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Abstract

Residual stresses in railway rails have a significant influence on the rail functional properties and reliability in service
life. Already during the production, the roller straightening as the final production step removing the rail curvature
causes the formation of complex stress fields. In this work, a complementary experimental characterization of longi-
tudinal, transversal and normal residual stresses in an uncut straightened rail with a length of 0.5m is performed
using neutron diffraction and contour method. Additionally, the residual stresses are predicted numerically by means
of an extensive three-dimensional finite element simulation taking into account the cyclic elastic—plastic material
behaviour of the rail including combined kinematic—isotropic hardening. The very good agreement between the
experimental and numerical data provides a basis for the understanding and predicting how the straightening proce-
dure, that is, the positioning of the individual rollers and forces applied by the rollers, influences the triaxial stress

fields at the rail cross-section.
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Introduction

Roller straightening is the final step in the production
of a railway rail. It follows the cooling to room tem-
perature after the hot rolling performed at about
1000 °C and results in the formation of a rail curvature
and relatively small residual stresses' ® caused by the
specific rail profile geometry and negligible mechanical
constrains on the cooling bed. Since most of the rail
mass is concentrated in the rails head, the cooling is
slower in the head than in the foot. The colder foot and
the web exert a longitudinal force on the hot head
which leads to a plastic deformation and consequently
to a reduction of the rail’s length in the head zone.
During further cooling, the head cools down and the
dimensional mismatch between the foot and the web
results in a curvature of the rail whose neutral axis lies
near the rail head.

In order to obtain a straight rail, the cooling must
be followed by a complex roller straightening process
which is performed by alternating bending about the
cold rails axes of inertia using a set of rollers (Figure
1). The roller pitch can be regular, like at the horizontal

bending machine (HM), or irregular, at the vertical
bending machine (VM). Since the straightening step is
the final step in the production route, it has a signifi-
cant influence on the final properties of the rail. As a
consequence, the rail should not only be straight, but
residual stresses should be minimal after this process.*
According to a draft standard elaborated by European
Committee for Standardization (CEN), the longitudi-
nal residual stresses in the middle of the rail foot must
not exceed 250 MPa.’

In order to quantify residual stresses in rails, numer-
ous experimental and computational works have been
performed in the past.>*®?!' Pioneering studies
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horizontal machine (HM)

vertical machine (VM)

Figure I. A schematic sketch of the straightening process performed by the horizontal (HM) and vertical (VM) machines.
The arrows indicate deflection of selected rollers. The dark grey regions on the rail indicate the plastic deformation zone.

appeared already in 1937 by Meier® where the typical
C-shaped residual stress distribution for straightened
rails characterized by sectioning methods was recog-
nized. More recent publications® '*!147162223  yere
devoted to non-destructive volume-sensitive stress char-
acterization using neutrons and synchrotron radiation.
Sasaki et al.'” used neutron diffraction to evaluate resi-
dual stresses in small sections of 10 mm of a rail head.
Similarly, Jun et al.'' performed neutron diffraction
measurements on a 16-mm-thick transverse slice
through the entire profile of a rail which has been in
service. In order to eliminate the effect of the section-
ing, Luzin et al.'*?? characterized residual stresses in a
10-mm-thick rail section and in a 0.5-m-long rail. The
results documented that the sectioning results in the
significant modification of the original residual stresses
in the rail where especially longitudinal stress compo-
nents were affected.

Another approach to evaluate longitudinal residual
stresses in rail long sections is the contour method pro-
posed by Prime and colleagues.>* ¢ The specimen is
cut in two pieces normal to the profile axis, which leads
to an elastic recovery of the longitudinal stresses. The
stresses can be calculated from the relaxation strains by
a variation of Bueckner’s superposition principle?’ or
by finite element modelling.*> Prime**** shows, based
on the example of a bent beam specimen, that this
method can measure a full two-dimensional (2D) map
of the residual stress component normal to the cross-
section. Knowing that the longitudinal residual stress is
the most critical component for railway rails makes this
method an interesting alternative, even though only
one stress component can be evaluated.

Residual stresses in railway rails have been charac-
terized primarily in used rail sections in order to evalu-
ate the influence of the service on the stress
development.”#!1:1215:16 The experimental stress char-
acterization in ‘as-produced’ rails with preserved longi-
tudinal components, that is, in an unsectioned rail, has
not been performed yet. There have been however a
few approaches to determine the stress state in straigh-
tened rails using FEM. One approach is based on the
classical Euler-Bernoulli assumptions for bending in
combination of the theory of Hertz to model the stress

evolution in the rails cross-sections during straightening
influenced by the roller contact.'”'® In other models,
2D or three-dimensional (3D) modelled sections of the
rail are driven by boundary conditions calculated from
the bending line analytically or by a beam model. In
that case, the influence of the contact situation was also
modelled supposing elastic or rigid rollers.*!%-20:28:2

The objectives of this work are (1) to perform an
experimental characterization of residual stresses in an
uncut straightened rail of steel grade R260 and rail pro-
file 60E1° (with unrelaxed longitudinal residual stresses)
using neutron diffraction and the contour method and
(2) to correlate the results with a finite element simula-
tion of the straightening process. Finally, the combina-
tion of experimental and numerical approaches allows
(1) a validation of the model and (2) also the under-
standing and the optimization of the straightening pro-
cedure. Methodologically, the approach should also
evaluate the advantages and disadvantages of stress
characterization using neutrons and the contour
method in large engineering components.

Experimental
Neutron diffraction characterization

Residual stress characterization was performed in a
straightened 0.5-m-long rail with the preserved original
stress state at the Stress-Spec neutron diffractometer>®
of the FRMII facility in Garching, Germany. The
details of the experimental setup and the technique can
be found in Jun et al,'' Hofmann et al** and
Hutchings et al.’' For the measurements, a neutron
wavelength of 1.664A and a gauge volume of
5X5%5 mm?® were used. The gauge volume was defined
by a slit in the incoming beam and a radial collimator
before the detector to leave enough space for the large
sample. The reason for the relatively large gauge vol-
ume was the low neutron transmission of about 1%-—
2% forints in the head, that resulted in low diffraction
statistics and long coating times of up to 2h per acqui-
sition.*” The diffraction signal was recorded using a 2D
detector with an active area of 300X300mm? and a
pixel size of about 1.4 mm.
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For the position-resolved characterization of diffrac-
tion elastic strains &’/(x, y, z) in the rail at the positions
(x,,z), a-Fe hkl reflections 211 or 110 were scanned
with diffraction vectors oriented parallel to the trans-
verse, normal and longitudinal rail axes. The main rea-
sons to select Fe 211 and 110 reflections for the strain
analysis were that (1) the diffraction angles were easily
accessible by the 2D neutron detector, (2) the reflec-
tions exhibit a low sensitivity to intergranular strains of
second and third order and (3) the diffraction elastic
constants do not differ significantly. The 110 reflections
were used to measure the points in the head, as the
lower Bragg angle of 48° and additional tilting of the
sample would allow shorter pathways. Most of the
measurement points were located along the rail vertical
symmetry axis. The measured diffraction angles were
used to calculate the lattice spacing d"(x,y,z)
using Bragg’s law. The unstressed lattice parameters
dg’”” were determined experimentally by measuring
4x4x4mm? steel cubes extracted from the rail. The
diffraction elastic strain in three directions was deter-
mined according to

dfk’(x, V,z) — dgk/(x,y, z)
dif(x,y,z)

hicl _
g (x,p,z) = (1)
where i represents the transverse (x), normal (y) and
longitudinal (z) orientations of the diffraction vector.
The triaxial residual stresses at the positions (x,y,z)
were determined using

Ehkl
00X 2) =
hkl Vv hkl
1
(Si (xryrz) + (1 _2V]1k[) gx (x’yaz)

+#%mn+$wma0<m

where a Young’s modulus of E™ =216 GPa and a
Poisson’s ratio of v/ =0.286 were used for both
reflections.®?

Contour method

The contour method***>=* was applied to characterize
residual stresses in an as-produced roller-straightened
rail, having a length of 0.5m. The cut was carried out
by a conventional industrial wire electric discharge
machining (WEDM) machine approximately in the rail
centre and perpendicular to the rail longitudinal axis.
After the cutting, both cutting surfaces were scanned
using a coordinate measuring machine (CMM), apply-
ing a grid of 1X1 mm?. In order to obtain accurate
results, the measured contour was corrected to compen-
sate errors from the cutting process. According to
Prime and Kastengren,* there are anti-symmetric and
symmetric errors. The first group derives from the
effects such as shifting of the parts due to bad clamping

or a crooked cut, and can be corrected by averaging
the contours of both cutting surfaces. The latter group
comprises local variations in the cutting surfaces due to
the cutting itself, such as changes in the cut width.* ¢
These errors can be corrected by subtracting the con-
tour obtained from a stress-free reference.®*’

To determine the unknown 2D residual stress distri-
bution across the as-produced rail from the known mea-
sured and corrected 2D contour data, an elastic finite
element model was used applying Young’s modulus
E =205 GPa and the Poisson’s ratio v = 0.3. In the
model, numerical contour data equivalent to those from
the experiment were generated on a 0.25-m-long rail
segment and then the curved rail cross-section was dis-
placed to the plane state. The 2D stress generated in the
rail using the later step was considered as the searched
residual stress in the uncut as-produced rail.

FEM analysis of the straightening process

The roller straightening process of the rail was mod-
elled with FEM using Abaqus/Standard.*® For the
cyclic elastic—plastic material behaviour of the rail
steel, the already implemented Chaboche model was
used.*®** The parameters for the model were
extracted from experimental cyclic mechanical tests
performed on the rail material using strains in the
range of 0.5%-1.0%. Additionally, unsymmetrical
stress-controlled cyclic tests were used to adjust the
ratcheting behaviour.

To reduce the numbers of elements in the 3D model
of the straightening process, a sub-modelling technique
was used. This entails performing the numerical analy-
sis in two steps: (1) a global analysis, where a simple
beam element model of the rail is generated and pulled
through the roller straightener, and where the history
of the displacements and rotations of each node is
monitored, (2) the subsequent submodel analysis,
where a designated section of interest is finely meshed
using 3D solid elements whose bounding plane posi-
tions are subjected to the nodal displacement and rota-
tion history calculated in the global analysis. The
model provides the possibility to define an initial stress
state and consequently also an initial rail curvature.
The results obtained from the model (and also experi-
mental measurements performed on an unstraightened
rail) revealed that the rail curvature and also the resi-
dual stress state after the cooling down before the
straightening have negligible influence on the final resi-
dual stress state in the straightened rail.*’

To prevent shear locking of the elements during
bending, the 3D solid eight-node linear brick element
with reduced integration (C3D8R) was used. The roll-
ers were modelled as rigid. For the contact model,
Coulomb friction (u = 0.15)*" was assumed. The com-
pliance of the roller surface was accounted for by a so-
called softened contact relationship. For this purpose,
the pressure—overclosure relationship was defined by
the contact stiffness derived from the Hertz theory.***
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Z-coordinate

Figure 2. Displacement data in millimetre obtained using the contour method indicate the local material relaxation across the rail
cross-section after the cutting. Positive and negative values correspond to compressive and tensile longitudinal stresses.

The calculation time for the 170,000 elements contain-
ing submodel was about 240 h on 12 processors.

Results and discussion

Contour data

The characterization of the 2D distribution of the long-
itudinal stresses across the annealed rail with a grid of
1X1 mm? was performed using the contour method. In
Figure 2, the experimental data obtained from a CMM
after error elimination are presented. The displacement
values in the range from —0.045 to 0.035mm indicate
the presence of compressive and tensile stresses at the
rail cross-section.

The contour data from Figure 2 were used to evalu-
ate longitudinal stresses using the FEM model (cf. sec-
tion ‘Contour method’). The results in Figure 3
indicate the presence of a C-like longitudinal stress pro-
file across the rail cross-section with about 160 and
130MPa at the foot and head, respectively, and
—125 MPa in the web. The tensile stresses obtained
from the contour approach are significantly smaller
than the strength of the material and lie obviously also
within the limit defined by the CEN draft standard of
250 MPa. The error of the contour method in the resi-
dual stress determination is very difficult to quantify.
After considering the uncertainties during the sample
preparation and the characterization as well as the eva-
luation procedure, it is believed that the experimental
error is smaller than +15%.

Neutron residual stress characterization

Neutron diffraction allows characterizing all three
stress components in the rail. Due to the long pathways
in the material and the resulting long measurement
times, the triaxial stresses were determined only in
selected volume elements with the size of 5X5X5mm?.
Longitudinal residual stresses for selected probe posi-
tions are presented in Figure 4. Additionally, triaxial
residual stresses along the rail symmetry axis are shown
in Figure 5.

Also in the case of neutron characterization, longitu-
dinal tensile stresses of 160 and 130 MPa were observed
in the foot and head, respectively, whereas a stress of
—125MPa was determined in the web centre. The mag-
nitudes of the stresses determined in the head are com-
parable with the results of Jun et al.'" where actually
stress reconstruction from measurements on thin rail
slices was used. The relatively large measurement errors
from about 20 MPa in the web centre to about 80 MPa
in the rail head were caused especially by the long path-
ways of the neutrons which resulted in relatively weak
diffraction statistics. The last measurement points in
the foot (at 3mm) and head (at 170mm) show an
abrupt change in stress, which also violates the bound-
ary condition of o, being zero at the surface. These
stresses can be considered artefacts due to surface
effects, as at these points, the gauge volume was not
fully immersed into the material.**

FEM modelling

The FEM model was used to determine the distribution
of triaxial stresses at the rail cross-section after the
straightening (Figure 6). The results indicate again a C-
like shape of the longitudinal stresses (Figure 6(c) and
(d)) with the stress profile varying in the range of about
—75 to 100 MPa. The medium transversal and normal
compressive stresses of about —60 MPa in the rail head
near the surface were formed during an unloading of
the rollers after the roller contact was removed. The
region of transversal tensile stresses in the head is
caused by the higher compressive deformation by the
rollers of the VM in contrast to the lateral region
(Figure 6(a)). The same effect, however in normal
direction, is caused by the upper role of the HM
(Figure 6(b)).

The C-profile can easily be interpreted by analysing
the individual modelling steps of the straightening pro-
cess. During the first rail bending under the roll num-
ber R2 (cf. Figure 1), longitudinal compressive stresses
form in the head and tensile stresses in the foot, large
enough that plastification occurs leaving residual
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Figure 3. Two-dimensional distribution of longitudinal residual stresses o, across the straightened rail (a) determined by means of
the contour method and the stress profile across the rail vertical axis (b).
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Figure 4. Longitudinal residual stresses in MPa across the
straightened rail determined using neutron diffraction.

stresses with an opposite sign after unloading between
R2 and R3. This means that before entering R3, the
head is exposed to tensile and the foot to compressive
residual stresses. Bending about R3 basically reverses
the situation, however to a lesser extent as the position-
ing of the rolls is chosen in such a way that the rail’s
curvature radii decay as the rail progresses towards the
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Figure 5. Distribution of triaxial stresses in the straightened
rail across the rail symmetry vertical axis determined by
neutron diffraction.

end of the roller straightener. At this point, it is impor-
tant to note that the intricate contact situation between
the roll and the rail introduces a significant amount of
plasticity in the outer fibre of the rail that can only be
accommodated by a widening of the rail (i.e. a material
flow in the x-direction, cf. Figure 1) due to the kine-
matic constraints in the other directions. The Poisson
effect then generates tensile stresses in the z-direction
that add to the stresses due to bending. This is repeated
every time the rail is bent upwards or downwards.
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Figure 6. Spatial distribution of (a) transversal oy, (b) normal o, and (c) longitudinal o, stresses across the rail cross-section, as
obtained from the FEM model. (d) Distribution of triaxial stresses along the rail symmetry axis.

These additional tensile stresses are equilibrated by
compressive stresses in the web of the rail giving rise to
the characteristic C-shaped longitudinal stress distribu-
tion that is commonly observed in roller-straightened
beams. Speaking in terms of strains, this phenomenon
can also be explained by a steady reduction of the beam
length with every bending. This reduction can actually
be measured amounting to about 100mm for a 60-m
rail after leaving the roller straightener. The formation
of the C-profile is an inevitable consequence of the
additional plasticity underneath the rolls and hence the
entire straightening process. Changing process para-
meters will only shift or flatten this C-shaped stress
distribution. The finite element model offers a cost-
effective method to adjust the process parameters such
as to minimize the magnitudes of the tensile stresses at
the head and at the foot.

Results comparison

One of the main objectives of this work was to analyse
longitudinal residual stresses in the as-produced

straightened rail. The longitudinal residual stress from
the contour method, neutron diffraction and FEM
approach are presented in Figure 7. As already docu-
mented in sections ‘Contour data’, ‘Neutron residual
stress characterization’, ‘FEM modelling’ and ‘Results
comparison’, the longitudinal stress distributions exhi-
bit always a C-like profile which was confirmed by all
three methods. Although the magnitudes of the stress
dependencies differ by about 50 MPa, the common
trend of compressive stresses in the web and tensile
stresses in the head and foot is obvious.

Discussion

The combination of two experimental techniques and
the FEM modelling procedure demonstrated that all
three approaches provide qualitatively the same profile
of the longitudinal stresses across the rail vertical axis
with a typical ‘C’ shape. The tensile longitudinal resi-
dual stresses in Figure 7 are significantly smaller than
the strength of the material and lie obviously also
within the limit defined by the CEN draft standard of
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Figure 7. Comparison of the longitudinal residual stress o,
distribution along the vertical symmetry axis evaluated by the
contour method, neutron diffraction and FEM approach.

250 MPa. The aim of this paragraph is to discuss the
individual approaches.

The contour method provided representative data
on the longitudinal stresses which agree very well with
the values obtained from other techniques (Figure 7).
The whole procedure including sample preparation, sur-
face mapping and data processing takes about 20 h. The
main advantages of the technique are the relative cost-
effectiveness and the fact that the method provides 2D
distribution of the stresses across the rail cross-section
with a mesh of 1X1mm (Figure 2). As drawbacks, one
should mention that a contour of a stress-free reference
must be measured additionally in order to correct for
measurement errors, and a linear elastic 3D finite element
model must be built in order to reconstruct the residual
stress fields from the measurement displacement fields.

In the case of neutron characterization, the measure-
ments can be performed on an as-delivered rail of 0.5m
in length without the need of cutting. Due to the long
pathways resulting in a bad diffraction statistics and
acquisition times up to 2h, a relatively large probing
volume of 5X5X5mm? was used. This allowed to
reduce the measurement time to as low as 4 days. This
demonstrates that this type of analysis is restricted to
dedicated samples only, because it is expensive and
must be planned in advance. Similar as in the case of
contour method, also for the neutron characterization,
stress-free samples must be provided in order to deter-
mine unstressed lattice parameters of the crystal. The
rail length of 0.5m proved to be long enough in order
to preserve the longitudinal stress components.

The FEM analysis provided very detailed data on
the stress distribution across the rail. The predictive
quality of such an approach relies however on the

accuracy of the material model which has to be able to
account for cyclic plasticity including the hardening
mechanisms that are relevant within the first loading
cycles. Determining the pertaining material parameters
requires cyclic tension-compression tests at strain
amplitudes similar to the actual straightening process.
Particular attention has also to be paid to the details of
the contact between the rail and the roll as this has a
significant influence on the stress situation especially in
the outer fibres. Once a reliable model is set up, suffi-
ciently large computational resources must be pro-
vided. In the present case, the two-step simulation
(global model and submodel) of the process took
2weeks on 12 standard x86 3-GHz cores. The main
advantage of the FEM approach is naturally the fact
that once the numerical method has been validated
against the experimental evidence, it may unfold its
strength by providing full versatility with respect to
parameter variations, such as different roller positions
or forces applied by the individual rollers. The compar-
ison of the results obtained from the straightened and
unstraightened rails has revealed that the curvature and
also residual stress state after the cooling down have
negligible influence on the final residual stress state in
the straightened rail.

Conclusion

The longitudinal residual stress distribution across the
vertical axis of the straightened rail was characterized
using neutron diffraction, the contour method and a
FEM model. All three approaches delivered the same
stress profile with a typical ‘C” shape and the maximal
tensile stresses below the limit of 250 MPa defined by
the CEN draft standard. Methodologically, the work
demonstrates that all three approaches provide actually
equivalent results which were however achieved using
absolutely different procedures and also under very dif-
ferent costs.

The validation and adjustment of the FEM
approach with the experimental data represents an
important step in understanding and control of the
straightening process. The development of the FEM
approach opens the way to produce rails with well-
adjusted residual stress fields by varying roller positions
or forces applied by the individual rollers.
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