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Pearlitic Interlamellar Spacing as a Tool for Evaluating Hot-Forged 
R260 Steel Frog Points

Małgorzata OSTROMĘCKA1

Summary
Th e article presents an analysis of the usefulness of measuring pearlite interlamellar spacing in R260 steel frog points as 
a tool supporting the assessment of hot forging quality. Th e study was conducted using a digital light microscope. Th e 
work discusses the relationship between pearlite morphology and mechanical properties, highlighting the importance of 
quantitative microstructural evaluation in the context of technological process control of frog points.
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1. Introduction

Grade R260 rail steels belong to the group of
carbon pearlitic steels and are widely used in rail-
way structures due to a  favourable combination of 
strength, hardness, and wear resistance [1]. Rail in-
frastructure components, such as transition rails and 
frog point sections, are manufactured in a hot forg-
ing process involving intensive plastic deformation 
within the austenitic temperature range and con-
trolled cooling aft er the completion of deformation. 
Th e parameters of this process, particularly the forg-
ing temperature, the degree of deformation, and the 
cooling conditions, signifi cantly determine the fi nal 
microstructure, its homogeneity, and the mechanical 
properties of the material, which directly aff ect the 
service life of track components [1, 15].

In the qualifi cation practice for frog points and 
transition rails, direct microstructural evaluation is 
not routinely required. Hardness measurements, per-
formed on the running surface, the foot and, in the 
case of frog points, also on cross-sections [14], are 
the primary tool for verifying compliance with the 
requirements of the PN-EN 16273 standard [14]. Th e 
obtained hardness values allow for the assessment 
of material homogeneity, the identifi cation of local 
zones with altered mechanical properties, and an in-
direct evaluation of the correctness of the technologi-
cal process, including thermomechanical processing.

At the same time, it is widely known that the hard-

ness of pearlitic steels is directly linked to microstruc-
tural features, particularly the pearlite interlamellar 
spacing, which depends on the pearlite transforma-
tion conditions aft er the completion of plastic defor-
mation [1, 4, 18]. Changes in this parameter aff ect 
strengthening mechanisms and wear resistance, and 
its value is sometimes used as an indicator of cooling 
intensity and microstructural homogeneity aft er ther-
momechanical processing [15, 18].

From a  classical metallographic perspective, mi-
crostructural analysis is the basis for interpreting the 
mechanical properties of steel products [1]. For track 
components, however, this approach is oft en limited to 
indirect testing, namely hardness testing, due to tech-
nological and organisational reasons. Consequently, 
it is reasonable to consider whether quantitative mea-
surements of pearlite interlamellar spacing, performed 
using light microscopy (which is signifi cantly more 
accessible than scanning or transmission electron mi-
croscopy), can serve as a  supplementary tool for as-
sessing the correctness of the hot forging process and 
the predictability of the mechanical properties of R260 
steel, while maintaining compliance with standard re-
quirements regarding hardness [4, 14, 16].

Th e aim of this article is therefore to analyse the 
usefulness of pearlite interlamellar spacing measure-
ments as a microstructural parameter supporting the 
quality assessment of the manufacturing process for 
frog points made of R260 steel, in relation to standard 
hardness tests and normative criteria.
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2. Pearlite – theoretical introduction

To properly evaluate the mechanical properties of 
track steels, it is essential to understand the pearlite 
microstructure, its structure, and the parameters de-
termining the hardness and strength of the material. 
Pearlite is a eutectoid microstructure in carbon steels, 
composed of alternating lamellae of ferrite and ce-
mentite, forming colonies with varied crystallographic
orientation. Th e key parameters shaping the proper-
ties of pearlitic steels are the interlamellar spacing 
(λ), colony size, and prior austenite grain size, which 
signifi cantly determine the hardness, strength, and 
wear resistance of track components [1]. Th e lamellar 
structure of pearlite is illustrated in Figure 1 [19].

Prior austenite grain boundary

Pearlite 
colony

Lamellar 
structure

Pearlite block
Ferrite

Cementite

Fig. 1. Schematic of pearlitic steel microstructure [19]

Pearlite morphology largely depends on the kinet-
ic conditions of austenite transformation during cool-
ing [10]. At lower transformation temperatures and 
faster cooling rates, fi ner lamellae with smaller inter-
lamellar spacing are formed, which is associated with 
an increase in the hardness and strength of the steel 
[1, 4, 11, 15]. Th e interlamellar spacing λ is strongly 
correlated with hardness: a larger λ indicates a wider 
distribution of cementite lamellae, which weakens the 
blocking of dislocation movement and leads to lower 
hardness [1].

Although the chemical composition of the steel, 
particularly the carbon content, infl uences the ce-
mentite fraction, in near-eutectoid steels, the main 
factor shaping mechanical properties remains the 
pearlite geometry rather than slight diff erences in 
composition [8]. Th ermomechanical processing has 
a signifi cant impact on the interlamellar spacing λ and 
colony size: the deformation of austenite increases 
dislocation density and alters nucleation conditions, 
which, with appropriate cooling, leads to a fi ner pearl-
ite morphology and improved mechanical properties 
[8, 13]. In the forging process of track components, 

three stages are key: austenitisation, deformation, and 
controlled cooling. Proper selection of parameters al-
lows for a homogeneous pearlite with a low λ value to 
be obtained, while non-optimal conditions result in 
the formation of areas with coarser pearlite and re-
duced hardness [8].

Due to the nanoscale nature of the lamellae, reli-
able measurement of the spacing between them (λ) 
requires high-resolution techniques such as SEM, 
TEM, or 3D stereology [3, 4, 7] (Fig. 2). Classical light 
microscopy, with its limited resolution, primarily al-
lows for the identifi cation of pearlite colonies, whereas 
the precise determination of λ is only possible locally, 
in areas with coarser lamellar morphology. Th e use 
of KEYENCE digital microscopy at magnifi cations of 
1000x and above enables the measurement of lamel-
lar spacing in the coarsest part of the pearlite, which 
may serve as a  valuable indicator for evaluating rail 
microstructure and supporting further comparative 
analyses.

Fig. 2. Measurement of the mean interlamellar spacing (λ) 
presented in paper [4]

3. Methodology

3.1. Hardness testing

Hardness testing was conducted on R260 steel 
forgings, including frog point sections, in accordance 
with the requirements of the PN-EN 16273 standard 
[14], which specifi es the location and method of hard-
ness measurements for track components produced 
in a hot forging process.

Representative fragments of the various types of 
forgings were cut, and then ground and polished to 
ensure the appropriate quality of the measurement 
surface. Brinell hardness (HBW) measurements were 
performed in two areas: on the running surface and 
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within the foot area, using a Nexus 3200 hardness tes-
ter (7355 N load, 10 s time, 5 mm ball diameter).

Additionally, Vickers hardness (HV) measure-
ments were performed on cross-sections using a Fal-
con 459 hardness tester, which allowed for the assess-
ment of hardness changes through the depth of the 
section and the identifi cation of potential eff ects of 
the hot forging process. Th e load was 294.3 N and the 
time was 10 s.

Th e distribution of measurement points was de-
termined in accordance with PN-EN 16273, which 
ensured the repeatability and comparability of results 
between the examined components (Fig. 3).

Th e hardness results obtained were compared with 
the requirements of the PN-EN 16273 standard and 
the reference values for R260 pearlitic steels. Th e data 
interpretation was carried out in the context of the 
forging process’s infl uence on hardness distribution 
and with reference to the relationships between hard-
ness and pearlite interlamellar spacing described in 
metallurgical literature.

Th e frog points were also subjected to measure-
ments on cross-sections using the Vickers method 
(HV) (Fig. 4), which enabled the assessment of hard-
ness changes through the depth of the section and the 
identifi cation of potential eff ects resulting from the 
hot forging process.

Fig. 4. Schematic showing the distribution of measurement 
points on the cross-section of frog points according 

to PN-EN 16273 [14]

4. Microscopy and measurement 
methodology

Th e microstructure of the R260 rail steel frog 
point samples was examined using a Keyence VHX-
900F digital microscope at 1000× magnifi cation. Th e 
samples were prepared in accordance with the general 
principles of metallographic specimen preparation: 
cutting, grinding, polishing, and etching (4% nital) to 
reveal the pearlite structure. Only areas where the la-
mellar pearlite structure was clear at the applied mag-
nifi cation were examined, i.e. locations allowing for 
the unambiguous identifi cation of successive cement-
ite and ferrite lamellae boundaries. Th is implies that 
the measurements concern local, most clearly visible 
fragments of the microstructure rather than a repre-
sentative average for the entire cross-section.

Th e pearlite interlamellar spacing (λ) was calcu-
lated using the test line method [4, 18], in accordance 
with the commonly accepted procedure in the micro-
structural analysis of pearlitic materials. Th e obtained 
local values were used to determine the distribution 
and average value of the pearlite interlamellar spac-
ing in the examined material. In each analysed mi-
crostructure, a line of a measured length L was drawn 
perpendicular to the pearlite lamellae, and the num-
ber of intersected lamellar boundaries, N, was then 
counted. Th e interlamellar spacing was calculated us-
ing the formula:

λm = L / N,

where λm is the local, measured pearlite interlamellar 
spacing in a given measurement fi eld. Th is method, 
based on the number of lamellae intersections by 
a test line, is analogous to classical methods for ana-
lysing pearlite microstructure and has been extensive-
ly described in metallurgical literature. Th e accuracy 
of determining the mean interlamellar spacing using 

– measurement point from the running surface 
− measurement point in the rail foot 
− boundary of the forged heat-affected zone (HAZ)

Fig. 3. Schematic showing 
the distribution of 

measurement points in 
frog points according to 

PN-EN 16273 [14]
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stereological methods and the sources of measure-
ment errors have been discussed in detail in, among 
others [2].

Due to the random orientation of pearlite colonies 
relative to the measurement line, the measured inter-
lamellar spacing values λm were corrected using the 
coeffi  cient proposed by Vander Voort [18], according 
to the following relationship:

λ = λm / 2.

Th e corrected λ values are considered an approxi-
mation of the true interlamellar spacing.

5. Results

5.1. Hardness test results

Th e hardness distribution on the running surface of 
the frog points shows some fl uctuations along the sam-
ple, with HBW hardness values ranging from approxi-

mately 253 to 283 HBW. In the foot of the frog points, 
the average hardness was 275.13 and 274.17 HBW, re-
spectively, for the two tested samples. Vickers hardness 
measurements on the cross-sections revealed varia-
tions in values at individual measurement points, with 
the highest hardness observed near the running sur-
face, reaching values up to approximately 289 HV30, 
whereas the lowest results, around 259 HV30, were 
recorded in regions closer to the rail head core of the 
sample. Th e general hardness distributions show rela-
tive homogeneity with local decreases and increases, 
indicating some material heterogeneity along the frog 
point. Detailed results are presented in Figures 5–9.

5.2.  Pearlite interlamellar spacing 
measurement results

Selected observed microstructures are presented 
in Figure 10. Table 1 contains the measurement re-
sults for the line length L, the number of intersected 
lamellar boundaries N, and the calculated local pearl-
ite interlamellar spacings λ.
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Fig. 5. Hardness distribution on the running 
surface of Frog Point 1 [Author’s own work]

Fig. 6. Hardness distribution on the running 
surface of Frog Point 2 [Author’s own work]
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Fig. 7. Hardness measurement in cross-section Q1 of Frog Point 1 [Author’s own work]

Fig. 8. Hardness measurement in cross-section Q2 of Frog Point 1 [Author’s own work]

Fig. 9. Hardness measurement in cross-section Q3 of Frog Point 1 [Author’s own work]
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Table 1
Results of pearlite interlamellar spacing analysis 

No. L [μm] N λm [μm] = L / N λ [μm] aft er 
correction

1 62.59 81 0.77 0.39

2 8.09 12 0.67 0.34

3 7.55 8 0.94 0.47

4 16.11 16 1.01 0.50

5 12.26 17 0.72 0.36

6 11.66 12 0.97 0.49

7 16.02 17 0.94 0.47

8 11.6 14 0.83 0.41

9 4.51 9 0.50 0.25

10 13.32 22 0.61 0.30

11 37.84 55 0.69 0.34

12 22.35 33 0.68 0.34

No. L [μm] N λm [μm] = L / N λ [μm] aft er 
correction

13 36.34 59 0.62 0.31

14 13.32 21 0.63 0.32

15 21.27 31 0.69 0.34

16 5.78 9 0.64 0.32

17 15.16 22 0.69 0.34

18 37.46 53 0.71 0.35

19 3.5 6 0.58 0.29

20 3.28 6 0.55 0.27

21 8.24 13 0.63 0.32

22 10.46 19 0.55 0.28

23 6.66 10 0.67 0.33

24 10.28 18 0.57 0.29

25 5.81 9 0.65 0.32

Fig. 10. Observed exemplary microstructures [Author’s own work]
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No. L [μm] N λm [μm] = L / N λ [μm] aft er 
correction

26 26.96 29 0.93 0.47

27 7.27 10 0.73 0.36

28 12.43 9 1.38 0.69

29 5.36 10 0.54 0.27

30 3.99 6 0.67 0.33

31 11.87 15 0.79 0.40

32 3.74 6 0.62 0.31

33 14.92 18 0.83 0.41

34 10.54 12 0.88 0.44

35 10.51 18 0.58 0.29

36 10.69 18 0.59 0.30

37 9.01 17 0.53 0.27

38 5.68 10 0.57 0.28

39 5.33 11 0.49 0.24

40 4.74 9 0.53 0.26

41 10.15 14 0.73 0.36

[Author’s own work].
Where: L – measurement line length [μm], N – number of in-
tersected lamellae, λm − interlamellar spacing measured by the 
test line method, λ –interlamellar spacing corrected according to 
Vander Voort.

Based on all 41 individual measurements, a statis-
tical evaluation of the obtained results was performed 
in Table 2.

Table 2
Statistical evaluation of the obtained results

Statistics λm [μm] λ [μm] (corrected)

Mean value 0.71 0.35

Median 0.67 0.33

Minimum 0.49 0.24

Maximum 1.38 0.69

[Author’s own work].

6. Discussion of the results

6.1.  Hardness test results and their compliance 
with standards

Th e results of the Brinell hardness (253–283 HBW) 
and Vickers hardness (259–289 HV) measurements 
indicate that the majority of the results, as well as 

the mean values, fall within the normative range, al-
though isolated areas of reduced hardness (down to 
253 HBW) were locally recorded. Th e observed lo-
cal reduction in hardness may be associated with the 
presence of coarser pearlite colonies or local micro-
structural inhomogeneities. Th e average foot hard-
ness of 274–275 HBW confi rms the eff ectiveness of 
the hot forging process in achieving the desired level 
of strengthening, which results from the refi nement 
of the pearlitic structure due to the dynamic recrystal-
lisation of austenite and natural cooling.

Local hardness fl uctuations, specifi cally drops to 
253 HBW on the running surface, indicate a hetero-
geneity characteristic of forged sections made of R260 
rail steel. Th e hardness gradient across the cross-sec-
tion, with higher HV values in the surface layer (up to 
289 HV30) and lower values in the core (259 HV30), 
refl ects the natural thermokinetic cooling profi le aft er 
forging, where external zones lose heat more rapidly, 
promoting the formation of fi ner pearlite [1, 4, 11].

6.2.  Pearlite interlamellar spacing (λ) 
measurement results

Statistical analysis of 41 local interlamellar spacing 
measurements, aft er applying the Vander Voort cor-
rection, revealed a mean value of λ = 0.35 μm (median 
0.33 μm), with a range from 0.24 μm to 0.69 μm. Th e 
wide range of values indicates signifi cant heterogeneity 
of the pearlite morphology, which is typical for R260 
steel aft er hot forging and natural cooling. Th e coarsest 
colonies (λ = 0.69 μm), located in the central zones of 
the samples, refl ect the slower cooling of the core.

Th e test line method (the number of lamellar inter-
sections per unit length of a test line perpendicular to the 
lamellae) ensured the reliability of the data. Th e results 
refer to structures that can be analysed at 1000× mag-
nifi cation and remain consistent with literature data ob-
tained for rail steels with a composition similar to R260 
(Table 3). Th e comparison also includes data for steels of 
a higher strength grade to demonstrate the scale of the 
infl uence of pearlite refi nement on hardness [17].

Table 3 presents a summary of selected literature 
data regarding the relationship between pearlite inter-
lamellar spacing (λ) and hardness for rail steels and 
similar alloys. A  comparison of the present results 
with literature data allows for an assessment of the 
scale of pearlite refi nement and its infl uence on me-
chanical properties. 

Results by Herian [9] indicate that, for rail steel aft er 
rolling, the mean λ is 0.278 μm at a hardness of ≈ 296 HV 
(285–290 HB), which is slightly lower than the value of 
λ = 0.35 μm observed in this study. Research by Fei [6] 
on U75V steel showed λ  =  0.263 μm at a  hardness of 
≈ 330 HV (315–320 HB), refl ecting a higher degree of 
pearlite refi nement and higher steel hardness.
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Table 3
Comparison of corrected pearlite interlamellar spacing values 

(λ) with literature data 

Source / Material 
condition Mean λ λ range Hardness 

(HB / HV) 

Present study / 
R260, hot forging 0.35 0.24–0.69 259−289 HV

Herian [9] / rail 
steel, aft er rolling 0.278 – ≈ 296 HV 

(285−290 HB)

Fei [6] / U75V rail 0.263 – ≈ 330 HV 
(315−320 HB)

Modi [12] / 
C0,65% steel, 0.54−0.79 – 220-270 HV

Toribio[17] / 
eutectoid wire/
rail-like

0.12 0.08−0.20 350−400 HV

Ferreira [5] / 
R260Mn, labora-
tory tests

0.15 – 292 HV

[Author’s own work].

Ferreira et al. [5] report a  mean λ  =  0.15 μm at 
a hardness of approximately 292 HV for R260Mn It 
should be emphasised, however, that the materials 
studied by these authors were subjected to specifi c, 
controlled conditions of rapid heating and cooling in 
laboratory settings, which diff ers from the classic hot 
forging process and may aff ect the microstructure as 
well as the hardness and interlamellar spacing values.

Modi O.P. [12] and Toribio J. [17] present other steel 
grades, demonstrating a wide range of λ (0.12–0.79 μm) 
at various levels of strength and hardness, which con-
fi rms the infl uence of pearlite refi nement on mechani-
cal properties. A comparison of the present results with 
the literature shows that local hardness fl uctuations 
and microstructural heterogeneity in the examined 
R260 frog points are consistent with observations for 
pearlitic steels in other scientifi c works. 

7. Syntesis

Th is article analyses the usefulness of pearlite in-
terlamellar spacing measurements as a  microstruc-
tural parameter supporting the quality assessment of 
the hot forging process of R260 steel frog points. Th e 
research was conducted using light microscopy and 
standard hardness measurements compliant with the 
requirements of the PN-EN 16273 standard.

Th e obtained Brinell and Vickers hardness results 
confi rmed the compliance of the examined frog points 
with the requirements of the PN-EN 16273 standard 
for R260 steel and demonstrated a characteristic hard-

ness gradient in the cross-sections, resulting from 
non-uniform cooling conditions aft er the hot forging 
process. Concurrent microstructural observations re-
vealed a varied pearlite morphology, including areas 
with fi ner and coarser lamellar arrangements.

Pearlite interlamellar spacing measurements were 
performed using the test line method only in those 
microstructural areas where the lamellar structure 
was clearly recognisable at the applied light micros-
copy magnifi cation. Th e corrected λ values should 
therefore be treated as a characterisation of local mi-
crostructural fragments rather than as a  representa-
tion of the mean interlamellar spacing of the entire 
material cross-section.

Despite these limitations, the comparison of mi-
crostructural measurement results with the hardness 
distribution indicates the consistency of the observed 
trends and confi rms the existence of a relationship be-
tween pearlite morphology and the mechanical prop-
erties of forged R260 steel frog points.

8. Conclusions

1. Th e research showed that the majority of the re-
sults and mean values fall within the normative 
range; however, isolated areas with reduced hard-
ness (down to 253 HBW) occur locally, indicating 
the presence of local microstructural inhomoge-
neities. In the case of Vickers hardness testing, the 
observed hardness distribution across the cross-
section is typical for hot-forged and uncontrolla-
bly cooled components, with higher values in sur-
face zones and lower values in the core.

2. Th e pearlite microstructure exhibits distinct het-
erogeneity, which is refl ected in both local hard-
ness variations and the diversifi cation of interla-
mellar spacing.

3. Pearlite interlamellar spacing measurements per-
formed using light microscopy refer only to se-
lected, most visible fragments of the microstructure 
(usually those with a coarser lamellar morphology) 
and do not constitute a complete characterisation of 
the entire material. Th e obtained values should be 
interpreted as an indicator of local cooling condi-
tions aft er the forging process rather than a global 
average for the entire volume of the frog point.

4. Despite the limitations of the method, λ measure-
ments can serve as a useful tool supporting the qual-
ity assessment of the hot forging process. In particu-
lar, they enable comparisons between production 
series, the identifi cation of areas with potentially 
inhomogeneous microstructures, and the interpreta-
tion of local hardness deviations from mean values.

5. Th e application of quantitative pearlite micro-
structure assessment as a supplement to standard 
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hardness testing increases the sensitivity of qual-
ity control for hot-forged frog points. It can serve 
as a comparative and diagnostic tool for analysing 
the infl uence of changes in forging and cooling pa-
rameters on the microstructural homogeneity of 
R260 steel.
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