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Abstract: This work is distinguished by searching for a non-destructive technology, and X-ray diffraction was validated
by the XStress 3000 analyser. Measurements of residual stresses in the welded zone of premium pearlitic rails was
performed, rail surface hardness of 370 HB and 0.79% carbon content. The welding of the rails was done by flash butt
process, performed by Schlatter GAAS 80 stationary equipment. The results of the tensile and compressive stress
measurements identified the residual stresses in the welded zone, with specific zones of tensile stresses misplaced at
the weld center, with values up to 391 MPa, and compressive stresses, with values up to -166 MPa, as it moves away
rails weld center. An important point of this study is the residual stress measurement considering a complete welding
process, including: pre-grinding, flash butt welding, heat treatment, finishing grinding and straightening. Lastly, was
observed the welding technique potentially can induce residual stresses at rails.
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Analise de Tensoes Residuais, Via Difracao de Raio-X, em Trilhos Premium
Soldados Através do Processo de Centelhamento

Resumo: Este artigo se distingue pela aplicagdo de um ensaio ndo destrutivo, onde a difragdo de raio-x foi validada
através do equipamento XStress 3000. Medidas de tensdes residuais foram executadas na zona soldada de trilhos
perliticos premium, dureza superficial de 370HB e teor de carbono 0,79%. A soldagem dos trilhos foi executada através
do processo de centelhamento elétrico (caldeamento), executado pelo equipamento estacionario Schlatter GAAS 80.
Os resultados de tensdes residuais identificaram tensdes residuais trativas e compressivas na zona soldada, com areas
especificas de tensdes trativas deslocadas da regido central da solda, com valores de até 391 MPa, e tensdes
compressivas, com valores de até -166 MPa, conforme as medig¢des iam atingindo a extremidade do corpo de prova.
Um ponto importante deste estudo foi a medicdao de tensdes residuais e uma amostra que passou pelo processo
completo de soldagem, incluindo: pré-esmerilhamento, soldagem por centelhamento, tratamento térmico,
esmerilhamento de acabamento e desempeno. Por fim, foi comprovado que o processo de soldagem pode
potencialmente induzir surgimento de tensdes residuais nos trilhos.

Palavras-chave: Difracdo de raio-X; Tensao residual; Soldagem por centelhamento; Trilhos perliticos premium;
Ensaios ndo destrutivos.

1. Introduction

Rails are the most important element of the track superstructure and economically hold the greatest cost among all
elements of the permanent way [1-3]. As result, railway operators are constantly being pressured to increase efficiency and
profitability of business. In an environment which the railroad tracks are exposed, pressured by axle loads increasing and train
frequency, it has been deteriorating considerably [4-6]. In such an unfavorable operating environment, wear and defects on
rails are becoming more common and faster. Special attention is placed to welded joints, regardless type of welding process.
Since the weld zone is a fragile point of union between two rails and has mechanical and metallurgical characteristics worse
than the base metal (parent rail) the defects in the welds act as a failure mode of rails and cause its replacement [4,7-10].

Among various methodologies of rails welding, flash butt process would be the most efficient, due to its mechanization
when compared to the field welding process (thermite welding), also called aluminothermic welding [9-12]. Thus, the quality
parameters of flash butt welding tend to be higher than the other processes [7,8,13]. In addition, flash butt welding is applied
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in greater quantity than thermite welding [3,8], and for that reason, it is noticed that flash butt presents a representative
number of fractures after installed on track [3,8]. Figure 1 shows a rail surface defect in a flash butt welding after it is installed
on track and must withstand the stresses from the wheel-rail contact. This defect, known as squat, consists of continuous
material loss on the top surface of the rail, increasing the impact load coefficient and potential fracture of the flash butt weld,
the defect is suitable once this paper presents the rails are installed on the track with relevant initial residual stress values,
which can accelerate the formation of squats defect [2,9,14].

Figure 1. (a) Rail joint defect on flash butt welded rail after installation on track and load applied to welded joint; (b) detail of rail welding
surface defect.

After removing external forces applied on the material (or sample) the remaining stresses are characterized as residual
stresses [15]. These forces can be tensile, or compressive. Tensile forces are conducive to shear and can lead the material to
rupture, compressive forces tend to compress a body applying pressure [16,17]. These stresses are generally imputed into the
material after it passes through thermal and / or mechanical processes [16-18]. Some examples of processes that may add
residual stresses in rails are: casting, rolling, forging, welding, machining, bending, pressing, straightening and heat treatments.

This study aims to make an analysis of the residual stresses presented in the region, welded by flash butt technology,
between two rails with 370 HB surface hardness. An experimental study was carried out to measure residual stresses in the
welded region. Nowadays, the methodologies applied to measure residual stress in rails require destructive (rail web sawing),
semi destructive (blind hole test), laboratory techniques (strain gauges), being necessary to remove samples off the track and
sending to laboratories. This paper differentiation is to pursue a non-destructive test technology [16,17,19] for the residual
stress measurement, so technology could be applied on field (on track), thus the selected technology was the X-ray diffraction.

2. Experimental Procedures

2.1. Materials

The tests were performed using pearlitic rails [20-22] AREMA 136RE standard, with a 10-inch rail head radius. The rails
used to carry out the tests are manufactured by JFE Steel and shows, in average, surface hardness of 370 HB, the hardness of
the material decreases as the measurement is made along the inner layers of the rail [20,21,23]. However, this paper focused
on the measurement of subsurface residual stresses. The rail manufacturing process is through the reduction of iron ore in
blast furnaces, then the material passes through the steelworks, lamination, heat treatment and straightening [21,24].

The rails, analyzed, are acquired in bars of 24 meters in length and welded in larger bars, called continuous welded rail —
CWR [25]. In the railroad where the study was conducted the length of the CWR is customized into ranges from 96 to 360 meters
long [2]. The chemical composition [20], as well as the main mechanical characteristics, of the rails used in the tests are presented on
Table 1.

Table 1. Chemical composition and mechanical properties (Yield Stress —YS, Tensile Stress — TS and Elongation) of the analyzed rail sample.

Chemical composition (%) Mechanical properties
C Si Mn P S Cr Vv YS TS Elongation
0.79 0.17 0.99 0.03 0.02 0.16 0.03 853 MPa 1240 MPa 12.80%
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2.2. Welding procedures

The beginning of the rail flash butt welding is the storage of short bars (24 meters) in the material yard. When the short bars
are directed to the welding plant the first activity consists of grinding the ends of the rails, so all impurities, paints marks, rust or
any material that may become an internal defect in the weld shall be removed. Welding occurs through the stationary machine
Schlatter GAAS 80, where the welding process is flash butt. The welding parameters for pre-heating were current 69 kA (phase
shift), total of 12 pulses, 3.7 seconds each pulse. About final flashing 17 mm of displacement and 1.5mm/sec of end velocity.
Finally upset force adjusted to 580 kN and 4 seconds of holding time.

After welding, there is a considerable hardness decrease on rail head, once it is thermally treated, at HAZ (heat affected
zone) due to the thermal input caused by the welding. HAZ on rail flash butt welding presents lengths from 35 to 40 mm,
depending on carbon content and thermal input, thus based on this parameters HAZ was defined as 20mm to each side of
weld — 40 mm in total [1,5,26]. These properties are reasonably recovered through the controlled cooling process of the HAZ
(called air quenching). Then, the finishing rail surface grinding is performed in order to remove the excess of material that has
not been cut by the welding machine, so an abrasive grinding is applied. Finally, the stress inputted during the whole process
can create distortions on rail and welds and it must be re-aligned, this straightening occurs through the hydraulic pressure,
again inclusion of mechanical stresses can be imputed [8,14,27].

2.3. Residual stress measurement

The equipment used for measuring residual stress was the XStress 3000 G3, manufactured by Stresstech, with waves
length 2.291A, voltage 25 kV and current was 6 mA [28]. The measurement points were cleaned by electro-erosion, using
commercial reagent added to 10 ml of H2S04, per litre, in this cleaning and the minimum reaction time was 10 minutes. The
propagation area of residual stress measurement was 7.0 mm? on each measured point, due to the X-ray beam (3 mm in
diameter). The accuracy of residual stress measurements was + 20 MPa [15,16,28].

Measurements were performed on three axes, as shown in Figure 2, where the X-axis measurement presents residual
stress values transverse to the rail (ox), Y-axis measurement presents residual stress values vertical to the rail (oy) and Z-axis
measurement presents residual stress values longitudinal to the rail (oz) [1,5,15].

Transversal (ox)

Vertical (oy)

Figure 2. Residual stress measurement: three axis of the rail.

Residual stress measurements were performed in 4 different steps, as shown in Figure 3, these steps are presented:

o Step 1: Measuring residual stresses at center line of top of the rail (known as rail head). Measurements of transversal (X axis) and
longitudinal (Z axis) residual stresses were performed, as shown in the Figure 4a;

o Step 2: Measuring residual stresses at rail head top edge (known as rail corner). Measurements of transversal (X axis) and
longitudinal (Z axis) residual stresses were performed, Figure 4b;

. Step 3: Measuring residual stresses at lateral of the rail head, Figure 4c. Vertical (Y axis) residual stress measurements
were performed. It was not possible to measure residual stress in the longitudinal (Z axis) direction due to interference
between the rail base and the base of the analyzer goniometer base;
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o Step 4: Measuring residual stresses at central part of the rail (known as rail web), Figure 4d. Vertical (Y axis) residual
stress measurements were performed. There was the same interference between the rail base and the goniometer base,
and due to it was not possible to measure longitudinal (Z axis) residual stress.

The total sample length is 200 mm, with 100 mm for each side of the weld line, located at the center of the sample.
Residual stress measurements were made in HAZ region, with 20 mm for each side of the weld [1,26] and with 5 mm spacing
between the measurements points. Measurements were also made in the region of the base metal (parent rail), 50 mm after
the HAZ and spaced 10 mm between the measuring points. The stress values between measurement points were defined by
interpolating the two closest points, in order to construct the residual stress graph. Finally, there is a 30 mm overlap at the
ends of the sample where no measurements were performed, since the focus of this paper is the area affected by the weld.

>

-

Figure 3. Positioning of rail for residual stress measurements by X-ray diffraction: (a) step 1: residual stress measurement at center line of
top of the rail; (b) step 2: residual stress measurement at corner of top of the rail; (c) step 3: residual stress measurement at rail head lateral;
(d) step 4: residual stress measurement at rail web.

3. Results and Discussion

3.1. Step 1: residual stress at central line of top of the rail

A longitudinal (Z axis) residual stress measurement was made, with X-ray diffraction on Z axis (o,). Then, a measurement
of residual stresses transverse to the rail was made, with X-ray diffraction on X axis (ox). The residual stress measurements in
the central line of top of the rail are shown in Figure 4a and shows the region near to the centre of the weld tensile stress was
observed [1,29]. Values measured by the X-ray diffraction showed tensile values of 391 MPa. We can see an alternation in the
type of stress as it moves away from the central line of the weld [13]. This alternation in stress field matches the residual stress
graph format on welded rails which should be in the form of a letter “c”, this residual stress graphs alternation is classified as
C-Shape graph [5,12,19]. We can observe when closer to the center of the weld, the higher values of tensile stresses and, as it
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moves away from the region of the weld, the values of tensile stress decrease, and compressive stresses appears near to the
ends of the sample.

Higher tensile residual stresses are concentrated in the central region of the sample, weld line [7], due to flash butt
process provides a great thermal input. During welding, electric pulses are generated at the ends of the rail in order to heat
the ends, as soon as heated rails are pressed against each other and the welding happens without need addition metal. In this
process it is possible to induce thermal stresses (heating of the ends) and mechanical stresses (in the upset step and cutting
material excess) [13].

We can see at HAZ region there are discontinuities in the tensile stress measurements. There are large oscillations in the
values measured, this variability can be explained due to the metallurgical transformations that occur in the HAZ region. The
thermal inputs can lead the base metal to a spheriodization of the perlite matrix (cementite phase degradation) [26], this
transformation is the reason for residual stresses variations [5,7,8,19]. Heat inputs during the flash butt welding, in
combination with the cooling rates applied after the welding, generates metallurgical transformations in welded region, thus
contributing to the variability of the residual stresses in measurement [7,25,26,29,30].

Also, in Figure 4a, it is observed a displacement of the stresses field to the right side of the graph, that is, higher tensile
stresses more concentrated on one side of the weld. This displacement, that appears at same sense of upset stage, once the
peaks happens at same distance than the up-set (17mm) of the welding machine, thus it be explained by the technique the
rails are welded. After heated, one of the rails is pushed over to the second, in the stage known as upset (i.e.: one of the rails is
fixed and other is pressed against the first rail) [8]. Another possibility for this displacement in the stresses concentration may
be the cutting of excess material from the welding after the upset step. When one rail is pushed against the other, there will
be an excess of material that needs to be removed, it means, the excess material shall be cut by metal strips, and after the air
quenching step there is a need for abrasive grinding in the welded region, generating large tensile surface stresses in this
region and x-ray diffraction (as a sub superficial measurement) can be influenced by this grinding [31,32].

3.2. Step 2: residual stress at corner of top of the rail

A new measurement was made at the corner of the top of the rail. A longitudinal residual stress measurement was made,
with X-ray diffraction on Z axis (0,). Then, a measurement of residual stresses transverse to the rail was made, with X-ray
diffraction on X axis (ox).

Measurements made at corner of the top of the rail presented values lower than the first measurement (step 1), since
the lateral is the external part of the rail and allows greater heat exchanging [13,32,33]. Another point differs this
measurement in relation to the first one, is that higher homogeneity in the distribution of the stress along the HAZ was
observed. Even so, we still visualize the eccentricity of the tensile stress field, same factor that happened during
measurements in central line of top of the rail.

The same stress profile was verified again, i.e., displaced tensile stresses closer to the welded area [1]. As it moves away
from this region, it can be seen the stress field changing to compressive. Once more, the C-shape profile was evident [5,12,19].
Figure 4b shows the values measured during this step. The variability of residual stresses in HAZ was also observed, just as
occurred in step 1.

3.3. Steps 3 and 4: residual stress at rail head lateral and rail web

Finally, measurements were made, this time at the rail head lateral. The first measurement was made vertically (Y axis)
to the rail, with X-ray diffraction on Y-axis (ay). In sequence, vertical residual stresses were measured on the rail web with X-ray
diffraction on Y-axis (oy). Figure 4c shows measurements taken from rail head lateral and (orange line) as well as rail web (red
line). The values obtained in the measurements are shown in sequence.

Again, closer to center line of the weld higher tensile residual stresses are presented, as it moves away from the weld,
the stresses tend to be compressive. There is also a displacement in distribution of stresses field, more concentrated to one
side of the rail, in the same way as had already been shown in previous measurements. It is also possible to visualize that the
residual stresses at rail head lateral have distribution peaks, as already evidenced previously, due to the metallurgical
transformations [7,25,26,29,30].

Measurements made on rail web presented better symmetry of values if compared to rail head stress values. The tensile
stress levels are close to 250 MPa and the measurements performed in HAZ showed great similarity [5,7,8,19]. No
displacement on residual stress curve was observed at rail web unlike what occurred in the rail head, regarding the sample
was not submitted to any type of blasting. It is known that the head region suffers grinding, air cooling, heat treatment and
straightening, but in rail web these processes are not applied contributing to explain the reasons of rail web region presenting
more homogeneous values [1]. Zero values at rail extremities represents the unmeasured regions, once the focus of this paper
is the HAZ. Important to reinforce this paper is focusing the discussions based on residual stress measurements and thermal
effects of the flahs butt welding is not being discussed.
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Figure 4. (a) Residual stress measurement, in MPa, at center line of top of the rail. Longitudinal Stress, o, (red line) and Transversal Stress oy
(black line); (b) residual stress measurement, in MPa, at corner of top of the rail. Longitudinal Stress, g, (red line) and Transversal Stress oy
(black line); (c) Vertical residual stress (o,) measurement, in MPa, at the rail head lateral (blue line) and rail web (green line).

3.4. Surface map of the residual stresses

Given the measurements made in the top of the rail, Figure 4a together with the measurements made in the lateral of
the top of the rail, Figure 4b it can be plotted, using Autodesk and Autocad Software, a representation of the distribution of
residual stresses along the entire surface of the top of the rail. This representation is made through the projection of the
values presented in the referred Figures and subsequent filling the missing stresses through the gradient values that complete
the gaps of stresses [16]. This representation is presented in Figure 5 showing the surface map of the top of the rail, which
arises from an interpolation of all the measurements previously made in the region of top of the rail [16].

The Figure 5 represents a consolidation of Figures 4a and 4b, presented previously, and we can see the general
distribution of the residual stresses at rail head. It is showed that closer to the weld line tensile stresses are found and, as it

Soldagem & Inspecgdo. 2020;25:e2529 6/9



X-Ray Diffraction Analysis of Residual Stresses in the Premium Rails Welded by Oliveira et al.
Flash Butt Process

moves away from weld line, the residual stress tends to be compressive [1]. There is also a displacement in the stress
distribution, which is more concentrated to one side of the rail. It is also possible to visualize the residual stresses presenting
peaks in rail head and rail web. In rail head the peaks an heterogeneous and on rail web the peaks are concentrated close to
flash butt welding. Rail head stress peaks are already showed in the Figures presented in this paper.

Residual stress measurements showed results from subsurface stress, since the X-ray diffraction does not have a long
measuring range. Thus, the residual stresses in rails tend to be higher at the surface, since the surface hardness higher than
the inner part of the rails. Thus, the X-ray diffraction technique can be considered effective, due to the measurements were
consistent to other techniques and the values presented on this paper are on same magnitude of the classical papers related
to rail flash butt welding technique [16,19,33].

0153045 50 75mm
' 0

15
30
45mm

Residual Stress (MPa)
I -150a-200
-100 a -150
-50 a2 -100
-0a-50
0a50
50a 100
100 a 150
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I 300a 350
I 350a400
Not measured
Yield Stress = 853MPa

Figure 5. Residual stresses distribution on top of rail after welded by flash butt technique.

4, Conclusions

Current techniques for measuring residual stress in rails requires destructive or semi-destructive tests, which makes it
unappropriated to be applied when rails are installed in track. This paper evaluated the application of a non-destructive test, in
this case, X-ray diffraction, for measurement of residual stress in the flash butt welded zone on rails. The technique proved to
be effective during the measurements performed and the results of the experimental procedure were consistent and
innovative considering this study presents the residual stress in a complete welding process, including: pre-grinding, flash butt
welding, heat treatment, finishing grinding and straightening.

It was observed higher values of residual stress are in the weld line of the top of the rail head, with tensile stresses up to
391 MPa and in the central part of the rail head lateral with tensile stresses closer to 350 MPa. It was identified that evaluated
regions have residual stresses greater than the rail residual stress before weld, increasing up to 60% the residual stresses in rail
head. Due to the results, the welding process contributes to the increase of the residual stresses on rails, as well as the
additional steps of the welding process, such as grinding, heat treatment and straightening.

Results are promising, since the technique was efficient and, considering it is a non-destructive methodology, it can be
improved for field application, something that is not currently applied. In this way, an accurate monitoring of the welds
installed in track can be made introducing greater predictability of failures, reducing the track interdiction times and reducing
the probability of railroad accidents.
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