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The research investigates the structure of a welded joint of a railway rail after local heat treatment and without

it. Macro- and microstructural analyses of rail samples were performed using optical microscopy methods.

The hardness of the rail running surface in the heat-affected zone of butt welds was measured. It has been

found that the formation of zones with reduced hardness is inevitable due to the temperature gradient created

during the welding process. Moreover, using local induction heat treatment results in the formation of new,

more extended zones with reduced hardness. It has been determined that the only solution to this problem is to

reduce the extent of heat-affected zones to sizes that do not lead to increased wear and local crushing.
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INTRODUCTION

Currently, the warranty operating time for rails according

to All-Union State Standard (GOST) 51685–2013 is in the

range 320 to 500 million gross tons depending on their cate-

gory and the radius of curved track sections. At the same

time, in 2014 there was a transition from rails of the VT cate-

gory (volumetrically thermally hardened) to rails which are

differentially hardened from rolling heating with a minimum

hardness of 350 HB. As a result, two domestic plants pro-

duce 100-m long DT350 rails with a predicted service life of

1.1 billion gross tons [1].

According to future plans, an increase in the service life

of rails to 1.5 billion gross tons is expected in order to reduce

the infrastructure maintenance specific costs by 20 – 30%

[2]. At the same time, rail welding enterprises in conformity

with the 1.08.002–2009 technical requirements of Russian

Railways (RZhD) guarantee the operating time of welded

rail joints of 150 million gross tons, which is 47% of the

minimum requirement for warranty operating time of rails. It

also comprises 21% of the demonstrated resources totalling

700 million gross tons. Consequently, a considerable share of

the cost items for the current track maintenance is the main-

tenance of welded joints. Moreover, the primary task of re-

ducing costs is to increase the operational life of welded

joints of rails made by electric-contact welding.

In the process of manufacturing a continuous welded rail

track during rail welding, obligatory local heat treatment of

the butt weld is used [3, 4]. Heat treatment of welds includes

hardening of the running surface of the rail head and norma-

lization of the rail base and web, which makes it possible to

increase the strength characteristics of welded rail joints [5].

Heat treatment is carried out with the help of induction heat

treatment installations. With all the positive effects of heat

treatment using forced air as a quenching medium, modern

induction installations also have several disadvantages.

Among them, the following can be noted: (1 ) the appearance

of new heat-affected zones (HAZ) during local heating of

welded joints during heat treatment; (2 ) one-sided (only

from the side of the head) cooling, which leads to a deteriora-

tion in the straightness of the welded joints after cooling;

(3 ) insufficient depth of weld heating during heat treatment.

Local heat treatment of a butt weld leads to an increase

in the number of and the appearance of new HAZs as com-

pared to the zones during welding of rails by the elec-

tric-contact method without heat treatment [6]. An increase

in the HAZ linear dimension in the rail head at about

40 – 47 mm and in its base at 70 – 75 mm from the butt weld

caused by heat treatment results in a decrease in the mecha-

nical properties of the welded joint [7].
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As a result, increased local wear of the head running sur-

face, crushing, and chipping are observed in the reduced

hardness zone. This defect type (i.e. crushing of the rail head

due to uneven mechanical properties of the metal at the butt

weld) leads to large economic losses during the operation of

railway tracks. It is of practical and scientific interest to es-

tablish the cause of this defect and develop methods for its

elimination [2, 8].

The paper aims to study the patterns of forming reduced

hardness zones in welded joints of railway rails in the initial

state and after local induction heat treatment.

METHODS OF STUDY

For the study, two samples of full-profile rails of the R65

type of the DT350 category with a length of at least 600 mm

were cut out. The samples had a chemical composition cor-

responding to rail steel 76KhSF (0.71 – 0.82% C;

0.75 – 1.25% Mn; 0.25 – 0.60% Si; 0.50 – 1.25% Cr;

0.08 – 0.15% V; < 0.02% P; < 0.02% S; < 0.02% Al) (GOST

51685–2013). The flash butt welding of the rails was per-

formed on an MSR-6301 electric welding machine according

to a chosen mode which corresponded to the modes of the

1.08.002–2009 technical requirements of RZhD “Railway

rails welded by an electric-contact method” (see Table 1).

After welding, sample A of the rail joint was subjected

to local induction heat treatment (LIHT) on a UIN

001-100�RT-S stationary induction heater designed for heat

treatment of welded rail joints according to the modes shown

in Fig. 1. Sample B was examined in the initial state (i.e.

without LIHT).

For the macrostructure test, deep etching of templates

was performed. For this purpose, we immersed them with the

controlled surface upwards into a 50% aqueous solution of

hydrochloric acid with a density of 1.19 � 0.005 g�cm2 in a

heated state (up to 70 � 10°C). The acid solution layer above

the controlled surface was at least 20 mm.

The microstructure of rail butt welds was studied using

an OLYMPUS GX-51 optical microscope. Etching was per-

formed in 4% nital.
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Fig. 1. Tempering mode of the welded joint sample: a) heating for induction hardening; b ) cooling with forced air (under

pressure P ).

TABLE 1. R65 Rail Welding Modes

Parameter

The value of the parameter in flashing-off sections�melting zones

1 2 3 4 5 6 7 8 9 10

S, mm 2 4 3 2.5 2.5 2 1.5 1.5 1.5 1.5

U, % 75 70 55 60 60 65 70 88 88 98

V
c
, mm�sec 0.6 1.3 0.8 1 1.1 1.2 0.7 0.9 1.1 1.2

V
a
, mm�sec 0.5 0.6 0.5 0.5 0.4 0.4 0.5 0.4 0.3 0.2

I
cor

, A 200 300 200 200 250 250 250 300 400 500

I
stop

, A 300 450 350 350 400 400 460 500 600 700

I
rev

, A 400 500 400 400 450 450 550 600 700 800

I
sc
, A 1200 1200 1200 1200 1200 1200 1200 1200 1200 1200

Notations: 1, 2, 3, ..., 10 ) the number of the melted zone where the appropriate values for the melting path S and primary voltage U given as a

percentage of the mains voltage (380 V) were determined; V
c
and V

a
are the speed of converging and diverging the welded rails respectively;

I
cor

, I
stop

, I
rev

indicate the current in the primary transformer winding at which rails are moved closer, are not moved, are moved apart; I
sc
is the

short-circuit current intensity which must not be reached.

Note. Precipitation path S
pr
= 14 mm; precipitation velocity v

pr
= 100 mm�sec; precipitation path in current S

I
= 6 mm.



To assess the change in hardness along extent of the

LIHT heat-affected zone, an UZIT-3 ultrasonic hardness

tester manufactured according to technical specifications

427-002-20872624–00 was used.

RESULTS

The analysis of the macrostructure of the welded joint

metal subjected to LIHT after welding (sample A, Fig. 2a )

showed that a dark-etched uneven HAZ is observed on both

sides of the weld. The heat-affected zone had the following

linear dimensions (on one side of the seam): in the head —

51 mm, in the web — from 45 to 62 mm, in the base —

64 mm. No shatter cracks were found in the HAZ and the

seam.

On the longitudinal macrotemplate of sample B (Fig. 2b ),

there is a uniform HAZ obtained after welding. Along the en-

tire length of the joint, the HAZ width is (on one side of the

joint) 22 mm. No shatter cracks were detected in the metal.

The welding zone of sample A (after LIHT) consists of

fusion and heat affected zones. The fusion zone up to 0.5 mm

wide has the structure of fine-lamellar pearlite and grain

boundary ferrite (Fig. 3a ) with grain sizes corresponding to

No. 8 according to the GOST 5639–82 scale. Such a struc-

ture is characteristic of normalized steel. The fusion zone is

followed by a section that has the structure of fine-lamellar

pearlite with ferrite precipitates (Fig. 3b ). The structure of

the metal in the softening zone (a zone with reduced hard-

ness) at a distance of over 10 mm from the butt weld is sor-

bitic and granular pearlite in various coagulation stages

(Fig. 3c – e). The softening zone is located at 10 – 40 and

10 – 70 mm from each of the two sides of the butt weld, re-

spectively. Further, in the base metal zone, there is a decrease

in the content of granular and an increase in the proportion of

lamellar pearlite (Fig. 3f ).

The weld zone of sample B (without LIHT) as well as of

sample A consists of fusion and heat affected zones. The fu-

sion zone of up to 3 mm in width has the structure of

large-lamellar pearlite and grain-boundary ferrite (Fig. 4a )

with grain sizes corresponding to No. 4 – 3 according to the

GOST 5639–82 scale. There is a zone of up to 5 mm in width

next to the fusion zone. It has a coarse-grained structure con-

sisting of lamellar pearlite (without ferrite precipitates)

formed due to overheating and recrystallization of the metal

(Fig. 4b ). A fine-grained zone (Fig. 4c ) with a width of

about 10 mm follows the coarse-grained structure zone. This

was formed due to metal recrystallization. The grain size in

this zone corresponds to No. 8 – 9 according to the GOST

5639–82 scale. In the zone at the boundary between the HAZ

and the base metal (at a distance of 15 – 20 mm from the fu-

sion zone), the microstructure consists mainly of granular

pearlite, which is typical for the state after tempering

(Fig. 4d ). Further, the structure of the base metal, i.e.

lamellar pearlite, is observed (Fig. 4e ).

The hardness of the butt weld metal and the HAZ on the

running surface of the head of butt weld A varies from 265 to

318 HB, and that of weld B varies from 292 to 355 HB.

Fig. 5 shows the change in the hardness of the metal along

the running surface of the butt weld. The hardness of the base

metal on the running surface of the head is 348 – 354 HB.

The decrease in the hardness of the metal of the head in

the HAZ of butt weld A relative to the lower limit of the base

metal hardness of the rail reaches 24.5%. The extent of the

reduced hardness zone is 42 mm. The decrease in the hard-

ness in the HAZ of butt weld B reaches 14.8%, while the ex-

tent of the zone with reduced hardness is 14 mm.

DISCUSSION

It is known that a decrease in hardness in the HAZ in

rails made of pearlitic steel is associated with the formation

of granular pearlite [9, 10], but as a rule, its formation pat-

terns are not discussed. This phenomenon is often seen as an

obvious consequence of the heat input during welding.

The formation of areas with reduced hardness during

welding is similar to the spheroidizing annealing process
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used in production to reduce hardness and improve the

machinability of steels by cutting. To obtain granular pearlite

(globular cementite), spheroidizing annealing of steel is per-

formed. The process consists in heating the sample to a tem-

perature slightly above the PSK line (critical point Ac
1
),

holding, and subsequent cooling. Initial austenite nuclei are

formed by dislocation when heated somewhat above Ac
1

while maintaining coherent grain boundaries. The austenite

nucleus appears at the interface between ferrite and cemen-

tite (Fig. 6). As a result of this transformation, low-carbon

austenite is formed. Cementite dissolves in the low-carbon

austenite formed by dislocation mechanism, and the carbon

content in austenite approaches the equilibrium content. The

growth of austenite regions following the polymorphic

� � � transformation proceeds faster than the dissolution of

cementite. Excess structural components do not completely

pass into solution and, upon subsequent cooling, are centers

of cementite spheroidization (Fig. 6).

The introduction of chromium, vanadium, molybdenum,

tungsten, and other carbide-forming elements into steel de-

lays the austenitizing process due to the formation of alloyed

cementite or alloying element carbides which are less soluble

in austenite [11 – 14].

Cementite coagulation in the areas of the remaining un-

dissolved carbide and cementite grain coarsening (i.e.

spheroidization) occur during subsequent cooling. Fig. 6 is a

diagram of two types of eutectoid transformations resulting

in the formation of granular or lamellar pearlite.

Pearlite fineness depends on the steel composition and

cooling conditions. Slow cooling contributes to the coarsen-

ing of carbides and vice versa. The cooling rate affecting dif-

fusion transformations causes a significant effect on the
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distance of 2.5; 10; 10 – 40; 40 – 60 mm from the butt weld, respectively; f ) base metal.



structure and properties of the ferrite�cementite mixture

which is formed during austenite decomposition. During rail

welding, the formation of granular pearlite occurs in the ar-

eas whose temperature reaches the values ranging between

the critical points Ac
1
and Ac

m
.

CONCLUSIONS

The research investigated welded joint samples of rail-

way rails in the initial state and after local induction heat

treatment. It has been shown that reduced hardness zones ap-

pear in the areas of metal heating in the Ac
1
– Ac

m
tempera-

ture range where complete dissolution of carbides does not

occur. Subsequently, these carbide particles are the centers of

cementite spheroidization.

As a result of studying the patterns of forming zones

with reduced hardness in a welded joint, it has been found

that their appearance is inevitable due to the presence of a
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temperature gradient created during welding. The use of lo-

cal heat treatment of a welded joint of railway rails makes it

possible to recrystallize the weld metal, reduce the grain size,

and break the formed ferrite network into separate sections.

However, heat treatment leads to the appearance of new,

more extended heat-affected zones with reduced hardness

than after welding rails by electric-contact welding without

heat treatment. During the operation of rails which were

heat-treated in the welding zone, there is increased wear of

their running surface and head crushing at the butt weld,

which causes premature removal of such rails from service.

Existing methods of welding railway rails and local heat

treatment of butt welds do not make it possible to eliminate

reduced hardness zones. The only solution to this problem is

to reduce the extent of heat-affected zones to sizes that do not

lead to increased wear and local crushing of these areas.

The study was performed with the financial support of

the Russian Foundation for Basic Research and Kemerovo

Oblast within the framework of scientific project

No. 20-48-420003r a “Developing the physicochemical and

technological foundations for creating a fundamentally new

method of welding differentially heat-strengthened railway

rails.”
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