant amount of plastic strain must occur before
the deformation response saturates. The hardening rate is, therefore, less as
compared to the softening rate. As a consequence, many applications of higher
loads would be required to achieve a comparable increase in the deformation
response of the maserial in the rail head in this high strain regime.

Note that the deformation response presented in part (a) of Figure 5
for incremental step cycling was obtained from an incremental straining about
a mean tension strain equal to 1.10 times the monotonic proportional strain. '
This condition was imposed so as to relax any residual stress induced during the
rail's manufacture. Stress response developed during this test virtually
matched that obtained during a similar test without the mean strain. Such a
result indicates that the manufacture of rail does not induce significant re-

sidual stresses in the region from which the longitudinal samples were obtained.
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The monotonic and cyclic deformation response obtained from samples
cut from blanks of the CR rail steel (Rc 34 to 36) is substantially different
than that discussed previously in the context of the as-received HR material.
This is clearly evident by comparing the respective behaviors of the HR and CR
materials shown in Figures 5(a) and 5(d). With reference to the monotonic re-
sults, note that the response for the CR material shows it to be almost two
times as '"strong" as the HR material in terms of yield strength. Note also
that the results indicate the material is stronger in compression than in ten-
sion, at least at strains less than about 0.8 percent. At strains greater than
0.75 percent, the results indicate that the tension and compression curves will
cross. Thus, beyond 0.75 percent, the CR material may be stronger in tension
than compression. In any event, the difference between the response in tension
and compression in the longitudinal samples is small (less than 3 percent in the
0.2 percent off-set yield stress). Such is, of course, expected in view of the
cold rolling prior history.

The cyclic deformation response for the CR material also shows it to
be somewhat stronger than the HR material as evideat in a comparison of the re-
sults plotted in Figures 5(a) and 5(d). Note that this behavior does not neces-
sarily relate to the corresponding behavior observed in the monotonic loading
data. Indeed usually, as reported by Dugdale(a) and later by Morrow(3), "the
(initial) strain history leaves no lasting effect" on the ensuing steady state
deformation response. Consequently, transient deformation response can be ex-
pected to return the deformation response of the CR material to a condition
approximating that observed for the HR state. The above noted tendancy is ob-
served in the curves denoted "cyclic" in Figure 5(d). Note that these cyclic
curves represent data obtained from (1) a block cycling test and (2) an incre-
mental step test(a). (For purposes of the block cycle test, the loading pro-
gram commenced at a strain level just beyond yield and continued at that strain
range for a number of cycles until the transient change per cycle was on the
order 5 x 1072 ksi/cycle. Then, and thereafter, each time the rate of transient
response approached that rate, the strain-range was increased by about 10 per-
cent of the current range.)

Both sets of cyclic stress-strain curves exhibit a small .tensile mean

stress (about 12 ksi in 240 ksi range) under fully reversed strain cycling.
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This is evident in the apparent differences in the relative strengths of the
material properties in tension and compression observed in both the monotonic
and cyclic data. Such a small mean stress, while not expected as a result of
the prestrain in rolling, can be attributed to the nonhomogeneous nature of the
deformation evident in portions of the billets from which the CR specimens were
cut (see Figure 4). If this is the cause, the attendant mean stress could be
either tensile or compressive and can be expected to "washout" under reversed
inelastic strain cycling as evident in the converging curves for temsion and
compression data obtained at larger strain levels in the block cycle test. 1In
this context, it is important to point out that neither set of cyclic curves
characterize the "stable" cyclic response since the block cycling changed strain
ranges at a transient rate of 5 x 105 ksi/cycle and the incremental step
cycling terminated after only 2 blocks. As such, further (possibly extensive)
softening can occur along with continued mean stress relaxation. The former
results in a continuing decrease in deformation resistance from the monotonic
CR stress-strain curve toward the stable cyclic response of the HR material.
(This same trend is being observed in current work on cold worked rail steels
being performed at the AAR(S).) The latter results in a stable cyclic stress-
strain response which is symmetric in tension and compression.

Mathematical models of the deformation response shown in Figure 5
and discussed above have been developed as detailed later in the Mathematical
Models section.

The dependence of the stress response on the number of strain cycles
for the HR material shown in Figure 5(b) is more easily studied when these
same data are replotted on coordinates of stress amplitude and cycles as in
Figure 6(a). A significant feature of the rail steel's cyclic deformation
response evident in this figure is that even at endurance strain levels the
material softens continuously with cycles as shown by the data for the 0.14
percent amplitude test. Because the driving force for this softening is the
presence of inelastic strain and because with softening the magnitude of this
inelastic component increases, this softening continues with further cycling.
As a consequence of this softening at strains below the endurance strain, the
use of elasticity analyses in fatigue life prediction models for rails may lead
to significantly inaccurate estimates of the stress-strain fields about inclu-

sions, rail bolt holes, and the like. Stress response obtained as a function of
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cycles from transverse samples as a function of applied cycles is comparable to
that obtained from longitudinal samples as evident in the comparison data shown
in Figure 6(b). The transverse data indicate that the stable stress response
corresponds more closely to the monotonic value indicating less softening as com-
pared to the data for longitudinal samples. Note also that the life of these
transverse samples is significantly less than the corresponding longitudinal
samples (examined later in the report). In contrast to the hardening/softening
response exhibited for the HR material, sparse data obtained for the CR mate-
rial all suggest the material softens at all strain ranges.

In addition to determining material monotonic and cyclic deformation
response under baseline fully reversed strain-controlled conditions, a study
was also made of the deformation response under nonfully reversed strain con-
trol to develop data representative of both tensile and compressive mean and
residual stress states in rails.

The results obtained from mean stress relaxation tests on samples of
HR and CR materials are presented in parts (a) to (f) of Figure 7. A total
of 14 samples were used in this study which examined the influence of both
peak strain and strain amplitude on the relaxation behavior. All together,

8 different combinations of mean strain (stress) and strain (stress) amplitude
have been studied. The results are detailed in Table 5. It is apparent from a
study of these data for comparable control conditions that the relaxation be-
havior is virtually identical for both tension and compression mean stress (cf
Specimens 15 with 38 and 39 with 48) in the HR material. Also note that for
comparable control conditions, the relaxation behavior is similar in the HR
and CR material (cf Specimen 15 with 53). _

Results obtained from the mean-stress studies discussed above are
replotted in Figure 8 on coordinates of the ratio of the mean stress in the Nth
cycle to that in the initial cycle and (reversals + 1)/2. The choice of this
coordinate system is based on convenience and ease in data interpretation.
There are three important features of the cyclic mean stress relaxation behavior
of this rail steel evident in this form of data presentation. First, the rate
of relaxation manifest in the negative slope (more negative slopes indicating
higher rates) is essentially identical for both tensile and compressive mean

stress under comparable control conditions for material in the HR condition.
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In this figure, such a response is apparent in the data presented for a controlled
cyclic strain range of 0.56 percent. Although not shown for reasons of clarity,
this same behavior is also observed in comparable tests at a controlled strain
range of 0.45 percent. The second important feature is that these data, as would
be expected, show increasing relaxation rates as the range of total strain in-
creases. Third, under comparable conditions, the relaxation rate in HR and CR
material is essentially equal.

While more extensive testing could have been performed to examine
cycle dependent mean stress relaxation, the span of controlled strain ranges
which can be investigated would not significantly extend that of the present in-
vestigation. This is because for smaller strain ranges the driving force for
relaxation (plastic strain) is so small that the phenomenon does not occur, while
at larger ranges the stress response becomes fully reversed even if the metal is
initially hardened by significant monotonic straining. But even with the results
of additional testing, the rationale for relating these test data (which in this
investigation shows the relaxation rate to depnd on the mean strain or mean
stress) and the range of controlled strain is lacking when Figure 8 is used as a
format for data interpretation. Because plastic strain provides the driving
force for this transient phenomenon, the data of Figure 8 should be rationalized
by plotting the relaxation rate as a function of plastic strain.

Figure 9 replots the relaxation data on coordinates of relaxation rate
and plastic strain range. Additionally, data are included for tests which
shared a common range but had differing mean strains. The close correspondence
of all relaxation rates with the unique trend shown in this figure indicates
" plastic strain satisfactorily accounts for the observed dependence of relaxa-
tion rate on mean strain and total strain range for this rail steel. Note also
that the behavior of the CR material falls on the trend for the extensive HR
data set. Such a format for data consolidation provides a basis for the mathe-
matical model of this cyclic mean stress relaxation behavior; details and re-
sults of which are reported later in the section Mathematical Models. Let us
next examine the fatigue resistance of this rail steel under baseline fully

reversed strain control conditions and a variety of other strain histories.
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Fatigue Resistance

As noted in the introduction, the fatigue life of a metal, be it in
use in a structure or in a test in the laboratory, is spent first initiating
then propagating fatigue cracks until unstable growth leads to complete separa-
tion. When examining the fatigue resistance of the rail steel using uniaxial
test specimens as was done in this study, the relative fraction of the total life
spent in initiation and propagation strongly depends on three major factors in
addition to the bulk character of the material. These are (1) the use of small
diameter specimens which preclude significant propagation periods, (2) the defi-
nition of crack initiation, and (3) the presence of inhomogeneities, such as
inclusions and flaws which are induced during rail fabrication whose size repre-
sent the tails of the inclusion and flaw size distribution.

Of the above-noted factors, the artificial restraint on the propaga-
tion period introduced by the use of small diameter specimens precludes the
direct comparison of the fatigue resistance of these rail steel samples with
that for actual rail. These data are, however, useful in making assessments
of the life to initiate cracks whose length is on the order of 0.l-inch long
and whose surface occupies an area of about 0.01 square inch, the size and
area typically observed for this test specimen configuration. 1In all cases
for data reported, the number of cycles to separation of the specimen differed
from that at which the tensile component of the cyclic stress response first
began decreasing as compared to the (often) stable compressive component by
less than 13 percent of the total life. For longer life tests (Nf > 10,000
cycles), this asymmetric decrease in tensile stress (indicating the presence
of a crack) occurs, on the average, in the last 5 percent of the total life.
Thus, separation is a fair measure of crack initiation life and is used as a
definition of crack initiation in this report. 1In this context, the fatigue
1ife data to be discussed in the ensuing paragraphs are useful only in pre-
dicting the formation of cracks on the order of 0.1 inch long or smaller. It
is noteworthy that such an initial crack length is convenient for use in
fracture predictions of flaw growth which typically utilize initial flaw
sizes on the order of 0.010 to 0.10 inch (e.g., Reference 6).
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The influence of last of the above-noted factors — the presence of
inhomogeneities and flaws — is often manifest in a reduction in the number of
cycles spent in crack initiation. Additionally, depending on the relative size
and character of inclusions, their presence may likewise reduce the crack-propa-
gation period. This factor, however, does not adversely effect the usefulness
of the data reported because similar inclusions and flaws exist in the actual
rail. But care must be exercised to ensure that differences in the probabilistic
distributions of the sizes and locations of inclusions and flaws between test
specimens and rails are accounted for (perhaps by the use of available models).
With these considerations in mind, the fatigue life characteristics of uniaxial
small-diameter rail steel samples will now be examined.

Fatigue resistance of the rail steel is reported in this section for
a variety of strain controlled conditions. Included are results obtained from
extensive testing under constant amplitude fully reversed and nonfully reversed
(mean stress) conditions. Also reported are results from Systematic testing
that interspersed initial cyclic compression prestrain and pefiodic overstrain
histories in otherwise constant amplitude fully reversed histories. A total of
36 samples of HR and CR material have been committed to this study. Data ob-
tained from the fully reversed baseline condition have been reduced and plotted
in Figure 10 on coordinates of strain and life in the manner detailed in Refer-
ence 3. Results developed using the nonfully reversed control condition are
presented in Figure 1l on coordinates of the product of stable maximum stress
and the strain amplitude and life. The use of this product as a basis for com-
solidating mean stress effects in fatigue has been suggested by Smith, et a1(7)
It has recently been derived as a special case of a more general energy-based
damage parameter.(s)

Since too few data are available for the nonconstant amplitude his-
tories to warrant graphical presentation, results of these tests will be reported
later when compared with the baseline data.

The constant amplitude fully reversed data shown in Figure 10 repre-
sent results of tests performed on HR longitudinal samples of the rail steel. Ex-
amination of the fracture surfaces of these specimens indicated the initiation/
propagation process began at the free surface, the crack propagating in an
intragranular manner and terminating in unstable cleavage mode without shear-

lip formation as typified by the macrograph shown in part (a) of Figure 12,

29



p
; A; , percent

Ne®
2

Ae!
2 ]

Strain Amplitude,

ASTM Al rail steel
i Fully reversed strain control of
longitudinal specimens
0 O Total strain
| A Elastic strain
0O Plastic strain
|‘
4 Elastic strain
ol ]
Plastic strain
00l | l | |
10° 10' 102 103 10 10° 108 107
Cycles to Failure, N¢
FIGURE 10. FATIGUE RESISTANCE OF THE RAIL STEEL AS A

FUNCTION OF APPLIED STRAIN

30



Ae' .
> ksi

SMX

ASTM Al rail steel
Data are from constant amplitude
strain control tests.

O Zero mean; longitudinal

@ Zero mean; transverse

A Tension mean; longitudinal

O Compression mean; longitudinal

Longitudinal
® JLA
O.| p—
— Transverse QJ
00! | ] ' ' fgnet
102 10° 10% 10° 10° 107

Cycles to Failure

FIGURE 11. FATIGUE RESISTANCE OF THE RAIL %TEEL AS A
FUNCTION OF THE PARAMETER spyyle /2

31



(a) Longitudinal Orientation for
Hot-Rolled Material

a1

Ry
f oy 453’!“"{*: o
] bk,

(b) Transverse Orientation for
Hot-Rolled Material

FIGURE 12. TYPICAL FRACTURE SURFACES

32



In many cases, the fracture surface showed evidence of multiple initiation (as
many as three sites in some instances). However, in no case were these initia-
tion sites observed to be related to metallurgical inhomogeneities or flaws dis-
cernible at a magnification factor of 10. Furthermore, no "inside-out" failures
(typically encountered in dealing with metals whose fatigue resistance is con-
trolled by void/inclusion initiation sites) were noted in this cursory metallo-
graphic study. These two facts suggest that the data of Figure 10 should be
tempered by the results of probabilistic flaw/inclusion distribution models
before being used in predictive models of the fatigue resistance of actual rail.

Comparison of the data shown in Figure 10 with that in the literature
for intermediate carbon and alloy steels measured in terms of fatigue strength-
based parameters as reported in Table 2 shows the fatigue resistance of this
steel to lie slightly below the trend for steels of comparable hardness(g).
However, its resistance as assessed in terms of fatigue ductility-based parame-
ters listed in Table 2 lies above the corresponding trend(g). In contrast to
observed differences in these measures of fatigue resistance betweea this rail
steel and trends established for other steels, the transition fatigue life cor-
responds closely with the trend value for steels of comparable hardness. As
expected, in view of the above-noted trend in stress-based resistance, the
fatigue limit for the steel lies below that observed for steels of comparable
hardness by about 18 percent. Finally, it should be noted that the total strain-
life behavior shown in Figure 10 can be analytically characterized using the
empirical strain life equation suggested by Morrow(3), the constants as well as
the equation being reported in Table 2.

Consider now the effects of mear. stress and transverse specimen orien-
tation on the fatigue resistance of the rail steel. 1In order to establish the
extent to which these effects alter the fatigue resistance as compared to that
for longitudinal samples tested under fully reversed control conditions, use
must be made of a fatigue damage parameter which provides an equivalence condi-
tion between differing control conditions for equal fatigue damage. This report
utilizes the previously introduced parameter smxAé:/2(7) for this purpose. This
parameter has been shown to achieve high consolidation for a variety of steels
and other metals<7’10). Fatigue 1ife data in Figure 10 have been replotted in
terms of the damage parameter smert/Z in Figure 11 (open circular symbols).
Also shown on this figure are data from tests of transverse samples (solid
circles) and from tensile and compressive mean stress tests (open triangles and

open squares, respectively.
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It is clear from the data shown in Figure 11 that HR transverse samples
have significantly less fatigue resistance as compared to the corresponding
longitudinal data. Some insight as to the cause of this reduced resistance is
gained from a macroscopic examination of the fracture surface. It is apparent
from such studies that the fracture surfaces of all transverse samples included
an apparent delamination flaw region as shown in Figure 12(b). Such a flaw
lying in a plane perpendicular to the loading axis would be expected to initiate
fatigue cracks almost immediately after strain cycling commences. Assuming that
such initiation occurred with the first cycle, the total life of the transverse
specimens would be spent in propagation — a seemingly realistic circumstance as
evident in the close correspondence between propagation periods in longitudinal
samples and the total life of transverse samples, especially at the lower strain
level. Given that such a circumstance prevails, predictive models for the
initiation and growth of loangitudinal vertical and horizontal flaws would best
be based on fracture mechanics principles.

Consider now the role of mean stress in altering the HR rail steels
fatigue resistance as compared to fully reversed conditions. Fatigue-life data
for a range of mean strains and strain amplitudes are shown in Figure 11 along
with the corresponding zero mean strain case. Mean stress data are available
for only a small range of lives because, as noted earlier, at higher strains
(and shorter lives) mean stress relaxes quickly to the fully reversed state
while at smaller strains negligible fatigue damage is accumulated so that
failure does not occur. It is apparent from Figure 11 that values of smert/Z
from about 0.20 to 0.07 ksi bracket these limiting conditions. Between these
values, the parameter achieves a very high data consolidation at shorter lives
(Nf < 100,000 cycles) of both the tensile and compressive mean stress data. But
at longer lives the scatter is somewhat greater, a factor in life of about 2.5
for tensile mean stress data and 10 for compressive mean stress data. Note that
fracture surfaces of all mean stress test samples are similar to that for the
fully reversed case (e.g., as shown in Figures 12(a) and 12(b).

Let us next examine the role of initial compressive cyclic prestrain,
periodic overstrain interspersed with constant amplitude cycles, and initial
cold working, in altering the fatigue resistance as compared to the constant
amplitude resistance of the HR material.

The initial compression cyclic prestrain history consisted of 50

cycles of zero-compression cycling at a strain range of 0.50 percent. Such
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compression precycling is said to cause crack initiation fatigue damage in

the form of surface roughing which serves to reduce the total life substantially
more than indicated by linear cumulative damage theory. After the application
of the cyclic prestrain, linear damage theory would indicate about 99 percent

of the life remains. For the cases examined (0.165, 0.18, and 0.36 percent
strain amplitude after initial compression cycling), the results obtained for
the intermediate amplitude shows that significantly more damage occurred than
indicated by linear damage since only 69 percent of the life remained on a
strain-life assessment basis. The stable compressive mean stress present over -
the life in this case tends to reduce the apparent impact of the prestrain.

If the influence of mean stress is considered in terms of the mean stress damage
parameter, the compressive cyclic prestrain reduces the life by a factor of
about 10 as compared to the baseline case. (Note that no failure occurred at
the lower level.) At the largest strain amplitude, the deformation response

was essentially fully reversed and compared closely to that of the baseline
case. The life was slightly longer (5 percent), an observation attributed to
the small stable compression mean stress. The action of the prestrain in re-
ducing the life is not evident at this larger amplitude. This is, however,

to be expected in view of the large plastic strain component active throughout
the entire fatigue life. These results indicate that large compression cycles
early in the life of a rail steel can significantly reduce its fatigue resistance
at lower strain amplitudes, approaching the endurance strain level. 1In the
context of predictive models for rail fatigue resistance, they suggest that
events in the service loading which cause compression overstrains early in

life do more extensive damage than would be expected based on linear damage
theory. Such a history dependence of the damage rate can be conservatively
accounted for by using initial compression precycled life data as a basis

for damage assessment in predictive models.

Consider now the influence of periodic overstrains in reducing the
fatigue resistance as compared to baseline constant amplitude data. Three
basic types of history have been examined — those which induce either tension
or compression mean stress and that which induces zero mean stress. (Unfor-
tunately, extensometer drift during the last test case invalidates- the result
and precludes its inclusion and discussion herein.) In all test cases, the
history consisted of a 100 percent overstrain interspersed in comstant ampli-
tude cycles of 0.18 percent amplitude every 10° cycles in one tensile mean
stress case and every 2.5 x 10* cycles in each of the tensile and compressive

mean stress cases. The stress response in both tensile cases was similar, the
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mean remaining in, even at 10° cycle intervals. Thus, as might be expected, the
lives were similar; 50 percent of the baseline life for the larger interval and
59 percent for the shorter. Results for the compression case using the same
prestrain range and history showed the life to be 107 percent greater than the
baseline fully reversed case. Damage due to the periodic overstrain assessed
on a linear strain-life basis for the 10° cycle interval is 1.8 x 10™* while
that for the 2.5 x 10* cycle interval is 9.1 x 10-4 for the tension mean case
and 3.2 x 103 for the compression case. In all cases this increment of damage
is very small — it, therefore, camnot account for the observed differences in
relative fatigue resistance on a strain life basis. Clearly the mean stress,
albeit small, is again a dominant factor. Yet when examined in the context of
the mean stress parameter, the action of the mean stress also fails to account for
the absolute difference in fatigue resistance between these periodic overstrain
data and that for constant amplitude cycling, as evident in Figure 13. It

is apparent'from this figure than whenever some sequence of nonconstant ampli-
tude cycles is interspersed in an otherwise constant amplitude history, the
fatigue resistance at longer lives is reduced substantially. Such an effect

has been previously observed in many metals(ll).

In some steels, this sequence
effect wipes out the fatigue (endurance) limit; such is, however, not observed
in the rail steel examined herein. In the context of predictive models of rail
fatigue resistance, these sequence effects can be simply accounted for by using
such data to calibrate the damage-life relationship.

Finally consider the influence of cold work on the fatigue resistance
of the HR rail material. Results of two constant amplitude tests show the
long life fatigue resistance of the CR material to be superior to that of the
baseline material when assessed in terms of the damage parameter, smertIZ.
This is to be expected in view of the changes in hardness caused by rolling
which suggests that the fatigue resistance at 5 x 10° cycles increases sub-
stantially, as evident in Figure l4. However, when the fatigue resistances
are compared on the basis of total strain, the results show the HR material
to be marginally superior. This apparent discrepancy can be explained in
view of the larger stresses that correspond to a given strain amplitude for
the CR material as compared to the HR material. Even though at shorter lives
a strain based assessment shows the HR material to be superior, the projected
long life fatigue resistance (assuming the elastic strain life behavior domi-
nates this situation) for the CR material shows tﬁat the increased resistance

expected in view of hardness changes will be achieved. (This projection was
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established using the fatigue strength coefficient of the HR material as one
point and the elastic strain and life from a test of the CR material as the
second point to establish the Basquin relationship.) The fatigue resistance
at 5 x 10° cycles so projected was 0.231 percent strain amplitude while that
based on hardness was 0.24 percent strain amplitude. Like the results which
showed the HR material to be sensitive to sequence, this dependence of the
material fatigue resistance on relative hardness should be incorporated in any
rail flaw initiation-prediction model. The damage life relationship could be
periodically (or continuously) updated as a function of hardness which in’ turnm,
could be prescribed as a function of some variable like cumulative plastic

strain that is computed in such models.
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MATHEMATICAL MODELS OF MATERIAL
CYCLIC INELASTIC DEFORMATION RESPONSE

Throughout the report, the static and cyclic deformation response
and fatigue resistance of a rail steel determined using small diameter uni-
axial test specimens have been reported and discussed in the context of predic-
tive models for rail failure. One of the more vexing problems encountered in
using these data in such predictive models resides in the use of uniaxial stress
data developed under constant amplitude control conditions in situations where
the stress state is multiaxial and the service loading significantly different
from that used to develop the data.

The extension of data developed under uniaxial constant amplitude
conditions to deal with multiaxial variable amplitude loading requires (1) an
equivalence condition between stress states for both deformation and fatigue
and (2) a means of resolving variable amplitude cycles into equivalent constant
amplitude cycles which cause equal fatigue damage. This section focuses on
one related aspect — constitutive equations for the cyclic inelastic defor-
mation response of time and rate independent metallics subjected to variable
amplitude mechanical cycling under isothermal conditioms. Consideration is
given only to cases where the strains and their gradients are small. First,
the general theory is discussed. Thereafter, situations in which both the loading
and the stressing are proportional are studied and models are developed for the

rail steel discussed in this report.

General Constitutive Formulation

It is clearly evident from a variety of experimental studies that,
under nonviscous flow, the yield surface may change its shape as well as either
translate or expand during the course of plastic straining(lz). Considering
an initially isotropic material, this yield surface has the general form (for

small strains and strain gradients):
f=£(s, g MN=0 ; (L

including one tensor and one scalar hardening parameter. Here f is an iso-
tropic function of the deviatoric stress temsor, S. When‘g<= 0, Equation (1)
has the form: -

£=£(s) - F(A) =0 H (2)
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the yield surface shape remains constant, uniformly expanding (or shrinking)
in accordance with the scalar parameter A. Useful measures of the parameter
A are current values of the invariant of plastic strain rate, éf} (necessarily
deviatoric assuming incompressability), and the dissipation function, 81§ éf}.
(The symbol (°) denotes a time rate of change.) Equation (1) can also be re-
written:

f=1f(s-g -C=0 . 3)

For this particular case where F(A) = constant, the initial yield surface
undergoes rigid-body translation with varying‘g representing the center of the
surface. '

It is clear from the above that Equation (1) embodies the special
hardening rules known respectively as "isotropic", Equation (2) and "kinematic",
Equation (3). It is well known that neither of these rules can characterize
the change in shape of the yield surface observed in experimental studies of
nonproportional plasticity and prestrain effects. To be sufficiently general,
Equation (1) must be rewritten to embody both translation and expansion, or
o must be made to depend on the entire deformation history. By requiring that
f be an even homogeneous function of s ) in addition to being an isotropic
function of s and EP’ Equation (1) is capable of simulating nested surfaces as
well as translation with varying @ representing the center of the surfaces(s).
It remains to specify the dependence of‘g’and A on the strain history.

During any plastic strain increment, there is a variation in both
hardening parameters. For the tensor parameter specifying translation, there

are several basic rules: that of Prager and others(13)
g=a @ (5)
and its modification by Shield and Ziegler(14)
g=bg- & )

and that of Eisenberg and Phillips(13)

— P, de Py
g=c) &+ r . ¢)

Others incorporate the form of Equation (6) in terms of joint invariants
of deviatoric stresses and strains. The scalar parameter specifying the

expansion of the surface can be chosen as it has been for the case of isotropic
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hardening discussed earlier. Note that by the inclusion of a second tensor
valued function of at least the plastic strain to impact on the shape of the
yield surface, the dependence of‘g’on the history is simplified. Onme is, :
however, left with at least as complicated a description of the yield surface(16).
Following the classical formulation, the associated flow rule has

the form

-P
e =

(8

A 14
X

satisfying the normality condition of the plastic strain increment, EE to the
corresponding yield surface at the stress point. In equation (8), » is a
positive scalar chosen such that the stress point remains on the surface during

plastic flow (the consistency condition); that is,

Bf . .y L
df=g(£-g) o, 9

~

where F(\) is assumed constant.

Complete characterization of the deformation response of a generic
element of material requires that the above flow rule be coupled with a de-
scription of the elastic response of the material. Again following the classical
formulation, it is assumed that the total nonviscous strain component can be

decomposed into an elastic and plastic part. Thus

t e

e =@
~ ~

+ &P (10)

~

Appropriate measures of the elastic strain components are detailed elsewhere(17).
A number of specific formulations have been advanced for this general class of
cyclic deformation response (e.g., see Reference 18). Their discussion is,

however, beyond the scope of the present section.

Models of Proportional Cyclic Plasticity

Generalized Stress/Strain Space for Stable Materials

In the context of the formulation presented in the previous section,
that of the present section is greatly simplified im that the dependence of o
on the invariants (or joint invariants) of stress and strain can be simply

prescribed for a given material. It is no longer a continuously varying
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tensor function of the entire history. The situation is further simplified
since stresses and strains in the generalized three-dimensional space can be
related to that of a uniaxial test through the use equivalence(17) quantities
based on the second invariant of the deviatoric stress and strain tensors (iso-
tropy implied). Through their introduction the entire character of the yield
surface can be described by a single parameter. Specifically, the theory(lg)
characterizes material deformation response in terms of hysteresis loop shape
and the Masing(zo) (kinematic) hardening rule applied in accordance with the
materials memory of prior deformation.

In general, the comstitutive equation has the form
G(s, e) =0 |, (11)

where G is a functional with domain over time, t. It is assumed that the prin-
cipal stresses are proportional and constant in direction. Furthermore, it

is assumed that only the most recent sign reversal of stress and strain governs
the loop shape. This means that stress s is a function of strain e, as well as
the stress Si» and strain‘gi, at the most recent reversal, (here i denotes

the most recent reversal). In general, this relationship exists in six

dimensional stress and strain space. Equation (11) becomes
5=£( (12)

where ii is an odd vector function valid for the stress-strain path between
t-strain rate reversals i and i + 1. The totality of all such paths may be
written

5= £fi(e, e, 84) (13)

specifying stress as a function of strain when the point Py = (si, ei) is
given. It is assumed that the hysteresis loops close for the material; that
is, the material is cyclically stable. Thus,

Si+2 = f541(e442, €4, 54) (14)

holds for all points P of strain rate reversal. Then, if for the displacements,
Hi+2 = Uy and for the tractioms Tit2 = T it is clear that the equations of

motion and constitutive equation are satisfied at tj4p if they are satisfied at
tj. The argument may be extended to any pointlpair t=tj+Tand t = tj 5+ T

to show that the hysteresis loops in load space coincide under cyclic loading
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at all intermediate points as they do at the points of strain rate reversal.
Now let the ascending (i even) and descending (i odd) branches of all material
hysteresis loops be congruent and further contruent with the first ascending
branch from the unstressed state (i = 0). Then the monotonic curve and the
cyclic stress-strain curve are identical (because the material is cyclically
stable) and are given by a "Masing transformation" of Equation 13. By this is
meant that these two curves are congruent with the hysteresis loop branches
scaled in both stress and strain by a factor of . Let the loops be described
by the function £ (which is necessarily odd) :

g-g5 = £ - £4) (15)

Then a Masing relationship exists if the cyclic stress-strain relation is
g = %¥£(2¢) (16)

It is seen(lg) that the Masing relationship holds in cyclic force-deformation
space when deformations are small (i.e., the equation of motion is linmear in
all arguments).

As presented, the theory is valid for generalized states of stress
and strain, the multiaxial nature being embodied in equivalence quantities
which are unique functions of their tensor valued counterparts under the action
of proportional stressing. These quantities must, however, be defined in terms
of ranges to have nonzero values. There are, of course, other formulations for
this class of loading(ZI). They are beyond the scope of the present report
whose purpose it is to provide background to the model of rail steel deformation

based on the previously discussed experimental data.

Uniaxial Cyclic Loading for Nonstable Materials

Building from the basic assumptions of the preceding theory in the
context of MorrOWS'(a) observations of material cyclic deformation response, we
couple a model for loop shape with the Masing kinematic hypothesis applied in
accordance with the materials memory for prior deformation. Loop shape is
modeled by a Masing transformation of the cyclic stress strain curve amalytically

depicted as

t 1/n ¥
pet s, (s
2 2E + 2K> an



The symbols n and K are best fit to model the appropriate stress-strain curve, as
detailed previously for the rail steel in Table 2 for both monotonic and stable
cyclic response. Memory can be achieved in a number of ways, depending largely
on how Equation (17) is represented for computational purposes. Such detail
is, however, beyond the scope of the present report.

The transient response between monotonic and stable cyclic conditions
can be modeled simply in terms of adjustments to the intercept (stiffness) K
and the exponent (hardening rate) n in Equation (17) as a function of some
parameter which is a simple, continuous measure of the transient; say cumula-
tive plastic strain amplitude. Following this premise and rewriting Equation
(17) to accommodate the coupled hardening-softening response of the material,

one obtains for the HR rail steel material

1/n
Aet As ( As\
= + 0.0 18
T 575 x 100 T 0:90% 139/ (18)

where n is a function of cumulative plastic strain amplitude given by

poP 00495
n=0.25 (241) (19)
5 :

2
Mean stress relaxation can likewise be modeled by appropriate
changes in the stiffness coefficient of Equation (17). Based on the observed
response of the HR rail steel material, the stress on the nth cycle, Sp» is

related to the initial stress, s;, by

sp = siNT (20)

where N is the number of cycles and r is given by r = 8.8(Aep)1'47.

More sophistocated models could of course be developed for modeling
both transient and stable response. The extent to which these refinements
would improve actual predictions depends largely on the adequacy of those
presented to accurately portray actual behavior. Comparisons of actual and
predicted response using the present models indicates that further refinements
are unwarranted., While further refinements of the upiaxial model may not be
warrented to model uniaxial response, there is a need to expand these models to
deal with multiaxial states of stress for both proportional and nonproportional
loading. At present stable cyclic response can be simulated for these more

general problems. Transients which significantly alter uniaxial stress
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response are, however, as yet not included in these models. The fact that

this analytical capability remains undeveloped is due possibly to the attendant
mathematical complexity and to the fact that much needed experimental data re-
mains undeveloped. Before adequate models of rail failure can be evolved, such

analytical models and materials data will have to be developed.

SUMMARY AND CONCLUSIONS

This report has examined the monotonic and cyclic deformation response
and fatigue life characteristics of a rail steel. Results were presented in
light of predictive models for rail fatigue resistance with particular attention
being paid to the influence of stress multiaxiality.

Conclusions which can be drawn from the experimental aspects of the

deformation and fatigue character of a rail steel follow:

® The ASTM Al rail steel undergoes significant cyclic
softening at lower inelastic strains while at larger
strain levels the metal cyclically hardens;

e Stable deformation response for this rail steel is
similarly characterized by either single specimen or
incremental step test data;

® Relaxation rates for this rail steel are similar under
comparable control conditions for each of tensile and
compressive mean stresses;

e Relaxation rates under differing combinations of the
control mean strain and cyclic range can be rationalized
on the basis of the plastic strain range;

e The fatigue resistance of longitudinal samples of this
rail steel falls slightly below that for a variety of
intermediate carbon steels and alloy steels;

e The fatigue resistance of transverse samples falls
significantly below that for longitudinal samples, and

finally;
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Compression precycling and period overstrains signifi-
cantly reduce the life of the rail steel as compared to
that anticipated on the basis of a linear damage

theory, without consideration for sequence effects.
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