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PREFACE
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EXECUTIVE SUMMARY

Residual stresses in railroad rail are known to have a significant effect on the formation and
growth of internal rail defects. The development of residual stresses in rail, however, is difficult
to determine as well as to control in service. The conventional method to determine residual
(internal) stresses is destructive in nature. The rail is cut into slices and rods to relieve the
internal stresses while the strains associated with the stress relief are measured using strain gages.
The accuracy of this cutting or sectioning method depends on the size of the elements cut from
the rail. Higher accuracy can be achieved by cutting smaller elements, but the machining costs
increase if more cuts are made. Moreover, cutting may introduce additional stresses that may
distort the actual residual distribution. An alternative method to relieve internal stresses, which
is also destructive in nature, is to apply subcritical thermal annealing or heat treatment. The
deformations associated with the stress relief are measured by two advanced measurement

techniques known as Moiré and Twyman/Green interferometry.

Several railroads in North America have been conducting scheduled rail grinding programs to
control wear and shelling on heavy haul freight lines. Generally speaking, grinding refers to
methods of controlling and maintaining the shape of the rail head profile. On the whole, grinding
programs appear to achieve their wear and fatigue objectives. However, each program appears to
involve a unique combination of variables such as grinding frequency, depth of material

removed, etc.

The work described in this report applies the thermal annealing method for determining residual
stresses to rails obtained from rail grinding experiments conducted on the High Tonnage Loop at
the Facility for Accelerated Service Testing, which is located at the Transportation Technology
Center. Residual stresses in rails with different types of grinding are compared. The various
grinding conditions included: a naturally worn rail (i.e., no grinding), conformal grinding,
grinding for two-point contact, and a brand new rail. Conformal grinding is used to alter the rail
head profile to broaden the wheel/rail contact area. Two-point contact is intended to alleviate

gage comner loading of the rail by splitting the wheel/rail contact into two regions.
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The results of this work show that the tensile component of residual stress most relevant to rail
failures was highest for the naturally worn rail. This suggests that rail grinding is useful to

control the occurrence and growth of internal rail defects.



1. Introduction

It is well known that residual stresses exist in rails because of rail manufacturing processes and
periodic wheel contact load when the rails are in service. The determination of the residual stress
field is essential for predicting the possible failure modes of rails, such as initiation and

propagation of fatigue cracks.

Several techniques have been proposed to measure residual stresses in rails. The essence of the
available methods is to section the rail into rudimentary stress-free elements and to measure the
strain changes generated by the residual stress relaxation. The Battelle 3-D technique'” is one of
such destructive methods whereby the 3-D residual stress state in a rail is determined upon
consecutive sectioning of the rail, first into longitudinal and transverse slices and then into stress-
~ free dices and rods. The 3-D residual stresses are calculated from strains obtained by the strain
‘gage method. An alternative approach(z) is to reconstruct the 3-D stress in a rail by an iterative
approach from pointwise measurements made on vértical and oblique slices by assuming
independence of the residual stress components on the axial direction of the rail. More recently,
‘moiré interferometry®” “ has been employed to measure the whole field deformation and strain
field after sectioning the rail slices into small grid elements. The destructive sectioning
fechniques give the average strain value at the center of the grid element. Since the measurement
accuracy is determined by the size of the grid element, in principle, the more the grid elements,
the higher the accuracy. However, this will be compromised by the increase in the cost of

machining and the susceptibility to machining stress produced by the cutting process.

A novel, whole-field approach has been developed in this research to measure the 3-D residual
stress in rails by moiré and Twyman/Green interferometry coupled with thermal annealing.
Compared with the destructive sectioning method, the advantages of the new technique are three-
fold. First, the residual stress relief is achieved by thermal annealing without further rriachining.
As a result, the machining cost is much reduced and, more importantly, the possibility of
machining-induced stress is completely circumvented. Second, it is believed that the results are
more accurate. Instead of the average strains over the grid elements, the entire strain field is

obtained without discontinuity created by cutting. The resolution is limited only by the precision

1



of moiré interferometry, which is of submicron level. Third, by combining the in-plane and out-
of-plane displacement measurement, coupled with certain assumptions, it is possible to

reconstruct the 3-D residual stresses in a rail by only using the transverse slice, based on certain
plausible assumptions of the residual stress distribution. The experimental procedures are much

simpler and the experimental results are more reliable.

To perform the residual stress measurement by thermal annealing, the fabrication of gratings that
can sustain a high temperature is a prerequisite. In this research, a refractory of 1200 lines/mm
cross-grating which can sustain a temperature of up to 1100°F has been successfully made on the
surface of rail slices. After the thermal annealing process, the whole-field three-dimensional
displacement components (u, v, and w) are obtained through the application of moiré and
Twyman/Green interferometries. In this report, the principle of the experimental technique,
procedures for the fabrication of the high-temperature grating, and data analysis are described.
The mechanism of the residual stress relief by thermal annealing is also discussed. Results of the
3-D strain and stress fields of five different types of rails are presented. The five different rails
are Number 1, control wear (CFI 136 RE25-0357); Number 2, conformal grinding (CFI 136
RE25-0881); Number 3, two-point contact (CFI 136 RE03-1605); Number 4, two-point contact
(CFI 136 RE25-1042); and Number 5, new CFI. Here, Number 3 and Number 4 are both two-
point contact with a total of 178 MGT heavy axle load, but Number 3 rail was ground every 12.5
MGT and Number 4 rail was ground every 25 MGT. These rail samples were provided by the
sponsor of the work, the DOT/Volpe National Transportation Systems Center.

It should be noted that the original plan was to use the results from both a transverse slice and a
45° oblique slice to reconstruct the 3-D residual stress field via a tensorial transformation. Thus,
both transverse and oblique slices were provided. However, the experimental results will show
that after thermal annealing, the oblique slices experience severe global deformation (warping)
indicating that the strains obtained from the fringes are not the strains they are supposed to
represent and they cannot be used for the stress reconstruction. As a result, the one-slice
approach is proposed. Although it involves a number of assumptions, we believe the basis for

these assumptions is sound and the resulting stress data are more accurate.



2. EXPERIMENTAL TECHNIQUES AND PROCEDURES

The moiré and Twyman/Green interferometries are two advanced deformation measurement
techniques based on wave-front interference. Moiré interferometry is used to measure the in-
plane deformation (u, v) with a sensitivity of 0.417 pm/fringe for a 1200 lines/mm specimen
grating, whereas the Twyman/Green interferometry is employed to obtain the out-of-plane

deformation (w) with a sensitivity of 0.244 pum/fringe by using a 488 nm wavelength laser.

2.1 Moiré Interferometry
The set-up of the moiré interferometry is schematically shown in Figure 1, in which two
symmetric, collimated incident waves (beams 1 and 2) are used. The interference of the two

beams in the specimen plane generates a virtual grating with frequency f given by:

_ 2sino 1)

==

where @ is the angle between the incident beam and the normal direction of the specimen surface,
and A is the wavelength of the laser beam. The specimen grating, with a frequency of 1200
lines/mm, one-half that of the virtual grating, is fabricated on the specimen surface beforehand.
The superposition of the deformed specimen grating and the virtual grating yields moiré fringe
patterns that represent the in-plane displacements u and (or) v fields in the direction
perpendicular to the grating lines. The quantitativeyinterpretation of the moiré fringes is given By

the following equations:
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where Ny and N are fringe orders (0, =1, +2, ...) of u-field moiré and v-field moiré, respectively,
and f is the grating frequency. When both strains and rotations are small, the in-plane strains can

be extracted from the displacement fields by the following equations:
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When a 1200 lines/mm specimen grating is used, two adjacent fringes represent a 0.417 um

difference in displacement.

2.2 Twyman/Green Interferometry

A schematic of the Twyman/Green interferoymetry is also shown in Figure 1, in which beam 3 is
used while blocking out beams 1 and 2. It consists of a plane mirror and a flat specimen oriented
perpendicular to each other and a beamsplitter bisecting the angle between the mirror and the
specimen. A carefully adjusted plane incident wave is divided into two waves by the
beamsplitter. The two beams travel separate paths -- one to the plane mirror and the other to the
specimen. They are then recombined at the output of the interferometer. The beam from the
mirrof is the reference wave and the beam from the specimen is the object wave. The complex
amplitude of the object and the reference waves in the recorded plane are Uj(x,y) and Ux(x,y),

respectively, and they can be expressed as follows:

Uixy) =a(x,y)ee” & &9

Uslxy) =axy)e” 0 4
The light intensity at the recorded plane is proportional to:

I(x,y) = | Uy(x,y) + Us(x,y) I | ®)

When both the mirror and the specimen surfaces are optically flat, the initial phase difference
between the two waves at the recorded plane can be adjusted to zero. Therefore, ¢;(X,y) = h(x,y)
= ¢(x,y). When the specimen is deformed, a phase change, denoted by A¢(x,y), is experienced by

the object beam. The intensity at the recorded plane is then:
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I(x,y) =l a(x,y)+€ +a(x,y)*€

= 4a’(x,y)cos [AP(x,y)/2] ©)

Thus, dark fringes are observed whenever A¢p(x,y) = 2k, whereas bright fringes are observed
whenever Adp(x,y) = 2k+1)w, k =0, +1, £2 .... The phase change A¢(x,y) can be related to the
out-of-plane displacement w by the following equation when the wave is normally incident to the

specimen:
2r
Ad(x, y)= _)TZW (7

Hence, the out-of-plane displacement can be obtained from the following equation by simply
counting the fringe order k at the given location:

we B k=0,+1,+2.. 8)

2

For a thin slice specimen, if the out-of-plane deformation w is symmetric with respect to its mid-
plane, the through thickness average strain &, can be obtained from the following equation:

£Z=1 ‘ (9)
t

where t is the half-thickness of the slice.

2.3 Fabrication of the High Temperature Resistant Grating and Heat Treatment

To fabricate the high-temperature resistant cross-grating, the surface of the rail slice is first
carefully lapped to become optically flat with approximate A/2 surface finish. Next, the specimen
surface is coated with a thin layer of diluted photoresist. Uniformity of the coating thickness is
achieved by spinning the slice at high speed. The thickness of the photoresist coating is
approximately 0.1 pm. The photoresist is then exposed to two interfering beams in the moiré

interferometry set-up with an argon laser operating at 488 nm wavelength as shown in Figure 1.



The angle between the two symmetrically collimated incident beams is 34° resulting in a 1200
lines/mm “virtual” grating. For a 500 mw argon laser, a typical exposure time is about 4 minutes.
A cross-grating is produced by rotating the specimen through a 90° angle with a stepping motor
after the initial exposure. Afterwards, the photoresist is properly developed and dried. A heat
resistant, anti-oxidizing metal thin layer is then coated onto the photoresist grating. The coating
is applied by vacuum evaporation and a typical coating thickness is about 0.1um. The

experiments show that a grating made in this way can sustain temperatures of up to 1100°F.

During the process of the stress relief by thermal annealing, the specimen with the coated grating
is slowly heated to a temperature of 900°F and soaked for 20 hours (see Appendix for details) to
allow sufficient relaxation of the residual stresses. It is then slowly cooled inside the oven to the
ambient temperature. Finally, the specimen is repositioned in the moiré and Twyman/Green
interferometry set-up as shown in Figure 1. Because of the deformation of the cross-grating due
to the relaxation of the residual stresses, u and v moiré fringes are generated by the moiré
interferometry. And because of the thickness change of the specimen due to the relief of the in-
plane as well as the out-of-plane stresses, a w fringe pattern is created by the Twyman/Green

interferometer.



3. THE MECHANISM OF THE RESIDUAL STRESS RELIEF BY
THERMAL ANNEALING

Residual stresses in rails are caused in part by mechanical shakedown in cold-working. A large
amount of internal strain energy is accumulated in the rail. To relieve the residual stress,
subcritical annealing is employed whereby the mechanical shakedown and work-hardening will

be removed through inelastic deformation known as creep relaxation.

Microstructurally, the generation and relaxation of the residual stress is quite complex. However,
it is known that residual stress is associated with dislocations, including edge dislocation, screw
dislocation and dislocation pile—up(5 ). A strong internal stress field will be created by heavy cold-
working because of the generation and accumulation of these dislocations. Sufficient activation
energy is needed to make the dislocations move to relieve the residual stress. At the high
temperature during the annealing process, the grain boundaries become glissile (atom
conserving) so that grains can slide over one another, and a large enough thermal agitation also
allows the dislocations to move. Therefore, the internal stress is relieved due to the elimination of
the dislocations by climb and cross-slip resulting in an inelastic strain. It is this strain field that

we measure and that is used to reconstruct the residual stress field.






4. 3-D RESIDUAL STRESS RECONSTRUCTION IN RAILS

To increase the lifetime of rail service, several alternative rail grinding programs for controlling
the wear and shelling of heavy haul freight lines had been carried out and the results were
compared with natural wear in tests of 300HB standard carbon rails on the High Tonnage Loop at
the Transportation Technology Center (TTC). In some cases, a ground contour was established to
relieve the gage corner from loading by splitting wheel/rail contact into two regions as
schematically shown in Figure 2. Earlier theoretical work © and numerical analysis 7 have
suggested that the change of the wheel running location caused by different grinding patterns
might significantly change the residual stress distributions, possibly affecting fatigue life. The
aim of the study is to provide some experimental evidence to the residual stress distributions in

samples of the rails that were tested at the TTC.
In order to reconstruct the 3-D residual stresses in rails, the following assumptions are made:

. the residual stress components Ox, Oyy, Oy, and 0, are independent of the z axis; i. e., the
axis along the longitudinal direction of the rail, and there are no out-of-plane shear

stresses; i.€., Ox; = Oy = 0;
. the rail material is isotropic and homogeneous;

. stress relief is attained via a purely elastic process and Hooke's law applies with the
effective modulus and Poisson’s ratio being that at the annealing temperature of the

material;
. the interior residual stresses are not affected by the cutting and polishing of the slice.

As shown in Figure 3, a transverse slice with thickness of 1/4" was cut from the processed rail.
The slice was lapped into a mirror-like surface. For the convenience of fabricating the grating,
the rail head and base were cut along the web of the slice. Because the residual stress is very

small in the web, the separation of the head and base from the web has negligible influence on
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the residual stress state in the rail head and base. This fact was established in a previous study®

(see Appendix).

It should be noted that the thickness change due to the relaxation of in-plane residual stresses
only gives rise to part of resulting strain €,. The remaining part is due to the relief of out-of-plane
normal stress 0. It is assumed that o, within the slice has a distribution shown in Figure 4; i.e.,
there is a thin layer at the boundary where G, drops to zero (to satisfy. the free surface boundary
condition) drastically. The magnitude of o, in the interior region remains essentially the same as
that in the original rail. We had calculated the thickness change of the slice due to the relaxation
of the in-plane strains and found that the value and distribution were completely different from
what were actually measured. We were convinced that there existed a substantial amount of o,
remaining in the slice. Hence, the proposed model of the stress distribution assumes that the
remaining o, makes the dominant contribution to the thickness change of the slice after .
annealing. Based on these assumptions, the 3-D residual stresses in the rails can be reconstructed
from a single transverse slice by the following equations, with E and v being the Young’s

modulus and Poisson’s ratio, respectively of the rail material at the annealing temperature:

_ E(l-v) v
ox—(“v 12 )[ex+]_v(e,+ez)]

_ E(l-v) v
o= T i) B Ty (Esre)] (10)

_E_
I+v

_ El-wv) v
Uz_——(1+v )(I_ZV)[ez+1_v(ex+ey)]

where €, , €y, and &, are the in-plane strains obtained by moiré interferometry, and €, is the

average through thickness out-of-plane strain deduced via Twyman/Green interferometry.

In the experiments for measuring 3-D deformation, the proper repositioning of the specimen and
the determination of the fringe signs are crucial for the accurate calculation of the strains. The

guide for the proper repositioning of the slice is through the realization that the residual stress in
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the web area is negligible compared to that in the crown area. In ordering the fringes, the zeroth
order fringe is at the bottom of the slice, i.e., the web area. The sign of the fringes in the slice is
determined by the carrier (or mismatch) fringe technique. In moiré interferometry, a pattern of
carrier fringes is introduced by changing the virtual grating pitch. If the number of moiré fringes
increases with the increase of the virtual grating pitch, the fringe order is negative. Conversely, if
the number of moiré fringes decreases, the fringe order is positive. In the Twyman/Green
interferometry, in a similar way, the fringe sign is determined by introducing a fictitious phase
change. Because of the known zero stress state in the web, the possible surface tilting error can

be eliminated by minimizing the fringes in the web area.

For rail #3, two-point contact (CFI 136 RE 03-1605), the in-plané u and v deformation fringe
patterns of the rail head by moiré interferometry are shown ih Figures 5 and 6. The w fringe
pattern of the rail head by Twyman/Green interferometry is shown in Figure 7. The in-plane
strains and the average out-of-plane strain were computed using equation (3) after digitizing the
fringes. The strain contours €y, &y, €xy, and &, of the rail head are shown in Figures 8, 9, 10, and
11, respectively. The corresponding residual stresses were calculated using equation (10). In the
calculations, Young’s modulus and Poisson’s ratio at the annealing temperature (E=172GPa,
v=0.32, kindly provided by Mr. Jeff Gordon of DOT/Volpe Center) were used. The contours of
the residual stresses in the rail head are shown in Figures 12, 13, 14, 15, and 16, respectively,

together with the contours of Von Mises effective stress o. defined by the following equation.

Ge=Jé[(0x'0'y )2+(oy-oz)z+(ox-oz )2]+3[(crxy)2+(oyz)z+(c5xz ri

~The same approach was used for the reconstruction of the 3-D residual stresses of the other four
rails. The results for rail #1 are shown in Figures 17-28. Figures 17-19 are the fringe patterns for
u, v, and w displacement components. Figures 20-23 are strain contours of &, &y, &, and &y,
respectively. Figures 24-28 are the reconstructed stress contours of Gy, Oy, O, Oxy, and oe',
respectively. The results of rail #2 are shown in Figures 29-47. Because of the relatively poor
quality of the fringe patterns, they are not shown. Instead, the digitized contours of displacement

components u, v, and w are depicted in Figures 29-31. The strain contours of &, &, €, and &y are

11



shown in Figures 32-35 and the stress contours of Ox, Oy, O, Oy, and O, are shown in Figures 36-
40, respectively. For rail #2, the results for a 45° oblique slice were also obtained. The digitized

displacement contours of u, v, and w are shown, respectively, in Figures 41-43. Figures 44-47
depict the strain contours of €, €y, €, and &y, respectively. From the contour plot of w in
Figure 43 and ¢, plot in Figure 46, it is very clear that the slice had experienced a large warpage
(roughly along the vertical axis) after annealing. We believe this is due to the fact that o, and
oy, (where x’-y’-Z’ is the rotated coordinate system of the oblique slice) is not negligible and
inherently asymmetric. As a result, the calculated &, is not reliable at all. Without €, the

corresponding 3-D stress components cannot be reconstructed.

" The displacement fringe patterns of u, v, and w of a transverse slice of rail #4 after stress relief
are shown in Figures 48, 49, and 50, respectively. The strain contours of &, &y, &, and &y are
given in Figures 51-54 and the corresponding stress plots are depicted in Figures 55-59. The
strain contours of €, &y, €, and €xy of a 45° oblique slice of rail #4 are shown in Figures 60-63.
From the pattern of €, contours depicted in Figure 62, it is also evident that a warpage along
roughly the vertical axis was experienced by the slice after annealing. Hence the corresponding

stress values were not calculated.

The u, v, and w fringe patterns of an oblique slice of rail #5 are depicted in Figures 64-66,
respectively. The strain contour plots of €, €y, €7 and ¢y are shown in Figures 67-70,
respectively. This is a new rail without too many residual stresses (or strains). The resulting slice
warpage is relatively small as evidenced by the pattern shown in Figure 66. We felt that the
effect on stress calculation is probably modest. Hence, the 3-D stress fields were reconstructed
and plotted as shown in Figures 71-74 for stresses of oy, Oy, 0, and Oyy, respectively. This is
offered as a mean for relative and qualitative comparison with the rest of the rail slices. (Note:
the transverse slice of rail #5 and oblique -slice of rail #3 were rendered useless by the fact that

the gratings were severely damaged after the annealing.)
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5. RESULTS AND DISCUSSIONS

The 3-D residual stress measurement results for rail #3 two-point contact (CFI 136 RE 03-1605)
show that the largest residual stresses are confined within the rail crown contact zone. The
maximum absolute magnitudes of all normal stress components Ox, Oy, and o, are of the same
order of magnitude. The maximum Von-Mises effective stress is the same as the yield stress of
the rail material (400 MPa). The shear stress value is relatively small (less than 40 MPa)
compared with that of the normal stress components. Therefore, the normal residual stresses are
dominant in this rail. It might be inferred from this fact that the magnitude of out-of-plane shear
stresses is also in the same range as that of the in-plane ones (we have assumed them to be zero
at the outset). The influence of the flange contact zone on th¢ local residual stress is shown in
Figures 7 and 14 and its effect is confined to the local areas. The residual stress in the base is

small compared with that in the head. Its magnitude is less than 100 MPa®,

The magnitudes of the maximum/minimum normal, shear and effective stresses of different rail
slices are listed in Table 1, and the corresponding values of the strain components are listed in

Table 2.

Table 1: Comparisons of the Maximum/Minimum Stresses and Effective Residual Stress og

in Different Rail Slices

#1 control #2 conformal | #3 two-point | #4 two-point | #5 new rail
wear ground contact (1) contact (2) (45° slice)
ox (MPa) 310/10 250/10 230/0 90/10 35/-80 (ox)
oy (MPa) 110/-110 45/-260 50/-300 -10/-500 60/-160 (o)
o, (MPa) 170/-160 -30/-187 -20/-200 -20/-320 145/-200 (oy)
Oxy (MPa) 6/-1 110/-120 40/5 10/-70 5/-10 ( Oxy)
o. (MPa) 370/20 400/20 400/40 500/20 150/10
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Table 2: Comparisons of the Maximum/Minimum Strains in Different Rail Slices

#1 control #2 conformal | #3 two-point | #4 two-point | #5 new rail
wear ground contact (1) contact (2) (45° slice)
& (107 0/-2.0 0.0/-1.8 0.1/-2.0 - 0.2/-2.0 0.1/-0.2 (&)
& (10'3) | 1.0/-0.4 1.8/-0.2 1.5/-0.2 3.0/0.0 0.2/0.0 (gy)
g, (10‘3) 1.0/-0.7 1.0/0.1 1.4/0.0 1.6/0.0 1.1/-1.0 (¢)
Exy (10%) 0.0/0.0 1.3/-1.0 0.5/-0.7 0.6/-0.3 0.1/-0.1 (gey)

It is seen from the comparison that in a control wear grinding scheme, the horizontal tensile

stress, which is probably the main cause of the rail breakage, is the largest. In two-point contact

(2) grinding, the horizontal tensile stress is small, however, the value of the compressive stress is

the largest. The maximum magnitudes of Von-Mises effective stresses are fairly close for

control wear, conformal ground, and two-point contact (1) rails. For the two-point contact (2),

the maximum value of the Von-Mises effective stress is somewhat higher. For the new rail, it is

seen that all the stress components are small in comparison with other (used) rails, except the

longitudinal normal stress, 6. This is what one would expect because the only cause for the

existence of the residual stress is due to the cold-working process during rail manufacturing. The
same conclusion could be drawn from the strain data as well, where &, is one order of magnitude

higher than other components.
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6. CONCLUSIONS

In this series of experiments, we have tried to measure the residual stresses in five sets of rail
slices. We believe the results obtained are fairly close to the true residual stresses. Much more
work is needed to verify some of the assumptions made and establish the thermal annealing test

as a standard test whereby residual stress can be obtained routinely.

First, we have developed a technique whereby we can manufacture a fine (1200 lines/mm) moiré
grating in a rail specimen which can sustain a high temperature up to 1100°F. With this
capability we are able to thermal-anneal the rail slices (at 900°F for 20 hours) to relieve the
locked-in residual stresses. This is a major advance over the grid-cutting approach previously
employed by the principal investigator (Dr. F. P. Chiang) as well as others. Cutting a rail slice
into grid elements not only is a time-consuming and labor-intensive process, it is also a process
whose effect on residual stress distribution (or redistribution) is unknown. It was thought that
cutting might only affect the moiré fringes at the edge of the grid element (similar to the
boundary layer effect of a photoelasticity slice, for example). We find this is not the case in many
situations. The evidence is the fact that, in a typical moiré fringe pattern produced by the grid-
cutting method, the local fringes within a grid element can be drastically different from that of an
adjacent element. So much so that they would not follow smooth curves if they were connected
through the cut grooves. It is believed that since steel is a highly efficient heat-conducting
material, the high temperature generated by the cutting process might have significantly altered
the residual stress distribution. And if this is true, as we believe it is, because of the evidence at
hand, it will bring all the previous results (those obtained by strain gage as well as by moiré
interferometry) into question. The thermal annealing process has completely circumvented this

concern.

When the project was initiated, it was thought that we could use the results from a transverse
slice and a 45° oblique slice to reconstruct the 3-D state of the stress. Thus, both types of slices
were provided. However, our experiments show that when an oblique slice is annealed, it
experiences a large amount of global warpage, whereas a transverse slice maintains symmetry

with respect to the mid-plane after annealing. (This actually should have been anticipated,
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because the residual shear stress in the inclined slice is inherently asymmetric, since we have
assumed that residual stress distribution is independent of the z-axis). As a result, the fringes

obtained from an inclined slice do not lend themselves for a simple interpretation.

Hence, we make some assumptions and propose a new approach to reconstruct the 3-D residual
stresses in rails using only a transverse slice. First, we obtain the in-plane u and v moiré fringes
via moiré interferometry. Second, we modify the moiré interferometer so it acts as a
Twyman/Green interferometer as well, whereby the fringes of the out-of-plane deformation w
(i.e., the thickness change after annealing) are also obtained. We assume that the thickness
change is largely due to the relaxation of o, (upon where we have to assume that o, has a
distribution that it is uniform throughout the thickness, but drops drastically to zero in a thin
boundary layer near the surface). Third, we assume that constitutive relation is that of Hooke's
law with E and v being the Young’s modulus and Poisson’s ratio at the annealing temperature.
(The existence of o, within a thin transverse slice was discovered accidentally. When the data
from moiré fringes were used to calculate €, and &y, the resulting thickness change due to
Poisson’s effect was completely different from the measured thickness change using

Twyman/Green interferometry.)

Armed with all these assumptions, we were able to reconstruct the 3-D residual stress
distribution of all the rails. Qualitatively, we believe they represent the actual residual stress
distribution quite closely. Quantitatively, they should be about the same order of magnitude of
the true residual stresses. Much more work is needed to test some of the assumptions made and
to establish this approach to become a standard and a routine testing method for the

determination of 3-D residual stresses in rails.
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Fig. 1 a sketch of the moiré and Twyman/Green interferometry set-up

Fig. 2 rail ground for two-point contact
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Fig. 3 the cutting scheme of the rail
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Fig. 4 the assumption of o,, distribution through the slice thickness
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Fig. 6 v-field fringes by moire interferometry
(rail # 3, two-point contact -- CFI 136 RE03-1605)
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Fig. 7 w-field fringes by Twyman/Green interferometry
(rail # 3, two-point contact -- CFI 136 RE03-1605)
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Fig. 8 ¢, (107)
(rail # 3, two-point contact -- CFI 136 RE03-1605)
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Fig. 9 €,(107)
(rail #3, two-pojnt contact -- CFI 136 RE03-1605)
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Fig. 10 ¢, (10%)
(rail # 3, two-point contact -- CFI 136 RE03-1605)
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Fig. 11 €,,(107)
(rail # 3, two-point contact -- CFI 136 RE03-1605)
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Fig. 12 o, (MPa)
(rail # 3, two-point contact -- CF1 136 RE03-1605)

26



1]

-20.8 -5.6

X

Fig. 13 0, (MPa)

(rail #3, two-point contact —

27

CFI 136 RE03-1605)



0.0

- =36.0

-20.8 -5.6 9.6 24.8 40.C

X

Fig. 14 o, (MPa)
(rail # 3, two-point contact -- CFI 136 RE03-1605)
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Fig. 15 o, (MPa)
(rail # 3, two-point contact — CFI 136 RE03-1605)

29



-36.0 —20.8 -5.6 9.6 24.8 -40.0
X (mm)

Fig. 16 effective stress o, (MPa)
(rail # 3, two-point contact -- CFI 136 RE03-1605)
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ig. 17 u-field fringes by moire interferometry
(rail # 1, control wear -- CFI 136 RE25
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Fig. 18 v-field fringes by moire interferometry
(rail # 1, control wear -- CFI 136 RE25-0357)
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Fig. 19 w-field fringes by Twyman/Green interferometry
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Fig. 20 €, (107)
(rail # 1, control wear -- CFT 136 RE25-03 57)
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Fig. 21 €, (10%)
(rail # 1, control wear -- CFI 136 RE25-0357)

35




~-36.0 -20.8 -5.6

x (mm)

Fig. 22¢,(10%)
(rail # 1, control wear -- CFI 136 RE25-03 57)
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Fig. 23 €y (10%)
(rail # 1, control wear -- CFI 136 RE25-0357)
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Fig. 24 o, (MPa)
(rail # 1, control wear - CFI 136 RE25-0357)
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Fig. 25 o, (MPa)
(rail # 1, control wear -- CFI 136 RE25-0357)
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Fig. 26 o, (MPa)
(rail # 1, control wear -- CFI 136 RE25-0357)
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Fig. 27 o,, (MPa)
(rail # 1, control wear -- CFI 136 RE25-0357)
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Fig. 28 effective stress o, (MPa)
(rail # 1, control wear - CFI 136 RE25-0357)
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Fig. 29 u-field displacement contours (um)
(rail # 2 conformal grinding -- CFI 136 RE25-0881)
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Fig. 30 v-field displacement contours (um)
(rail # 2 conformal grinding -- CFI 136 RE25-0881)
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Fig. 31 w-field displacement contours (nm)
(rail # 2 conformal grinding -- CFI 136 RE25-0881)
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Fig. 32 €, (10?)
(rail # 2 conformal grinding -- CFI 136 RE25-0881)
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Fig. 33 ¢, (107)
(rail # 2 conformal grinding -- CFI 136 RE25-0881)
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Fig. 34 €,(10%)
(rail # 2 conformal grinding -- CFI 136 RE25-0881)
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Fig. 38 0, (MPa)
(rail # 2 conformal grinding -- CFI 136 RE25-0881)
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Fig. 39 0, (MPa)
(rail # 2 conformal grinding -- CFI 136 RE25-0881)
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Fig. 40 o, (MPa) ‘
(rail # 2 conformal grinding -- CFI 136 RE25-0881)
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Fig. 41 u-field displacement contours (um)
(rail # 2 conformal grinding, 45° oblique slice)

55




61.4

Y245
1

T

-20.8 -5.6

X2_45

Fig. 42 v-field displacement contours (um)
(rail # 2 conformal grinding, 45° oblique slice)
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Fig. 43 w-field displacement contours (pm)
(rail # 2 conformal grinding, 45° oblique slice)
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Fig. 44 €, (107)
(rail # 2 conformal grinding, 45° oblique slice)
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Fig. 45 €, (107)
(rail # 2 conformal grinding, 45° oblique slice)
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(rail # 2 conformal grinding, 45° oblique slice)
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Fig. 49 v-field fringes by moire interferometry
(rail # 4 two-point contact --CFI 136 RE25-1042)
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Fig. 51 €, (10%)
(rail # 4 two-point contact --CFI 136 RE25-1042)
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(rail # 4 two-point contact --CFI 136 RE25-1042)
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Fig. 55 o, (MPa)
(rail # 4 two-point contact --CF1 136 RE25-1042)
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Fig. 56 o, (MPa)
(rail # 4 two-point contact --CFI 136 RE25-1042)
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Fig. 57 o, (MPa)
(rail # 4 two-point contact --CFI 136 RE25-1042)
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(rail # 4 two-point contact --CFI 136 RE25-1042)

72

(N
w



R rr[ 1 T l LI ! 1 1 l b T

Fig. 59 effective stress o, (MPa)
(rail # 4 two-point contact --CFI 136 RE25-1042)
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Fig. 60 €, (10'3)
(rail # 4 two point contact, 45° oblique slice)
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Fig. 61 €, (10”)

(rail # 4 two point contact, 45° oblique slice)
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Fig. 62 €, (107)

(rail # 4 two point contact, 45° oblique slice)
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Fig. 63 €, (107)

(rail # 4 two point contact,

77

45° oblique slice)
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Fig. 67 €,. (10
(rail # 5 new CF1, 45° oblique slice)
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Fig. 68 €, (107)
(rail # 5 new CFI, 45° oblique slice)
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Fig. 69 €, (10'3)
(rail # 5 new CFIL, 45° oblique slice)
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Fig. 70 €,.,. (10%)
(rail # 5 new CFl, 45° oblique slice)
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‘ Fig. 71 o,
(rail # 5 new CFI, 45° oblique slice)
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Fig. 72 a,. (MPa)

(rail # 5 new CFI, 45°
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Fig. 73 0, (MPa)

(rail # 5 new CFI, 45° oblique slice)
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Fig. 74 o,., (MPa)
(rail # 5 new CFI, 45° oblique slice)
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Abstract of the Thesis
Whole Field Measurement of Residual Stresses in Rail
by
Xiaofeng Shen

Master of Science
in
Mechanical Engineering
~ State University of New York
at Stony Brook

1995

It is well known that the presence of residual stresses in rails effects the life
expectancy of the rail. The need to minimize the presence of residual
stresses in rails requires a detailed description of distribution of the residual
stress. The whole field distribution of residual stresses in both the head and
the base c;f the rail is investigated by a non-dissection method. The residual
stresses are relieved by an elevated temperature. The relieved residual
deformations are detected by moire interferometry. The technique to deposit

a high temperature resistance grating on the rail slice is developed. The
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proper annealing profile is obtained. The effect of cutting on redistribution
of residual stresses in rails is determined. And the experimental result of
residual stresses distribution is compared with our former result gained from

a dissection method.
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Introduction

The failure rate of rails is believed to be greatly influenced by the residual
stresses. Rail manufacturing processes and the action of train load in
service, as well as the thermal stresses create residual stresses in railroad
rails. These stresses, acting in conjunction with stresses produced by live
loads, can threaten fhe safety of train operation by increasing the hazard of
creation and propagation of fatigue cracks and the possibility of violent
brittle breakage. Based on the prior experimental and theoretical research
of DOT[14], the rolling contact plastic zone is confined to the rail head.
The residual stresses caused by manufacturing processes are localizéd in
both the head and the base parts of the rail. It is believed that the level of
residual stresses in the middle part of the rail is relatively low in

comparison with the head or base part.

Since recognition of importance of the residual stress on integrity of
railroad rails and economics of railways operation there has been observed
a constant effort aimed at - determination of those stresses and
understanding of all the effects they cause. Efforts have been made by
many people. during the past both experimentally and numerically(1}.
Experimentally, one of the most renowned techniques of experimental

examinations of the rail residual stress is the Battelle 3D technique[2]. In
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view of the fact that its means of releasing residual stresses is cutting the
rail into small cubes. Another method which can measure the whole rail is

the dissection method. In this method, small grid elements are formed on
the surface of the rail slice with a reflection grating fixed on its surface by
slots cutting[3][4]. The residual stresses are relieved by the cutting
process. Both methods yielded reasonable results. However these methods -
are destructive and among the most serious arguments raise against these
techniques are the total investment in time and expense and the amount of
laborious and painstaking work that is required so as to accomplish the

-final results.

In this thesis, a new experimental approach (non-dissection method) for
studying residual stresses in rails is presented. This is a non-destructive
method. The residual stresses are relieved by an elevated temperature. The
results obtained are detected by moiré interferometry(or called grating
imterferometry). The results obtained by the non-dissection method is
compared with the dissection method which was déveloped by my
colleague[8](see Fig. 1.1). The new method has obvious advantages: It
provides, moiré fringes throughout the specimen surface without
breakage(see Fig. 1.2). Error due to machining process are completely
circumvented. As a result a more detailed and accurate analysis can be

made.
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The main challenge raised in this non-dissection method is the making of a
high density grating which can withstand baking at high temperature for
long hours. Several ways are'tried until the satisfactory procedure for
making such a grating is found. This procedure starts with depositing a
uniform ‘thin layer of photoresist(a kind of photo-sensitive liquid). This
process is often used in micro-electric circuit rhaking. It is difficult to be
applied to deposit the whole rail slice. Due to the fact that only the rail
head and base are of interest, we study the effect of cutting on
redistribution of residual stresses in rails. Based on our experiment on two
rail samples of different types, it turns out that judiciously cutting away
the web region from both the head piece and the base piece does not effect

the distribution of the residual stresses in either pieces.

In our latest experiment, the residual stresses in the head and base pieces

of a rail slice are measured using the new non-dissection method.
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Principles of the Methods

2.1 Relief of Residual Stresses

There are two main groups of techniques to reconstruct the residual
stresses[S5]. One is destructive and the other is non-destructive. Techniques
in the destructive group include hole-boring as commonly applied to
metals, cofnposites, and rock; grid elements-grooving which treats the
average stress in the grid as the stress of the point at the center of the grid.
The basic idea is that the residual stresses will be relieved at the edge
where material is removed. These destructive methods can only obtain
stresses at the local region of material removal. It is very labor costing and
time consumihg if a whole field detectioin is desired. More over if we
consider the machining induced residual stresses during the boring or
grooving, the analyses becomes complicated. Techniques in the non-
destructive group include ultrasonic methods of Raleigh surface waves and
acoustoelasticity; x-réys; electrical-resistance strain gages; nuclear
acoustic resonance, efc. These methods detect the irregularity in the
material or physical properties which are caused by the residual stresses
under the surface of the sample. They are efficient in detecting the residual

stresses qualitatively but not so accurate in the measurement level.
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The technique we used in our determination of residual stresses in rail is
different from all the above techniques. It takes the advantage of the
annealing property of metal substances. The annealing process is a well
" used process by metal products manufacturers.—The residual stresses
confined in a piece of metal will be relieved after the metal piece is

subjected to elevated temperature for a certain amount of time.

2.2 Reconstruction of Residual Stresses

Many‘electrical and photomechanical techniques can be used to measure
the residﬁal stresses like strain gages, brittle coatings, épeckle and moiré.
Strain gages are not efficient to measure the whole field stresses, and
neither the brittle coatings nor speckle technique yield the accuracy for
measuring minute residual stresses. In this experiment, we choice moiré
interferometry as our means of measuring the deformation of steel
substrates caused by the annealing process. In order to resolve small
strains, comparable with those found in situations involving creep or
residual stress, the technique of moiré interferometry does offer adequate

sensitivity[6].

2.3 Moiré Interferometry

23.1 EXperimental Method

The word ‘moiré’ is the French name for a fabric known as watered silk,

which exhibits patterns of light and dark bands. This moiré effect occurs
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whenever two similar but not quite identical arrays of equally spaced lines
or dots are arranged so that one array can be viewed through the other.
These arrays are the fringe patterns that can be measured to decide the

deformation of the specimen surface.

Moiré interferometry is a high-sensitivity optical methods of measuring in-
plane deformation of solid bodies[6]. Two-beam interference is applied to
produce the resulting array of alternating light and dark fringes as shown
in Figure 2.1. The two beams are produced by a single coherent light
source and emerge from the mirror arrangement, used to orient the beams.

The distance p between fringes is determined from Eq.(2.1) and (2.2)by

p=A/(2sinb) " 2.1)
The fringe gradient is representative of a spatial frequency f given by

f=1/p=2sinb /A (2.2)
where fis expressed in terms of lines/mm.

The two intersecting beams are used to produce high-frequency gratings
which are efnployéd as the specimen gratings in moiré interferometry.
Fig.2.2 illustrates the experimental setup used in this investigation. A
collimated and coherent laser beam is split into two beams with one
impinging on the specimen and the other on the mirror. The beam

propagating to the mirror is also reflected onto the specimen. Therefore,
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there are two plane waves illuminating the specimen grating. The incident
angle of the two beans are so arranged that their 1 diffraction orders form
the grating of the two diffractions along the Z direction. When the
specimen grating is deformed, the wave fronts of the two diffraction
beams are warped. It is the interference of these two diffraction beams that
results in the forming of the moiré fringe pattern. A compound lens is used
to collect diffraction beams to form an image of the speeimen. Since the
frequency of the interference is very high (1000 to 3000 lines/mm),
production of the gratings is far from routine. An excellent vibration
isolation table is required to maintain stability of the optical elements
during the exposure interval. Also, forming the image of the grating on the
film plane requires a very-high-quality process lens. In our experiment,
cross grating is printed on the surface of the rail specimen S0 as to measure
the displacement both in u and v coordinate directions. The specimen is
mounted on a rotation stage which is rotatable about the Z-axis. The
specimen is aligned in such a way that the fringes representing one
displacement field, for example the u-field, are recorded first, the
specimen is then rotated 90 degrees to allow the formation of the v-field
fﬁnges for recording. The rotation stage is controlled by a stepping motor
with a minimum step being 0.01 degrees. This rotation stage is also used
to perform rotation mismatch when the sign of strain needs to be

determined.
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With moiré interferometry, the frequency of the grating is usually in the
range from 1000 to 3000 lines/mm, whereas with mechanical moiré, the
frequency rarely exceeds 80 lines/mm. The light frequency we use in our

experiments is 1200 lines/mm.

2.3.2 Analysis of Experimental Results[7]

The strain components are calculated using,

Exx = S—n' : (21)
P

&y = — '

v S, (2.2)

we(t e lyp 2.3

i’ Sxy Syx ) )

where p is one half of the pitch of the specimen grating, and S;(ij = x,y )
are fringe spacing along x and y axes, that is, the distances between two
intersected points of the fringes on the x and y axes, respectively. Since
the pitch of a grating is the inverse of its frequency, p is equal to 0.417um

for our case.-

The signs of the strains are determined by the mismatch fringe patterns.
According to reference[7], when a small rotation is imposed on the

reference grating, the moiré fringes will rotate along the same direction if
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the normaﬂ strain components are positive, and in the opposite direction if
negative. As for the shear strain, if the crossed fringe spacing (Sxy or Syx)
becomes smalfer when the reference grating is rotated, the shear strain has
the same sign as the rotation; if the crossed fringe spacing becomes larger,
the shear strain has the opposite sign. The rotation mismatch is easily

achieved by simply rotating the specimen in our experimental set up.
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3

The Effect of Cutting on Redistribution of
Residual Stresses in Rails

When considering the formation of the residual stresses in rails; we
assumed that they are localized in the base and the head regions of the rail.
A rail that is roller straightened at the mill and then subjected to wheel
contact loads may h#ve residual stress in the web region as well. The
straightening process creates plastic deformation in the rail base as well as
in the rail head. The rolling of wheels of railroad cars may extend the
plastic zones into the web region. In the previous studies, only rail heads
were investigated [3][8][9]. Several questions need to be answered such
as, whether or not the -esidual stresses are localized; whether or not the

plastic zones are contained in the rail base and the rail head only, and erc.

An ideal issue would involve annealing an entire cross-sectional slice of a
rail and determine the resulting residual stress distribution. However, the
practical difficulty of printing a fine grating of 1200 lines/mm on an
irregular shape specimen of about 180x155 mm in dimension is quite
substantial. An alternating is to cut a cross-sectional slice into two pieces, ‘
one containir;g the rail head and one containing the rail base, and proceed
to cutting the web region away from the pieces. If the resulting moiré

fringes due to initial imperfection are not disturbed by the cutting, it is
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reasonable to conclude that there is no appreciable residual stress in the
web and the cutting does not redistribute the residual stress in either the
rail head or the rail base. Two types of rails (one is KSC and one is 5A)

are tested.

The cross-sectional slices were cut from the rails that had experienced
rolling cycles as well as straightening from the mills. One of the surfaces
of the rail slice was polished. Epoxy gratings were replicated onto the head
and the base regions. The whole slice was then cut into two pieces at the
center of the web and were placed into moiré interferometer respectively.
No irregular fringes were observed at this stage except two broad fringes
created by misalignment or grating imperfection. These initial.fringes are
present in almost all moiré iﬁterferbmetry investigation. It indicated that
the cutting of the slice at the center of the web did not cause noticeable
redistribution of the residual stresses in the rail head or in the rail base. A
series of sequential cuttings were performed thereafter on both the
separated rail head and the base. Fig.3.1 depicts a schematic of the
sequence cuttings. After each cut, the rail head and the base were brought
back into the interferometer and the resulting fringe patterns were
carefully compared to the one before the cutting to see if there were any
changes. Cutting was stopped when an obvious change of fringe
distribution was observed. Fig.3.2 shows sample patterns of rail KSC at

different cutting stages. Similar results were obtained from rail 5A.
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The results of the investigation indicate that the residual stresses are
localized in the head and the base regions of the rail. A whole slice can be
separated into two pieces containing the head and the base respectively.
Judiciously cutting away the web region from the two pieces does not
effect the distribution of the residual stresses in either the rail head nor the
rail base. In this particular study, the limiting distance is 63mm for rail
KSC and 60mm for rail 5A from the top of the rails for the head pieces

and 55mm for both rails KSC and 5A from the bottom of the rails for the

base pieces.

The result of this study has been sent to the Journal of Experimental

Techniques for publication[13].
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Making of High Temperature Resistant
Gratings on Steel Substrates

For normal(room temperature) application of moiré interferometry, a
reflective surface grating is cast onto the component’s surface using a
replication material, such as silicon rubber or epoxy resin from a master
grating. Since both silicon rubber grating and epoxy grating will be
destroyed over 300 °F which is much lower than the required annealing
temperature for steel, new technique need to be introduced to make high
temperature resistant gratings on steel substrates. In our application, the
grating should be able to survive 10 hours of baking at temperature 900 °F

or 100 hours of baking at temperature 800 °F.

Processes to produce high temperature resistant grating has been
developed by several other research groups [10][11][9] efc. The procedure
developed in our laboratory has successfully withstand baking at 900 °F
for 30 hours or at 300 °F for 100 hours after which the fringe pattern is
still illustrative to the details. The fundamental of this technique is printing

high density grating on photoresist by Two-Beam Interference.

The procedures of making high temperature resistant gratings on steel

substrates is as stated in the following sections.
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4.1 Surface Polishing

The surface of the components is first prepared to a polished finish. This is
carried out with as gemle a mechanical working procedure as possible so

as to minimize work-induced stresses. The surface of a substrate is
polished by steps of 400 and 600-grit sand paper. The surface is then

finally finished by 1um polishing paste.

There are inevitable stresses introduced, even if polishing is carried out at
a slow rate and under well lubricated conditions, but according to Dr.
Colin Forno’s measurements using X-ray diffraction -on his carefully
bolished specimens [10] which have then been incrementally etched
suggest that, although such stres_ses may be high, they are confined to a
surface layer only a few micrometers thick[12]. During the polishing,
attention should also be paid to avoid the rounding off of the edge of the

surface.

4.2 Metal Layer Deposition

A thin layer of Chromium about 40nm is evaporated on the steel substrate
first. The second layer is Aluminum and the thickness is about 30nm.
Chromium serves as an adhesion between Aluminum coating and the steel

substrate. It could also protect the substrate from oxidization at a high
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temperature. Aluminum has good anit-oxidization ability at temperature

below 1,000 °F and remains shinning through out the baking.

4.3 Photoresist Deposition

Next, the substrate with Chromium and Aluminum coatings is coated with
photoresist[15], followed by a bﬁke at 120 °F for 20 rﬁin. The whole
operation of photoresist deposition had to be done under a safety light. To
achieve a uniform thin layer the method of spinning at high speed is used.
If the corhponent is circular, then it is possible by spinning to achieve the
ideal condition of a completely uniform and very thin layer of photoresist.
Unfortunately, most test components are seldom circular and the resulting
spun layer of resist may vary in thickness by several micrometers,
especially around the edges. However, acceptable res{xlts has been made
on both the rail head and base by carefully control the process of spinning

and spraying. Still, the edge effect has not been fully overcome.

4.4 Grating Making

The resist layer on the component is then exposed to a 1200lines/mm
intensity' pattern( this is the standard spatial frequency for moiré
interferometx:y.) for 2 min using the set up described in last chapter. The
light field is 5 in diameter. A blue Argoﬁ laser is used with wave length

of light 488nm and the power output of the laser is set at 500mw. For the
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" production of a crossed grating, which is needed if all in-plane strain
components are required, the speéimen has to be double exposed after

rotating it through an angle of 90 degrees.

After the exposure, the specimen is developed. The developer [16] is
diluted with 2 parts of water. It has to be noted that the developer should
be kept fresh. It is no good to use overnight developer. The developing
time is about 1 min. After the developing, the specimen is rinsed in water
and then blown with a hair dryer to dry. During the developing, a Robby
laser observation arrangement is designed to trace the diffraction the
growing grating exhibits. When the diffraction is observed, by experience,
to be strong enough, the specimen must be taken out from the developer to
avoid over development. Since the developer of the phqtoresist exhibits an
alkaline behavior, it will etch off the Aluminum. Therefore an Aluminum
grating is formed onto the surface of the rail slice. The residual photoresist

is washed off with alcohol.

4.5 AnImproved Way of Grating Making

The grating making procedure mentioned in 4.4 directly etches off
Aluminum to form the grating. The process, based on our experience, is
difficult to control. The quality of the Aluminum grating varies greatly
with the quality of the Aluminum coating. Also, the Aluminum coating

peels off easily in the dilution of developer and water. Once the attempt to
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make such a grating is failed, the steel substrate need to be polished again
and coated with the heat resistant metal once more. It is not only time
consuming but also expensive. An alternative way which is proved better

than this is developed in our laboratory lately.

4.5.1 Grating Mold Preparation

'In this process, the steel substrate is coated with phoforesist after it is
polished. Then a 1200 lines/mm grating structure is printed on the
photoresist use the same Two-Beam interference technique. If the resist
coating is developed at this stage the surface will exhibit amplitude
modulation of 1200 lines/mm. Purpose of the resist grating is to form a
mold for a subsequent thin layer of a heat resistant metal. Several attempt

can be made before a satisfactory photoresist grating is obtained.

4.5.2 Coating with Heat Resistant Materials

Two layers of different heat resistant and anit-oxidizing metals are applied
by vacuum depositign. Providing the layers are sufficiently thick(nonnally
50 nm each), they will retain its molded shape when the resist is
eliminated during the heating. process. Duﬁng the annealing process
followed, the resist decompose and eventually vaporize t_hrough any cracks
or holes in the metal films at temperature above 300 °F, leaving the
molded grating attached to the substrate. The metals are “keyed” onto the

component and act as a fixed grating. The remained grating is still
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shinning after the annealing process(30 hours of baking at 900 °F). This
process need to polish the steel substrate and perform the vacuum
deposition only once. It is a more efficient way of making high
temperature resistant grating than the other mentioned in this thesis.
However, the choice of the components of the two metal layers is crucial

to the success of this method.
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Establishment of Heat Treatment for Relief of
Residual Stress in Rails

Former experiments was done in our laboratory on a rail head specimen
subjected to stress relief at 900 °F for 10 hours. The DOT(Department of
Transportation) has proposed two temperature-time profiles of heat
treatment for rail stress relief: (1) 800 °F for 100 hours; and (2) 900 °F for
10 hours. According to DOT’s requirement, we conducted labératory
experiments on pieces of rail head specimen to establish the minimum
belevated-temperature holding time required to produce an acceptable

degree of stress relief.

Two specimen were carefully measured. Both of them were heated at 900
°F for more than 30 hours, with periodic interruption and cooling to room
temperature for interim measurements at the times indicated in Table 1. As
shown in Table i, the number of fringes between two pre-made marks on
each specimen surface are counted at each interim. For rail sample #1, the
number of fringes merely increases after 15 hours of bakihg; for rail

sample #2, the number of fringes merely increases éfter 10 hours of
baking. Prediction could be.rﬁade that the residual stresses‘ have almost |
beenA relieved after 20 hours of baking at 900 °F, since no significant

fringe density changes, if any, have been observed for both samples after
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20 hours of baking no matter how long the baking lasts thereafter. In the

following investigation, the temperatuer-time profile we use is as shown in

Fig. 5.1.
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Position Recovery of Specimen After
Annealing Process

Since the specimen need to be heated in a furnace to reach temperature as
high as 900 °F, it has to be removed from the optical arrangement and put
back precisely to the original place for deformation measurement. Moiré
interferometry is very sensitive to displacement in the spatial field. Any
minute rotational mismatch(displacement) will lead to significant change
in the deformation fringe pattern thus cause severe error to the experiment

result.

A clamping device (see Fig.6.1) is specially designed for the position
recovery of the rail specimen on the rotation stage after annealing process.
It contains a supporting base with the contacting surface ground flat; a
position pin; a clamping bar to fix the specimen. The lower side of the
spe'cimen is also ground flat. When the specimen is rested on the
supporting base, the two grounded surface are perfectly contact. Then the
specimenv is slowly moved towards the position pin with a finger until it is
firmly against the pin. The specimen is then fixed by the clamping bar.
After the'intérferometer is adjusted to a null field with the non-heat-treated

specimen, the specimen is taken off and then put back in the same way.
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The null field remains.—It claims that the position recovery device

performs well.

A-38



Experimental Procedure

7.1 Specimen Preparation and Grating Making

The rail slices studied are provided by Dr. Roger Steel of the Association
of American Railroads. A 10mm thick vertical slice is cut off from the
central part of the rail that has experienced rolling cycles (see Fig.7.1).
The rail head and base are cut off as the subjects of the study. Both of
them are carefully grounded followed by slow hand lapping to avoid
introducing additional residual stresses or rounding off the edges. The

polish is done till a mirror like surface is achieved.

The polished rail head and base are then coated with cross gratings of
1200 lines/mm using the improved method of high temperature resistant

grating making techniquewhich is described in 4.4.

7.2 Relief of Residual Stresses by Annealing
Process

Both of the rail head and base are subjected to the annealing process. They
are baked in a furnace with a programmable temperature controller at 900
°F for 20 hours (see Fig. 5.1) and cooled down to room temperature in the

furnace without interference.
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7.3 Experimental Results and Data Analysis

When the specimens of rail head and rail base are cooled down to room
temperature after the annealing process, they are brought back to the
interferometer with their former position carefully recovered. The
resulting fringe pattern for the u-field deformation is taken. The specimen
is then rotated 90 degrees and the fringe pattern for the v-field deformation
is taken. Figures 7.2 and 7.3 show the fringe pattern of the rail head and

base.

The strain calculation is easier and more accurate for the non-dissection
method. The continuous fringes obtained by the non-dissection method are
digitized and differentiated numerically. The strain components of ¢,,, €,

and y,, are calculated by,

ON:
——l 7.
&= =P — , .( 1)
Syyv =p % (7.2)
ON: oN,
v = + - 7.3
Y= ( % o ) (7.3)
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where N, and Ny are fringe orders of the u and v field fringe patterns

respectively.

Figure 7.4 and 7.5 show the contour maps of strain components &,,, €,

and y,, for the rail head and base obtained by non-dissection methods.
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Results and Discussions

8.1 Residual Stresses in Rail

The residual stresses in the -rail head and base have been successfully
obtained by the non-dissection method. For the particular rail shown in
Fig.7.2 and Fig. 7.3, from the symmetric patterns of the deforrﬁation
contour in both u and v field of the base, conclusion can be drawn that rail
manufacturing makes the major contribution to tﬁc residual stresses
formation in the rail base. Similarly, rail manufacturing plays the major
role in the formation of the residual stresses for the most part of tﬁe rail
head, except in the regions near the upper bound of the rail head where
stress concentrations occur (see Fig. 7.3 and Fig. 7.4). The strain level is
much higher in the rail head than in the rail base, which may Be because
that the rail head is more Bulky and produce more residual stresses when it
is cooling down. This infers the significance of the manufacturing induced
residual stresses in rail. In future, the presented system will be applied for

determining the stress field Oy, Oy , G, by analyzing obliquely cut sample.
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8.2 Problems in the Heat Resistant Grating Making
Stage '

The non-dissection method proved to be successful and easily fulfilled.
Although making of a high temperature resistant grating costs many
efforts and needs a powerful laser with short light-wavelength output, this
method is strongly recommended to obtain accurate results. The mismatch
of the thermal coefﬁciehts of expansion of the grating and the substrate
does not effect the resulting fringes since the differences of the thermal
coefficients between steel and heat resistant metal layers are small and the
thickness of the metal layers are as thin as about 50 nm.

Due to the irregular shape of the rail head and upper speed limit of the
rotary stage, the uniformity of the photoresist layer is difficult to achieve.
One solution to it is to make the surface of the specimen extremely flat
and carefully avoid thé round off at the edge during polishing.

Chromium will react with photoresist at high temperature and reduce the
reflectivity of the specimen. Substitute metal which would not react with
photoresist at high temperature need be selected if a detailed fringe pattern

is required.
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Table 1

The number of fringes between two pre-made marks on each specimen surface are
counted at baking interims. For rail sample #1, the number of fringes merely increases
after 10 hours of baking; for rail sample #2, the number of fringes merely increases after
5 hours of baking. The Baking temperature for both samples is 900 °F.

Rail sample #1 Rail sample #2

Total hours # of fringes # of fringes
of Baking

5 34 63

10 37 63

15 38 63

20 385 63.5

30 385 64

40 39 64
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Fig. 2.1 - Interference fringe pattern produced by intersecting wavefronts

(Courtesy of D. Post), and optical arrangement used to produce
high-frequency moiré gratings.
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Fig. 2.2 The experimental setup of moiré interferometry for our study.
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Fig. 7.1 - Orientation of the rail slices.
The oblique slice is used in further studies.
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Fig. 7.2

Fringe pattern of the rail base.

(a) U-ficld



M ArS " h
. 'l' ‘A
R
, ‘ -l'j
3

-
A

A-56

(b) V-ficld



A-57

| Fringe pattern of the rail head.
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