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Abstract 

Pearlitic steels are commonly used for railway rails because they combine good strength and wear properties. 
During service, the passage of trains results in large accumulation of shear strains in the surface layer of the 
rail, sometimes leading to crack initiation. Knowledge of the material properties versus the shear strain in this 
layer is therefore important for fatigue life predictions. In this study, fully pearlitic R260 rail steel was 
deformed using a bi-axial torsion-compression machine to reach different shear strains. Microstructural 
parameters including interlamellar spacing, thickness of ferrite and cementite lamellae and dislocation density in 
the ferrite lamellae, as well as hardness were quantitatively characterized at different shear strain levels. Based on 
the microstructural observations and the quantification of the microstructural parameters, the local flow 
stresses were estimated based on boundary strengthening and dislocation strengthening models. A good 
agreement was found between the estimated flow stresses and the flow stresses determined from 
microhardness measurements. 
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1. Introduction 

The most common material type for manufacturing of rails nowadays are carbon steels with a 
predominantly pearlitic microstructure. Pearlite is a lamellar microstructure consisting of colonies of similarly 
oriented cementite lamellae embedded in a softer ferrite matrix. Steels with this microstructure exhibit a very 
good combination of wear and strength properties suitable for railway applications. In this paper the grade 
R260 is studied, which is one of the most common rail steel grades in Europe. 

The surface layers of rails are subjected to very high rolling contact loads during their service life, which lead 
to large plastic deformation due to accumulation of large shear strains close to the running surface [1, 2]. These 
surface layers have typically position-dependent thickness from several micrometers to a few tens of 
millimeters and thus varying strain gradients, which limits the possibilities for a systematic study of the 
mechanical response of the layers. To understand the material behavior and enable large scale testing of the 
material, specimens with a fairly uniform microstructure within the test volume are required. If the 
microstructure observed in field including the gradient microstructure, could be recreated artificially in the 
lab, it would be possible to perform a thorough investigation of how the microstructure evolves with loads 
and of how the microstructure affects the mechanical properties. 

To this end a method was developed to pre-deform test bars using a bi-axial test frame by combining compression and 
torsion, so that a sufficient strain level in the bars was achieved [3]. The comparison between the field samples and the test 
bars in the above study was performed by macroscopic 2D strain calculations such as the flow line method (see more 
details in [3]). However, the full picture such as the relationships among shear strain, microstructure, and strength, which 
can provide the baseline for the understanding of mechanical properties in the lab/field, is still unclear. 

For the understanding of the mechanical properties such as flow stress/strength in deformed pearlitic 
steel [4-6] and other metals and alloys [7-9], microstructural characterization and quantification by scanning 
electron microscopy (SEM) and transmission electron microscopy (TEM) followed by computations of 
mechanical properties have been reported as powerful tools. A similar strategy will therefore be applied in 
the present study. 

The main goal of the investigation is to characterize the artificially produced microstructure of pre-
deformed test bars using SEM and TEM, to quantify the microstructural parameters such as interlamellar 
spacing (ILS), thickness of ferrite and cementite lamellae, and the dislocation density in the ferrite lamellae, 
and to correlate these parameters to the shear strains and the mechanical properties. The shear strains will 
be theoretically calculated at the different positions in the test bars from where the samples were extracted. 



Strengthening mechanisms will be proposed based on the microstructural characterization and the structure-
strength relationship will be suggested. The flow stresses will be calculated based on the quantification of 
microstructural parameters and compared with the measured ones determined from microhardness. The 
analysis can provide the knowledge for reliable evaluation of the local strength in field samples.  

 
2. Material and experimental 

 

2.1 Sample extraction 
The material studied in this investigation is the railway rail steel grade R260. The microstructure of this 
material is almost fully pearlitic with nominal chemical composition as shown in table 1. 
 
 

C Si Mn P S Cr Al V N Cu 

0.72 0.31 1.04 0.006 0.010 0.02 <0.002 <0.005 0.006 0.018 
Table 1:  % mass composition of the R260 steel, analyzed according to ASTM E 572-13 
 

Samples for characterization were extracted from test bars that were pre-strained in a bi-axial machine 
using torsion-compression. The test bars used for pre-deformation with the dimension as shown in Fig. 1, 
were turned from material extracted about 20 mm below the surface of virgin rail heads. A smooth transition 
radius of 100 mm was used to minimize the strain concentration at the end of the gauge section. The 
torsional stroke of the load frame is 90°, and hence a cyclic pre-deformation sequence was used. The pre-
deformation experiments procedure and the initial comparison and characterization have been further 
described in a previous study [3]. The bars used for this investigation were twisted 3 times (3x90°) and 7 
times (7x90°) using 500 MPa nominal compression load (i.e. constant force, not increasing as the diameter 
increases), separately. The samples used for the microscopy and hardness measurement were taken from the 
very middle part of the gauge section of the bar. They were mechanically ground and polished to 0.04 µm 
using colloidal silica suspension. Etching was done using Nital (3% HNO3 in ethanol). 
 

 
Figure 1: Test bar geometry (in mm) 

 

2.2 Strain calculation 

Simple shear is a good model to calculate shear strain in pure torsion tests [10]. It has been used also by 
others for example in high pressure torsion experiments [11]. In such experiments, the length of the twisted 
volume remains constant. In the tests now performed, the length of the test bar decreases due to the 
axial compressive force. Thus, a surface pattern consisting of a regular grid was imprinted on the 
specimens before the test, and the angle between these lines was then used to compute the shear strain of 
the test bars at different positions according to the following formula: 

 

  
   (    )

 
                                                               (1) 

where γ is the angle measured at the outer surface of the test bars (see Fig. 2), r is the radius measured 
from the center line of the bars and R is the final radius of the test bars after the end of the pre-deformation 
procedure. 



 
 
 
 

  
Figure 2: Calculation of shear strain from outer surface of a test bar. Parallel lines are engraved on the test bar surface in a 
grid pattern before the deformation experiment (a) and the angle that is formed after the bars have been twisted is 
measured (b). Measurement is performed using a stereomicroscope (c). 

 
Five different shear strain levels that correspond to different positions in the test bars were selected for 

the investigation (Table 2). The undeformed initial state of the material corresponds to zero shear strain. Five 
samples were taken from the test bars by precise cutting. The final bar radius tells that the compressive axial 
force decreases from 500 MPa at the start of the test, down to 365 MPa after 7 rotations. The hydrostatic 
pressure is naturally zero at the surface and low internally because of limited radial stress. 

 

 
 

Test bar Sample Position r (from 
center line, in mm) 

Final bar radius R (mm) Shear strain   

Undeformed - 5 0 

3 rotations 3.28  0.3 5.28 0.48  0.05 

3 rotations 4.53  0.3 5.28 0.67  0.05 

7 rotations 3.85  0.3 5.85 1.23  0.05 

7 rotations 5.1  0.3 5.85 1.63  0.05 

Table 2:  Shear strain of the 5 test bar samples 

2.3 Microstructural characterization 

Standard grinding and electro-polishing (10% perchloric acid in ethanol) procedures were used to prepare 
specimens for investigation in a JEOL 2000FX TEM. The ILS, and ferrite and cementite lamellar thickness were 
measured in TEM, taking care to ensure edge-on conditions to determine the thickness. The ILS value equals 
to the sum of ferrite lamellar thickness and cementite lamellar thickness. For each sample, data was collected 
from 30 measurements on randomly chosen areas, in order to get a macroscopic average value taking into 
account a microscopic local area for each measurement. Dislocation configurations and densities were 
examined using a JEOL 2000FX TEM at 200 kV. The dislocation density is determined by the line intersection method 

(a) 

(b) 

27.41° 
27.99° 

27.28° 



applied to TEM micrographs. In addition, in order to reduce the TEM foil thickness effect on the dislocation 
configurations and densities, the measurements were performed at places with the thickness > 100 nm. 

 
2.4 Micro-hardness measurements 

The Vickers microhardness measurements were conducted on a Struers DuraScan 70 hardness machine, 
using a 40 x magnification lens and 500 g load (HV0.5). Circular samples were cut from the gauge section of the 
test bars. These were then sectioned as shown in figure 3 and indents were positioned in the cross section at 
different distances from the center line. Five indents per radial position from each side were measured. From 
these ten indents in total per position, an average hardness value was calculated. 

 
Figure 3: Samples taken from test bar gauge section and then cut along the black line. Hardness indents were positioned in 

the cross section as sketches. 

3. Results  

3.1 Microstructure 
    The initial pearlitic microstructure consists of alternating ferrite and cementite lamellae, as shown in Fig. 4. 

The initial ILS, thickness of ferrite and cementite lamellae are 233  39 nm, 193  30 nm and 40  6.5 nm, 
respectively. These parameters decrease slowly as the shear strain increases up to around 1.2, after which the 
values decrease faster, as shown in Fig. 5 and Table 3. It is interesting that the cementite, which has brittle 
characteristics in the bulk form, shows a good deformability. The black arrows in the figure also show the 

dislocation structures in the ferrite lamellae, and the average size of a pearlite colony is around 8 m. This 
initial structure relates to the rail rolling and subsequent cooling process used in the production of rails. 
 

 
Figure 4: Initial pearlitic microstructure with alternating ferrite and cementite lamellae where the black arrows show 

examples of dislocations in the ferrite lamellae. 



 
Figure 5: Interlamellar spacing and ferrite lamellae thickness versus the shear strain. 

 

Test bar Shear strain Thickness of cementite (nm) 

Undeformed 0 40  6.5 

3 rotations 0.48  0.05 38.9  8 

3 rotations 0.67  0.05 35.6  7.1 

7 rotations 1.23  0.05 35  4.9 

7 rotations 1.63  0.05 28.5  5.6 

Table 3:  Thickness of cementite lamellae versus the shear strain 
 

3.2 Dislocation configuration and density 
In the pearlitic steel with alternating ferrite and cementite lamellae, the deformation including yielding and 

plastic flow is largely controlled by processes occurring in ferrite, where the slip initially takes place in the 
ferrite lamellae, and then is transferred into the cementite lamellae [8]. Figure 6 shows the dislocations in the 
ferrite lamellae in the initial structure, with a dislocation density of 6 x 10

13 
m

-2
. The random dislocation lines 

can be observed as a result of the phase transformation and many bulging-out dislocations can be observed 
from the ferrite/cementite interfaces which may have its cause in the elastic incompatibility stresses between 
the two phases [12, 13-15]. More dislocation loops with the two ends of the lines located at the 
ferrite/cementite interfaces have been observed at the shear strain of 0.48, as shown in figure 7. Calculation of 
the dislocation density gives a value of 2.4 x 10

14 
m

-2
. Figure 8 shows the dislocation structure at a shear strain 

of 1.23, and dislocation tangles are observed which indicates intense interactions between the dislocations. At 
this strain, the dislocation density is 5.3 x 10

14 
m

-2
. 

 

 
Figure 6: TEM micrograph of the initial sample and a sketch of the dislocation structure in the ferrite lamellae. The 

dislocation density is 6 × 1013 m-2. 

 



 
Figure 7: TEM micrograph of the sample with a shear strain of 0.48 and a sketch of the dislocation structure in the ferrite 

lamellae. The dislocation density is 2.4 × 1014 m-2. 

 

 
Figure 8: TEM micrograph of the sample with a shear strain of 1.23 and a sketch of the dislocation structure in the ferrite 

lamellae. The dislocation density is 5.3 × 10
14 

m
-2

. 

The dislocation density is plotted in Fig. 9 versus the shear strain, showing an almost linear relationship. 
 

 
Figure 9: Dislocation density in the ferrite lamellae versus the shear strain. The error bar is determined using the values from 

around 30 areas. 



3.3 Hardness measurements 
The hardness of the initial R260 material is 288 HV0.5. The results of the hardness measurements of the 

pre-strained test bars are shown in figure 10. As expected, hardness increases with the shear strain. 

 
Figure 10: Hardness with increasing shear strain. 

 

3.4 Microstructure-strength relationships 
The microstructural characterization shows that below the shear strain 1.2, the change of ILS, thickness of 
ferrite and cementite is small, taking into account the standard deviation. The key factor contributing to the 
hardness increase with the shear strain is the increase of dislocation density in the ferrite lamellae. So, the 
following analysis focuses on the hardness/flow stress increase and the mechanisms behind. 

The increases of flow stresses were determined experimentally from the nominal hardness measurements 
using the formula: 

ΔHV0.5 = k•Δσhardness                                                        (2) 
 

with k=3.30.4, typical of deformed pearlitic steel in the range of low and medium strains [16]. This value is 
consistent with those in deformed metals where the lamellar dislocation structures form at medium and large 
strains [17-19], and hypoeutectoid steels having a wide range of compositions and a variety of microstructures 
[20]. Although the nano-sized lamellar structure has an anisotropic characteristic in one pearlite colony [21], 
this characteristic has been averaged and reduced by a much larger indent size, about 7 times the pearlite 
colony size in the present study. 

The increase of flow stresses with the shear strain were also calculated from the deduction of the primary 
flow stress of initial material from the evaluated one from quantified microstructural parameters. From the 
microstructural observation, the flow stress of each shear strain was evaluated from two major microstructural 
parameters: the thickness of ferrite lamellae and dislocation density in the ferrite lamellae by considering two 
strengthening mechanisms: boundary strengthening related to the distance between the cementite lamellae, 
σ(b) and dislocation strengthening related to the dislocation density in the ferrite lamellae, σ(ρ). In the analysis 
of boundary strengthening, the contribution of cementite lamellae is estimated based on a Hall-Petch equation, 
where the barrier spacing is taken to be equal to the mean free path of dislocations, estimated to be twice the 
width of ferrite lamellae [5, 6, 22, 23]. For the dislocation strengthening, the contribution of dislocation density 
to the strength is estimated as forest dislocation hardening proportional to the square root of the dislocation 
density. On the assumption that these strength contributions are linearly additive, thus the flow stress can be 
expressed as: 

          ( )   ( )                                                                     (3) 

 ( )    (  )                                                            (4) 

 ( )      √                                                                            (5) 



where    is the friction stress (60 MPa [5]),   is the Hall-Petch constant for R260 pearlite steel, calculated using 

Eq. (3) and by inserting the flow stress (     ) of the initial material, 534.2 MPa [24],   is the thickness of 
ferrite lamellae,   is the orientation factor, taken as 3, α is a constant (0.24) [6],   is the shear modulus of 
ferrite (77.5 GPa) and   is the Burgers vector (0.248 nm).  

The flow stresses calculated based on the microstructural characterization and those measured by hardness 
are shown in Fig. 11. Taking into account the standard deviation from the microhardness measurements and the 
experimental uncertainties in the microstructural characterization behind the calculated flow stress increase, 
the agreement is good.  

 

 
Figure 11: The calculated and measured flow stress increases from microstructural parameters and microhardness versus the 

shear strain, respectively. 

4. Discussion 
 
In the present study, the endeavor has been to develop the relationships among shear strain, microstructure 
and flow stress in pre-deformed test bars, to understand the materials behavior in the gradient deformed rail 
surface. The following discussion will focus on the microstructural evolution with the shear strain and 
strengthening mechanisms.  
 

4.1 Microstructural evolution with the shear strain 
At the present small and medium strains, the lamellar structure reorients; for example, the lamellae are almost 
vertical to the bar axis at the (sub)surface of the sample with the highest shear strain (7-turns, 1.63). This 
reorientation process also involves shear banding and pearlite colony curling, as in pearlitic steel wire drawing 
[13, 23, 25]. Such heterogeneities change the microstructural morphology and may also affect the arrangement 
and density of dislocations in the ferrite lamellae. However, the characterization of such heterogeneities is for 
further research, as it will require a fairly detailed characterization at different positions in the bars. The 
following analysis will therefore be based on the assumption of a lamellar structure and values for the 
interlamellar spacing and the dislocation density will be the average values for all structures. This averaging 
also allows the present data to be compared with data reported in the literature of deformed pearlite. 
 

4.2 Strengthening mechanisms 
A key finding is the evolution of the dislocation structure and dislocation density with the shear strain. The 
dislocations are organized from a two-dimensional bulging-out state to a three-dimensional tangle state. This 
observation of dislocation storage in the ferrite lamellae has led to the application of the Hall-Petch 
relationship for the local flow stress, where boundary strengthening and dislocation strengthening are taken 
into account. Good agreement between the calculated and the evaluated flow stress increase has been found. 



The boundary strengthening due to the cementite lamellae based on the Hall-Petch relationship have been 
analyzed in earlier studies [6, 26]. This application is based on the assumption that yield takes place as the 
stress in front of a dislocation pile-up reaches the barrier strength or operates a dislocation source in the 
neighboring grains [27]. The extrapolation of grain boundaries to cementite lamellae will then focus on the 
dislocation pile-ups in the ferrite lamellae. For a pile-up of screw or edge dislocations, the number of 
dislocations in a pile-up has been related to the applied stress ( ) and the pile-up length (  ): 

  (     )  (   )                                                                                  (6) 

where         as an average between edge and screw dislocations. For       and by inserting the 

numbers in Section 3, it is suggested that a pile-up of about 16 dislocations in the ferrite lamellae with a 
thickness around 180 nm is possible. 
The contribution of dislocation strengthening to the local flow stress has been calculated as forest hardening 
proportional to the square root of dislocation density. An alternative to this mechanism is the Orowan stress to 
propagate single dislocation loops through the interface and the dislocations are deposited at or near the 
interfaces [28]. This is not the case in the present observation as the dislocation density is high both in the 
ferrite lamellae and at the ferrite-cementite interfaces and the 3-D dislocation tangles has formed at the 
medium shear strains.  
However, for larger strains typically found even closer to the rail surfaces, the full understanding and 
integration of the strengthening mechanisms in the present structure-strength model may encompass 
atomistic characterization such as 3D atom probe tomography [29].                                                                         

5. Conclusions 
 
To investigate the mechanical response of the surface layer of railway rails after run-in, test bars of the pearlitic 
rail steel grade R260 were deformed using a bi-axial torsion-compression machine up to a medium shear strain 
of 1.63. A thorough investigation of how the microstructure evolves with shear strains and of how the 
microstructure affects the mechanical properties has been performed via detailed microstructural and 
mechanical characterization and quantification by TEM and microhardness. The conclusions are the following. 

1. The interlamellar spacing, and the thickness of ferrite and cementite lamellae decrease very slowly with 
the increase of shear strain up to around 1.2, after which a faster decrease has been observed. 

2. The dislocation structure changes from single, straight dislocation lines and dislocation loops from 
ferrite/cementite interfaces in the initial state to dislocation tangles at the highest shear strains, and 
the dislocation density increases from 6.0 × 10

13 
m

-2
 in the initial state to 5.3 × 10

14 
m

-2
 at a shear strain 

of 1.63. This increase of dislocation density is the key factor behind the increase of local hardness/flow 
stress with shear strain. 

3. The microstructural characterization suggests two major strengthening mechanisms: boundary 
strengthening and dislocation strengthening. The individual contributions from the two strengthening 
mechanisms to the local strength have been estimated based on the experimentally quantified 
structural parameters, and on the assumption that these contributions are linearly additive. Good 
agreement has been found between the calculated flow stresses increase from quantified structural 
parameters and the measured flow stresses increase from microhardness, which is underpinned by a 
discussion of the two strengthening mechanisms in ~ 200 nm lamellar structures. 
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