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 Abstract  The article presents the effect of cold-rolling welded joints in railway lines on their mechanical and 
tribological properties. Welded joints of high-manganese Hadfield cast steel (L120G13) and normalized rail 
steel (R350HT) with austenitic steel coupling (X12CrNi17-7) were tested. The conducted tests allowed the 
hardness profile of the treated surfaces to be studied, as well as the wear resistance and coefficient of friction. 

  The results were compared to the base materials and exhibited hardness enhancement in 80% of cold-rolled 
surfaces and, moreover, reduced abrasive wear resistance.

 Słowa kluczowe:  umacnianie statyczne, rozjazdy szynowe, zużycie, staliwo Hadfielda, złącze zgrzewane.

 Streszczenie  W pracy przeprowadzono analizę wpływu umocnienia statycznego metodą nagniatania naporowo-tocznego 
na własności mechaniczne oraz tribologiczne złącza zgrzewanego staliwa Hadfilda L120G13 ze stalą szyno-
wą R350HT nieulepszoną cieplnie z wykorzystaniem przekładki ze stali austenitycznej X12CrNi17-7. Wyni-
ki badań pozwoliły na określenie rozkładu twardości, wskaźnika zużycia objętościowego oraz współczynnika 
tarcia. Testy przeprowadzono na próbkach przed i po umacnianiu statycznym. Testy wykazały zwiększenie 
twardości umacnianych powierzchni nawet o 80% oraz odporności na zużycie ścierne badanych materiałów.

INTRODUCTION

Due to the development of high-speed railway transport, 
the modernization of existing railway infrastructure 
and the construction of new connections are necessary. 
This leads to higher requirements regarding the safety 
and durability of the whole railway system and all, 
even small, constituent elements. Railroad turnouts are 
elements that are responsible for the safe passage of 
trains’ rolling wheels while tracks diverge or cross. Their 
main components are the frog and crossing made of 
mono-blocks of high-manganese Hadfield cast steel and 
heat-treated rail steel, respectively (Figure 1). Due to the 
different functions of the individual crossover elements, 
materials with different properties, structure, and 
chemical composition must be used. Unfortunately, this 
raises a problem connected with their direct connection 
by welding, so it is necessary to use an austenitic steel 
spacer [L. 1]. Frogs are produced from unhardened 
Hadfield cast steel, which exhibits good wear resistance, 
but only at high contact stresses. High contact loading 
creates a surface layer on the frog that exhibits high 

hardness. There are other hardening materials, even 
at lower compression degrees, than Hadfiled cast iron 
[L. 2], but they are not sufficiently abrasion resistant. In 
contrast, heat-treated rail steel, from the very beginning, 
has a very high hardness (800 HV10) [L. 3], a high 
elasticity modulus and wear resistance. The austenitic 
steel spacer allows the rail steel to be connected with 
manganese steel by welding, but is relatively soft (220 
HV10) [L. 3] and prone to abrasive wear. However, 
similar to manganese cast iron, it strengthens as a result 
of surface layer compression. Due to the high dynamic 
loads resulting from the rolling of train wheels, complex 
geometry both in the longitudinal and transverse 
directions of the turnout, and the different properties of 
materials, the turnout components are subject to uneven 
and accelerated wear, especially during the initial stage 
of their exploitation. Only after a few cycles (a few 
trains) do the load hardened austenitic and Hadfield 
steels become elements of the railway line with desirable 
properties. However, this initial period means that the 
new rail track must be repaired after a short period of 
time. The reasons for this are the appearance of plastic 

* AGH University of Science and Technology, Faculty of Mechanical Engineering and Robotics, Al. Mickiewicza 30,  
30-059 Kraków, Poland, e-mails: tryba@agh.edu.pl, kotmarc@imir.agh.edu.pl.



78 ISSN 0208-7774 T R I B O L O G I A  4/2017 

deformation at the frog surface before the full hardening 
process of the cast steel and spacer, and the unfavourable 
change in turnout geometry. This significantly reduces 
the turnout durability and generates high repair costs 
for the damaged rail running surface. The treatment of 
Hadfield and rail steel and hardening of their surfaces 
prior to exploitation could allow the harmful phenomena 
to be eliminated during the initial service, thus reducing 
the maintenance cost of the rail lines. Currently, railroad 
turnouts are explosively strengthened [L. 5, 6]. This is 
the only currently used method in the world. However, 
due to the irregular strengthening of the surface layer, 
this method is not perfect. Due to the work hardening 
of Hadfield and austenitic steels during rail exploitation, 
treatment like burnishing, which utilizes the same 
strengthening method, could be applied in the future. 

Fig. 1.  Part of Rail Turnouts: I – switch blades, II – closure 
rails, III- crossing; 1 – welded joints; 2a – curve 
closure rail; 2b – straight closure rail; 3a – straight 
stock rail; 3b – curved stock rail; 4 –switch rails;  
5 – guard rail; 6 – wing rails; 7 – frog; 8 – lead 
rail O – theoretical point; α – frog angle;  
AOB – triangle of turnouts [L. 4]  

Rys. 1.  Budowa rozjazdu zwyczajnego: I – zwrotnica, II – szy-
ny łączące, III – krzyżownica; 1 – złącze zgrzewane;  
2a – iglica łukowa; 2b – iglica prosta; 3a – opornica pro-
sta; 3b – opornica łukowa; 4 – szyny łączące; 5 – kie-
rownice; 6 – szyny skrzydłowe; 7 – dziób krzyżownicy; 
8 – szyny toczne; O – środek geometryczny rozjazdu;  
α – kąt rozjazdu; AOB – trójkąt rozjazdu [L. 4]

The preliminary results of pressure-rolling burnings 
of Hadfield steel are very promising [L. 7]. This 
method has many advantages and is a reflection of the 
phenomenon occurring in the contact between wheel 
and rail. It is able to strengthen the surface layer of 
elements with complex geometry and then smooth them 
after the treatment. In this paper, the effect of hardening 
by pressure-rolling burnishing on the mechanical and 
tribological properties of the surface layers of turnouts 
with austenitic steel spacers was analysed. The main aim 
of the research program is the development of technology 
that avoids problems arising from the yielding of surfaces 
and uneven wear of turnout elements.

MATERIALS  AND  RESEARCH  METHODOLOGY

Cuboid samples with dimensions of 25x25x10 mm (width 
x length x thickness) made of L120G13 Hadfield cast 
steel, X12CrNi17-7 austenitic cast steel, and R350HT 
non heat-treated rail steel were cut from the welded joint 

of turnouts and tested. The results were compared for 
non-hardened samples and those treated by static cold 
burnishing. The pressure-rolling burnishing process was 
performed on a horizontal planer using a ball bearing 
as a working tool. The treatment was carried out at 
a 42 mm/min feed rate with constant and continuously 
measured 0.03 mm deformation due to the bearing load. 
The abrasive wear resistance was determined using 
a ball-on-disc tribometer with a 6 mm diameter Al2O3 
ball. The ball was pressed by a 5 N normal load while 
the test parameters were assumed as 7–10 mm friction 
track radius, n = 20.000 cycle number, and 120 rpm. 
The wear index was determined by measuring the wear 
track profile and by calculating the volume of abraded 
material WV from equation (1) [L. 8]:
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where
V  –  volume of worn material calculated from 

the track profile,
Fn  –  normal force,
s  –  sliding distance.

Wear track profiles were made using a contact 
profilometer, and then the wear character was analysed 
on the basis of the Aw pile-up area on the sides of the 
track to the Ap groove area ratio [L. 8].  Values of this 
ratio below 0.1 indicate that the abrasive wear is the 
main wear mechanism, while high values tending to 
1 correspond to pure grooving. The hardening effect 
of surface layers was checked by the instrumental 
indentation method using an MCT produced by CSM 
Instruments. The indenter was loaded up to 100 mN 
with a 200 mN loading rate. The maximum load was 
maintained for 5 s. Microhardness was calculated from 
the following relation [L. 8]:

   µHV
P
A
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C
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where
 Pmax  –  maximal load,
AC     –  contact area of the indenter and tested material.

The MCT microhardness tester automatically 
calculates the contact area after unloading and 
microhardness using the Oliver and Pharr method, but 
the precise calibration of indenter geometry is crucial 
[L. 9]. Indentation tests were performed on sample 
cross-sections to determine the microhardness as well as 
the thickness of the hardened layer. The first indent was 
performed at a 20 μm distance from the surface, and then 
subsequent tests were carried out with a 50 μm spacing. 
Furthermore, tests were carried out on the base materials 
prior to reinforcement.
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RESULTS  OF  MECHANICAL   
AND  TRIBOLOGICAL  TESTS

The results of the indentation are presented in 
Figures 2–5. They confirm the previous studies presented 
in the literature and show the effect of hardening by 
pressure-rolling burnishing on hardness and elasticity 
modulus for materials prone to cold hardening. Hadfield 
cast steel exhibited a rise in surface microhardness up 
to 560 μHV (Figure 2). This is about 50% higher than 
for the base material which had a microhardness of 
350 μHV. The test performed on cross-sections to the 
distance of 520 μm from the surface showed a hardness 
decrease at this distance. The results showed that, even 
for the maximum depth, the hardness of the cast steel 
was still higher than before the treatment, although 
a significant decrease was found for depths below  
320 μm. Close to the surface, at a distance of 70 to  
120 μm, the microhardness falls to 530 μHV and then 
rises, which may be due to excessively high pressure, 
leading to peeling of the hardened surface layer during 
the rail exploitation. 

The microhardness results of X12CrNi17-7 
austenitic steel spacers also show a significant 
strengthening of the surface layer as a result of 
burnishing (Figure 3). Microhardness equal to 400 μHV 
after burnishing increased approximately 1.5 times with 
respect to the raw material. Figures 2 and 3 indicate that 
the thickness of the strengthened layer of the austenitic 
spacer was smaller than for cast steel. The spacer 
microhardness significantly decreased at 270 μm. The 
strengthening depth of the spacer is approximately 420 
μm, where the microhardness of 220 μHV is similar to 
the raw material.

Fig. 2.  Microhardness profile of Hadfield cast steel vs. 
distance form sample surface

Rys. 2.  Zmiany mikrotwardości staliwa Hadfielda wraz z od-
ległością od powierzchni

In the case of R350HT rail steels without thermal 
treatment, a lower increase in microhardness, compared 
to the previous samples, was observed (Figure 4). The 
maximal microhardness of 480μHV was only 30% 
higher than for unhardened steel – 370μHV. Figure 5 

shows the summary of micromechanical tests on the top 
layers of all the tested samples. As a result of burnishing, 
the hardness of all the tested materials increased and 
reduced the difference between the hardness of the softest 
and the hardest. This difference is about 100 μHV, but it 
is still too high; therefore, further research is needed to 
select optimal burnishing parameters to reinforce both 
Hadfield cast steel and the austenitic spacer. This is very 
important because the accelerated wear of the turnout 
results mainly from the different hardness of the surface 
layers of welded components. Tribological tests allowed 
the values of the wear index WV to be determined 
(Figure 6). They showed that the hardening by cold 
pressure-rolling burnishing results in the reduced wear 
of all materials. The largest difference of 20% was found 
for Hadfield cast steel, although the wear of this material 
is the largest among the tested samples, both before and 
after strengthening. Observation of the wear profiles of 
cast steel indicated a lack of plastic pile-ups for both 
samples, which is favourable while taking into account 
this application. 

Fig. 3. Microhardness profile of austenitic steel vs. 
distance form sample surface

Rys. 3. Zmiany mikrotwardości stali austenitycznej wraz 
z odległością od powierzchni

Fig. 4.  Microhardness profile of rail steel vs. distance 
form sample surface

Rys. 4.  Zmiany mikrotwardości stali szynowej wraz z odle-
głością od powierzchni
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For austenitic steel, the reduction in the wear 
index was not as high as for Hadfield cast steel. Prior 
to strengthening, WV was 0.97·10-6, while afterwards 
it was 0.84·10-6. Despite the slight improvement in 
wear resistance, it is satisfactory that the wear of the 
austenitic spacer and R350 HT rail steel was closer after 
burnishing. This may extend the lifetime of the whole 
joint. Unfortunately, the character of the austenitic steel 
wear was worrisome. In the case of steel, as well as cast 
steel, there were no plastic pile-ups at the sides of the 
wear tracks, which indicated pure abrasion in contrast 
to the austenite spacer. For X12CrNi17-7 steel, the 
Aw/Ap ratio reached an average of 0.0856, which was 
close to the limit value of 0.1. This ratio equal to 0.102 
for austenite after burnishing was found as a result of 
some spacer yielding. In welded rails, this could lead to 
undesired changes in the joint geometry. The changes 
in the coefficient of friction (CoF) during the whole 
test duration for all the tested materials before and 
after burnishing are shown in Figures 7–9. The mean 
values are given in Table 1. The tests showed that the 

Fig. 5.  Surface layer microhardness of tested materials
Rys. 5.  Twardość warstwy wierzchniej badanych materiałów

Fig. 6.  Wear index of tested materials
Rys. 6.  Wskaźniki zużycia badanych materiałów

Fig. 7.  Evolution of friction coefficient during wear testing 
of Hadfield cast steel

Rys. 7.  Zmiany współczynnika tarcia podczas testu dla stali-
wa Hadfielda

Fig. 8.  Evolution of friction coefficient during wear testing 
of austenitic steel

Rys. 8. Współczynnik tarcia dla stali austenitycznej

Fig. 9.  Evolution of friction coefficient during wear testing 
of rail steel

Rys. 9.  Współczynnik tarcia stali szynowej

CoF of Hadfield cast steel before burnishing (0.93) was 
lower than after it (0.98), which is unfavourable while 
operating the rail turnouts (Fig. 7). The friction process 
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stabilized after 2,000 cycles, but both CoF values 
are higher than for other materials. In the case of the 
austenitic spacer, both runs were irregular (Fig. 8), but 
the burnished samples exhibited less sudden changes, 
which may indicate a lower proneness to yielding and 
the formation of adhesive joints. The coefficient of 
friction of untreated material stabilized after 2.000 
cycles at a 0.91 average value, while stabilization of the 
burnished sample took longer – about 12.000 cycles, but 
its average value of 0.84 was lower. The lowest values 
of CoF were measured for R350HT rail steel (Fig. 9), 
and the difference between their mean values before and 
after pressure-rolling is greatest among the materials 
tested. The CoF mean value of the base material was 0.8, 
and hardening reduced it to 0.59. Both runs are regular, 
and 1.000 cycles was enough to stabilize the friction 
coefficient.

Table 1. Friction coefficient average values of tested 
materials

Tabela 1. Średnie współczynniki tarcia badanych materiałów

Base materials Hardened materials

R350HT X12
CrNi17-7

L120G13 R350HT X12Cr-
Ni17-7

L120G13

0.80 0.91 0.93 0.59 0.84 0.98

CONCLUSIONS

The results confirmed the assumptions of wear reduction 
by cold pressure-rolling of Hadfield cast steel and the 
austenitic steel, as well as hardness enhancement of 
surface layers. After burnishing, the microhardness of 
the above materials is much closer to R350HT heat-
treated steel rail, i.e. 800HV10, which could greatly 
reduce the wear of welded joints already applied in rail 
turnouts. The burnishing parameters led to the greatest 
hardness increase in Hadfield cast steel. In addition, the 
strengthening depth of the surface layers of all materials 
was almost similar and reached 320 μm. Moreover, the 
most important aspect is the fact that the mechanical 
treatment by burnishing improved the wear resistance of 
all the materials. The improvement was also observed 
in the case of CoF for rail steel and austenitic spacers. 
Meanwhile, the average CoF of Hadfield steel slightly 
increased. However, the appearance of plastic grooves at 
the sides of the friction track for austenitic steel samples is 
disturbing. This is dangerous because of the possible loss 
of the joint geometry, and thus the reduction in lifetime 
and the necessary renovation. This could be a result of 
excessively high contact stresses at burnishing, which in 
the future may lead to rail peeling during exploitation. The 
fatigue strength determination at high contact pressure 
is extremely important for this application, so it will be 
performed in subsequent stages of the research program. 
Results of the current research confirmed that burnishing 
technology used to strengthen the welded joints of rail 
turnouts can improve their durability.
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