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ULTRASONIC PULSE PROPAGATION IN THE COLD-WORKED
LAYER OF RAILROAD RAIL

CHAPTER I

INTRODUCTION

The distinguishing characteristic of railway trans-
portation is the flanged steel wheel rolling over a steel
rail. This simple feature provides the advantages of
guidance and mechanical efficiency which make railways
uniquely suited for the movement of a large portion of the
goods and people transported in the United States and the
rest of the world.

The advantages in energy consumption of the high
mechanical efficiency of railway movement have been well
documented in the recent literature. For examples of this
see Ref. [1,2]. It is reasonable to expect that more prudent
use of our natural resources will force an increase in the
traffic carried by the world's railways. Also, more effi-
cient railway operations, such as an increased emphasis on

unit container trains which bypass switching yards [ 3],



could attract an even greater amount of goods traffic. A
similar situation exists for passenger traffic where, in
the future, high-population-density corridors will most
likely see an increase in travel by rail vehicle [2].

An increase in the travel speed and in the utili-
zation of rail vehicles must occur if the rail systems are
to accommodatethis projected increase in rail traffic. At
the present time the fastest passenger train speed in the
United States is nearly 161 km/hr (100 mi/hr) for the
Metroliners operating between Washington and New York.
Speeds approaching and possibly exceeding the 210 km/hr
(130.5 mi/hr) speed of the Japanese National Railway's
Shinkansen operation are likely to occur in the United States.
Better freight car utilization as well as the integral-train
concept previously mentioned can greatly increase the freight
capacity of United States railways. At the present time,
the average United States freight car spends only about
twelve percent (12%) of its time moving in trains. The rest
of the time is spent in being loaded or unloaded, in terminal
movements, in classification operation, or in standing still
(%], The potential for handling increased traffic through
greater car utilization is obvious.

The average load of a typical rail freight car has
dramatically increased in recent years. In 1959 this load
was 38.5(10)3 kg (42.4 tons). By 1974 it had risen to

approximately 52.6 (10)3 kg (58 tons), representing an increase



of nearly thirty-seven percent (37%).

The parameter which most directly indicates the
useful work output of freight railways is the revenue ton-mile.
This increased from 623.6 billion in 1965 to 853.9 billion in
1974, also representing an increase of approximately thirty-
seven percent (37%). The similarity of this increase and
that for car loads alone indicates that in the past the
increased productivity has come about primarily because of
the heavier loading of cars.

In most mechanical systems, increased loadings can
be accommodated through design changes. This is partially
true, also, for the freight car. Track, however, cannot be
quickly upgraded in order to handle the increased forces
brought about by the heavier cars. Much of the main-line
rail in use today was installed before 1995 and, thus, was
not specifically designed to carry the greater loads of
today's cars.

There is reason to believe that the increased load
has had a significant effect of railway accidents, as indi-
cated in Ref. [5]. More specifically, the two components
that are engaged in rolling contact, the wheel and rail,
showed the highest correlation between changes in the annual
rate of accidents and ton-miles.

It has been postulated that these increased loadings
have led to a greater tendency for rail failure to occur due

to shelling. ©Shelling in rail is a result of extreme plastic



flow and cold working of material in the upper layer of the
rail head. The research discussed in this dissertation is
the result of an investigation of the ultrasonic-wave-propa-
gation characteristics of the cold-worked layer on the head
of used rail.

The current interest in the worked zone originated
with an earlier study of the wave-propagation characteris-
tics of the head and web of full-sized rail [6]. 1In the
earlier study, surface waves were sent and received along
the surface of the head of the rail by identical transducer
assemblies.

Fig. 1 shows the arrangement of the laboratory
equipment used in the original study. Although more detail
regarding the equipment has been given in Chapter III, some
general comments will be useful at this time. The sending
and receiving surface wave probes shown in the center of
the photograph are clamped on lop of one of the several
rails used in the study. The sending transducer, located on
the right, was connected with a coaxial cable to the pulsing
unit on the right. A box for adding a separate tuning coil
to the c¢circuit iv shown in front of the pulser. The ultrasonic
pulse, travelling essentially along the top of the rail, was
detected by the receiving transducer shown on the left. This
received signal was then displayed on the oscilloscope shown

on the left., This apparatus is discussed in more detail in



'igure 1. Apparatus for Surface Wave Measurementi: on
Full-Sized Rail [6]
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Chapter III (see Figs. 12 and 13 and related discussion).
The shape of the source pulse is discussed in greater detail
in Appendix A.

When the surface waves were propagated along the head
of used rail at certain frequencies, an unexpected event
occurred. An individual wave appeared which could be related
to the presence of the cold-worked zone on the top of the
rail head. The behavior of this wave was such that, for high
frequencies (approximately 1.0-2.0 MHz) in most of the used
rail, it appeared quite distinctly just ahead of the expected
surface wave arrival. Figs. 2a and 2b show the smaller early
arrival just ahead of the larger Rayleigh (surface) wave
arrival at a pulse frequency of 1.7 MHz. Pulse arrivals are
shown at transducer spacings starting at 100 mm and increasing
in 100 mm increments from the top trace to the lower. Fig.
2b is an expansion of the arrivals shown in Fig. 2a. At high
frequencies in new rail (Figs. 2¢ and 2d) and at lower frequen-
cies in used rail (Figs. 3a and 3b), the early arrival was
hardly noticeable, if at all. Since the occurrence of the
wave and its velocity appeared to be frequency related, it
could not be explained as a simple, bulk shear wave.

Chapter II, which follows, presents a discussion of
the stress distribution and the cold-worked area in the
rail head. This includes material on the mechanism of cold
working of metals through small contact areas. Chapter III

presents the development of a model, based on seismology,
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which attempts to identify and explain the wave-propagation
patterns observed in the earlier study (6]. Following that,
Chapter IV discusses residual stress and material texture
(preferred orientation) resulting from the cold rolling of
the rail surface to show how the observed wave speed changes

could occur. The results are summarized in Chapter V.



CHAPTER II

THE RAIL HEAD AND THE COLD-WORKED LAYER

The early period of railroading saw the appearance of
a number of proposed rail shapes [7]. These included a flat
plate, one resembling a conventional angle iron lying on its
side, and the tee-rail. The tee-rail began to resemble modern
rails in the middle of the 1800's. By 1947 the typical shape
shown in Fig. 4 had become standard in the United States.

In standard practice, the particular rail section is
identified by the source of the specification and the nominal
weight per yard. For example, the section shown in
Fig. 4, AREA 115, is a 57.0 kg/m (115 1lb/yard) rail as
specified by the American Railway Engineering Association
(AREA) .

Rails most commonly used range in weight from 39.5 kg/m
(80 1b/yard)to 69.5 kg/m (140 1b/yard). The lighter rail is
typically used for branch and switching-line service while
the heavier sections (e.g., 49.6 kg/m (100 1b/yard and over))

go in main-line track. Rail height is the most significant

10
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difference in the various sections, since this greatly affects
the section modulus and, hence, the strength in bending. The
head width varies from 63.5 mm (2.5 in) for the 39.7 kg/m
(80 1b/yard) rail to 76.2 mm (3.0 in) for the 140 1b/yard
section. Similarly, the head height varies from 38.1 mm
(1.5 in) to 52.% mm (2.062 in) for these two sections.

The chemical composition of rail steel is shown in
Table I.- Table II shows typical mechanical properties of
the steel used for conventional rail in the United States [8].

Rail manufacturing processes , as reviewed in Ref. [6],
can affect the material properties. The cooling process and the
resulting residual stress patterns are most pertinent to this
work and will be briefly summarized here. One of the most sig-
nificant changes in rail-making technology in recent years was
the adoption of the controlled-cooling process. This process,
which came into common use around 1937, virtually eliminated
failure because of "shatter cracks." These defects, which
are minute cracks caused by rapid or uneven cooling during
manufacture, had been a serious threat to railroad safety.

The residual stress pattern in the control-cooled
rail is much more favorable than that of the non-control-
cooled type [9,10]. The controlled-cooling process begins
shortly after the forged rails have been cut to length. They
lie on a "hot bed" until their temperature falls approximately
between 538° C to 386° C (1000° F to 725° F). Then the rails

are placed in special rail cars used as controlled-cooling
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Table I. Chemical Composition of Rail Steel [7]

Constituents Nominal Weight in Kilograms per Meter

(Percent) (Pounds per Yard)

34.7/39.7  %0.2/44.6 L45.1/59.5 60.0 and over
(70/80) (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 0.60-0.90 0.70-1.00 0.70-1.00

Phosphorous, 0.04 0.04 0.0k% 0.0k
Max.

Sulphur, Max. 0.05 0.05 0.05 0.05

Silicon 0.10-0.25 0.10-0.25 0.10-0.25 0.10-0.25

Table II. Typical Mechanical Properties of
Control-Cooled Rail Steel [8]

Yield Strength 503.32 MN/m° (73,000 psi)
Tensile Strength 937.69 MN/m2 (136,000 psi)
Elongation in 1 in. (25.4%mm) 12.5%
Reduction of Area 2k.5%
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bins. A minimum of ten (10) hours is required for the rails
to reach a maximum discharge temperature of approximately
149° ¢ (300° F).
After emerging from the cooling bins, the rails are
checked for straightness. If straightening is required,
this is accomplished by a series of blows by a drop hammer.
The final residual stress pattern is a result of
both the cooling and the straightening processes. The build-
up of residual stresses from cooling can be visualized by
noting that both the web and base of the rail are thimer
than the head. As a result, the web and base cool quicker and
achieve higher strength levels while the still hot head will
readily yield. As the head cools, however, no yielding can
take place in the rest of the rail, and tensile stresses due
to shrinkage occur in the head. A typical pattern for longi-
tudinal stresses in newly manufactured rail is shown by line A

in Fig. 5 [111].

Cold Working of the Rail Head During Service

The contact area between the wheel and rail in rall-
way operations has been represented as being an ellipse with
a major diameter in the direction of travel of 1%.33 mm
(0.56% in) and a minor diameter of 11.99 mm (0.472 in). The
resulting contact area is approximately 135 mm2 (0.209 in2).

A typical static force of 117.4% kN (26,400 1bs) acts on this
area [12]. The average contact stress is 870 MN/rn2 (126 ksi).

This is a typical Hertzian contact stress problem, and
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Compression 100 ~ Running O surface 100 Tension

mm.

A - New rail made of standard-grade steel

B - Work-hardened rail made of standard-grade steel

Figure 9. Variation in the Longitudinal Residual gtress
Pattern in New and Used Rail (MN/m<)
(With the permission of the ORE [11])

15



cold working results in both the wheel and rail.

Cold working of metals through small contact areas 1s
a well known process in mechanical metallurgy. For discussion
of the deformation zone geometry, Backofen defined the fol-
lowing terms [13]. The metal thickness (h) and the length of
the indenter (L) are related by the expression &4 = h/L. A
value of A greater than one (1) is known to cause cold work-
ing of a layer near to the surface of the material. The higher
the value for A&, the closer the area of maximum cold work
approaches to the surface.

Fig.6 shows the plane-strain compression field for
8 equal to 5 [13]. In the illustration on the left, the
field is considered to consist of four rigid masses. Recog-
nizing the vertical symmetry, material movement follows two
general paths. As indicated by the hodograph on the right,
material moving at the velocity of the indenter, v,y, can
flow at the respective velocities either across boundaries
AB and AC or AB, BC and CD. Velocity discontinuities exist
at each boundary. The resulting velocity of the departing
material is v4 where v4 = vpy/A.

Using the rail section shown in Fig. % as a typical
example, a value of 37 mm (1.46 in) can be assumed for h.
From the previous description of the contact zone, L can
be assumed to be 12 mm resulting in a 4 of 3.08.

For that value of &, the contact pressure required

to produce material motion is approximately three times the
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Figure 6. Plane-Strain Compression for 4 =5
(With Permission [13])
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yield strength of the material in shear [ 13]. The compressive
yvield strength for a typical rail steel, as shown in Table 11,
is 503.32 MN/m° (73,000 psi). Considering yield strenglh in
shear to be approximately one-half the compressive yield
strength, the minimum contact pressure required for material
movement is 75%.98 MN/m° (109,500 psi). Using the earlier
values for force and area, an estiméte of a typical value of
pressure caused by the wheel/rail contact is 870 MN/m2
(126,315 psi). This exceeds the value required for material
movement as calculated above.

Much of this analysis is not rigorous, mainly because
exact wheel and rail geometry have been ignored, approximate
values have been used, and dynamic forces have been neglected.
It does serve, however, as a general description of the devel-
opment of the worked zone on the rail head. A more complete
discussion of these aspects of the rail/wheel contact prob-
lem has been given in Ref.[ 12], by Martin and Hay [ 14 ],
Kalousek and Klein{ 15), and King and Kalousek[ 16]. Paul
has recently presented a summary of past and present work in
this area [17 J. The argument presented here was felt to be
most useful in demonstrating the process of cold working

through small contact areas.

Microstructure of the Cold-Worked Zone

The microstructure of new and used rail has been

studied by Block and reported in Ref.[ 6]. Fig. 7 is a
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61

Figure 7.

Overall View of a Used 119 1b. AREA Rail Head
(3.3 X, Villa's Etch), Block [6]



microphotograph of rail number seven, a used 119 Ilb/yard
rail. Records show that this rail had seen 293.6 (10)” kg
(323.6 million gross tons) of main-line service. Its
appearance indicates that it was probably installed as the
low rail on a banked section of curved track. The change in
microstructure is visible toward the top surface and toward
the top corners. The upper 1.5 mm of the center portion of
this rail is shown in Fig. 8. The depth of the very heavy
distortions, distinguishable by unequal axes of the
grains, ranges from approximately 1.5 mm at the center to
5 to 6 mm toward the corners. Lesser distortions appear
at the center up to approximately 4 mm.

This estimate of the thickness of the cold-worked
zone is in general agreement with previous work performed
on the Pennsylvania Railroad [18]. 1In that study brass pins
were placed in the head of new rail which was then installed
in a track. After approximately ninety million gross tons
of ser&ice, the flow of metal was found to extend from 5 mm
to 10 mm (0.2 to 0.4 in) below the surface. The heavily
worked zone was found to extend to a depth of 3 to 3.5 mm
in a study of rail in the Soviet Union (19]. Similarly, the
investigation into the cold-worked zone by the Office for
Research and Experiments of the International Union of
Railways has shown that the work hardening in European rail
is large only up to a depth of 3 to 4 mm [20]. Some of the
mechanical properties of the worked zone on Soviet rail have

been given by Lempitskii, et al. [21].
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I'igure 8, Section Through the Top of the Used Rail Head
(100 X, Nital Etch), Block [6]
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Effect of the Cold-Worked Zone on Crack Growth

Growth rings of a typical transverse fracture of a
rail also illustrate the presence of this cold-worked zone
(Fig. 9). Here, a defect has been assumed to be located at
the center of band number 1. Since the neutral axis during
elastic action of the rail section is typically a few inches
below the flaw growth area, one would expect higher stress
magnitudes and, hence, faster flaw growth in the area above
the origin. The effect of the compressive residual stresses
.resulting from the cold working in the upper layer is clearly
illustrated by the fact that crack growth is arrested as it
progresses toward the top of the rail. This arrested crack
growth is also illustrated by the failed rail section shown
in Fig. 10. A broken rail section similar to that shown in
Fig. 10 has been observed, and the depth from the top of the

rail to the top of the fatigue crack was measured to be 3.5 mm.

Texture of Cold-Worked Steel (Preferred Orientation)

Texture development during the cold-working process
has been shown by many investigators to affect the ultrasonic
wave propagation. This has been reviewed by Green [22].
Texture occurs in material when the grains develop a pre-
ferred rather than a random orientation. This can be caused
by some external process such as cold working. Typically,

steel plates and bars subjected to cold rolling processes
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Figure 9. Growth Rings for Transverse Fracture in Rail
(Courtesy Sperry Rail Service)

Migure 10. Transverse Fracture in Rail (Courtesy Sperry
Rail Service)
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develop a texture in which the {100} planes tend to orient
themselves parallel to the plane of rolling, and the G‘H}
directions approach within a few degrees of the direction of
rolling [13,23]. These results have usually been obtained
with low to medium carbon steels (0.08 to 0.35% C and 0.35
to 0.50% C, respectively).

Backofen reported work by Mathur which showed that
the deformation texture is affected by the value of & and the
amount of cold working [13]. The results were reported for
drawn material, rather than rolled, but they are useful in
this presentation. The intensity of X-ray reflections from
(100) planes parallel to the surface was seen to increase in
a nearly uniform manner as the amount of cold working was
increased. This change in intensity for values of 4 ranging
from one to four was grouped somewhat together. For the
(110) planes, the intensity decreased with cold working. In
this case, however the decrease was considerably less for
higher values of A(& = L4) than for lower values. Intensities
from the (111) planes behaved in a different manner. For
4 =1, the intensity increased linearly throughout the test.
For &4 = 2, this peak occurred at approximately a fifty percent
reduction, and for & = 4, it occurred at approximately a
thirty-five percent reduction. In each case the intensities
for the (111) planes were lower for the higher values of A.

Using a rolling machine simulating railway conditions,

Krause and Scholten have stated that the (135) plane tends

o



to orient itself parallel to the rolling plane wilh the [313]
direction parallel to the direction of rolling [24, 25].
These results were obtained using a medium-carbon (C 0.45%)
steel. Roller-hardened, medium-carbon steel has also been
studied by Blanter, et al. [26]. Their interest, however,
was only in the separation of the (110) and (220) planes for
stress studies.

As shown in Table I, rail steel has a carbon content
ranging from 0.67% to 0.80% for the 119 1b. section used
in this study. It is well known that for the higher carbon
steels, the propensity for the development of preferred
orientation (i.e., texture) decreases [27]. Ravitskaya,
however, stated that the worked layer of the rail head is
textured, although no specific déta were given [19]). There is
an important relationship of ultrasonic wave propagation to
texture. This relationship will be discussed later, and the
texture of the rolled surface on the rail head will be inves-

tigated.

Wave Velocities and Isotropic Poisson's Ratios

for New and Used Rail

Two new and five used rail samples were used for
much of the laboratory work reported in Ref. [6]. In order
to gain insight into the properties of the various rails,

several wave velocities were measured. These are listed in
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Table III. Rail eleven had been installed in the same main-
line track section as rail seven. It also appeared to have
been a low rail on a banked section of curved track. The
history of the other used rail is unknown.

The dilatational wave velocity, A,, and the shear
wave velocity, B,, were determined by placing an appropriate
ultrasonic transducer at the end of the rail and near to the
center of the head. The velocity of a dilatational wave pro-
pagating near to the surface of the rail (P wave) was ob-
tained using a wedge where the incident angle could be varied
from Oo to 900. This is denoted as velocity A1. The SV velo-
city, B1, is the velocity of a critically refracted shear
wave, also obtained with a variable angle wedge. The primary
differences in each rail are seen to occur in the shear wave
velocities B1 and B2. Velocity B2 is lower than By in all cases
except for rails seven and eleven. In contrast, A, and A,
are nearly the same i£ each case. All of the arriving pulses
were quite strong,and the velocities were obtained using the
first arrivals of each pulse.

The isotropic Poisson's ratios, vq4 and vy, can be cal-
culated for the upper surface and the body of the rail head,

respectively. Poisson's ratio is given by :

v, = (2.1)



Table III. Wave Velocities and Isotropic Poisson's

Ratios for the Rail Head

A B A
v v
Rail A1 B A2 B2 ] 5 2/]31 2/A1 Remarks

m/s m/s m/s mw/s
1 5878 3361 5879 13205 0.257 0.288 0.954+ 1.000 NEW
2 5868 3224 5854 3212 0.28% 0.285 0.996 0.998 USED
6 5851 3243 5854 3177 0.278 0.291 0.980 1.000 USED
7 5872 3120 5868 3195 0.303 0.289 1.02% 0.999 USED
8 5880 3375 5875 3202 0.254+ 0.289 0.949 0.999 NEW
10 5853 3217 5843 3205 0.284% 0.285 0.996 0.998 USED

11 5890 3013 5855 3195 0.323 0.288 1.061 0.99% USED
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where A; and B; are the respective dilatational and shear

wave velocities. These results are also shown in Table I1I.
The uniformity of vV, in the range from 0.285 to 0.291

is readily observed. These are values typically used for

steel. The range of v; is not quite so uniform, however,

going from 0.254% to 0.323. Even though the expected anisotropy

of the worked layer is acknowledged, this range of V4 again

indicates changes in material conditions at the surface of

the rail. It should be noted that new rails one and eight

show the lowest value for E while heavily worked rails

seven and eleven show the greatest values.

Shear Wave Velocities and Crifical Refraction

Angles in the Cold-Worked Layer

The velocity of a shear wave (SV) propagating parallel
to the rail surface along the length of the rail was discussed
in the earlier report for new and used rail [6]. These waves
were excited with a variable angle plastic wedge, and the angle
of excitation was also recorded. A plot of the observed velo-
city and the sine of the excitation angle yield further useful
observations about the cold-worked layer.

As indicated in Fig. 11, the reflection and refraction
of ultrasonic waves is generally governed by Snell's law:

S oL , (2.2)

sin 84 sin 8,
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] and 02 are the wave velocities in the plastic wedge

and the steel, respectively. Similarly, 61 and 92 are the in-

Here, C

cident and refracted angles of the beam. If 84 is the angle
vhich excites the strongest SV pulse along the surface at
62 = 900, the previous equation can be written simply as:

%

sin 8, = — (2.2a)
1 C2

The dotted line is a plot of Eq. (2.2a) for a value of C

]
equal to 2730 m/s.

A plot of 02

(6], is shown by the circles in Fig. 11. As previously stated,

vs. sin 61, using values taken from Ref.

rails one and eight are new,while the rest are used and have
cold-worked layers on the upper surface. The decrease in the
velocity of the SV wave near to the surface in used rail is
clearly demonstrated.

The slope of the solid line drawn through the data is
considerably different from the slope predicted by Snell's law.
This behavior is most likely due to an anisotropic effect in
the worked layer. Discussion to follow in Chapter IV will show
that for anisotropic material the direction of energy flux can
deviate from the direction of the wave normal [22]. Snell's
law defines the relationship of the wave normal, and the data
for 84 were obtained for maximum pulse energy.

The possibility exists that the variation in shear wave
velocity in the upper portion of the head could account for some
of the difficulty which occasionally occurs in the ultrasonic
inspection of railroad rail [28, 29]. Conventional rail
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flaw detectors excite a shear wave in the rail through a

fixed plastic wedge or a liquid-filled wheel acting on the
rail-head surface. The exact angle of incidence is fixed
according to the desired refraction angle of the shear wave
into the rail. Any number of fixed incident angles are possi-
ble, depending on the physical limitations of the carriage
system. Shear wave refraction angles in the rail are usually
in the range from 30° to 900.

The likely effect of variations in shear wave (SV)
velocity can be demonstrated with the extreme By values from
Table III. According to Ref. [29], the nominal 450 shear
wave in the rail is excited with an incident angle of 35.8°
in a plastic wedge. Using velocity B1 for rails eight and
eleven, it can be shown with Snell's law that at the 35.8°
incident angle the refracted angle for those two rails will
be h7.36° and 41.050, respectively. However, since this
beam quickly enters into the body of the rail head, a second
refraction occurs because of the effect of velocity B,. Using
the angles just obtained as the new incident angles, and B2
as the shear wave velocity in the body of the rail, it can
be further shown that the entrance angles into the body of
the rail are now approximately 44° for each rail. The result
is not seriously different from the expected %50 angle.

Using the same analogy for the nominal 70o beam, the
effect is shown to be larger. This beam would be excited

(o]
with a 51 incident angle in the plastic wedge. For this
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case, the immediate refraction angle would be 79.2° for
rail eight and 61.3° for rail eleven. The change in the
angle of the refracted wave could have a pronounced effect
on the inspection, since at the higher refraction angle, this
refracted beam would travel in the upper area of the rail
during a large portion of its journey. Upon entering the
body of the rail head, the refracted beam angles would be
68.9° for rail eight and 68.4° for rail eleven.

If a large number of probes at various angles near
to ‘70o were used, the likelihood of not detecting a rail
flaw because of this effect could be minimized. Since the
head of a used rail is most likely highly anisotropic, it
is felt that the overall effect on higher beam angles should

be considered in designing rail flaw detection systems.
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CHAPTER III

WAVE PROPAGATION IN THE COLD-WORKED LAYER

The previous study, which showed the presence of the
"early arrivals" ahead of the surface wave, concentrated on
the measurement of changes in the longitudinal rail stresses
resulting from temperature fluctuations. Variations in
Rayleigh wave velocities on the rail head, which were not
entirely understood during that work, demonstrated that these
waves could not be reliably used for that purpose. Data in
that study were obtained mostly to demonstrate the Rayleigh
wave velocities, and only brief attention was paid to the
early arrivals. As a result, the data had not been closeiy
analyzed to investigate the dispersion pattern for the early
arrivals. Although the apparatus and techniques used for
obtaining the data have been reported in Ref. [ 6], some of
the information is repeated here for the sake of completeness.

The basic apparatus used for obtaining wave velocities
in the head of full-sized rail is shown in the photograph in
Fig. 1. The schematic is shown in Fig. 12. The pulse exci-

tation circuit consisted of a modified Sperry UR Reflectoscope,
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Figure 12. Schematic of Apparatus Used on Full-Sized Rail 6]



a separate probe tuning box and the source transducer. The
primary transducer design was a 25.4% mm (1 in) square piezo-
electric plate mounted on a plastic surface wave wedge as
shown in Fig. 13. The lead-zirconate-titanate piezoelectric
plates were made of HDT-31 material, purchased from Gulton
Industries, and the plastic wedges were purchased from Comco.
The incident beam angle was 64°. The piezoelectric plate was
"air backed,” i.e., it was not mounted with a highly damped
backing material as is often the case. Some of the plates were
bonded with epoxy to the plastic wedge. Most, however, were
simply laid on a piece of thin aluminum foil. The acoustical
coupling was provided by a layer of oil between the plate and
the foil, and the foil and the plastic. A spring clamp held
the plate in place and furnished the electrical connection.
This mounting achieved a longer ringing time, which was desir-
able in this situation. With this design, the primary control
of the excitation frequency was the thickness of the piezoelec-
tric plate. Peak tuning was achieved by using either an appro-
priate internal tuning coil of the Reflectoscope or a separate
external coil.

The receiving circuit, in most cases, consisted of a
12,7 mm (0.5 in) diameter Panametrics V109 transducer mounted
on a plastic wedge identical to the one used at the sending
transducer. This was a highly damped transducer having a very
broad frequency response. When requifed, a pre-amplifier was
used on the received signal. The signal was displayed on
either a Tektronix Type 539A or a Hewlett-Packard 1707B
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Figure 13. Probe and Guide Arrangement for Surface Wave
Measurements L6]

36



oscilloscope, the oscilloscope trace being triggered by the
source pulse of the Reflectoscope.

For the earlier study, wave transmission times were
usually obtained by keeping the receiving transducer at a
fixed location and situating the source transducer at six
locations along the rail. These locations were 600 mm, 500
mm, %00 mm, 300 mm, 200mm, and 100 mm from the receiver. An
aluminum distance and alignment frame was constructed with 100
mm increments inscribed thereon. This is not shown in Fig.
1, but it is partially shown in Fig. 13. A velocity averag-
ing technique was used to obtain surface wave velocities in
the previous study. This method was not used to obtain the
velocities herein reported.

Since most of the data to be used in this study existed
in the form of photographs, as shown in Figs. 2a and 3a, the
required velocities were extracted directly from them. This
sacrificed some accuracy, but the information obtained was
still quite satisfactory. It was necessary to adopt this method
of velocity determination in order that all data would be ob-
tained in a similar manner. Appendix A furnishes more detail
on the shape of the source pulse used in these experiments.
The methodology used for determining the arrival times is des-
cribed in Appendix B.

In the photographs shown in Figs. 2 and 3, the top and
lower arrivals are those obtained at transducer spacings of

100 mm and 600 mm, respectively. In the top record, i.e, at
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100 mm, the early arrival and the surface waves are indistin-
guishable. This was assumed to be the zero reference time.
Travel times from the 100 mm to the 600 mm stations were
obtained merely by using a scale and measuring the distance
between the 100 mm arrival and those at 600 mm.

In order to minimize error, each photograph was placed
on a drafting table, and the distances were carefully marked.
Some error possibility exists in the photograph itself because
of the space existing between the face of the cathode-ray
tube showing the pulse arrivals and the graticule of the
oscilloscope. Error could also occur in reading the distance
with the scale. The combined error of the measurement was
believed not to exceed *1.5 Ws, or approximately 1% of the
transmission time.

The distance of the transducer spacing was determined
from the marks on the aluminum alignment frame, and these
were believed to be accurate to one-half of a millimeter.

For the 500 mm distance, this could represent a possible error
of £0.1%. As will be demonstrated later, this error did not
seriously affect the results.

A summary of the travel times obtained from four of
the used rail samples is shown in Table IV. The nominal fre-
quency was obtained directly from the expanded pulse display,
as shown in Fig. 3b for rail number seven. Dispersion
was evident to some extent in all pulses which could induce

some error in the value used for frequency. This was not
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Table IV. Wave Arrival Times and Velocities

Rail Freq. tR CR tS CS
oo OEl2) sy (w/s) (us) (n/3)
7 0.5 167 2994 - -

0.7 168 2976 - -
1.0 166 3012 148 3378
1.7 168 2976 156 3205
2.0 169 2958 157 3185
9 1.5 172 2906 156% 3205
2.0 166 3012 150 3333
10 0.5 170 2941 - .-
1.7 169 2958 151 3311
2.0 166 3012 151 3311
11 0.5 169 2958 * ¥ -
0.7 168 2976 - -
1.0 168 2976 152 3289
1.7 171 2924 160 3129
2.0 170 2941 160 3125

* This arrival was followed by others at 160 4s and 171 Ms
besides the surface wave.

** A very faint arrival was noted at 159 Ms.
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felt to be significant, however. In each case, tR is the
travel time for the surface wave, and tS is that of the early
arrival. The values for CR and CS are the resulting veloci-
ties.

The original data were somewhat incomplete in that a
full set of data for a wide range of frequencies had not been
obtained. To supplement this, additional data at 0.7 MHz and
1.0 MHz were taken for rails seven and eleven.

The series of photographs shown in Fig. 14 demonstrate
the behavior of the arrivals for several frequencies for
rail eleven. FEach trace shows the arrival at 600 mm and
was cut from a separate photograph. The left end of each
trace has been cut off at the zero time base established by
the 100 mm arrival in the original photograph. The slightly
wider spacing between the Rayleigh wave arrival and the early
arrival is evident at 1.0 MHz when compared to the traces
shown for both 1.7 MHz and 2.0 MHz. This difference in
arrival time was estimated to be approximately 8 ps, as shown
in Table IV.

The relative decrease in CR with increasing frequency
can be readily observed for rails seven and eleven. The
values for CS behave similarly. In the case of rails nine
and ten, CR can be seen to grow larger with increasing fre-
quency. Although more discussion on this is to follow, the

fact that B2/B1 in Table III is greater than one for rails

seven and eleven and less than one for rail ten would indicate
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(0.2 v/div.)
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Figure 14. First Shear and Fundamental Rayleigh Mode
Arrivals in Rail 11 at 0.5 MHz, 0.7 MHz,
1.0 MHz, 1.7 MHz, and 2.0 MHz, Time
Base 50 Ws/div. {Retouched Composite)
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that the change in shear wave velocity through the rail
section might be related to this observed behavior in the
surface waves. Unfortunately, no shear wave data were
obtained for rail nine.

The arrivals between t. and tR for the 1.5 MHz data

S
for rail nine and the very weak early arrival at 0.5 MHz for
rail eleven are most likely due to other modes which

were not identified.

Wave Propagation in Layered Media

The discovery of seismic waves travelling in the
earth's crust brought the attention of some of the more
notable pioneers in wave propagation to bear on the problem
of waves in layered media. First among these were Love (30]
and Lamb [31]. Stoneley [32] and Sezawa [33] also made
early and important contributions to the study of this prob-
lem. In more recent years, Tolstoy and Usdin [34] presented
solutions to the equations of motion for a variety of layered
combinations. Much of this early work has been reviewed by
Ewing, Jardetzky and Press [35].

Large-scale usage of computers was a major event in
the investigation of this very complex pattern of wave prop-
agation. This permitted the solution of the equations of
motion for a large number of material property combinations.

In the work reported in Ref. [6], the dependence of

the early arriving wave upon the existence of the cold-worked
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layer was felt to be quite conclusive. The exact identity

of the wave and the material properties governing its appear-
ance remained undetermined. An investigation into the possi-
bility that they might be Stoneley waves showed that this

was unlikely because of the particular set of material
properties required for the existence of Stoneley waves. The
conclusion that these were shear waves was reached in Ref.
[61, but no proof was given.

The work which was of greatest importance in correctly
identifying these early arrivals was that of Bolt and Butcher
[ 36] and Mooney and Bolt[ 37, 38). Using the work of Sezawa
(331 as their source, Bolt and Butcher showed that solutions
to the equations of motion for Rayleigh surface waves exist
for a single surface layer when k 2 0, C < B, < B, and B, <
C = B2. No restriction applies to A4 or A, other than the
requirement that Poisson's ratio must lie between O and 0.5.
The parameters are defined as follows for the equations of

motion and for the structure shown in Fig. 15:

. = M
- C
C = phase velocity
(h, + 2p) F
A,= |—2——2- = dilatational wave velocity
1 pi in layer i
By =L?%] = shear wave (SV) velocity in layer i
i
pi = density in layer 1
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kl, By = Lame'parameters in layer i
i =1 for upper layer, = 2 for underlying
structure
H = thickness of layer 1

The solution demands that the determinant defined by
the following matrix elements must equal zero. Following
the general definitions used by Bolt and Butcher, these

elements are:

D(1,1) = 1,87, /(T)F + T,0ry/(T5)% - 2(T,)¥ss,
1
- 2Cs1/(T3)7
D(1,2) = Cr, + 2(T2)%Sr1/(T3)% - T4Cs, -
T1Ss1/[2(T3)%(T,+)%}
i z 1 7 1
D(1,3) = | (T)*(T,)? - 1j/(1,)*
D(2,1) = 2 T,(1 - M) Cry + [2M - 2+
D, /B, |Cs
B (3.1)
D(2,2) = M(T,)3(1 - W)Sr, + T, (2 - 2
+ Py/B)8s,/(D,)?
D(2,3) = (MP2)/E2
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D(3,1) (T1)2Sr1/(T2)% + MDyTCry /(T5) - 4

% ¥
(Th) Ss1 - 2MT6051/(T3)

D(3,2) = 2T (Cr, - Cs,) + MI(T)¥6r,/(Ty)% -

Top yE
e, 1, ss,/ [0 ]

T 3
23,3 = (1% - 1,/(T)?]

Computational and material parameters for this equation are

defined as follows:

_ p2,,2
P, =C /A5
P2 = C2/A§
_ 52,2
Eq = B1/A1
22,0
E, = B2/A2

Cr, = Cosh[kH(1 - P1)]
Sr, = Sinh [kKH(1 - P1)]
Csq = Cosh[kH(1 - P1/E1)]

Ss, = Sinh[KH(1 - P,/E,)]

H
-
]
no
1
U
—_—
~
=
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T, =1 - Py/E,

T5 =1 - P2/E2

o
]
no
[}

P2/E2

- - (”2 2
M -ut2/u1 = (B292)/(B1P1)

As stated by Bolt and Butcher, the value of the
determinant remains real for all of the previously defined
conditions. Where By <C < By, Csq is real, but Ssy is
imaginary. Since Ss4 always occurs in the determinant in
conjunction with (Th)%’ and both expressions will be sim-
ultaneously imaginary when C > By the result is a real value
for the determinant for the whole range of conditions prev-
lously stated. A limiting case exists when C = B1,which
results in T = O.

There are several possible solutions to this determinant.
Those of interest to this investigation are the fundamental
Rayleigh mode and the first shear mode. The latter is often
identified as the M21 or Sezawa mode.

It is clear from the foregoing that any pairing of
two materials can be completely defined by the respective
values for A;» B; and p;j. Solutions for C within the bounds
previously given exist for a range of values for kH greater

than zero. There is a minimum value of kH for the first
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shear mode above which solutions of C exist for the equations
of motion.

A Fortran IV computer program was written using the
Newton-Raphson iteration process to find solutions for
both modes for a full range of values for kH and C. Complex
double precision computations were used. In order to start
the iteration, initial solutions of C at small values of kH
were required. For the fundamental mode, initial values of
kH were 0.01 and 0.1, and in each case C was incremented in
small values from a starting point of O.9B1. The search for
C was terminated when either the successive values of C were
in agreement to seven significant figures or the value of the
determinant became less than (10)'3.

Once these two initial solutions were found, the
Newton-Raphson process was activated to find a solution for
C at succeedingly larger values of kH. For each iteration

at a constant an, the new value of C was determined by:

|w)
=]

(3.2)

Cnst = Cp -

E

(e 3]
«Q
B

where Cpiq = new estimate of C

Q
n

previous estimate of C

o
=]
|

= value of the determinant
at C, and kHj
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3 _ Dm -~ Dm-1
oCp Cp ~ Cp-1

iteration integer = 1,2,3, .

B
fl

=]
(]

root integer = 1,2,3, . .

The evaluation of D was performed in a subroutine separate
from the main prcgram. Iterations continued until successive
values of C were in agreement to eight significant figures.

Group velocities were calculated by first writing the

equation:
oD ) _ (3.3)
3c dac + S d(kH) = 0

This equation, as given by Mooney and Bolt [38], is merely
the result of chain-rule differentiation of the original
determinant for the equation of motion when written in the

form:
D(C, kH) = 0 (3.4)

Eq. (3.3) can be rewritten as:

ac_ _ (S%I%C .(3.3a)
d(kH) (%%)kH

The evaluation of the partial derivatives was carried out in
the following manner. For the numerator, Dj is the value of

the determinant at the value of C just found to be a root

m+1
at KHn. The following parameters are defined:
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KHjy = kHp (3.9)

where CKH is a suitable decrementing constant. The numer-

ator can now be written:

(_62) s B (3.6)
okH/ Ky - kHj_1 '

A similar procedure is followed for the denominator where
Ky = KHy_q = Kip
Ck = Cp41
C

k-1 = Cper * ODT

and CDT is a suitable incrementing constant. The denominator

in Eq. (3.3a) can now be written:

(?Q) = Dk - Dk (3.7)
9C/wx  Cx - Ck-1 .

The usual expression for the group velocity (U) is

= ac
U=C+k . (3.8)

Multiplying the numerator and denominator of the derivative

by the constant H yields
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U=C+ (kH)ET997 (3.8a)

and substituting the expression from Egs. (3-3a), (3.6) and

(3.7) gives

Dj - Dj_1
K, - W,
U = ¢ - (MH.)|—3 J-1 (3.8b)
o 1 D - D .
| % Gt

As noted by Mooney and Bolt [38], this method of computing
the group velocity produces much greater accuracy in regions
of rapid change in phase velocity, near the cutoff points of
the higher modes and near the beginning and end of the range
of computation. The uniformity of the change in group velocity
can be greatly affected by the choices for CKH and CDT. These
were determined by trial-and-error.

The results of a more recent investigation into the
layered wave problem has been given by Munasinghe [39].
Using a finite difference formulation, he showed the results
for an aluminum layer over fused quartz. Phase velocity
curves for the fundamental Rayleigh mode and the first shear
mode followed a form similar to those of Bolt and Butcher
and Mooney and Bolt. Amplitude coefficients and energy
fransmission fractions were developed for the fundamental

Rayleigh mode for the aluminum and quartz model.
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Computation of Phase and Group Velocities

for the Fundamental and First Shear Mode

(Geophysical and Rail Models)

The first computational effort was to duplicate the
results for one of the models of Mooney and Bolt [37,38].
For this, the values shown in Table V were used. These
correspond to case 4487 in Ref. [37j and model 2 in Ref. [38].
Dispersion curves calculated for this model are shown in
Fig. 16. Values for CKH and CDT used in calculating the
group velocities for this model were 0.01 and 1.0, respectively.
Several notable characteristics exist for these dis-
persion curves. First, considering the fundamental mode,
the ratio of phase velocity to the shear wave (SV) velocity,
(C/B4), in the upper layer is seen to approach 1.8388 for
the lower frequencies, i.e., B4T/H greater than ten. Here,
By and H are as previously defined and T is the period. This
represents a value of C/Bg of 0.919% which corresponds to
the velocity of Rayleigh waves which would be expected in
medium two without the layer. As the frequency is increased
and the wave length becomes shorter, C/Bq approaches 0.9194%
which corresponds to the expected Rayleigh wave velocity in
a half-space having the properties of layer one. The group
velocity curve is seen to have a minimum at B1T/H = 2.3.
This dispersion curve for the fundamental mode would also

exist but would be inverted for the case B1 >>B2.
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Table V. Computational Parameters for
Geophysical and Rail Models

MCase Wby D36] 7 114

A, (u/s) 6235 5872 6255 5890 613k
B, (m/s) 3600 3120 3185 3012 3125
V4 0.250 0.303  0.325 0.323 0.325
Ay(m/s) 12,471 5868 6319 5855 6153
B,(m/s) 7200 3195 3378 3195 3289
v, 0. 250 0.289  0.300 0.288 0.300
B,/B, 2.0 1.024 1.06 1,061 1.052
A, /A, 2.0 0.9993 1.01 0.994 1.003
Po/P, 1.5 1.0 1.0 1.0 1.0
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There is a "cutoff" level shown for the first shear
mode. For B1T/H greater than a certain value, no energy
propagates in this mode. This "cutoff" is established for
the value of B1T/H which gives a value of C/B1 equal to
B2/B1. That is to say that no shear wave energy can propagate
in this first mode at a velocity higher than B2. An analysis
of Snell's law for shear waves reflecting at the interface
can demonstrate the correctness of this behavior. As the
frequency of the pulse is increased, and consequently B1T/H
is decreased, the phase velocity for the indicated curve de-
creases until it approaches C/B1 = 1 in the limit. The phase
velocity curve is seen to have several changes in slope which
result in a group velocity curve having two minima and one
maximum between the limits. The first minimum occurs slightly
below the cutoff, and the second near to B4T/H = 0.8. The
maximum occurs near to B1T/H = 1.55.

The dispersion patterns shown by these curves and
the exact numerical values obtained with this program showed
precise agreement with the results of Mooney and Bolt [37,381].
From the appearance of these two curves one can easily
associate the fundamental and first shear modes with the
behavior of the surface waves and the early arrivals seen in
the case of the used rail.

An analysis of particle displacements at different
depths and wave lengths can aid in the further understanding

of the behavior of these two waves. Xanai has calculated
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these displacements in a continuation of the investigations
of Sezawa [40]. Kanai's model assumed elastic constants
which yield A,/A, = B,/B, = 2.83 and 92/91 =1, TFigure 17
shows an approximate representation of the displacements
calculated by Kanai at a wave-length-to-thickness ratio
corresponding to B{T/H = 2.5. In this figure, u and v rep-
resent horizontal and vertical displiacements, respectivély.
The solid lines show the fundamental Rayleigh mode while the
dashed lines show the first shear (Sezawa) mode.

At approximately one-half the layer depth, the hori-
zontal displacement of the first shear mode is at a maximum
and nearly nine times greater than the corresponding hori-
zontal displacement of the fundamental Rayleigh mode. These
displacements are in phase. The vertical displacements
behave differently. Not only are they in opposing phase, the
displacement of the fundamental Rayleigh mode is nearly five
times as large as that of the first shear mode.

At the boundary, the displacements of the fundamental
Rayleigh mode are quite small. For the first shear mode, the
horizontal displacement is less than at the surface but still
four times as great as the horizontal displacement of the
fundamental Rayleigh mode. They are still in phase. The
vertical displacement of the first shear mode reaches a
maximum just above the boundary, is out of phase with the
vertical displacement of the fundamental Rayleigh mode and

is approximately eight times greater in magnitude. Below
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Figure 17. Displacements for the Fundamental Rayleigh and First
Shear (Sezawa) Modes for B¢T/H = 2.5 [40]
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the boundary, the amplitudes become quite small for all
displacements except the vertical component of the first
shear mode.

Although no discussion is given in Ref. [40] for
shorter wave lengths, it seems reasonable to assume that the
displacements of the fundamental Rayleigh mode become nearly
independent of the underlying structure as the wave length
is decreased further. The displacements of the first shear
mode at shorter wave lengthswere illustrated in an earlier
paper [41]. They become less affected by the underlying
structure but never completely free from its effects.

For the first attempt at correlating the observed
surfaée wave arrivals in the rail with the behavior predicted
by the analysis of Mooney and Bolt, values for A4, By, Ao,

B, and p2/p1 shown in Table V were assumed for rails seven
and eleven. The density ratio was measured and reported in
Ref. [6] to be near to 1.0 which is consistent with the
statement by Deiter that cold working of metals decreases
the density on the order of 0.1% [23]. The curves shown in
Figs. 18a and 18b are the predicted dispersion curves based
on these assumed velocity and density values.

The very low ratios of B2/B1 for the rails, as
compared to that of the geophysical model, should be noted,
since the range of solutions is very greatly affected by this
ratio. For the geophysical case, the range of velocity ratios,
from the minimum group velocity point for the fundamental to

the cutoff point for the first shear mode, is approximately

58



1.050

VELOCITY RATIOS

0.900

6 5 4 3 2 1
" ¢ 0 o o ° o
- ERROR
- 6 5 4 3 2 1 }BAND 1
| 6% *ir &° o !
N < y  FIRST SHEAR
i 8 F  MODE
1
i 06 05 O‘ 03 0, O1
B 6 5 4 3 é 3 2% 49 °3°‘ 1032 2° 1 °1
[ 6 0 %4 0 30 9,9 O 4 0 O °
N <
B,
™ FUNDAMENTAL 1]
- MODE B,
[T W U I T O O R I L L L i1
0.4 0.6 08 1.0 2.0 4.0 6.0 8.0

8,/H

Figure 18a. Phase and Group Velocities and Experimental

o

1.050

1.000

0.950

VELOCITY RATIOS

0.900

LA

Data for Rail Seven

o o o 03 .z 01
¢ FIRST SHEAR
3 MODE { ERROR +1%
1 BAND
céeesd o d 4
v
8,
453 4 3.2 2 1 3
.y 8¢t & g: o5 og‘ 3°o 82 0 01
00 ) 3 o’
6 8° ¢ o ¢

6

FUNDAMENTAL
MODE

-

| | B N N I I 1 | 1 | I I I N Y O

0.4 .6 0.8 1. 2. . 6.0 8.0
0 081_OB|T/H 0 | 4.0 0

Figure 18b. Phase and Group Velocities and Experimental

Data for Rail Eleven

59



1.4. The range is considerably less in the rail case, namely
0.146, or about one-tenth of the geophysical range. This
caused some computational difficulty which was partly overcome
by using incrementing and decrementing values that were
different from those used for the geophysical model. Even
with these modifications a full solution of the first shear
mode toward lower values of B1T/H was not obtained. This does
not seriously affect the results of the investigation.

The experimental data previously given in Table IV
have been converted to velocity ratios CR/B1 and CS/B1 for
rails seven and eleven and are shown in Table VI. 1In order to
plot these data versus the parameter B1T/H, as shown on the
graphs in Figs. 18a and 18b, a layer thickness, H, must be
assumed. The velocity, B1; and the period, T, are available
from the data. Estimates of the depth of the worked zone on
the rail head range from 1.5 mm to 10 mm or greater. Most of
the estimates tend to be concentrated in the range from 3 to
5 mm. Table VI lists B4T/H calculated for the B, and fre-
quency values from Tables V and IV, respectively, and a
range of layer thicknesses from 1 mm to 6 mm.

Open circles shown in Figs. 18a and 18b are experimental
data for the fundamental mode, and the solid circles are exper-
imental data for the early arrival. The small number near
each circle represents the assumed layer thickness in milli-
meters for that point. For a particular frequency, values for
CR/B1’ CS/B1’ and B1T/H are obtained from Table VI. Using

1.0 MHz and rail seven as an example, Table VI lists values of
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Table VI. 915, EB, and E§ for Rails Seven and Eleven

Rail 7

fived
0.5
0.7
1.0
1.7
2.0

Rail 11

it
0.9
0.7
1.0
1.7
2.0

H

6. 2%
k.46
3.12
1.84
1.56

1
6.0k
4.31
3.02
1.77
1.51

B4

B4

By = 3120 w/s

Layer

3.12
2.23
1.96
0.92
0.78

It

H

Thickness (mm)

3 L
2.08 1.56
1.48 1.1
1.0% 0.78
0.61 0.46

0.52 0.39

4

B1 = 3012 m/S

B4T
H

5
1.25
0.89
0.62
0.37
0.31

Layer Thickness (mm)

2
3.02
2.16
1.51
0.88
0.76

3 L

2.01 1.51
.44 1.08
1.01 0.76
0.59 0.44
0.50 0.38

5
1.21

0.86
0.60

0.35
0.30

6
1.0%
0.7%
0.52
0.31
0.26

6
1.01
0.72
0.50
0.29
0.25

Cr

B

0.982
0.988
0.988
0.971
0.976

** A very faint arrival was noted at 155 us.
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B1T/H ranging from 3.12 for an assumed H of 1 mm to 0.52 for
H =6 mm. Each frequency was plotted in this manner for both
rails. The error band (%1%) was described earlier in this
chapter.

In all cases, the observed data fall considerably
above the predicted values for both rails. It appears that
some agreement could be attained if the predicted values for
the fundamental and first shear mode could be merely shifted
upward by the same amount. The slopes of lines which could
be drawn through the points for the assumed layer thickness
seem to be in general agreement with the slopes of the pre-
dicted velocity changes.

A closer evaluation of the compatibility of the strict
geophysical velocity definitions and the real case for the
rail, and further use of the discussion of Mooney and Bolt
[38], gave hints as to where adjustments could be made to the
assumed values that would bring the predicted values more in
line with the experimental data. Parameters A1, By A2 and B2
in the geophysical case were assumed to be uniform in their
particular structure and to be truly "bulk" velocities. In

the rail case, A, and B, are unlikely to be true bulk veloci-

1 1
ties since their wave lengths are not short compared to the

assumed range of layer thickness. Ref. [6] gives nominal wave

lengths of 4.7 mm and 2.% mm for these values of A, and By, res-

1
pectively. Because of wave-guide effects, one could expect

the true bulk value of A, to be considerably greater than the

1
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value which has been used here. The same could be said for
B4, although not to the same extent because of its shorter
wave length. An increase in B4 would have the double benefit
of raising the predicted curves and lowering the velocity
ratios for the experimental data.

The valﬁes for A, and B, were obtained at the center
of the rail head. It might be reasonable to expect that the
values of A, and B2 just below the worked zone could be dif-
ferent from those obtained near to the center. This would be
consistent with the changes in yield point and ultimate stress
values found through the rail cross section by the researchers
ét the ORE [201.

Several variations of the velocities were used in an
attempt to bring about closer agreement. The best fit
was obtained by concentrating on the behavior of the first
shear mode. As previously discussed for the geophysical
case, the velocity of this wave would be expected to range
from being equal to Bp at the cutoff point and equal to B1
at very high frequencies. Therefore, By for each rail was
assumed to be the observed velocity at the highest frequency
used, namely 2.0 MHz. Similarly, B, was assumed to be the
observed velocity at the lowest frequency where the early
arrival was detected. These values were taken from Table IV
and are listed for rails 74 and 11A in Table V. The new
ratios of B2/B1 are not greatly different from the original

values.
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The remaining values to be estimated are Ay and Ap.
Since Aj and B; are related to the isotropic Poisson's
ratio, Vv; , as given by Eq. (2.3), several models were
constructed based on assumed values of v;. The original data
showed calculated values of vq to be considerably higher than
v, for both rails seven and eleven. The technical literature
generally gives a range of 0.283 to 0.300 for acceptable
values of Poisson's ratio for isotropic steel [42,431].
Bradfield has shown that v in cold-worked metal can be
higher than in the isotropic case due to a significant
decrease in the rigidity modulus [4%+]. The bulk modulus he
notes is not measurably changed by cold-working.

The best agreementsbetween experimental and predicted
results in this study were obtained by using assumed values
of v; = 0.325 and v, = 0.300. With these, new values for
Ay and A, are 6255 m/s and 6319 m/s for rail seven and 6134
m/s and 6153 m/s for rail eleven. In both cases A,/A; is
greater than one but still near to the ratios obtained
from the original data. As noted by Mooney and Bolt,
changes in A4 and, hence, v4, have a very great effect on
the results while changes in A2 affect the results only
slightly [381.

The parameters Cp/By, Co/By and BqT/H must be recalcu-
lated for these new values of By. They are listed in Table VII.

Plots of the computer results for models 7A and 11A

are shown in Figs. 19a and 19b. Also shown are the experimental
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Table VII. B1T, 93, and E§ for New Values of Bj

H B4 B4
Rail 7A By = 3185 m/s
B4T
H
Freq. Layer Thickness (mm) CR CS
(MHz) ! =
1 2 3 L 5 6 By 1
0.5 6.37 3.18 2.12 1.59 1.27 1.06 0.940 --
0.7 L,55 2,27 1.52 1.1% 0.91 0.76 0.934 -
1.0 3.18 1.59 1.06 0.80 0.6% 0.53 0.946 1.060
1.7 1.87 0.9% 0.62 0.%7 0.37 0.31 0.93% 1.006
2.0 1.59 0.80 0.53 0.4%0 0.32 0.27 0.929 1.000
Rail 11A By = 3125 m/s
H
Freq. Layer Thickness (mm)
(MHZ) EB ’s

1 2 3 & 5 & B B
0.5 6.25 3.12 2,08 1.56 1.25 1.04 0.94%6  **
0.7 L.46 2.20 1.49 1.12 0.89 0.7% 0.952 --
1.0 3.13 1.5 1.0% 0.78 0.63 0.52 0.952 1.0%
1.7 1.8% 0.92 0.61 0.46 0.37 0.31 0.936 1.000
2.0 1.56 0.78 0.52 0.39 0.31 0.26 0.9%1 1.000
** See note, Table IV.
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values obtained for Cp/B, and C¢/Bq, based on ihe new
assumed value of By. Only experimental values for layer
thicknesses of 3 mm, L mm, and 5 mm are shown in these
figures.

In both models 7A and 114, the early arrivals for an
assumed 4-mm layer thickness are seen to be in good general
agreement with the predicted velocity ratios. The lowest
frequency arrival that would be expected from a 3-mm thickness
falls somewhat above the cutoff value for B1T/H but still in
the general area. The lowest frequency arrival that would
be expected from a 5-mm layer is near to the predicted phase
velocity curve for the first shear mode. The highest frequency
arrivals for a 5-mm layer fall close to the expected phase
velocity curve while the 3-mm points are nearer to the group
velocity curve. Considering experimental error, a layer in
the range of 3-5 mm would produce results quite agreeable
with the predicted velocity ratios. This discussion
regarding the first shear mode is equally valid for either
model 7A or 11A.

Some slight differences exist in the fundamental mode
patterns for the two rail models. With the exception of one
point, the experimental data for either a 3-mm or 4-mm
layer produce a very good fit to the phase velocity curve
predicted for model 7A. The lower error limit for the out-
lying points 1s very close to the predicted phase velocity

curve so that no contradiction appears to exist. This data
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point was in the supplemental set obtained almost eighteen
months after the original data,and this could account for
part of the error. Most of the fundamental mode data for
rail eleven fall above the predicted velocity curves. A
3-mm layer appears to provide the best fit. The slope of a
line drawn approximately through the experimental velocity
data for the fundamental mode in both models is reasonably
consistent with the slope of the predicted velocity change.

These slight disagreements between observed and pre-
dicted velocities for the fundamental Rayleigh mode could
derive from several sources. First, the assumed value of By
is possibly still lower than it is in the true case. There
is also the possibility that the assumed values for Ay and
B, are not strictly correct. These disagreements do not
present a contradiction to the method of analysis but, rather,
suggest that the true .wave velocity values in the upper layer
are still higher than the assumed values.

An additional error source could be the assumption of
a well defined boundary between the upper layer and the
underlying structure. Previous discussion relative to
particle displacements has shown that the first shear mode
remains affected by the underlying structure even at high
frequencies. If the property changes take place over a finite
thickness, say a half of a millimeter or greater, then the
effect on the first shear mode would be different than for

the abrupt, discontinuous change assumed by the geophysical
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model. Thus, the choice of B, used in the model might not
exactly agree with the one required to obtain a more proper
fit for the fundamental Rayleigh mode.

It is interesting to note that the slopes of the
experimental data calculated for the fundamental Rayleigh
mode at fixed layer thicknesses appear to be increasing for
larger thicknesses. The relationship of these slopes and
the layer thicknesses can be demonstrated by visualizing two
lines drawn through two of the 1-mm and 6-mm data points
shown in Fig. 18b. The slopes of these two lines may be

expressed as

c - (L
B B1
s1 = 0.5MHZ 2.0MHz
"= 1mm <B1T) <B1%)
H H
i 0.5MHz &OMM.Hﬂmm
and (3-9)
¢ C
0. 5MH Y 2.0
- z z
Slopep=gny = (B 1T BqT
)o 5MHz ( 2.0z

Using values from Table VI, the ratio of these slopes is:

Slope(H=6 mm) . 6.0% - 1.51 _ 5.96 (3.10)
Slope (H=1 mm) 1.01 - 0.25 )
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Thus, the ratio of the slopes of the lines is approximately
equal to the ratios of the thicknesses.

The predicted values are based on the dimensionless
parameter BqT/H which can also be written A/H. Since actual
values of H do not enter into the solution of the wave
equation, the fit of the slope of the predicted values and
the slope of the actual data appear to have a significant
meaning. The slopes of assumed 3 mm - 4 mm thicknesses
show a very good fit to that of the phase velocity curve.

Fundamental Rayleigh wave velocities are dominated
at high frequencies by the value of B1. One of the more impor-
tant observations of this chapter is the reasonably good
agreement obtained between the experimental and predicted
velocities of this fundamental mode at high frequencies when
the assumed value of B1 is taken from the velocity data of the
highest frequency early arrivals.

No attempt was made in the previous discussion to
correlate the observed arrivals with group velocity curves
as distinguished from phase velocity curves. The number of
data points was too limited, and the frequency determination
was too imprecise to permit this distinction to be made to
any significant degree. Dispersive pulses are normally considered
to propagate according to the group velocity. However,
pulse trains containing many oscillations of nearly constant
period may be observed at arrival times more closely corre-

lated with the phase velocity. The method used for determining
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the arrival times largely determines whether the phase velo-
city or the group velocity is measured. Brune, Nafe and
Oliver have proposed a technique for determining the phase
velocity in dispersive pulses [45]. In order to apply this,
wave forms must be obtained at closely spaced stations

so that the dispersion can be continuously observed.

Excellent agreement between observed Rayleigh wave
arrivals and the predicted group velocities have been obtained
for a layered structure by Gregson [46]. 1In this experiment,
a 0.3-inch (7.62 mm) copper layer was attached to a 6-inch
radius (152.4 mm) steel sphere by an electroforming process.
Pulses were generated by an impacting ball bearing swinging
on a string. The resulting pulses were of the broad-band
type and, therefore, highly dispersive. Group veloclty curves
similar in shape to those shown in Figs. 16, 18 and 19 were
calculated for the model. The velocity minimum predicted for
a wave-length-to-layer thickness ratio slightly less than two
was very clearly shown in their data. Data at other wave-
length-to-layer thickness ratios also fitted quite well with
their group velocity curve. The higher order shear modes
were not seen in their experiment.

It would be of interest to further investigate the
propagation characteristics of the pulses used in obtaining
the rail data. Since the primary concern of this analysis
was to correctly identify the early arrival, further work to
distinguish between group and phase velocities was considered
to be beyond the scope of the present investigation.
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Summary and Conclusion

The primary conclusion of this chapter is that the
identity of and the properties affecting the observed early
arrival in used rail have been definitely established. Assum-
ing that cold working of the upper layer of the rail is a
gradual process with time, and that the shear wave (SV) velo-
city is affected by this cold working, one should be able to
predict the appearance of this first shear mode. This should
occur when the ratio of B2/B1 approaches a value of 1.05 to
1.06 for a work-hardened layer thickness of 3 to 5 mm. In
the next chapter, the cause for this velocity change in the

upper layer will be discussed.
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CHAPTER IV

WAVE VELOCITY CHANGES IN COLD-WORKED MATERIAL

Wave velocities are usually considered to be constant
in any given material, and this assumption is adequate for
most situations. A material which has the same velocity
for a particular wave type in any direction is isotropic
with respect to wave propagation.

Two particular exceptions to the isotropic assump-
tion occur when a material is stressed or mechanically worked.
Stresses may result from the application of an external force
field. In this case, the wave speeds may change with the
application of the external force but, in general, will
return to the original value if the elastic limit is not
exceeded. This relationship of applied stress and wave speed
change is known as the acoustoelastic effect and has been
discussed by numerous authors. A review of recent work in this
field has been given in Ref. [6]. The acoustoelastic and
third order elastic constants for rail steel have been given

in Ref.[47].
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Mechanically working a material may affect the wave
velocities in several ways. TIwo of the primary ways are
through changes in the residual stress and texture patterns.
Residual stresses may be developed in the working process
which can cause the wave velocities to vary according to the
acoustoelastic effect. Also, material texture (preferred
orientation) may occur in the material, and this can also
cause wave velocity changes. A combination of these two
effects may occur. The remainder of this chapter will show
the possible effects of both residual stress and preferred

orientation.

Effect of Residual Stress on Velocity

Change in the Cold-Worked Layer

Figure 5 shows the change in the longitudinal resi-
dual stress through the section of a used, work-hardened
rail [11]. The maximum stress differential occurs in
a depth range of 8 mm to 20 mm and upwards toward the
top of the rail. In the 8 mm to 20 mm area, the stress
is shown to be tensile and measuring approximately
40 MN/m2(5.8 ksi). The stress change is nearly linear
from 10 mm to the top surface, where it was measured to
be -160 MN/m2(-23.2 ksi). The resulting total stress
change would be -200 MN/m2(29.O ksi). The equivalent

strain difference (¢) between these two locations can be
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calculated. This is

2
e = =200 MN/m = _1000 pm/m (4.1)
200,000 MN/m?

where 200,000 MN/rn2(29(1O)6 psi) is Young's modulus for rail
steel as given by Ref. [20]. This calculation has assumed
that Young's modulus is constant through the material. Al-
though this is known to be incorrect, the induced error is
not significant for this argument [4&].

For the above strain, the wave velocity changes can
be predicted for both the dilatational and the vertical
shear (SV) waves when propagating along the rail axis [47].
The value of AC/CO for & dilatational wave at 1000 pm/m is
2.459(10)73. For the vertical shear (SV) wave, 4C/C° would
be 0.35(10)_3. Here, AC is the wave velocity change, and
c® is the original value.

If the values of A2 and B2 obtained at the middle
of the rail head are compared to the expected velocities
in the upper layer caused by residual stress (shown as A;

and B;), the following values result

A
2= L = 0.9976 (%.2)

a o (s 2.45(10)73)

,
(1. + 0.35(10)73)

0.9996 . (%.3)

B
|
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A comparison of these ratios with those shown in
Table V for the original and modeled values for both rails
seven and eleven shows that A2/A; is not greatly different
from A2/A1 for either rail. Thus, residual stress cannot
be dismissed at this point as a contributor to the change
in velocity of the dilatational wave. The shear wave velocity
ratios, on the other hand, are higher than the ratio B2/B;
by nearly five percent for both the actual values and the
modeled values. Moreover, the residual stress effect indi-
cates an increase in the shear wave velocity in the upper
layer, which 1s opposite to the observed occurrence. Since
a B2/B1 value greater than one is required to excite the first
shear mode, there must be some other explanation for the
observed velocity changes in the upper layer.

The anticipated effect of vertical residual stresses
in the work-hardened layer can also be calculated from
Ref. [ 11, 47]. Vertical residual stress was reported in Ref.[11]
for a vertical plane running along the length of the rail
and located at the section center line. These data showed a
negligible vertical stress level for the top five millimeters
of new and used rail. Below the 5-mm level, the vertical
stresses for new rail become increasingly compressive, reach-
ing a maximum of -80 MN/me(11.6 ksi) at a depth of 23 mm. The
character of the change for used rail is similar. From the
approximate zero level at 5 mm, the residual stress becomes

increasingly compressive until reaching a maximum of

-140 MN/m2(20.3 ksi) at a 15-mm depth.
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The change in wave speed caused by these stress
changes for a shear wave propagating along the axis of the
rail and polarized in the vertical direction (SV wave) can
be calculated in the same manner used to evaluate the effect
of longitudinal stress. The equivalent strain difference be-
tween the upper and lower sections of the head of the used

rail is:

_ _-140 MN/m? _
200,000 MN/m?

-700 pun/m . CRD

The relative velocity change for this level of strain is

8C/C° = 1,0(10)73 resulting in a velocity ratio of

td

-2 = ! = 0.999 : (4.5)

1 (1.+ 1. (10)™3)

This effect is negligible when compared to the observed velo-
city ratios shown in Table V.

If the combined effects of longitudinal and vertical
stresses on the SV wave are considered, the velocity ratio

would be:

Ny

= L = 0.9986 . &.6)
1 (1.+ 1.35(10)73)

w

This is also small, and a stress difference can be dismissed
as a contributor to the observed shear wave velocity change.

The effect of stress changes across the rail head can
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be neglected since this has been shown to have a very small

effect upon waves propagating in the manner of the SV wave (k71.

Effect of Preferred Orientation (Texture)

on the Velocity Change in the Cold-Worked

Layer

Numerous authors have discussed propagation of
waves and the general elastic properties of crystals. The
summary presented by Green will be most useful for the
present investigation [22].

The solutions for wave propagation in bulk, isotropic

solids are recalled to be

<
fl

(O + 203/9)%

and 1 (L}."?)
p = V3= (W/p)?

<
1]

velocity of a pure longitudinal mode having

where vy
particle motion in the direction of the wave
front normal
V,yV, - velocities of pure transverse modes having
particle motions perpendicular to the wave
normal and also mutually perpendicular
A, - Lamé constants

p - density .
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In all three cases, the energy front travels in the same

direction as the wave normal.

A general expression for the equation governing the

waves propagating in an anisotropic medium, given by Green,

is:
et - pvob =0 (4.8)
1jkt747; ik
where Cijk& = second order elastic constants
LL’ Lj= direction cosines of the normal to the
plane wave
v = velocity
and 6ik = Kronecker delta
Now, let
= (%.9)

A 1.4
ik - %13kt 47
so that by changing from tensor notation to matrix notation
for the elastic constants, assigning 44 = 4, 42 = m and
43 = n and recognizing certain characteristics of the crystals,

one can obtain simplified expressions as follows.

For cubic crystals it has been shown that there are

only twelve non-zero elastic constants Cij’ i.e.,

‘117 %22 7 %33

1
0
!
(¢]
I}
o
|
o
1}
o

79



where all other cij are zero. Therefore, Egs. (4.9)

become:

>
i

2 2 2
1
11 ¢4 + (m + n )cm+

Mo = My = tmleyy + o)
My = hgp = bleg, + o) (+.92)
h23 = k32 = mn(c12 + Chh)
22~ (4% + n%)ey, + oy,
A33 = (&2 + m2)ch4 + nzc11

Also, by substituting Egs. (%.9) into Eg. (4.8), one

can write the following matrix equation:

2
Mg - oV Mo M3
Ao hpy = PV oy = 0 (%.10)
2
k31 k32 133 - pV

It can now be shown that the assumption of a set of direction
cosines for the wave normal and elastic constants will re-
sult in solutions for the three wave velocities.

Consider the cubic crystal shown in Fig. 20. A plane
wave propagating in the [100] direction will have direction

cosinest =1, m=n = 0.* Substituting these values

* The use of Miller indices is discussed in most basic metal-
lurgical and materials texts. See Barrett and Massalski,
for example [27].
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into Egs. (4.9a) and (%.10), one obtains the solutions:
(eqq - pvz)(cm+ - pvz)(cmF - pv?) = 0 . (4.10a2)

The resulting wave velocities in the [100] direction are

therefore:

(011/9)%

V4

(%+.11)

v

1
- 2
5 V3 = (C)+)+/p)

With the substitution of Egs. (%.9a) into an equa-
tion for the direction cosines of the particle displacements
(eigenvectors) and using direction cosines +=1, m=n = 0,
Green showed that the particle motions associated with the
velocities in Eq. (4.11) are identical to those assumed for
Eqs. (4.7). Here v, and vy are defined to have particle
motions in the [010] and [001] directions, respectively.
Also, the energy flux vector can be shown to be in the
direction of the wave normal for this case.

For plane waves propagating in the [110] direction,
the direction cosines will be 4= m = 1/2 and n = 0. The

resulting velocities are:

vy = Lleqq + cqp + 2044)/291%
vy = Lleqq - cq)/203% (1. 12)

V3 = (Ckh/p)%
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An analysis of particle displacements shows that vy again is
a pure longitudinal mode, v, 1s a pure transverse mode
with particle motion in the [110) direction, and vy is also
a pure transverse mode but with particle motion in the
[001] direction. Moreover, the energy flow is in the same
direction as the wave normal.

In the [111] direction, the direction cosines of the

wave normal are Y =m = n = 1//3 and the velocities are:

%
2 L
v1 _ |:C11 + 012 + C)_l_]_l]
3p
(%.13)

1
=yl = C11 = Cqp * Cyy

Here again, v4 is a pure longitudinal mode, and v, and v3

are pure transverse modes. For the longitudinal mode, the

energy flux is again in the direction of the wave normal, but

for the transverse modes, Green showedthat the energy flux

deviates from the wave normal by an angle

1811 = G120 - 2oy . (4. 11
/2 (eqq - cqp t o)

6 = tan~

In order to fully discuss wave propagation in crystals
at arbitrary directions, the stereographic projection is
employed. Stereographic projections were described by Barrett

and Massalski [27]. These are merely graphical presentations
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of some geometric parameter of a crystal, velocity in this
case. Green [22] and Gold [48] have used this technique in
wave velocity calculation for various crystals.

A stereographic triangle for cubic crystal is shown in
Fig. 21. 1In crystallographic notation, a line over
an index indicates a negative direction. Following Green,
the [100] direction is seen to come directly out of the paper
while the [110]) and [111 directions are at the other corners
of the darkened triangle.

Wave velocities at various angles can be calculated
from Eqs. (%.9a) and (4.10) once a set of direction cosines
(4, m and n) have been assumed. A computer program was
written to obtain these solutions. Constant-velocity (isospeed)
contours for the three types of waves in an iron crystal are
shown in Figs. 22a, 22b and 22¢. These results are similar
to those given by Gold 8], Table VIII lists the material
constants used in these calculations.

Precise velocities are shown for vy, v, and V3 along
each of the [100], [110] and [111] directions. The velocity
of v4 1s seen to be different along each direction. The
values for L and v3 are seen to be equal to each other on
the [100] and [111] axis and unequal along the [110]. From
the isospeed contours, V3 is seen to be greater than v,,
except at the poles [100] and[111] where they are equal.
Musgrave has plotted velocity contours for all three waves

propagating in the [001] and [110] planes in an iron crystal [49l.
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Figure 22a. Isospeed
Contours for Longitudinal
Waves in Iron [vy(m/s)]

Figure 22b. Isospeed
Contours for Slow Shear
Waves in Iron [vz(m/S)]
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Figure 22c. Isospeed
3470 %ontours for F%st Shear
aves in Iron v
3600 3(m/s)]
3680
3750
3850 3850
f1o0) [110]
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Table VIII. Material Constants for Iron

P 23.7(10) 19 w/n?
¢ 14,1(10)10 w/m2
o, 11.6(10)'0 y/n?

0 7.826(10)° kg/m3

Note: Density is for 0.9%C Steel
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For a cubic crystal, symmetry demands that a complete
description of wave velocities in the crystal can be obtained
from the information in the triangle. That is to say that
any direction found outside of the triangle has a counter-
part which is crystallographically related to a direction
within the triangle.

Sullivan and Papadakis, among others, have shown that
the accurate measurement of ultrasonic velocities can be
used to determine the existence of preferred orientation in
rolled metals [50]. It was first observed that for a material
structure having completely random orientation, the two trans-
verse waves would have exactly the same velocity when passing
through the thickness of the test specimen. On the other
hand, if a rolled texture existed in the specimen, such as the
one previously described for the rail, a difference in ) and

v, would be noted at certain propagation directions. Pole

3
figures for rolled iron have been produced, using this tech-
nique, by rotating the transducers through a vertical axis
passing through the specimen thickness. Alers and Liu [51]
and Tittman and Alers [52] have also reported results on the
ultrasonic evaluation of material texture. Markham has
reported ultrasonic wave velocities at orthogonal directions
in several anisotropic materials including a sample of 0.9%C
(pearlitic) steel [53].

Rayleigh-wave critical-angle reflectivity has been
applied to determining the amount of cold work in metals.

Using water as the coupling medium, Reimann and Cason showed
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that for a piece of 316 stainless steel, the Rayleigh-wave
critical angle increased from approximately 30.50 to greater
than 340 as the percentage of cold work increased from O to
50 [5%]. Becker and Richardson have developed an accurate
mathematical model describing Rayleigh-wave critical-angle
reflectivity using vibrations in solids and hysteresis
between stress and strain to account for the behavior [55].
Later work showed the effect of material density and wave

velocities on the critical angle [56].

Texture Models for Determining Preferred

Orientation in Used Rail

Ultrasonic investigations into material texture are
dependent upon knowing which textures are to be expected and
what the velocity variations are for each. Table IX lists
five textures which have been reported in worked steel. As
before, the numbers in parentheses represent the plane
parallel to the rolling plane, and the numbers in square
brackets give the crystallographic directions which are aligned
with the direction of rolling. The comparative X-ray inten-
sities for textures I through IV are for cold-drawn mild-
steel strip.

In the present case, the top surface of the rail
head is considered to be the plane of rolling, and the longi-
tudinal axis of the rail is considered to be the rolling

direction. Case IV would be unlikely to occur in the rail
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Case

II

III

IV

Table IX. Textures in Worked Steel

Texture Comparative X-ray Remarks References
Intensities from
Reflecting Plane
High & Large amount
of material
reduction
(100) [001] Increased  Increased _ [13]
(100)[011] Same as Same as Similar to [13],
case I case I case I but [27],
rotated 45° [50]
in rolling
plane. Very
common roll-
ing texture.
(110) [001] Increased Decreased _ [13]
(111)[112] Decreased Decreased . [13]
for High &
(331)[112] Increased Increased Approxi- [24],
mation of [25]
(135) (313 ]
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case because of the decrease in X-ray intensities with
higher values of A. All others could occur.

In order to experimentally investigate the texture
of the cold-worked layer, velocity profiles were calculated
for the rolling plane and for the vertical plane containing
the rolling direction. This was done only for cases I, II, III,
and V, and the results are plotted in Figs. 23 through 26,
respectively. The top illustration shows the velocities of
the longitudinal and the two transverse waves in the rolling
plane. The same information is shown in the lower illustra-
tion for the vertical plane. In each case, the crystallo-
graphic direction which is expected to be aligned with the
rolling direction is indicated to be downward.

The path of the end of the vector indicating the prop-
agation direction is shown by the heavy line on the stereo-
graphic triangle at the right of the figure. Since a full
360° plot of the velocities involves directions out of the
shaded triangle shown in Fig. 21, the notation of "directions
of the form" has been adopted for the small triangle. This
is indicated by the carets() where, for example, the direc-
tions of the form <01] have identical velocity properties.
Typical {019 directions are [011], [101], [110], etec.

The velocity patterns in Fig. 23 for the (100)[001]
texture show four-fold symmetry for directions in both the
rolling plane and the vertical plane. In each case, the

directions remain in a plane defined by Q0D and Q1D .
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If velocity measurements for this texture were made in the
rolling plane at directions 0°, 45° and 90° to the rolling
direction, v, would be found to equal V3 at the 0° and 90°
directions. They would be unequal at Lgo, Also, the longi-
tudinal wave velocity would exhibit a maximum at 45° and

have the same lower value at 0° and 90°. Identical behavior
would be expected from measurements taken in the vertical plane.
Solutions for velocities in each of these directions are
tabulated in Table X for all cases. The expected velocity
difference (v3 - v2) is also listed.

The velocity profile shown in Fig. 24 for the rolling
plane of the (100) [011] texture is exactly the same as in the
rolling plane of case I except for [011] now being in the
rolling direction. As before, the path for the vector in
this plane is between Q0D and Q11>. The vertical plane
behaves differently, since it is now in (011). This profile
shows two-fold symmetry, and its propagation vector lies
between Q19 and {41 . For velocities in the rolling plane,
v, would be equal to vy at the 45° direction but unequal at
the 0° and 90° directions. The longitudinal wave would
indicate a maximum at 0° and 90° and a minimum at 45°. 1In
the vertical plane, v, is equal to V3 at 35.3° (corresponding
to 11D ) and at 90°, A large difference exists between
these two velocities at 0°, The longitudinal wave shows a
maximum at 35.3°% a lower value at 0° and a minimum at 90°.

These velocities are also tabulated in Table X. Barrett and

95



Table X.

450
90°

00
450
90°

Ideal Textures (m/s)

CASE I

Horizontal Plane

V1 V2 V3
5503 3850 3850
6243 2476 3850
5503 3850 3850

CASE II

Horizontal Plane

V1 V2 V3
6243 2476 3850
5503 3850 3850
6243 2476 3850

(100)[001]

CASE III (110)[001]

Horizontal Plane

V1 V2 V3
5503 3850 3850
6410 2883 3242
6243 2476 3850

Predicted Velocities from Various

Vertical Plane

(v3-v2) v v, V3
0 5503 3850 3850
1374 6243 2476 3850
0 5503 3850 3850
(100)L011]
Vertical Plane
(v3-v2) vy Vs V3
1374 6243 2476 3850
0 6410 2883 3242
1374 5503 3850 3850
Vertical Plane
(v3-v2) v, v, v
0 5503 3850 3850
359 6410 2883 3242
1374 6243 2476 3850
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(v3-v2)

0
1374
0

(v3-v2)
1374
359

(v —v2)
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Table X (continued)

CASE V

Horizontal Plane

A
6263
6274
59k
6280

V2
2899
2745
3173
2818

3
3507
3609
3805
3542

Vertical Plane

(531)[112]

(v3-v2) V4
608 6263
864% 6040
632 6380
724 6180
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2899
2936
2664

2730

V3

3507
3850
3483

3779

(v3-v2)
608
91k
819
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Massalski stated that this is the chief texture found in
rolled steel. They further stated that deviations up to 55°
can occur in the orientations. These variations are related
to the amount of material reduction [27].

As was true for case I, the rolling plane and verti-
cal plane show identical velocity profiles for case III,
(110)L001]. This is shown in Fig. 25. Moreover, these
profiles are the same as shown for the vertical plane in
case II with the rotation of 90°. All propagation vectors
lie in the path from Q0D to 1D to Q1P . For this
texture, Vs equals v3 at 0° and 54.7°, but v, is consider-

3

ably greater than v, at 90°. The maximum longitudinal wave

2
velocity occurs at 54.7° and the minimum occurs at 0°. The
value of vq at 90° is greater than the value found at 0°.

The profiles for case V are considerably more compli-
cated than for the others. The path for a 180° rotation in
the rolling plane (135 is shown in the stereographic tri-
angle. The directions indicated by the lower case letters
were not reduced to Miller indices but are provided as an
aid in viewing the velocity profiles.

The (531)[112] texture is slightly different from the
(135)[313] reported by Krause [25]. The [313] direction is
approximately 'sixteen degrees from the (531) plane. The
choice of [112] for the rolling direction slightly affects

the velocity values, but the pattern for the rolling plane

is similar to that expected from a rolling plane passing
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through [313]. The vertical plane passing through [112]
also passes through [313]. The [313] direction is approxi-
mately fourteen degrees from the [101] direction that is
used in case II as a rolling direction. The normal to the
(531) plane lies 32.3° from the normal to the (100) plane.
The (531)[112] texture has been shown by Alers and Liu to
provide a reasonable fit to observed Young's modulus data
for a cold-rolled copper-zinc bar [51]. Copper is a face-
centered-cubic structure so that the correlation with body-
centered-cubic structures, such as iron, is not exactly
correct.

The most significant feature of this texture is
that the two shear wave velocities are never equal. The
minimum difference occurs at approximately 20° (counter-
clockwise) and -160° (clockwise). The fast shear wave
(v3) reaches a maximum at six locations while the least
value occurs only twice (+20° and -160°). The slow shear
wave (v2) shows a more irregular pattern, reaching a
minimum at -70° and +110°. The greatest difference in
the two values occurs at these locations. The longitudinal
wave velocity shows a more regular pattern reaching a maxi-
mum at +20° and -160°. Velocity values shown in Table X are
for 0°, +45°, -45°, and 90° in the rolling plane and
0°, +45°, -45° and 90° in the vertical plane.
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Experimental Investigations of

Velocities in Cold-Worked Samples

In order to gain some insight into the material
structure in the cold-worked layer of used railroad rail,
velocity measurements were made on several sections removed
from the rail head. The location of each sample in the
rail head is shown in Fig. 27, and a description of each
is given in Table XI. Samples T1 and T2 were used to eval-
uate the experimental technique.

Shear wave velocity measurements were made using the
ultrasonic goniometer shown in Fig. 28. Two Panametrics
Type V222 normal incident shear-wave transducers were used
for sending and receiving the pulse across the specimen.
These were highly damped transducers with a nominal resonant
frequency of 20 MHz. Information furnished by the manufac-
turer showed the two transducers to have peaks at 10 MHz and
19 MHz, respectively. The piezoelectric element was one-
quarter of an inch (6.35 mm) in diameter. A 2.05 WUs, quartz
delay section was built into each transducer. The face of
this section was in contact with the specimen.

Longitudinal wave velocities were obtained with two
one-half inch (12.7 mm) diameter Panametrics V109 highly
damped transducers. The nominal resonant frequency of these
was 5.0 MHz.

Pulses were excited and received with a Panametrics

5052PR Pulser/Receiver having a bandwidth of 10 kHz to
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T10,T13

T3

Figure 27. Specimens for Rail Texture Studies
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Table XI. Description of Laboratory Samples Used

in Texture Investigation

Sample Thickness Length Width Remarks
mm mm mm
T1 9.496 75.0 65.0 Mild steel plate,
annealed
T2 9.350 63.5 76.0 Cold-rolled 4140
steel bar
T3 8.255 L5, 7 54.0 Section of used

rail just below

cold-worked layer

T7 16.13 22.9 16.13 Middle of used rail
with cold-worked

layer at top

T10 L.712 23.0 20.0 Top layer of used
rail

T13 L, 712 23.0 20.0 Top layer of new
rail

T15 2.527 31.7 19.0 45° section of used

rail with cold-
worked layer at

top
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Figure 28. Ultrasonic Goniometer
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30 MHz. A Tektronix 5354 oscilloscope with a Type CA ampli-
fier was used to display the received signals. The bandwidth
of the oscilloscope was 2 Hz to 12 MHz. Velocities were
determined from the arrival(s) at the receiving transducer
in a through-transmission arrangement. Multiple echoes as
seen by the receiver were used for greater accuracy when
possible. Quite often the strong echoes arising within the
transducer delay sections made it impossible to distinguish
the multiple echoes occurring within the test specimen.

A coil spring was placed within the transducer holders
and behind each transducer. The transducer holders were
movable in the vertical direction and could be rotated for
proper alignment. Shear-wave particle motion was in the
direction indicated by the cable connections. A viscous
shear-wave couplant was used between each transducer and the
specimen. Each specimen was clamped between the transducers
before the set screws on the specimen holding arm were secured.
By doing this with care, no discernable misalignment occurred
between the specimen and the transducer faces. Once the
transducers and the specimen were fixed, the goniometer
could be rotated freely. Angular position was marked at 50
intervals on the plate. Zero was at the position such
that the shear-wave particle motion was parallel to the hold-
ing arm. A small section from +167 to -167° could not be
reached because of goniometer and holding arm interference.
If information was needed in this area, the specimen was
rotated 90O in the holder.
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The annealed specimen T1 was first checked in order
to detect any bias resulting from the apparatus or from
specimen misalignment. In a 167° scan, at 50 intervals, the
lowest shear wave velocity (3219 m/s) was observed at 0°
orientation,while a maximum of 3226 m/s was found at two
locations, 75° and 160°. The average velocity was 3222.6
m/s with a standard deviation of 1.71 m/s. The piece was
then rotated 900, and a second 167° scan was made. In this
case, the low velocity (3214 m/s) occurred at 80° which is
equal to -10° at the original orientation. The velocity
average for the piece rotated 90O was 3217 m/s with a stan-
dard deviation of 1.75 m/s. The general agreement of the
location of the minimum velocity and the closeness of the two
standard deviations indicated that the goniometer itself
was not inflicting any serious bias on the measurement. The
velocity averages differed by 0.17% (5.6 m/s). In general,
the velocities with the piece rotated 90° were lower than
those obtained at first. This could have been caused by a
slight shift of the specimen as it was rotated or by a slight
misalignment in the reclamping process. The maximum instru-
mentation error was felt to be £ 4 ns or 0.07%. It is
unlikely that a uniform error would be made throughout one
full series of tests, so the most logical cause of this
error appears to be related to specimen shift or misalign-
ment. Velocity variations within each set most likely

resulted from an incomplete annealing of the sample.
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A range of velocity variations to be expected in
cold-rolled material was determined by the experiments.on
sample T2, The zero-degree location was along the
direction of rolling, and the direction of propagation was
along the vertical axis. Maximum velocities ranging from
3233 m/s to 3248 m/s were found to exist from -60° to +45°
and £120°. Minima from 3203 m/s to 3211 m/s were found
between the maxima. This produced a symmetric pattern with
the axes roughly aligned with the rolling and transverse
directions of the sample. The velocity variation from min-
imum to maximum was 45 m/s or 1.4%. These data were con-
sistent with those of Firestone and Frederick for a cold-
rolled steel plate [57]. With particle motion parallel and
transverse to the rolling direction, they found veloci-
ties of 3243 m/s and 3114 m/s, respectively. This repre-
sents a velocity reduction of approximately 4%. With the
agreement obtained between the results on the goniometer
and those of Firstone and Frederick, and the significantly
larger variations observed for the cold-rolled sample as
compared to the annealed sample, it was felt that the use-

fulness of the goniometer had been well established.

Experimental Investigations of Velocity

Variations in Rail Samples

Experimental investigations to attempt to determine

the texture of the cold-worked zone consisted of taking
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velocity data in the rolling plane (i.e. horizontal plane)
at angles of 0°, 45° and 90° to the longitudinal rail axis.
Velocity data in the vertical plane were taken at 0° and
90°, The 0° measurement in each plane would obviously

be along the rolling direction and thus would be the same
measurement.

The technique used to obtain these velocities was
essentially the same as previously described for work with
samples T1 and T2. To obtain the velocities Vs and V35 the
goniometer was rotated until a definite minimum or maximum
was found. They did occur at 90° to each other. Because
of the smaller sizes and irregular shapes of some of the
rail samples, the clamping method was modified. Samples
T3, T10 and T13 could be fitted in the holder used for the
earlier work. T7 and T15 were either taped or hand-held
flush against the holder. Experimental velocities for all
samples are reported in Table XII.

Data for the worked layer were obtained from specimens
T7, T10 and T15. Sample T10 provided data for propagation
in the vertical plane at 90° to the rolling direction. For
data along the rolling direction and at 90° to the rolling
direction in the horizontal plane, the probes were moved to
the top of specimen T7 so that pulses were essentially pro-
pagating in the worked layer. A similar technique was used
with T15 to obtain data in the horizontal plane at 45° to

the rolling direction.
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Table XII.

OO
150
90°

OO
450
90°

OO
450
90°

Experimental Results of Velocity

Measurements in Rail Samples (m/s)

TOP LAYER~USED RAIL

Horizontal Plane

v

3

5948 3142 3368
6097 3105 3347
5908 2935 3202

CENTER SECTION - USED RAIL

Horizonta
v A
5938 3237
6068 3224
5908 3133
Horizonta
vy Vs

NOT OB

0.9%C (Pearlitic) Rolled Steel

0

OO
90°
90°

1 Plane
V3
3246

3240
3158

Vertical Plane

(v3-v2) vy
226 5948
42 -
267 6041

V2 V3 (V3-V2)
3142 3368 226

—— - -

3173 3366 193

Vertical Plane

(V3-V2) V1
9 5938
16 -
25 6021

TOP LAYER - NEW RAIL

1 Plane

v

3

SERVED

vy
5943
5928
5933

Vs v3 (v3-v2)

3237 3246 9

3190 3212 22

Vertical Plane

(v3-v2) v,

5964

V2 v

3
3216 3216
3210 3218
3205 3216
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Vs v3 (v3-v2)

3318 3366 48
- Markham [53]
(v3-v2)

0

8
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‘The center section of the rail was investigated with
specimens T3, T7, and T15. Velocities at 90° in the vertical
plane were provided by T3. The velocities in the horizontal
plane were obtained with the same method as used for the
worked layer except that the probes were moved to the lower
portion of each sample. The difference in arrivals in the
center section and the worked layer were very obvious.
Because of the relatively large diameter of the probes, it
was not possible to establish the location of an exact
boundary between the worked layer and the underlying layer.

A sample of the upper layer of a new rail (T13)
is also included in the data. Only velocities in the ver-
tical plane at 90° to the rolling direction were obtained
with this sample.

Pulse arrivals through the various samples are shown
in the photographs in Figs. 29, 30a, and 30b. An expanded
display (time base 0.2 ps/cm) of pulsespropagating in the
horizontal plane and at 90° to the rolling direction are
shown in Fig. 29. The lower trace shows the relatively
undistorted first reflected pulse travelling through the
center section, just below the worked layer. By moving the
sample so that the pulse travels through the upper layer,
the pulse becomes slightly distorted and moves ahead by
Just over 100 ns. This would be equivalent to approximately
70 ns for a single pass through the specimen and is the
pulse arrival associated with vy in the horizontal plane at

90° in Table XII.
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Figure 29. Fast Shear Wave
Arrivals Propagating in the
Horizontal Plane at 90° to
the Rolling Direction. Top
Trace-Propagation Through
Worked Layer, Bottom Trace-
Propagation Through Center
Section. (Time Base 0.2
Ms/div.)

O

4

V
T»++++~w»n+ﬁ+l4+++1++++I++ ‘s

Iigure 30a. Fast and Slow
Shear Wave Arrivals Propa-
gating Through the Worked

Layer in the Vertical Plane

and at 90° to the Rolling
Direction (Spec1men T10)

Top Trace - 0° Polarization,
Bottom Trace - 90~ Polari-
zation. (Time Base 0.5 Ms/div.)

+«++++ t4+4
|
|
x

Figure 30b. PFasl and Dlow
Shear Wave Arrivals Tropua-
gating Lhrough the lpper
Layer of HNew Rail in the
Vertical Plane and ul 90”7
to the Rolling Direction
(Specimen T13) Top Trace -
0° Polarization, Bottom
Trace - 90° Polarization.
Time Base 0.5 Ms/div.)
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The upper and lower traces in Figs. 30a and 30b show
the fastest and slowest waves in samples T10 and T13, respec-
tively. In these photographs the first arrival is the large
signal at approximately 1.2 Ms. The first reflected pulse
is shown near to 4% Ms, depending on the transducer rotation.
The high frequency arrival ahead of the first reflection is
the delay reflection in the transducer. 1In each case, the
top trace is for a goniometer orientation of 0°, and the
lower trace is for 90°. These are pulses propagating in the
vertical plane at 90° to the rolling direction. Goniometer
orientation at 0° is along the rolling direction. For piece
T10, used rail, the significant decrease in velocity when
the goniometer is rotated 90° is evident. This is shown
in Fig. 30a. The pulse arrival is delayed by over 200 ns
by the 90° rotation. The arrivals for the upper layer of
the new rail, piece T13, are shown in Fig. 30b. A very
small difference is seen between the 0° and 90° rotations.

A comparison of the data within Table XII shows the
striking difference between the upper layer in used rail,
the center section in used rail, and the upper portions of
new rail. Most noticeable are the large values shown for
(v3 - v2) for the worked layer. This would most likely be
a result of the amount of cold working in the upper layer as
well as any texture differences. The values shown for the

center section are those obtained by Markham for a high car-

bon rolled steel. These have been listed in Table XII, for
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comparison purposes [53]. Two velocity sets are shown at
90° since he made no differentiation between a vertical and
horizontal plane.

Any determination of material texture must be made by
comparing the data shown in Table XII with the data in Table
X and the pole figures shown in Figs. 23 through 25. For
convenience, the experimental and predicted velocities in the
horizontal plane have been plotted for a 90° rotation in
Figs. 31 through 3%. Only in a material where all crystals
were perfectly aligned to create a particular texture would
exact velocity agreements be expected. The differences
(v3-v2) can yield some indication of a predominance of a
specific texture. As previously cited by Barrett and Massal-
ski, some variation around particular orientations is to
be expected in most rolled material.

Considering the experimental data for the used rail,
the small differences in the two shear wave velocities at
each location in the center section are apparent. This is
shown in both Table XII and Figs. 31 through 34. The veloci-
ties at 45° are slightly higher than those at 0° and those
at 90° are lowest of all. The same is true for the longitu-
dinal wave velocities. The effect of rolling in the upper
layer is to separate the two shear wave velocities. The
velocity of the faster wave, assoclated with v3,rises, and
that of the slower velocity, associated with v,, decreases.

This is true for 0°, 45° and 90° locations. At 90°, the
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V3 velocity increases only slightly while the Vo velocitly
decreases by a rather large amount. In the worked layer,

V3 decreases from 0° to 45° to 90°, The same thing occurs
for v, except that the change from 0° to 45° is very slight.
It is evident that the texture of case I does not predict

the spreading of the two shear wave velocities at 0° and 90°
locations. This removes this texture from consideration,
despite the general agreement for shear wave velocity changes
at 45° and all three longitudinal wave velocities.

Case II is the texture most commonly associated with
rolled steel. This is shown in Fig. 32. Although the separ-
ation at 0° and 90° is predicted, that at 45° is not. More-
over, the predicted behavior of the longitudinal waves is
opposite to that shown by the data. Therefore, this texture
must be rejected for the cold-worked zone. It is possible
that more accurate measurement techniques could confirm this
texture in the center (or underlying) layer. This was not
done since the primary purpose of these experiments was to
investigate the cold-worked layer.

Case III (Fig. 33) shows the most serious disagree-
ment between experimental and predicted velocity changes at
0° for the shear waves. It appears that the variation at
90° should be larger than that seen at 45°, but this does
not occur in the experimental data. The longitudinal velocity
should show a larger value at 90° than at 0°. This does not

occur. The disagreement in shear wave velocities at 0°
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is the primary reason for rejecting this texture from consid-
eration.

The (531)[112] texture shown in Fig 3% predicts the
separation of shear wave velocities at the 0°, 45° and 90°
locations. Two predicted velocities are shown for all waves
because of the asymmetry of the velocities around the rolling
texture. With these limited data, it is difficult to say
whether better agreement exists with rotation in the posi-
tive or negative direction.

In a textured material, only a certain portion of the
crystals will be perfectly aligned. The rest will be in
varying stages of randomness along with a few other textures.
As stated by rPapadakis, the application of Waterman's single-
crystal theory to an aggregate structure indicates that the
observed shear wave velocities should lie between the limit-
ing values found in the crystal [58,59]. Very accurate
techniques, as described by Sullivan and Papadakis [50],
can be used to determine the percentage of grains aligned
in any particular texture. The multiple echoes that occurred
in the delay sections of the probes used in this experiment
prevented their techniques from being adopted. Nevertheless,
the (531)[112] texture does appear to provide the best
agreement with the experimental data observed in the hori-
zontal plane.

The shear-wave velocity difference at the 90° loca-

tion in the vertical plane also shows a larger value in the
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worked zone than in the center portion of the rail. The var-
iations are comparable to those found in the horizontal
plane. This is of interest since the upper portion used for
sample T10 was necessarily taken from location on the rail
different from where T7 was obtained. The spread of velo-
cities in the worked layer also shows more consistency with
the (531)[112] texture than with the others.

The slowest shear-wave velocity observed along the
rolling direction in the worked layer of sample T7 was
3142 m/s and was found at 22° from the vertical axis. The
highest value, 3368 m/s, was found at 112°. Since this
minimum was close to the vertical axis of the rail, it
appears quite likely that the velocity reduction required
for the existence of the observed early arrival in the
surface wave studies was a result of a texture quite close

to (531)[112].

Summary and Conclusions

Residual stress and material texture have been inves-
tigated as probable causes of the shear;wave velocity reduc-
tion that occurs in the worked layer of used rail. In
general, the changes predicted as a result of residual stress
in the worked layer were quite small. Velocity changes pre-
dicted from an analysis of the texture of the worked layer
were quite large and are the most likely cause of the appear-
ance of the observed arrival just ahead of a Rayleigh wave

propagating along the rail head.
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CHAPTER V

SUMMARY, SUGGESTIONS FOR FURTHER
WORK, AND CONCLUSIONS

There were two primary objectives of this investiga-
tion. One objective was to correctly identify the pulse
arrivals that had been observed ahead of a Rayleigh wave
propagating on the top surface of a used rail. The second
objective was to investigate the possible causes of the shear-
wave velocity change in the worked layer which was necessary
to support the propagation of this early arriving pulse. The
two investigations are independent, for the most part.

Chapter III, dealing with the propagation of waves in
layered media, paid little attention to the properties of the
worked layer and the underlying layer of the rail other than
to assume certain velocity relationships of bulk longitudinal
and shear waves propagating along the length of the rail.
Chapter IV, on the other hand, delved into specific stress
conditions and material property differences in the upper
and lower portions of the used rail head.

The primary conclusion of Chapter IIT was that the
early arriving pulses are comparable to the first shear mode,

Sezawa waves, often observed in the propagation of seismic waves.
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Both the early arriving pulses and the fundamental Rayleigh
pulses were shown to be dispersive, i. e.,their velocities are
frequency dependent over a certain range of frequency values.
Moreover, early arrival was not observed at very low frequen-
cies, in accordance with the theory.

The best agreement between the theoretical and the
experimentally observed velocities was obtained by assuming
velocities in the upper layer and the underlying structure
which were slightly different from the initial values reported
in Ref. [6]. The new assumptions, which were derived from
experimental data related to the early arrival, were felt to
be more compatable with the requirements of the geophysical
model. Even with these new values, agreement between pre-
dicted and experimentally observed velocities was not exact,
but it was felt to be sufficiently good to show that the
early arrivals could be identified as the first shear mode.

In order for the first shear mode to exist in layered-media
wave propagation, the shear wave velocity in the upper layer
must be less than the shear wave velocity in the underlying
structure. The most likely cause of this decrease in velo-
city in the work-hardened upper layer was felt to be either a
differential in the residual stress, a change in the material
texture or a combination of the two. Velocity changes resulting
from stress differentials reported by other researchers were
not of sufficient magnitude to explain the rather large

(nearly 6%) decrease required to fit the experimental and
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predicted velocities. The stress differential would also
produce an increase in the shear wave velocity in the upper
layer, opposite to the required change. Although the resid-
ual stress differential must be affecting the velocity, it
was not felt to be the primary cause of the velocity change

Experimental investigations of shear and longitudinal
wave velocities propagating at different directions in the
worked layer and in the underlying layer indicated that large
velocity changes could occur as a result of cold working of
the material. The observed velocity patterns were compared
with the velocity changes predicted by several ideal textures
known to exist in rolled steel. The best agreement between
observed and predicted velocity changes was found to exist
for a (531)[112] texture. This texture is not the one most
commonly reported for rolled steel, but the amount of cold
working found in the rail head is considerably greater than
that found in most metal-working problems.

Since the wave propagation studies and the texture
studies were performed separately, a comparison of the exper-
imental results from each study is of interest. Table XIII
shows velocity data which are comparable. Rail 7 has been
used in this example, but a similar presentation could be
made for rail 11. For rail 7 and rail model 7A, the values
have been taken from Table V. Texture velocity data have

been taken from Table XII.
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Table XIII. Summary of Comparable Wave Velocities
from Studies of Layered -Media Wave

Propagation and Material Texture

Rail Rail Model Texture

7 7A Data

A4 (n/s) 5872 6255 5948
B4 (m/s) 3120 3185 3142
A, (u/s) 5868 6319 5938
B5(n/s) 3195 3378 3237

Velocity values from the texture experiments taken
at 0° to the rolling direction are felt to be comparable to
the velocity definitions for 44, By, A, and B, from the
layered study, In the case of the shear wave, the lowest
value (associated with v2) is shown, since this occurred with
a transducer orientation such that particle motion was
near to the perpendicular to the rolling plane.

The shear wave velocities obtained in the texture
investigations for both the worked layer and the underlying
layer are higher than the values shown for rail 7. They are
not as high as the values assumed for rail model 7A, however.
In all cases, By is greater than B,. Similarly, the longitud-
inal wave velocities obtained in the texture studies are
greater than the values for rail 7 but less than the values

used in rail model 7A.
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The fact that the values found in the texture studies
are all higher than those originally found for rail 7 indi-
cates that the assumption of higher velocities for rail models
7A and 11A was correct. The texture data were obtained using
probes having a much higher frequency than those used to
obtain any of the data used for the layered-media wave pro-
pagation studies. This is consistent with the observation
in Chapter III that waveguide effects could account for the
fact that the velocities originally observed were lower than
the bulk velocities required for the geophysical model.

The lack of agreement between the assumed values for
rail model 7A and the texture data could have several causes.
The samples used in the texture studies were necessarily
taken from a small section of the used rail. It is likely
that the properties could vary along the length of the rail.
The top surface of the used rails showed a slight wavy pattern
most 1likely the result of uneven cold working (i.e. mild
corrugations). The small pieces used in the texture study
were also relatively stress-free because of the removal of
the surrounding material. Nonetheless, the general agreement

of the data was encouraging.

Suggestions for Further Work

Several new areas of investigation have been opened
by this study. These are briefly outlined in the following

paragraphs.
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I. Experimental investigations of wave propagation
in layers with slightly differing properties

An experimental investigation utilizing a large number
of frequencies ranging from approximately 80 KHz to 5 MHz could
more correctly establish the apparent thickness of the cold-
worked layer. More precise frequency control and data gath-
ering techniques should produce results which would very
closely follow the predicted velocity curves. This investi-
gation could also yield a more exact description of the
boundary between the worked layer and the underlying structure.

II. Experimental investigation using a large number

of rail samples to show the relationship of the
appearance of the first shear mode and the degree
of cold working in the upper layer

This investigation could be correlated with studies of
rail shelling, corrugation and other fatigue and wear charac-
teristics to see if the appearance of the first shear mode
could be used in rail inspection as an indicator of the rail

condition.

IITI. Experimental investigation of the texture of the
cold-worked layer

The use of more precise velocity analysis techniques,
as discussed in Chapter IV, could yield very accurate infor-
mation concerning the texture of the cold-worked layer. By
investigating the velocities in samples cut at smaller orien-
tation intervals, e. g. 100, and by using samples removed
from rails having varying degrees of cold working, the gradual

development of the final texture could be investigated.
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This might have an important relationship to Lhe onset ot
fatigue damage. X-ray diffraction studies of rail samplewu
could assist in the texture investigation.

IV. Study of the relationship of rail fatigue and

the gradual development of the cold-worked
layer, in conjunction with paragraphs II and III

V. Investigation of the anisotropic effect of the
cold-worked layer upon ultrasonic rail flaw
detection

VI. ©Study of the cold-worked layer in wheels

Railway wheels experience cold working in a manner
similar to the description given for rails. In some cases the
carbon content of the wheels may be lower than for the rail.
Most wheels experience large inputs of heat as a result of
tread braking. The effect of this thermal input upon the
character of the cold-worked layer and the resulting effect

on wheel-tread fatigue damage could be investigated.

Conclusions

The investigations reported herein have shown that
the cold-worked layer on heavily used rail is a reasonably
well defined area. An ultrasonic pulse appears quite dis-
tinctly ahead of a Rayleigh wave propagating along the surface
of the head of a used rail. The appearance of this pulse is
frequency dependent. Texture in the cold-worked layer is the
most reasonable explanation of why the early arriving pulse

appears in used rail.
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APPENDIX A

PULSE CHARACTERISTICS
AND ULTRASONIC CIRCUITRY

A conventional ultrasonic pulsing circuit was used
throughout the present study. These circuits are described
in several texts (e.g., see Ref. [60]). The discussion
which is to follow has been excerpted from Ref. [61].

In this circuit, as shown in Figure 35, the piezo-
electric transducer is seen primarily as an electrical cap-

acitance, C A high voltage electrical spike from a source

O.
(Us) causes the piezoelectric ceramic to oscillate.

j\__.

QU; r L }J(g -_—: Cs

Figure 35. Basic Ultrasonic Pulse Circuit [61]
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When excited by the electrical spike, the transducer will,
in the ideal case, oscillate at the resonant frequency deter-

mined by:

1
f = — A1
re = Zn/15, (4-1)
where L is the inductance of the coil in Figure 35. A piezo-
electric transducer also has a mechanical resonant frequency

determined by the equation:

£ = LF (L.2)
rm 2m A M

where s 1s the mechanical stiffness of the transducer material
and M is the mass. Optimum performance occurs when the elec-
trical resonant frequency is matched to the mechanical resonant
frequency (i.e., f = £, ). Since, for a particular trans-
ducer, s, M and C are fixed, this tuning is obtained by
varying the inductance L. The electrical damping and, hence,
the pulse length, adjusted through the variable resistance r
and slight adjustments in the circuit capacitanée, can be
made through variable capacitor c.

Some of the work discussed in this report was done
using,as the ultrasonic source,a Sperry Model UR Reflecto-
scope. It delivers an electrical spike of approximately

500 volts and contains four tuning inductances which are

individually selected by a front panel switch. This selective

13k



type of tuning (i.e., narrow bandwidth) limits its adapta-
bility, since optimum matching of electrical and mechanical
resonant frequencies requires small adjustments in the
inductance over a large range of values. This difficulty may
be overcome by the addition of a second tuning coil comnected
across the terminals of the crystal, i.e., parallel to (;.

A typical output pulse obtained by this technique has
a decaying, almost sinusoidal, shape, as is shown at the right
of Fig. 35. The pulses propagating on new rail, and showm
in Figs. 2d and 3d, are very similar in shape to the usual
pulse generated by this system. As previously stated, the
pulse shape can be optimized by changing the values of the
resistance, inductance, and capacitance in the circuit.

Each source ftransducer used in work related to the
propagation on the top of the rail was tuned so that the
pulse had the smoothest possible shape and the longest pulse
length. This was done by observing the change in the pulse
shape with a Panametrics V109, wide-band, highly-damped
transducer, which was mounted on the same type of wedge as
was used for the source. The wave form was studied as it
propagated down the length of a new rail in the send-receive
mode previously described. Pulse frequency was obtained in
each case by extracting the period directly from the oscillo-

graph of the received pulse.
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APPENDIX B

ARRIVAL TIME DETERMINATION

The methodology for arrival time determination can
be demonstrated with the traces shown in Fig. 36. This
oscillograph shows pulse arrivals at 100 mm, 200 mm, 300 mm,
400 mm, 500 mm, and 600 mm, top to bottom. The 600 mm trace
is also shown as the top trace in Fig. 14, with the 100 mm
arrival used as the zero reference. The respective arrival
times and travel times (ts and tp) are marked below the
oscillogram. As previously noted in Chapter III, the large
pulse emerging from the base line was used as the arrival
time, and the smaller signals just ahead of the large pulse
were ignored. This choice was subjective, but it led to

meaningful results when consistently followed.
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Figure 36. Shear Wave and Rayleigh Wave Arrivals at
2.0 MHz on Rail 11, Vertical 0.2 v/div.,
Time Base 50 uws/div.
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