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ABSTRACT

The fracture surface of rail K76F steel after static bending tests of rail butt joints produced by flash-butt welding was studied.
Butt joints of rails of individual batches were fractured on the base metal or heat-affected zone (HAZ). It is shown that in the
regions of dark colour and oval shape, the fracture on the iron oxide film takes place. The formation of films occurs as a result of
melting and distribution of iron oxide inclusions along the structural boundaries probably in the thermo-deformation conditions
of the crimping shop at the stage of blooming production. The formation of clusters of iron oxides occurs during the crystalli-
zation of the residual melt in steel ingots with an insufficient degree of deoxidation. Oval regions of dark colour on the fracture

surface are evidence of an insufficient degree of deoxidation of rail steel and a factor of its quality reduction.
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INTRODUCTION

At present, the oxygen-converter method is mainly
used for melting rail steel. Compared to the open-
hearth method, it is distinguished by higher efficien-
cy, lower capital costs, more favourable conditions for
mechanization and automation of production process-
es, combination of the process of steel melting with
continuous casting. The essence of the oxygen-con-
verter method consists in blowing of liquid pig iron
with oxygen in the aggregate-converter. Under the
action of oxygen, pig iron impurities like manganese,
silicon and, above all, carbon are oxidized and re-
moved from the melt.

JSC Ukrzaliznytsia uses R65 type rails of K76F
grade of converter production, hardened with induc-
tion heating along the entire length of rolling surface
and side edges [1]. The results of qualification tests
showed that the developed technology of rail produc-
tion provided the compliance of their properties with
the requirements of regulatory documents [2]. To join
rails during the construction of railway tracks, the
technology of flash-butt welding was used, developed
at the PWI of the NASU and successfully realized in
practice [3, 4].

During mechanical static bending tests, fracturing
of rail joints usually occurs on the butt joint. The rail
joints of individual batches were fractured on the base
metal or HAZ. During visual inspection, regions of
the oval shape were detected on the fracture surface,
which were of dark colour due to peculiar features of
the relief. In the work, these regions are defined as
“oval spots” (OS) (Figure 1). OS, which were nuclei
of butt joint fracture, were located mainly in the rail
head (Figure 1, a), rarely — in the foot (Figure 1, b).
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The aim of the work consisted in finding the nature
and causes of OS formation on the fracture surface of
welded butt joints of K76F rails.

PROCEDURE AND EQUIPMENT

K76F rails were investigated after fracturing of butt
joints during the static bending tests. Analysis of
the rail macrostructure was carried out on templates

Figure 1. Oval spots on the fracture surface of rails: @« — in the
head area; b — in the foot area; in the head area at a distance of
7 mm from the joint line




V.I. Shvets et al.

2.99

713

61023 71.60 0,68 11.88| 13.37 2.14

Figure 3. Fracture surface in the region of heat-hardened layer (@, b), nonmetallic inclusions (¢) and results of X-ray microanalysis of
chemical composition (at.%)
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Table 1. Chemical composition of K76F rails, wt.%

Element C Mn Si v Ti Cr P Al S
Grade composition 0.71-0.82 | 0.80-1.30 | 0.25-0.45| 0.03-0.07 - <0.15 <0.035 <0.015 <0.04
Composition of investigated rails 0.76 0.85 0.317 <0.02 0.005 0.04 0.013 0.015 <0.03

cut out in the cross direction. Microstructure exam-
inations were conducted in the optical microscope
NEOPHOT-32, equipped with a digital camera. Mi-
crostructure was revealed by etching of preliminary
polished specimens in a 4 % HNO, alcohol solution.
To analyze the microstructure and chemical heteroge-
neity of the fracture surface during fracturing on the
base metal, Auger-microprobe JAMP 9500F of JEOL
Company (Japan) was used, on which the X-ray en-
ergy dispersive spectrometer JNCA Penta FET x3 of

Oxford Instrument Company is installed. The energy
of the primary electron beam was 10 keV at a current
of 0.5 nA for the method of micro X-ray diffraction
analysis (MXRD) and of 10 nA for the method of Au-
ger-electron spectroscopy. To build the distribution
of elements in depth, the specimen surface was bom-
barded by Ar” ions (ion etching) with the energy of
3 keV and etching rate of 20 nm/min. Vickers’s hard-
ness was measured in a hardness tester NOVOTEST
TC-GPB with a load 0f 292.4 N (30 kg).

Figure 4. Fracture surface in the tempering region (a, b); opening of metal on the film of iron oxide (c, d); opening of metal on the

pearlite colonies (e, f)
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RESEARCH RESULTS AND DISCUSSION

According to the results of spectral analysis, the chem-
ical composition of the metal in the investigated rails
corresponds to the grade one (Table 1). The rail mac-
rostructure does not reveal disorders of metal continu-
ity. In the head area, the regions of HAZ are clearly re-
vealed, typical for the rails after surface heat treatment
(Figure 2, a). Near the rolling surface, a heat-hard-
ened layer of dark colour of up to 15 mm width is ob-
served. This layer is adjacent to a layer of gray colour
(tempering area), which is distinguished by a reduced
hardness compared to the near-surface layer and base
metal: HV 2430-2680 MPa, HV 3590-3800 MPa and
HYV 2700-3040 MPa, respectively. Microstructure of
the near-surface layer of a dark colour is sorbite (Fig-
ure 2, b), and that of a gray layer and the base metal is
sorbite-pearlite (Figure 2, ¢, d).

Fractographic examinations of the fracture sur-
face during fracturing on the base metal showed that
within the heat-hardened layer, the fracture is tran-
scrystalline. The fracture surface consists of facets of
intragranular spalling with elements of plastic defor-
mation: stream-like pattern, tongues, tear crests (Fig-
ure 3, a). In some places, secondary cracks are en-
countered (Figure 3, ). Nonmetallic inclusions on the
fracture surface are represented by complex oxides of
aluminium, calcium and silicon (Figure 3, ¢; Table 1).

The formation of oxide clusters is a cause for the for-
mation of a developed relief in this region.

In the tempering region, the fracture is mostly tran-
scrystalline. However, fracturing is accompanied by
the formation of spalling facets (Figure 4, a). Numer-
ous secondary cracks (Figure 4, b) are present near
spalling facets in the microstructure, places of metal
opening on the film structural component (Figure 4, c,
d) and pearlite colonies (Figure 4, d, e) are observed.

In the OS region, unlike in the tempering regions
and a heat-hardened layer, the fracture is intercrys-
talline (Figure 5, a). The fracturing surface is dimple
(Figure 5, b). According to the chemical composition,
the particles, which are located in the dimples and
determine the nature of fracture, are iron oxide (Fig-
ure 5, ¢, Table 1). The size of the particles is the tenth
fractions of a micron.

Using the method of Auger-electronic spectrosco-
py, the elemental composition and its changes during
layer-by-layer ion etching of the dimple surface were
analyzed. Figure 6 shows the place of shooting, spec-
tra before and after ion etching, as well as a table with
the content of elements calculated by spectra. As is
seen, the surface layer contains iron, oxygen and a
small amount of aluminium. According to the profile
of the element distribution in depth, the width of the
layer with the elemental composition different from
the base metal was about 50 A (Figure 7). The results

Figure 5. Fracture surface in the OS region (a, b), particles on facets of intragranular fracturing (c) and results of X-ray microanalysis

of chemical composition (at.%)
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Figure 6. Results of Auger-spectral analysis of dimples surface in the OS region (at.%): / — before ion etching; 2 — after ion etching

of the examination suggest that opening of metal in
the OS region occurs on the oxide film, which is lo- 100
cated on the grain boundaries. Apparently, the film is 90
a complex, mainly, iron oxide, with some amount of 80
aluminium oxide. 70

Therefore, according to the fractographic exam- 60
inations, on the one hand, the nature of fracture is de-

Element content in at.%
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=

termined by the microstructure of rail steel, and on 40
the other, by the presence of oxides. Within OS, the 30
determining factor is the oxide film. In the tempering 204
region at a smaller amount of oxide films, microstruc- 10
ture of metal plays a significant role, which provides 0t

Etching time, min

some plasticity of steel unlike brittle fracturing of a

Figure 7. Distribution of elements in depth from the dimple sur-
heat-hardened layer.

face in the OS region at an etching rate of 20 nm/min
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Figure 8. Nonmetallic inclusions in the rail metal adjacent to OS

In order to find the origin of oxide films, me-
tallographic examinations of rail metal in the re-
gion adjacent to the OS were carried out. Numerous
nonmetallic inclusions were found on the polished
surface of the cross-section (Figure 8). According
to the data of micro X-ray spectral analysis, in the
metal, numerous iron oxides (Figure 9) are ob-
served along with the inclusions of complex alu-
minium, silicon, calcium oxides typical to the con-
verter rail steel. Iron oxides are located mainly on
the grain boundaries. Obviously, the presence of a
large number of iron oxides is associated with in-
sufficient degree of rail steel deoxidation.

The nonuniform distribution and formation of
clusters of iron oxides are caused by the features of
ingot crystallization [5]. The impurities partially solu-
ble in iron, including oxygen, are pushed into residual
melt. In the places of residual melt crystallization at
the structural boundaries, iron oxides are precipitated.

It is known [6] that the Fe—O system is character-
ized by the presence of FeO oxide (wiistite) with a
melting point of 1380 °C. Between iron and wiistite,
eutectics is formed at 1368 °C. FeO in the composition
of oxide inclusions significantly reduces both their

melting point and ductility [7]. Thus, the FeO-Al O,
system has eutectics with a melting point of 1329 °C,
the FeO-Si0,~Al O, system has eutectics with a tem-
perature of 1148 °C, the FeO-SiO,~CaO system has
triple eutectics with a temperature below 1100 °C.
Taking into account the level of melting points of the
listed oxide systems, it is obvious that the rail steel
with insufficient deoxidation level has prerequisites
for the formation of oxide films. Thus, the films of
iron oxide in the rails (see Figure 1, a, b) are proba-
bly formed at the stage of blooming production in the
crimping shop [8]. During flash-butt welding of rails
in thermodeformational conditions of joint formation,
the formation of films can propagate. In this case, due
to metal deformation, nonmetallic inclusions of alu-
minium, silicon and calcium oxides interact with iron
oxides. As a result, the melting point of oxide films
is decreased and the melt ductility is reduced at the
ends of the parts. As a result, the OS area found on the
fracture surface at a distance of 7 mm from the joint
line, is much larger, OS spread to the head surface
(Figure 1, ¢) [9]. In the fracture dimples, in this case,
the places with numerous aluminium, silicon and cal-
cium oxides of 1 um were detected (Figure 10), which

2 0 Si Mn Fe C 0 Si Mn Fe
1 4.00 | 56.15 0.28 072 | 38.85 1 3.58 | 61.60 027 | 014 | 3340
9 8.09 | 49.05 0.70 075 | 4141 2 3.63 61.21 0.42 0.16 33.79
3 6.85 0.49 0.75 0.87 | 90.86

Figure 9. Results of micro X-ray spectral analysis of nonmetallic inclusions (at.%) in the rail metal adjacent to OS
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G O Mg | Al Si S Ca Fe
1 |3438] 729 0.68 | 3.60 4.58 |45.64
2 |46.57|29.02 147 | 441 | 1.53 240
3 240 | 2321 149 | 3.27 0.74 | 47.29
4 |4932(13395]023 | 1.87 | 648 | 030 | 0.79 | 6.03
5 |5594|2726] 045 | 235 | 6.54 1.18 | 5.57
6 ]26.55(53.09] 036 | 1.25 | 2.61 | 241 |1022 | 1.86

a

C O Al Si S Ca Fe
1 1648 | 3.78 0 1.02 78.62
2 28.58 | 19.54 0 1.03 | 146 | 2.14 | 46.66
3 16.05 | 934 | 067 1.48 72.46
4 1836 |24.75 | 3.20 5.00 48.69
5 18.83 | 5232 | 5.01 | 15.22 4.75
6 1746 | 4.58 031 0.57 77.07
7 352 | 017 0 0.40 95.92

Figure 10. Fracture surface and X-ray microanalysis (at.%) of chemical heterogeneity in the OS region during fracturing of a butt joint

at a distance of 7 mm from the joint line

confirms the participation of these oxides in the for-
mation of oxide film.

It is worth noting the difference of OS from the
known “matte spots” [9] observed on the fracture sur-
face of the joints of KF76 rails. “Matte spots” is the
result of interaction in the near-contact layer of sili-
con-containing oxide inclusions with the surface-ac-
tive manganese in iron and a subsequent formation of
silicate films [10]. It is known [11], that oxide films
negatively affect the properties of steel. Thus, in [12]
a decrease in the relative reduction in area of the rail
steel metal with insufficient deoxidation is noted. The
presence of OS on the fracture surface during static
bending tests is the evidence of insufficient deoxida-
tion degree and the factor of reduced steel quality.

CONCLUSIONS

1. According to the data of micro X-ray spectral anal-
ysis of the fracture surface of the welded butt joints
of K76F rails, along with the inclusions of complex
oxides of aluminium, silicon and calcium typical for
converter rail steel, in the metal, numerous iron ox-
ides are observed, which are located mainly on the
grain boundaries. The presence of a large number of
iron oxides is associated with insufficient degree of
rail steel deoxidation.

2. Fracturing of K76F rails on iron oxide films
during static bending tests is a sign of insufficient de-
gree of steel deoxidation and a probable cause of re-

duced service characteristics of rails and their welded
butt joints.
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