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Abstract. The paper investigates the heat-affected zone (HAZ) of several rail joints
executed by thermite rail welding (TW). The examined rail profile was 54E1 (UIC54).
The rail steel categories were different: R260 and R400HT. The welding portions of the
TWs fitted R350HT and R260 rail categories with normal welding gaps. The rail pieces
were brand new, i.e., without any usage in the railway track. The authors executed
Vickers-hardness tests (HV10) and material texture tests on the running surface of the
rail head, as well as on slices cut from the rail head. The cutting was performed by the
water jet method, five longitudinal direction slices with vertical cutting lines. The
considered specimen lengths were 2x70 mm (i.e., 70 mm from the mid-point of the rail
joint), however, the depths were 20 mm from the running surface. Therefore, the
measuring spaces were 5 mm lengthwise and 2 mm in depth. The variation of the
hardness values was determined considering the microstructures of the base steel
material and the TW. For comparison, previously measured Elektrothermit Sow-5 and
earlier own research were taken into consideration.
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1. INTRODUCTION

Long-distance rail transport became one of the most important means of land transport
in the 20th and 21st centuries. It is convenient, safe, fast, and generally has high
punctuality, which of course, can vary considerably depending on the country and the
railway company. Long-distance rail travel is generally worthwhile for distances above
500-1000 km, taking into account travel time, and is less competitive than air travel above
this distance [1]. Of course, when travel costs are considered (in particular ticket and/or
season ticket prices), it is at a significant disadvantage compared to so-called low-cost
airlines. On the other hand, it is also worth considering that railway stations and passenger
stations in large cities may be located in the center of the city, in the central core (even in
the historic city center), thanks to the railway construction of the 18th and 19th centuries.
In contrast, airports are usually located far from the cities. It can mean distances of up to
10-50 km. These relatively long distances can only be covered by additional public or
private transport, which is a disadvantage for tourists and tourism.

In the years 2021-2023, the significant increase in electricity prices and fuel prices (e.g.,
diesel, kerosene, etc.) will create serious problems and difficulties for both countries and
public and private (large) public transport companies (of course, the same can be said for
private transport, where petrol, diesel, electricity, natural gas, etc. are the most relevant).
The reasons, of course, are many: part of the explanations and justifications is seen in the
current problematic political situation worldwide, another part in the prolonged COVID
pandemic, and in the cyclical world economic stock market boom and bust, etc. However,
the most plausible explanation may be a combination of the preceding, to a greater or lesser
extent, i.e., no one factor can be neglected entirely.

Because of the above, it should be noted that transportation itself [2,3], among other
things, the rail transport and railway lines are both critical and mandatory areas of major
importance for the national economy.

In this article, the authors focus on one of the most critical elements of railway tracks:
the rail track. In the following paragraphs, the authors have prepared a relevant literature
review on railway tracks to present and summarize the essential literature findings on the
subject.

Railway tracks consist of superstructure and substructure, but of course, other related
structural elements can also be mentioned (e.g., catenary support columns, safety
equipment elements, and components, etc.). If the discussion is restricted to railway tracks,
the superstructure consists of the track and the ballast, and special elements of the track,
e.g., siding, in the case of ballastless tracks. The substructure includes the additional layer,
usually granular material, and the earthwork itself, usually soil material. The tracks' parts
are the rails, rail fasteners, and sleepers. The vehicle load must be considered as dynamic,
however, in some approximated calculations, only the static values can be considered [4].

It is proved that the higher the geometrical faults in the railway track, the more critical
and higher the dynamic evolved effect due to them [4-10]. Of course, the vibration and the
noise will increase, however, they are not only related to the geometrical faults [11] but the
structure of the railway track [8-10], the rail dampers can be noted as one of the most
relevant parts [12-13]. Of course, safety, as well as risk and economic analysis of railway
projects, is an integral part of railway lines' design, construction, and operation [14].

This study focuses on rail connections (or, in other words, rail joints). The rails can be
connected with the help of fishplates and bolts, as well as rail welding.
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Modern rail production technologies and delivery options limit the length of rails up to
a maximum of 120 meters (e.g., see the technology of VVoest Alpine [15]). Therefore, rail
joints are essential parts of railway systems to secure the continuity of the rails without
vertical or horizontal drops or changing directions. Rail joints must bear dynamic loads and
secure movements caused by dilatation without structural damage. In order to be feasible
easily and fast, the joints should contain the less and most simple parts, which are also easy
to maintain. Generally, rail joints are probably the weakest parts of rail tracks. Their
malfunctions lead to dangerous situations and a high risk of accidents. Global and
corporational (i.e., industrial) railway safety requirements control the applicability of the
different types [16].

The original method of joining rails is using bolted rail joints (or, in other words:
fishplated rail joints). It is a simple, fast, and cost-effective technology with the
disadvantage of resulting in a high rate of failures since the bolts cause dynamic shocks in
rail wheels, reducing their lifetime and producing noises [17]. To eliminate the high
demand for the maintenance of bolted joints, engineers introduced welding techniques as
new methods of rail joints in the early 1900s [18]. Against bolted joints, the dynamic
behavior of the vehicle and the track is more beneficial and less expensive to maintain.
Flash-butt welding (FBW) and alumino-thermic (thermite, TW) welding are the most
commonly used welding technologies. FBW is based on electric resistance. The rail ends
are heated by electricity (low voltage, approx. 15-25 V, and extremely high amperage,
approx. 100,000-150,000 A) and hydraulically forged in a stationary plant. Then the
sections of approx. 400 m can be transported to their final location [19]. However, another
solution must be mentioned: the so-called welding machines on trucks or locomotives,
which can weld the rails by FBW at the construction site. Therefore, the transportation of
some hundred-meter-long rails can be avoided [16].

The TW technology is the most common method of joining and repairing rails on-site
[20]. The technology was invented by a German professor of chemistry, Hans
Goldschmidt, in 1895. He studied the reaction of metal oxides and aluminum for decades.
The rail ends are melted by the heat (approx. 2200-2400 °C) emerging from the reaction of
aluminum and iron-oxide [21,22]. Generally, the thermite welding material consists of 18-
20% FeO and 79-85% Fe,O3 with an average grain size of 0.1-5 mm. Additional elements
such as carbon, manganese, chromium, nickel, vanadium, and TiC may also be added to
the mixture to produce similar characteristics to the rail to be welded. It is a fusion welding
process since the melted iron flows into the gaps in the mold where the rail ends are welded
together. During the exotherm reaction, metal oxides and aluminum become iron and
aluminum oxide. By strictly controlling the parameters of the process (such as equipment,
composition of the thermite material, preparation, and pre-heating of the rails), a weld free
of macroscopic defects can be achieved with mechanical properties comparable to the
"parent rail". This way, TW is an effective methodology of on-site joining rails without
using electric power [16,23-24].

However, the microstructure of the rails and, thus, the mechanical properties are
inevitably affected by the enormous heat arising during the welding process [23,25,26]. It
is the so-called heat-affected zone (HAZ). Close to the centerline of the welding, the
material reaches the recrystallization temperature. The austenitization of steel depends on
the temperature and time of heating [27]. Therefore, zones close to the centerline are
completely recrystallized, while only partial austenitization could happen at a certain
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distance. Porcaro et al. [25] studied the microstructure of FBW. They discussed HAZ,
which consists of three zones:
i Close to the central line of the welding, a coarser grain size ferritic-pearlitic
microstructure can be observed, which is a sign of decarburization.
ii. Grain growth region: the temperature was high enough to allow grain growth
of austenite crystals.
iii. Grain refined region: completely recrystallized zone, but the temperature was
not so high to coarsen the grain size.

Regarding the microstructural map of the welding, these zones are followed by the
partially austenitized zone and the base metal.

Similarly to FBW, in the case of TW, the pearlitic main structure of the parent rail with
a grain size of 5-6 may transform into a ferritic-pearlitic microstructure [28]. Retained
austenite may also appear. Zones with coarser or finer grain sizes than the original may
appear at different distances from the center line of the weld. The cementite of pearlite
becomes spherical in the HAZ, reducing the rail's hardness and strength [29]. A zone with
a higher hardness also exists in the HAZ, which can give rise to fatigue fracture [17,21,22].
In accordance with the microstructural changes, the hardness of the rail also alters. In
general, a smaller grain size indicates higher hardness and thus reduces the joint's stiffness,
which can lead to fatigue failures. Corser grain structure causes lower hardness and wear
resistance, resulting in increased impact loading and premature welding failure [30].
Detailed studies of the hardness profile of FBW are published in [25,26]. 2 mm below the
running surface, the hardness of the centerline of the welding is approx. 300 HV, which is
decreased by 50 HV at a distance of 20 mm. The rolling technology of rails indicates a
higher hardness on the rail web than on the head and the foot [26].

Compared to FBW, the coarse casted structure of TW joints means lower hardness
making them less resistant to wear, but it can be improved by heat treatment [16]. The most
spectacular advantage of heat treatment of TW joints is the improvement of tensile
properties and the change of the fracture mechanism from brittle to ductile.

Examination of the vehicle-track contact dynamics and failure modes of rails is a topic
of contemporary research [31,32]. Financial operations with efficient energy use are also
popular research topics [33-35] regarding the problems of the 21st century. The most
modern digital image correlation (DIC) measurement systems' applicability in mechanical
engineering, materials science, and electronics has already been proven [36-40]. Recent
research applies DIC to investigate a civil engineering problem [41]. As mentioned earlier,
the rail joints are the weak points of rail tracks as they can be potential initiation points of
failure. Besides traditional microstructure studies, current research focuses on the fracture
mechanism of welded joints. [18-20,30,40-43] published detailed numerical studies and
performed finite element analysis on the fatigue behavior of TW joints. These methods can
be well adapted to predict the fatigue crack initiation, thus, the life cycle of rail welding.

Nowadays, newly developed types of rails are installed in rail tracks, claiming the need
to join different rails without transitional parts. Welding of two rail ends with very different
hardness may also be required. Test welds with transition rails have been prepared and
analyzed in a material testing laboratory to examine the possibility of eliminating too low
or too high hardness layers.
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2. MATERIALS AND METHODS

During the research, laboratory hardness tests were executed on aluminothermic rail
weldings prepared under non-laboratory conditions but with precise and accurate
adherence to the technology.

For the tests, rails of different base hardnesses (R260 and R400HT, [46]) have been
welded together. The rail profiles for both rail sections and weldings were 54E1 [46]. Two
weldings have been prepared:

i Sample #1: R260-R400HT with a normal non-heat treated welding portion for
R260 rails and

ii. Sample #2: R260-R400HT with a heat-treated welding portion for R350HT
rails (see (Fig 2.1.1).

Both weldings have normal welding gaps, i.e., 27-30 mm. In both cases, the rails were
unloaded, i.e., brand new.

2.1 Preparatory work

In the preparation phase of non-track welding, the rail ends should be cleaned of dirt,
and the welding gap set according to the technology (in terms of height and width, i.e.,
vertically and horizontally, respectively) (see Fig. 1).

e

Fig. 1 Setting the rail ends as a function of the welding gap

2.2 Preparation of the weldings

The execution of the rail welding procedure starts with preparing and unpacking the so-
called welding set. Then the sand tray, the universal clamping device, and the molding
elements (with mold clamping plates) are placed on the previously cleaned and adjusted
rail ends. In all cases, the gaps must be sealed with sealing sand. After the slag tray has
been installed, the rail head protection plate is also installed. The prepared pots are then
placed on top, and the thermite can be loaded into them. In the case of low external
temperatures, the rail ends must be pre-heated: usually, over 1-1 m from the rail ends. In
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this study, this pre-heating was only applied for the rail ends, and the temperature was
approx. 900 °C. Depending on external conditions and rail qualities, it may be necessary
to partially preheat the rails over a longer section [47]. The procedure is as follows: fitting
the burner head, ignition, pre-heating itself and then fitting the sealing element. Pre-heating
is achieved with a propane-oxygen gas mixture (the pressure can vary between 1.50 and
4.0 bars. 1.50 bar is related to propane, and 4.0 bar is to oxygen).

After inserting the igniter into the thermite, the pot must be covered to allow the
chemical reaction. Next, the thermite steel (the approx. temperature is 2000 °C) flows into
a mold while the liquid slag flows into the tray.

When the slag solidifies, the tray and the pot can be removed. Finally, the mold
clamping plates can be removed.

2.3 Post-production of the weldings

After the molds are unset, the excess material is removed with a press to half the height
of the rail web, and after cooling, the residual material follows. The subsequent operation
is rough grinding, followed by cleaning the welding. The final step is to carry out the
finishing operation.

2.4 Sampling

The marking of the samples (based on Section 2) can be seen in Fig. 2. Slices have been
taken under laboratory conditions from different parts of the rail head by water jet cutting
(machine type: FLOW) in the laboratory. The samples were first cut into five equal slices
(see Fig. 3) by waterjet. These slices were cut in half at the welding axis for further testing
and then further cut into 7 cm long pieces (see Fig. 4) by a metallographic cutting machine.
The sampling has not affected the measured results, as appropriate cooling of the metal has
been ensured during the process.

Fig. 2 Marking of samples (in the front Sample #2, in the background Sample #1)
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1,2,3,4,5,
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Fig. 3 The samples' rail heads are divided into five slices (the thickness is approximately
22 mm). The identifications will be in the following: from Slice #1 to Slice #5.

Fig. 4 The final specimen of 2x70 mm

Previous research [48,49] has demonstrated that critical points in the heat-affected zone
can be found within 70 mm of the welding's axis (for normal-gap thermite welding, i.e., a
welding gap of about 27-30 mm), and taking into account that the grinding and polishing
equipment used to prepare the samples limited the length that could be tested in a single
pass. It was for this reason that samples of 2x70 mm were created.

2.5 Metallographic preparation process

To be able to perform the hardness measurement and the microstructural analysis, the
slices from the water jet cutting must be metal-cleaned so that machining grooves do not
affect the accuracy of the measurements. For this reason, the surface must be "mirror-
finished" for low-load tests.

Conventional steps of the metallographic preparation process:

1. wet grinding with silicon carbide sandpaper in multiple grades: P80, P180, P500,
and finally, P800,
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2. polishing of slices in multiple steps with diamond suspension: 9, 6, 3, and finally,
1 um,
3. etching with nital (3% nitric acid, 97% ethyl alcohol) to reveal the microstructure.
The result of this preparation process is presented in Fig. 5. The structure of the weld
and the HAZ are separated well in the macroscopic image.

Fig. 5 The outlined microstructure (Sample #1, Slice #3)

2.6 Hardness tests

Vickers hardness values have been determined by applying F=98.07 N force according
to the specifications of MSZ EN 1SO 6507-1:2018 [50]. These values have been converted
to HB (i.e., Brinell hardness). Furthermore, HB hardness can be measured for pre-grinding
and post-grinding measurements on the running surface (the instrument converts from Leeb
hardness values). However, it has to be noted that this study does not consider surface
hardness measurements.

A calibrated modern hardness testing machine (type KB30) with a programmable work
stage has been used for the experiments. Thus, the position of the hardness measurement
points can be accurately selected.

The hardness measurements have been performed from the welding axis side of Slices
#2, #3, #4, and #5, as shown in Fig. 6. The measurement points are 5 mm apart horizontally
and 2 mm apart vertically. On average, 15 points were obtained per slice in the "x" direction
(horizontally) and 11 points in the "y" direction (vertically).
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Fig. 6 Allocation of hardness measurement points
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Expected results are the hardness profiles in the thermal response of the rail weld as a
function of the longitudinal distance from the welding center axis for different
configurations (consideration of different rail hardness, investigation of different welding
technologies, joint and repair welds, etc.)

2.7 Microstructural analysis

Microstructural images of the nital etched specimens have been taken by Zeiss Axio
Imager M1m optical microscope (Fig. 7) using brightfield illumination and objectives with
magnifications of 5x and 20x.

Fig. 7 Zeiss Axiolmager M1m optical microscope

3. RESULTS AND DISCUSSION

The hardness values have been plotted and examined in the function of the distance
below the running surface (depth) and the distance from the welding axis.
Due to a large amount of data, different aspects were selected for analysis:

the hardness profile below the running surface (—0.5 mm) (comparing R260
data with SOW-5 [49] and Barna et al. [48], calculating surface hardness ratios)
was investigated.

the hardness profile at limit depth (20.5 mm below the running surface, i.e., —
20.5 mm) (comparing R260 data with SoW-5 [49] and Barna et al. [48],
calculating surface hardness ratios) was investigated. The limit depth means
that the hardness values do not change in the rail below this value. It was
determined based on the measurements.

Depth hardness ratios were given for the R260 sides of the rails compared to
the measurements published in [48].

In selected perpendicular cross sections, the hardness profile has been
determined and plotted in the horizontal direction (i.e., laterally).

5% magnification macrostructure images have been used to visualize the parts
of the HAZ.
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Vi. 20x magnification microstructure images have been joined with the
corresponding hardness values.

It has to be mentioned that in the above point (i), the hardness measurements on the
running surface have not been executed during the present study. Therefore, these data are
related to the —0.5 mm depths. It is an approximation, however, it does not have too many
errors.

In the present paper, a detailed analysis of the HAZ of TW of railway rails was carried
out using laboratory tests on samples of welding performed in non-laboratory conditions.

The main objective of the tests was to see how the hardness of the rail steel in the heat-
affected zone varies as a function of depth (i.e., distance from the running surface of the
rail head) and distance from the welding centerline. A further objective was to link
microstructural images to the hardness values.

Figs. 8-11 demonstrate the hardness variation of Slice #2s of Sample #1 (see Figs. 8
and 9), as well as Sample #2 (see Figs. 10 and 11) considering the —-0.5 mm and —20.5 mm
depth values under the rails' running surface (i.e., Figs. 8 and 10 show the —0.5 mm, and
Figs. 9 and 11 demonstrate the —20.5 mm depths).

For type Sample #1, it can be concluded that the hardness increases from the welding
axis to the heat-affected zone, reaches a maximum there, and then decreases drastically to
a minimum at the outer edge. According to the trend described, the maximum value is
approx. 40.5...45.5 mm from the weld axis, the minimum is approx. 10 mm further away.
For Sample #2, the maximum hardness in the heat-affected zone is no longer an extreme
value, the values are in a smaller range. The hardness gradually decreases to the minimum
at the outer edge of the HAZ. Based on the described behavior, the hardness starts to
decrease gradually after approx. 40.5...45.5 mm and reaches its minimum at a distance of
approx. 50.5...55.5 mm from the welding axis.

—e— Hardness [HB] - o- welding's axis
—e— SoW-5 — running surface Barna et al. — running surface
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Fig. 8 Hardness variation at a depth of —0.5 mm below the running surface in Slice #2 of
Sample #1 (considering the literature [48,49])
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Fig. 9 Hardness variation at a depth of —-0.5 mm below the running surface in Slice #2 of
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Fig. 10 Hardness variation at a limit depth (—20.5 mm below the running surface) in Slice

#2 of Sample #1 (considering the literature [48,49])

At the limit depth (-20.5 mm) (see Figs. 10 and 11), the hardness values start to vary
between smaller intervals. An extremely high value is no longer present in the thermal zone
but in an upper "plateau”. This "plateau” starts at approx. 20.5 mm from the welding axis,
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and at approx. 40.5 mm, there is a gradual decrease to a minimum hardness. The hardening
up to the base material value can be clearly seen in each diagram. This phenomenon is
typical for all samples.

The above data were compared to the R260 rail's data with those of Sow-5 [49] and
Barna et al. [48]. These graphs are depicted in Figs. 12-15. The shown data are calculated
based on the averages of all Slices' results in the cases in question.

Analyzing the data related to 0.5 mm under the running surface, the highest surface area
ratio is 50.5 mm from the welding's axis for Sample #1 (see Fig. 12), where the average of
the measured data set reaches its maximum, and the SoW-5 data set reaches its minimum.
The field surface area measurement is between the two values, so the field measurement
deviates only 7% from 100%. Most of the data are lower than 100% hardness, so our
averages are higher than the reference values but lower at 0.5, 40.5, and 60.5 mm from the
welding axis.

When examining the surface hardness ratio, the majority of the data are lower than
100% hardness, so the calculated averages are higher than the reference values at a depth
of —0.5 mm below the running surface at 40.5 mm from the weld axis. It was lower at a
depth of —20.5 mm and extended to 60.5 mm for all samples.

In Figs. 16 and 17, the depth hardness ratio values are given. They are only calculated
for the R260 sides of Sample #1 and Sample #2.

Based on Figs. 16 and 17, it can be concluded that the most critical zone of Sample #1
(see Fig. 16) is 40-60 mm from the welding's axis, in all depths. There are relatively high
steps (jumps) in the hardness values at 50 mm from the welding's axis in a positive
direction. It must be noted that the neighbor values are fluctuating at 100%. Compared to
them, the measured values in Fig. 17 are very interesting. They are related to Sample #2.
Between 0.5 and 20.5 mm from the welding's axis, the depth hardness ratio values are
approximately 125-130%, there is a downstep to 95-105% (at 40.5 mm from the welding's
axis), and from this point, an up step to 125-130% (it is at 50.5 mm from the welding's
axis), and again a down step to 90-105%. The reason for this can be the different welding
portions and the evolved variation.

At defined distances from the welding axis (10.5 mm, 25.5 mm, 35.5 mm, 50.5 mm,
70.5 mm), the horizontal hardness profile was investigated in cross sections perpendicular
to the rail axis. This paper presents only the graphs related to +/-10.5 mm (see Figs. 18 and
19), however, the relevant results are discussed for all.

Up to a distance of approx. 35.5 mm from the welding axis, the hardness values of R260
and R400HT rails do not differ significantly, despite the hardness of the base material. The
R400HT rail reaches higher hardness values from the edge of the HAZ. In the case of
Sample #1, the R400HT rail approached the values of R260. In Sample #2, the R260 rail
hardness approaches the hardness of the R400HT rail.

While the hardness profiles in the specimens of Sample #2 do not describe a
characteristic behavior in either the welding zone or in the heat-affected zone, the hardness
values of the rail R260 in Sample #1 increase from the rail axis.

The microstructure images at 5x magnification illustrate the HAZ sections (see Figs.
20 and 21). The procedure is similar to the published method and solution in [29]. The 20x
magnification microstructure images were paired with the corresponding hardness values.

Six zones of the microstructure have been identified for Sample #1 (welding axis
environment, welding edge, fused mixed zone, coarse-grained HAZ, fine-grained HAZ,
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and intercritical HAZ). Sample #2 had five zones (welding axis environment, fused mixed
zone, unvarying grain size HAZ, intercritical HAZ, and the base material).

—e— Hardness [HB] - o- welding's axis

—e— SoW-5 — running surface Barna et al. — running surface
400 I
380 R400HT rail ! R260 rail

360

B
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N B
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300
280
260
240
220
200

-70 -50 -30 -10 10 30 50 70

Horizontal distance from the welding's axis [mm]

Hardness [H

Fig. 11 Hardness variation at a limit depth (—20.5 mm below the running surface) in Slice
#2 of Sample #2 (considering the literature [48,49])
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Fig. 12 Surface hardness ratio values of Sample #1 considering the —0.5 mm below the
running surface (considering the literature [48,49])
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—e— Compared to SoOW-5
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Fig. 13 Surface hardness ratio values of Sample #1 considering the —20.5 mm below the
running surface (considering the literature [48,49])
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Fig. 14 Surface hardness ratio values of Sample #2 considering the —0.5 mm below the
running surface (considering the literature [48,49])
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Fig. 15 Surface hardness ratio values of Sample #2 considering the —20.5 mm below the

running surface (considering the literature [48,49])
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Fig. 16 Depth hardness ratio values of Sample #1 considering different depths. The
comparisons were made according to the surface hardness values published in [48]
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Fig. 17 Depth hardness ratio values of Sample #2 considering different depths. The
comparisons were made according to the surface hardness values published in [48]
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Fig. 18 Variation of hardness in +/~10.5 mm depth from the axis of welding for
Sample #1 in the cross-section
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Fig. 19 Variation of hardness in +/-10.5 mm depth from the axis of welding for
Sample #2 in the cross-section

After the decarbonization/centreline, grain growth was observed, followed by a fine-
grained microstructure undergoing recrystallization. Partial austenitization between the
fine-grained structure and the matrix characterizes the microstructure.

Fine pearlite grains and large coarse pearlite grains were formed as a function of the
cooling rate. The faster the cooling velocity, the finer the grain size is.

Fine grains crystallize rapidly and form a hard and wear-resistant microstructure.

Coarse grains are characterized by slow crystallization with lower hardness values - a
microstructure more sensitive to abrasion.

For the R260 rail, the weld zone is characterized by coarse grains and the heat-affected
zone by fine grains.

For the R400HT rail, the hardness of the base material is the highest, in contrast to the
previous case, where the grain size is the smallest.

The border of the recrystallization zone is located at approx. 50.5....60.5 mm from the
welding axis. It causes an increase in ductility and a decrease in hardness. The phenomenon
of softening can occur here.

Further conclusions can be derived from Figs. 8-21, but mainly Figs. 20 and 21:

e both weldings (i.e., Sample #1 and #2) generally have a hardness variation
within 100 HB within a zone of 15-60 mm from the weldings' axis.

e  Sample #1's lengthwise profile shows that within 10 mm of the HAZ (between
50-60 mm at the end of the HAZ) the hardness values drop 100 HB, which is
extremely unfortunate. On the base material, it jJumps immediately to 120 HB
at 60-70 mm. It is a very critical 20 mm zone.

e  There can be seen a similar phenomenon in the case of Sample #2's lengthwise
profile: between 50 and 60 mm from the welding's axis, and there is a drop of
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90 HB; then, within 60-70 mm, it jumps 90 HB. This 20 mm zone is more
uniform.

e The weldings ensured and "brought" the results as expected, a more uniform
hardness change can be obtained when applying the R350HT welding dose on
the R400HT side (i.e., in the case of Sample #2).
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5 |
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270 |
)
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Fig. 20 Hardness profile 0.5 mm below the running surface in case of weld Sample #1,
Slice #3 — R400HT rail
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Fig. 21 Hardness profile 0.5 mm below the running surface in case of weld Sample #2,
Slice #3 — R400HT rail

4. CONCLUSIONS

In this paper, special aluminothermic rail welding was investigated, where there was a
two-step difference between the categories of welded rails. R260 and R400HT rails were
welded together under non-laboratory but technologically strictly controlled precision
conditions. The relevant technological instructions were entirely and precisely followed.
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Two types of samples were prepared. For Sample #1, we used an R260 welding portion,
and for Sample #2, a thermite portion for R350HT rails.

Based on the results of the laboratory hardness, macro-, and microstructural tests
performed, it was found that Sample #2 gave more favorable results in running the hardness
profiles. It means that if it is not possible to incorporate temporary intermediate hardness
rails, it is preferable to weld in the two-step rail grade jump with the welding portion
corresponding to the intermediate rail. Of course, to make a general statement, a
considerable amount of further laboratory testing will be needed in the future, where it
would be worthwhile to investigate several cases between R200 and R400HT (considering
special, for example, bainitic rails, etc.), not only for Vignole rails but also for grooved
rails and block rails.
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