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A B S T R A C T

Increasing train speeds and the reduction of maintenance slots places high demands on the
railway rails. To meet the challenging demands, producers regularly introduce new steel types.
In this experimental investigation is the mechanical behavior of an air-cooled vanadium-alloyed
hypereutectoid rail steel presented. The rail is produced applying conventional hot rolling of a
reheated bloom and is then cooled on a cooling bed. The mechanical behavior is determined
by performing standardized linear elastic fracture mechanics tests. The necessary specimens
are extracted from new rails that are made in series production. Monotonic tensile test results
have shown that the strain-hardenability of the steel is comparable to standard grade eutectoid
rail steel and is higher than that of an accelerated-cooled eutectoid rail grade. The fracture
toughness test results showed, statistically, no difference when compared with the fracture
toughness values of the accelerated-cooled eutectoid rail grade. The tests were performed at
room temperature. The fatigue crack growth rates are, in the linear Paris-regime, slightly higher
than in the previously mentioned steels. The results are explained considering the distinct
microstructural characteristics of the air-cooled vanadium-alloyed hypereutectoid steel and the
fractured surface of the specimens. This experimental investigation contributes to selecting
railway steels and predicting the actual in-service behavior.

. Introduction

The increasing train speeds and wheel loads in modern railway operations impose additional requirements on the railway track
ubstructure, and more specifically on the rails. Moreover, the increasingly busy traffic limits the inspection and maintenance
ptions, in both duration and frequency. Therefore infrastructure managers have introduced a damage-tolerant maintenance
ethodology. In addition, a reduction in rail wear is preferred since material consumption, like steel rails, is the major contributor

o the carbon emissions of the railroad [1]. To enable further progress of railways, development of the rail steels is required.
As rails are hot rolled from continuously casted blooms, rail producers can choose to improve the strength and wear resistance

y changing the steel composition or by introducing a post-rolling heat treatment, depending on the rolling mill facilities.
The design of the post-rolling heat treatment of rails is generally simple and consist of accelerated cooling to approximately

00 ◦C followed by air-cooling. Accelerated cooling limits carbon diffusion between cementite and ferrite in the typically pearlitic
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Nomenclature

𝛼 Geometric factor
𝜎 Stress (MPa)
𝜎𝑈 𝑇 𝑆 Ultimate tensile stress (MPa)
𝜎𝑦 0.2%-offset yield strength (MPa)
𝜀 Strain
𝑎 Crack length (m)
d𝑎∕d𝑛 Crack growth rate (m/cycle)
𝐵 Specimen thickness (m)
𝐶 Paris–Erdogan material parameter (m/cycle/(MPa

√

m)𝑚)
𝐶(𝑇 ) Compact tension
𝐸 Young’s modulus of elasticity (GPa)
𝐻 𝑉 Vickers hardness (HV)
𝐼 Plane-strain condition
𝐾 Stress-intensity factor (MPa

√

m)
𝐾𝑄 Provisional 𝐾 fracture toughness (MPa

√

m)
𝛥𝐾 Stress-intensity factor range (MPa

√

m)
𝑚 Paris–Erdogan material parameter
𝑛 Strain hardening exponent
𝑃 Applied load (N)
𝑃𝑄 Intersection of the offset line and the load displacement record (N)
𝑅 Load ratio
𝑆𝑄 Secant offset
𝑇 Temperature (°Celsius)
𝑢 Crack mouth opening compliance (mm)
𝑣 Clip gauge opening displacement (mm)
𝑊 Specimen width (m)

steels, resulting in a smaller lamellar thickness and an increase of the yield strength. Between lamellar thickness and yield strength
a Hall–Petch relationship is obeyed [2–4].

In terms of steel composition, traditionally, the carbon content has been increased to improve wear resistance and strength.
owever, this practice introduces the risk of undesired grain boundary embrittlement because of the formation of a cementite
etwork on the prior austenite grain boundaries. In hyper-eutectoid steels, silicon is often added to suppress cementite formation
t prior austenite grain boundaries. Furthermore, vanadium is added to increase the wear resistance [5,6]. Wilby et al. [6], as

an example, reported better wear properties for the air-cooled vanadium-alloyed steel compared to the accelerated-cooled pearlitic
teel, having approximately the same hardness. Additionally, vanadium-carbide formation consumes carbon, effectively reducing the
ocal carbon content. However this is not sufficient to prevent coarse cementite particles from precipitating in the thin pro-eutectic
errite layer [7].

Minimum values for fracture toughness of rail steel are common requirements for quality control and material acceptance. High
fracture toughness promotes easier inspectability of the rails due to the larger allowable crack size. To explain the microstructure
haracteristic and fracture toughness relationship in pearlitic steels studies focus on the prior-austenite grain size and lamellar
hickness.

The size of prior-austenite grains (PAGs), in which the pearlite colonies have nucleated, is found to control the fracture
oughness [8–10]. Crack path analysis showed that the cleavage fracture propagates through the (100) crystallographic plane of the

ferrite following low-angle grain boundaries between pearlite colonies, i.e. between colonies with a comparable crystallographic
orientation. An analysis of the angles between colonies in large and small PAGs steels further showed that large PAGs are associated
with the majority of colony misorientations being below 5◦, whereas in small-PAGs steels misorientations are uniformly distributed
over the classes below 5◦, below 10◦, and over 10◦ misorientation [10]. These PAGs related size of ‘orientation units’, consisting of
djacent pearlite colonies of common parentage and therefore common orientation, control the fracture toughness [10].

Other researchers point at lamellar thickness as the microstructure property explaining the fracture toughness [4,11,12]. The
ighest fracture toughness values were found for steels with the highest lamellar thickness. Kavishe and Baker [4] explained the

result by the actual size of the fracture process zone, which is small compared to the yielding area at the crack tip, and always
smaller than the prior-austenite grain.

Fatigue crack growth has also been studied with respect to the pearlite microstructure characteristics and the fracture mechanism,
but with inconclusive results [13]. Gray et al. [14] and Daeubler et al. [15] independently performed crack growth tests on American
2 
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ISO1080 eutectic railway steel. Using C(T)-specimens, it was concluded by Gray et al. that coarsening the prior austenite grain
tructure reduces the fatigue crack growth rate [14]. Using a tensile-tensile test setup and a stress ratio 0 < 𝑅 < 1, Daeubler et al.
oncluded the opposite; fine PAG size and small lamellar thickness result in the lowest crack propagation rate [15]. A complicating

factor explaining crack growth is that both the orientation of the crack as well as the mechanism of crack growth change with
the increase of stress-intensity factor range, 𝛥𝐾, consequently affecting the crack path at the mesoscale. At low 𝛥𝐾, the crack
propagates in the ferrite between the cementite lamellae [13,14]. The cementite lamellae act as a boundary for local yielding and a
smaller lamellar distance retards the crack propagation [13–15]. In the stable crack-propagation stage, the Paris regime, the crack
ropagation is stress-controlled, causing a staircase morphology at the fractured surface, of which the size is related to the lamellar

thickness. At a further increase of 𝛥𝐾, such that the maximum stress intensity approaches its critical value, and the crack growth
s close to being unstable, the staircase features are replaced by cleavage planes and the surface gradually becomes similar to a
leavage fracture surfaces [13,16].

In the present study, the fatigue crack growth rate and fracture toughness of an air-cooled hypereutectoid rail steel are evaluated
using linear elastic fracture mechanics tests. The testing procedure for the determination of fatigue crack growth rate in steels is
regulated by relevant international standards, such as the ASTM E647 [17]. The testing procedure in the ASTM E399 standard [18]
has been developed and standardized to measure plane-strain fracture toughness of metallic materials under Mode-I loading. The
objective of this procedure is to determine the size-independent material property 𝐾𝐼 𝐶 , defined in terms of the stress intensity factor,
𝐾 [19]. In practice, the material is tested on specimens containing a crack that nucleates from a starter notch due to fatigue. The
plane-strain fracture toughness under other modes of opening has been correlated to 𝐾𝐼 𝐶 [20]. One of the challenges of railway
operations is the control of rolling contact fatigue in the rails. Due to the occurrence of cyclic loading, cracks initiate and propagate
t an angle of 20◦ - 30◦ with respect to the rolling surface [21]. At these initial stages, the fatigue crack growth is driven by mixed-
ode conditions. At a later stage of crack propagation, it has been observed that rolling contact fatigue cracks, outside the volume

ffected by the presence of the rail-wheel contact stresses, tend to grow downwards, i.e. in the vertical plane [21,22]. For these
easons, fracture toughness and fatigue crack growth rate under mode-I loading will, besides serving as a benchmark, also provide

insight on the microstructural behavior of rail steel.
The objective of the experimental study is therefore to determine the mechanical behavior of the air-cooled hypereutectoid rail

steel using linear elastic fracture mechanics (LEFM) tests. A fractographic analysis of the fatigue crack growth, fracture toughness
and tensile specimens, is made to study the crack path and relation with the microstructure characteristics of this steel, in line with
a previous study by Mattos Ferreira [7]. The results are further benchmarked with results on accelerated-cooled eutectoid rail steel,
sing the same test setup [23,24], and eutectoid rail steels [9,25] from the literature.

2. Materials and methods

2.1. Materials

Table 1 shows the chemical composition of the air-cooled hypereutectoid rail steel, R335V, together with the accelerated-cooled
eutectoid rail steel, R350HT, and the eutectoid rail steels, Ref1 and Ref2. Specific for R335V is the 0.10 wt% vanadium and ∼0.9 wt%
silicon addition. The composition is within the composition ranges as provided by the prEN13674-1-standard [26].

The microstructure is further defined by the production route. The R335V rail is hot rolled from a reheated bloom and subjected
o air-cooling. The typical temperature at the last rolling step is 𝑇 ≈ 1050 ◦C. The cooling rate during transportation to the cooling
ed is ∼1 °C∕s and the temperature when arriving there is ∼800 ◦C. The typical cooling rate on a cooling bed is ∼0.1 °C∕s [27].

The composition of R350HT accounts for a lower carbon and silicon content, and a higher manganese content when compared
with R335V steel. During production, R350HT steel rail is hot rolled followed by accelerated cooling to ∼500 ◦C and is then
ir-cooled, resulting in a smaller lamellar thickness.

The chemical composition of both eutectoid rail steel grades, Ref1 [9] and Ref2 [25], are included in the bottom section of
Table 1.

Table 1
Chemical composition (in wt.%) of air-cooled hypereutectoid steel, R335V, the referenced accelerated-cooled eutectoid rail steel,
R350HT, and eutectoid rail steels, Ref1 and Ref2.

Steel Element concentration (wt.%) Steel type

C Mn Si V

R335V [7,24] 0.91 0.88 0.87 0.10 HP335
R335V [23] 0.91 0.86 0.88 0.10 HP335

R350HT [23] 0.77 1.10 0.39 – R350HT

Ref1 [9] 0.74 1.06 0.27 – R260
Ref2 [25] 0.68 1.11 0.35 – 900A
3 
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Fig. 1. Location, orientation, and dimensions [mm] of C(T)- and tensile-specimens in the rail profile. (A) The rail head cross-section. (B) The longitudinal section.

Table 2
Linear elastic fracture mechanics tests on R335V rail steel; references, specimen type, dimensions, and number of tests.

Test Reference Specimen type Dimensions (mm) Number

Fatigue crack growth ASTM E647 [17] C(T) 𝑊 = 40, 𝐵 = 10 4

Fracture toughness ASTM E399 [18] C(T) 𝑊 = 40, 𝐵 = 18a 4
𝑊 = 40, 𝐵 = 20b 3

a Specimens extracted from a UIC56-rail profile [26]; the rail head dimensions limits the thickness to 𝐵 = 18 mm; specimens 1–4.
b Specimens extracted from a UIC60-rail profile [26]; specimens 5–7.

2.2. Fracture mechanics tests

2.2.1. Tensile tests
Fig. 1 presents the position of the cylindrical tensile specimens extracted from the rail head. This position is in accordance with

the prEN13674-1-standard [26]. The tensile test specimens are produced, using a turning process, from a strip which has been cut
from both sides of the rail profile. The test specimen position is in the center of the strip.

The monotonic tensile tests were performed using an Instron 5985 universal testing system equipped with a self-aligning wedge
grip fixture and a 250 k N load cell. The elongation was measured with an Instron AVE 2 non-contacting video extensometer. A
constant crosshead separation speed of 0.75 mm∕min is chosen which corresponds to a strain rate ̇𝜖𝐿 = 0.25 × 10−3 s−1 according to
the EN-ISO6892-1-standard [28]. The specimens were maintained at 200 ◦C for 6 h before performing the tests, to relax near-surface
stresses due to specimen production as prescribed in the EN13674-1-standard [26].

2.2.2. Fatigue crack growth and fracture toughness tests
Table 2 presents the relevant information on the C(T)-specimens used to quantify the fatigue crack growth rate and plane-strain

fracture toughness. Fig. 1 presents the specimen position in the rail head section, which is the center of the rail head with the
straight notch pointing downwards, aligning with the crack propagation orientation in in-service rail [21,22]. The C(T)-specimens
are produced by face milling. The holes are drilled and reamed on the same machine before polishing the surfaces. The straight
notch is cut using electric discharge milling.

The test performance and analysis follow the ASTM-E647 [17] and ASTM-E399-standards [18]. Specifically for fracture toughness
determination the requirements for static testing are followed. Both fatigue crack growth and plane-strain fracture toughness tests
have been performed in a testing frame equipped with a hydraulic actuator and a load cell with a nominal capacity of 125 k N,
using closed-loop control and force feedback. The data acquisition system from National Instruments has a sampling frequency of
300 Hz. The specimens were loaded through a clevis and pin, designed according to the aforementioned standards. Both clevises are
connected to the load line using spherical hinges to minimize secondary bending moments. The loading frequency is 10 Hz and has
a sinusoid waveform. At the selected frequency self-heating is limited [29,30], has a negligible influence on the results, and is not
further included in the analysis.

Fatigue crack growth is monitored using a dual cantilever clip-on displacement transducer – model UB-5 A from TML – mounted
directly on the integral knife edges at the crack mouth. The fatigue crack growth, d𝑎/d𝑛, is presented as a function of 𝛥𝐾 at a double
logarithmic scale. The d𝑎/d𝑛 is the average over a fixed 𝛥𝐾-step size. Table 3 presents the cyclic loading conditions.

The plane-strain fracture toughness is the material property that describes the critical condition for the onset of unstable crack
growth under plane-strain. It is expressed as the critical stress intensity factor, 𝐾𝐼 𝐶 . The scalar 𝐾𝐼 represents the stress field close
to the tip of a crack [31], and is calculated as:
𝐾𝐼 = 𝛼 𝜎(𝜋 𝑎)1∕2, (1)

4 
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Table 3
Loading conditions of the specimens in the fatigue crack growth tests.

Specimen 𝑃𝑚𝑎𝑥 [kN] Load ratio, 𝑅

1 4.0 0.1
2 4.0 0.5

3 3.5 0.1
4 6.0 0.5

with 𝛼 being the geometrical factor for test specimens of finite size provided in ASTM E399 [18], 𝜎 the stress in the nominal cross
section (without considering the presence of the crack) and 𝑎 the crack length.

To determine the fracture toughness first a fatigue pre-crack was induced in the specimens by applying constant amplitude
loading characterized by a load ratio 𝑅 < 0.1 and a maximum force 𝑃𝑚𝑎𝑥≤10 k N, as presented in Table 5, Section 3. During
re-cracking, the crack size was monitored using compliance measurement based on crack mouth opening displacement, 𝑣. The
ompliance, 𝑢, is calculated as [17]:

𝑢 =
[(

𝐸 𝑣𝐵
𝑃

)1∕2
+ 1

]−1
, (2)

where 𝐸 is the Young’s Modulus and 𝑃 the applied load. To minimize the effect of crack closure on compliance reading, Eq. (2) is
valuated at 90% of the load, at the descending part of the constant amplitude loading cycle [32].

The normalized crack length is, for C(T)-specimens, calculated as [18]:
𝑎
𝑊

= 1.0010 − 4.6695𝑢 + 18.460𝑢2 − 236.82𝑢3 + 1214.9𝑢4 − 2143.6𝑢5, (3)

with 𝑎 being the crack length and 𝑊 the specimen width.
Secondly are the fracture toughness tests performed by applying an increasing load at a constant rate up to fracture, and such

that the increase of the stress intensity factor is between 0.55 and 2.75 MPa m1∕2∕s for quasi-static testing in accordance with
ASTM-E399 [18].

The load–displacement plot is analyzed following the procedure for determination of the fracture toughness, reported in Annex X
of ASTM E399 [18]. In this procedure, the slope of the secant to the load–displacement curve, used to identify the load for fracture
toughness determination, is dependent on the ligament and not fixed to 95%. This waives the condition for a test to be valid, that
the maximum load should not be larger than 1.1 𝑃𝑄, which is defined as the load at pop-in or the intersection with the secant
ine, depending on the principal type of the load–displacement record [18]. The secant offset percentage, 𝑆𝑄, is a function of the

ligament of the crack, defined as 𝑊 - 𝑎, and is related to a constant crack extension. The 95% offset secant is based on a crack
xtension that is a constant fraction of the final pre-crack size [33].

The same test setup and analysis procedure has been employed by Leonetti and Schotsman [23] and Leonetti et al. [24] to
determine plane-strain fracture toughness and fatigue crack growth rate of the R350HT rail steel.

The length of the fatigue pre-crack in the fracture toughness specimens is the sum of the notch depth and the length of the fatigue
rack emanating from that notch. The notch depth is measured on both sides of the fractured specimens using an Olympus Stereo
ZX9 microscope, and averaged. The length of the fatigue crack is then measured using a Keyence VX5000 optical microscope. The
easurement positions are provided by ASTM E399, i.e. at the intersection with the free surfaces, at 25%, 50%, and 75% of the

hickness, resulting in a total of 5 measurements per specimen. The average of the measurements conducted at 25%, 50%, and 75%
s used as the fatigue crack length [18].

2.3. Metallographic preparation and observations

The observations for fractographic analysis of the tensile, crack growth, and fracture toughness specimens are made after 30 min
ltrasonic cleaning in isopropanol, using a Jeol IT100 Scanning Electron Microscope (SEM), with a 15 k V acceleration voltage and
0 mm working distance in secondary electron imaging mode.

Higher magnification micrographs of the microstructure were obtained with a Helios G4 PFIB UXe SEM using a 10 k V accelerating
oltage, 0.1 nA current, and secondary electron imaging detection mode.

For the characterization of the tensile test specimens cross-section samples were made and embedded in conductive resin.
Standard metallographic sample preparation was performed followed by chemical etching with Nital diluted to 2% for 10 s. Three
lines of Vickers microhardness measurements were made at the specimen center and close to the free surface using a Durascan 70
hardness tester by applying a load of 10 N for 10 s. As a reference, 5 lines of hardness measurements were made on the rail head
center of the unused rail. Successively, high-magnification images of the microstructure are made using a SEM model Jeol 6500F,
with a working distance of 10 mm, and an acceleration voltage of 20 k V.
5 
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Fig. 2. Scanning electron micrographs of the as-received R335V [A, C] and R350HT [B, D] steels (respectively). [A, B] The pearlitic microstructure with white
arrows indicating the presence of smaller and wider boundary ferrite networks. [C, D] The greater respectively smaller lamellar thickness, as is visually observed
on the SEM images.

Table 4
Tensile test results of R335V, R350HT and Ref1 and Ref2.

Steel E (GPa) 𝜎𝑦 [MPa] 𝜎𝑈 𝑇 𝑆 [MPa] 𝜀(%) 𝑛

R335V [7] 210 ± 5 700 ± 11 1161 ± 12 8.2 ± 0.2 0.253 ± 0.003
R350HT [23] 219 ± 6 839 ± 8 1232 ± 8 10.4 ± 0.5 0.196 ± 0.002
Ref1 [9] 731 951 15.5
Ref2 [25] 533 924 12 0.249

3. Results

3.1. Microstructure

Fig. 2A presents the micrograph of the as-received R335V steel grade evidencing the pearlitic microstructure and the presence
of localized boundary ferrite. The presence of a ferrite layer has also been observed in other hypereutectoid steels [34,35] and
is a result of silicon alloying and vanadium carbide formation [7,36]. However, coarse cementite particles are present at these
boundaries. In a study on microstructural characterization of R335V Mattos Ferreira [7] observed the presence of randomly
distributed VC-precipitates strengthening the cementite. Fig. 2B presents the microstructure of R350HT rail steel as a reference.
A wider pro-eutectoid ferrite network is present.

High-magnification SEM images, Figs. 2C and D, qualitatively show the lamellar thickness. For R335V this is larger when
compared to R350HT. The observations are made on a sectioning plane perpendicular to the lamellae.

Fig. 3 shows the hardness measured at the rail head center starting 0.5 mm from the surface. R335V rail steel has an average
hardness of 351 ± 12 HV, while R350HT steel has an average hardness of 379 ± 9 HV. The hardness of standard grade Ref1, which
has a similar carbon content as R350HT, is 288 ± 2 HV [9].

The absence of the continuous network suggests a larger volume fraction of cementite to be present in the pearlite [37]. Both
the VC-precipitation and the increased cementite fraction contribute to hardness.

3.2. Results of the linear elastic fracture mechanics tests

3.2.1. Tensile behavior
Performing monotonic tensile tests is a pre-requisite to determine the settings of the LEFM-tests. Additionally, the interpretation

of the shape of the stress–strain curve delivers valuable information about the response of the steel, whereas the fractography
provides insight into the crack path and the microstructure relationship.

Table 4 shows the tensile test results with the standard deviation of the average for the tests on R335V [7] and R350HT [23].
In the same table are the results for standard grades Ref1 [9] and Ref2 [25] presented. The ultimate tensile stress, 𝜎 [MPa],
𝑈 𝑇 𝑆

6 
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Fig. 3. Hardness of R335V and R350HT, measured on a transverse section of the rail head, at the centerline of the rail profile.

Fig. 4. Engineering stress–strain curves of the four tests of R335V [7]. The four test curves of R350HT [23] and Ref2 [25] are presented as a reference.

is defined as the maximum load, [N], divided by the undeformed area of the specimens, [m2], 𝜎𝑦 [MPa] as the 0.2%-offset yield
strength, and 𝜀 as the plastic elongation at fracture, measured over the parallel length of the specimens.

The strain hardening capacity of the steels is presented as the strain hardening exponent 𝑛, the exponent of the true stress as
a function of true strain for the uniform plastic deformation, which is used to compare the strain hardenability of steels [38].
The results for R335V and R350HT are calculated from the available tensile test results [7,23]. For Ref2 𝑛 is presented in the
literature [39].

Fig. 4 presents the monotonic stress–strain curves that were obtained for R335V, in orange, in blue the R350HT results, and
in black results for standard grade Ref2 [25]. The lines parallel to the elastic part of the curve indicate the average total plastic
elongation at fracture. Two additional aspects of the material response to the increasing tensile stress are considered. First the strain
during elastic–plastic transition, an indication how the material starts yielding, and secondly the non-uniform material deformation,
after necking.

For R335V the yielding evolution is sudden and limited necking takes place as such a very limited stress reduction is observed.
Table 4 shows a gradual transition from elastic to plastic elongation in the tensile curves of R350HT steel. After reaching 𝜎𝑈 𝑇 𝑆

non-uniform deformation sets in, until fracture, at a, compared to R335V, larger plastic strain. Also Ref2 steel shows a gradual
transition to plasticity and even more plastic strain at fracture.

3.2.2. Deformation and fractography of tensile specimens
Fig. 5 presents the microstructural observations on the transverse plane of the tensile specimens. Limited non-uniform deforma-

tion is observed in R335V which is also evidenced by the parallel specimen sides and small shear lips in Fig. 5A. Secondary cracks
cut through the ferrite between the cementite lamellae and the crack tip blunting within the pearlite colony is an indication of local
yielding, Fig. 5B. The coloration of the specimen is the result of maintaining the specimen at 200 ◦C, Fig. 5C [40].

In R350HT steel, Fig. 5D, the deformation results in necking and large shear lips. The secondary cracks are predominantly
observed in the grain boundary ferrite, Fig. 5E.
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Fig. 5. Deformation observed in the transverse plane of the tensile specimens. (A) Cross-section of R335V tensile specimen. The arrows point the small shear
lip and secondary cracks. (B) Secondary cracking in R335V. (C) The fractured R335V-specimens. (D) Cross-section of R350HT. The arrows indicate the shear-lip
size and secondary cracking. (E) Secondary crack in R350HT. (F) Hardness measurement results on the cross-section.

Fig. 6. Fractography of R335V (A–C) and R350HT (D–F) tensile specimen. The arrows indicate inclusion sites in areas showing cleavage and ductile fracture.

The strain-hardening properties of the steel and non-uniform deformation during the tensile tests result in the hardness trend
over the cross-section as presented in Fig. 5F. In R335V the hardness is virtually independent of the distance to the fracture surface,
whereas the measured hardness in the R350HT tensile specimen is high close to the fractured surface and decreases gradually with
increasing distance.

Fig. 6 shows the fractographic images of the tensile specimens. In Fig. 6A is the presence of a circular wavy pattern of ridges at
the R335V surface shown. Fig. 6B and C show SEM images of representative locations on the central part of the fractured surface.
The presence of clean cleavage-fracture facets is shown in Fig. 6B. In the center of the micrograph a grain boundary is observed
that encloses an area of brittle rupture. Only very limited ductile tearing patches are present and dimples are shallow, Fig. 6C.

In R350HT a limited number of ridges are present and at the outer region a small cup-and-cone fracture is observed, Fig. 6D.
At the fracture surface, cleavage fracture areas are interspersed with areas showing ductile fracture features. The arrow in Fig. 6E
points at an inclusion site, typically present at the center of the cleavage plane. At several positions patches with equiaxed dimples
are observed. The arrow in Fig. 6F points at a larger inclusion site in the ductile fracture zone.

3.2.3. Plane-strain fracture toughness
The fracture toughness test results of R335V steel are presented in Table 5. Columns 𝑃𝑚𝑎𝑥,𝑝, the maximum force during the pre-

crack procedure, and 𝑎, crack length, contain the test information concerning the propagation of the fatigue pre-crack. To limit the
influence of the crack-tip plastic zone on the fracture toughness results, the maximum force during the final stage of the pre-cracking
8 
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Table 5
Linear elastic plane-strain fracture toughness test results.

Specimen Precracking Fracture toughness test

𝑃𝑚𝑎𝑥,𝑝 𝑎 𝑃𝑄𝑠𝑖 𝑃𝑚𝑎𝑥 𝐾𝑄 𝐾𝐼 𝑠𝑖
[kN] [mm] [kN] [kN] [MPa m0.5] [MPa m0.5]

R335V 1 10 18.9 14.8 16.1 36.7 *
2 10 18.7 13.4 16.5 32.7 *
3 9.0 19.2 13.7 15.7 34.7 *
4 9.0 18.9 12.6 15.7 31.1 *
5 8.0 20.1 14.8 17.6 36.1 36.1
6 8.0 20.4 14.4 17.3 35.9 35.9
7 8.0 20.2 14.0 18.2 37.5 37.5

34.9 ± 0.9 36.5 ± 0.5
R350HT [23,24] 1 11.0 21.1 14.4 16.8 37.8 *

2 10.5 20.5 15.6 20.0 39.0 *
3 9.45 19.1 14.9 16.9 33.7 33.7
4 10.5 18.7 15.5 18.0 34.0 *
5 10.5 18.8 15.9 19.2 35.3 *
6 8.6 19.3 17.1 20.6 39.1 39.1
7 8.6 20.2 15.8 18.7 38.6 38.6
8 8.6 20.0 15.4 19.3 37.1 37.1

36.8 ± 0.8 37.1 ± 1.2

Ref1 (L-S) [9] 38.6
Ref2 [25] 32.5 ± 2.3

* Invalid: 𝑃𝑚𝑎𝑥,𝑝 > 0.6𝑃𝑄𝑠𝑖.

is limited to 𝑃𝑚𝑎𝑥,𝑝 > 0.6𝑃𝑄𝑠𝑖. Also, the fatigue pre-crack length is limited to 0.45 ≤ 𝑎∕𝑊 ≤ 0.55, with 𝑎∕𝑊 the ratio of crack length
and specimen width [18].

The last four columns contain the test results. 𝑃𝑄𝑠𝑖 is the intersect of the force–displacement-curve with the secant line. 𝑃𝑚𝑎𝑥, the
maximum force in the force–displacement-curve, and 𝐾𝑄 the conditional result. If the 𝐾𝐼 -test satisfies the conditions for plane-strain,

𝑄 can be considered 𝐾𝐼 𝑆 𝑖. In Table 5 the invalid results are indicated with an asterisk.
The test results of R350HT are shown as well [23,24]. At the bottom rows the fracture toughness of Ref1, tested on samples

having the same orientation [9] and Ref2 [25] are presented. To summarize the results, statistically no difference between the 𝐾𝐼 𝑠𝑖
of R335V and R350HT is observed.

3.2.4. Fractography of the fracture toughness specimens
Fig. 7 shows the fracture surface of R335V fracture toughness specimens with in Fig. 7A the specimen with knife-edge and

straight notch. Details of the surface, typical for R335V, are presented in Figs. 7B–F. The frames in Fig. 7A present the indicative
bservation locations.

The cleavage planes in Fig. 7B are observed at a crack length a = 32 mm. It is shown that from each cleavage plane a successive
cleavage fracture initiates. The crack front then waves out within the plane, in the direction indicated by the river lines. Outside
that area it is observed that several cleavage planes have a ∼90◦ angle. This angle is associated with the ferrite cubic BCC crystal
structure [9]. The cleavage tends to advance along the (100)-plane [10].

Ductile patches are present but only small, ranging from 20 μm to 50 μm in size. A detail of the ductile fracture characteristics
is presented in Fig. 7C. The typical hole-joining features, like dimples, are superficial, not fully developed, even at this relatively
large crack length. This might be caused by the thin and localized grain-boundary ferrite present in the microstructure. The shallow,
vein-like patterns, and ‘fluted’ river lines are also associated with ductile separation [31,41].

In Fig. 7D a detail in the framed area in Fig. 7B is shown. The coalescence of crack planes results in the river lines at the cleavage
fracture plane [31]. The resulting step sizes vary in height and orientation.

In Fig. 7E the transition zone between the fatigue pre-crack and cleavage fracture is presented. At the right the fatigue pre-crack
ith a fatigue-related staircase surface pattern is observed, with a sudden transition to the brittle cleavage fracture at the left. The
rrows at the surface indicate the local propagation direction. In between both areas a local stretch zone is present. The stretch zone
s a zone of plastic deformation and fibrous hole-joining fractures that occur at the tip of the fatigue crack before unstable growth
y cleavage [31]. This is locally observed and shown in Fig. 7F.

To summarize the observations for R335V, the cleavage planes initiate and re-initiate, and ductile patches are small. Tear ridges
t a ∼90◦ angle are present, evidencing the cleavage plane propagation in the (100)-planes as predicted by Park and Bernstein [10]

following a path through the effective grain, a concept that describes the composed unit of pearlitic colonies with low mutual
isorientation.
9 
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Fig. 7. Fractographic micrographs of R335V fracture toughness specimen. [A] The fractured specimen with observation locations. [B] The cleavage fracture
zone with low mutual misorientation angle colonies. The re-initiation site with local propagation direction is indicated. [C] An area with ductile fracture; the
lamellar structure with fluted ductile fracture characteristics. [D] River patterns in the cleavage fracture zone. [E] The transition zone from fatigue pre-crack to
cleavage fracture. [F] Stretch zone.

Table 6
Paris–Erdogan crack growth parameters for R335V, R350HT, and referenced steel grades, for load ratios 𝑅 = 0.1 and 𝑅 = 0.5.

𝑅 = 0.1 𝑅 = 0.5
𝐶 𝑚 𝐶 𝑚
(m/cycle) /(MPa

√

m)
𝑚

(m/cycle) /(MPa
√

m)
𝑚

R335V 3.47 × 10−13 4.20 7.64 × 10−13 4.31

R350HT [23] 4.11 × 10−13 3.92 4.90 × 10−13 4.09

Ref1 (L-S) [9] 2.30 × 10−13 3.98
Ref2 [39] 5.95 × 10−13 3.86 1.14 × 10−12 3.96
10 



B. Schotsman et al. Engineering Fracture Mechanics 313 (2025) 110657 
Fig. 8. Fatigue crack growth graphs. The results for R335V and R350HT [23] are presented together with Paris-curves from Ref1 [9] and Ref2 [25]. Fractographic
images at equal crack growth; top row d𝑎/d𝑛 ∼ 2.5 × 10−7 m∕cy cle, bottom row d𝑎/d𝑛 ∼ 2.5 × 10−8 m∕cy cle. The image frame colors correspond with the graph
colors.

3.2.5. Fatigue crack growth
In this study the crack growth of R335V steel is tested in a wide 𝛥𝐾 range and subsequently analyzed in the Paris-regime, as

described by the Paris–Erdogan law:
d𝑎
d𝑛 = 𝐶 𝛥𝐾𝑚, (4)

with d𝑎/d𝑛 the crack growth rate in [m/cycle], 𝛥K the stress-intensity factor range [MPa
√

m], and 𝐶 [(m/cycle) /(MPa
√

m)𝑚] and
𝑚 material parameters.

Table 6 presents the Paris–Erdogan material parameters for stress ratios 𝑅 = 0.1 and 𝑅 = 0.5, and also the test results for R350HT
rail steel [23] and Ref2 [25], both using C(T)-specimens, and Ref1 steel [9] using SE(B) specimens.

The fatigue crack growth rate curves for R335V rail steel are presented in Fig. 8, in blue for the load ratio 𝑅 = 0.1, and for
𝑅 = 0.5 in orange. Fig. 8 further shows the fatigue crack growth curves for R350HT [23] and the Paris curves for Ref1 [9] and
Ref2 [39].

Fracture surfaces of equal crack growth rates are presented for R335V and R350HT. All pictures are at the same magnification
as is represented by the single scale bar, and the colored frames correspond with the graph colors.

The R335V graph for 𝑅 = 0.1 is linear at the lower stress intensity factor range, in this double-log graph. Scatter in the results
increases from 𝛥𝐾 ∼ 24 MPa m1∕2. For stress ratio 𝑅 = 0.5 it is observed that the crack growth accelerates, entering stage III crack
growth at 𝛥𝐾 ∼ 17 MPa m1∕2.

In the fractographic images a staircase pattern, associated with fatigue crack growth, is observed at a stress ratio of 𝑅 = 0.1
and ∼d𝑎/d𝑛 = 2.5 × 10−8 m∕cy cle. The surface is almost flat. At 𝑅 = 0.5, tear ridges are present and parallel cleavage planes are
observed. Then, at the top row the crack growth is a factor 10 higher. At 𝑅 = 0.1, still in stage II fatigue crack growth, cleavage
planes with river lines are observed next to areas showing fatigue crack growth. The fracture surface of R335V tested at 𝑅 = 0.5 is
characterized by the cleavage planes at a high mutual angle. At the verge of these planes, crack arrest and re-initiation in fatigue
crack growth takes place.

The fatigue crack growth graphs for R350HT show similar characteristics as for R335V, although the crack growth rate is lower
at the same stress intensity factor range. For 𝑅 = 0.1, the graph is linear at low 𝛥𝐾, and scatter increases at 𝛥𝐾 ∼ 32 MPa m1∕2. For
stress ratio 𝑅 = 0.5 the graph is linear at the lower 𝛥𝐾 range, and the crack growth rate accelerates, entering stage III crack growth
at 𝛥𝐾 ∼ 18 MPa m1∕2.
11 
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The fractographic images of R350HT show a fine staircase pattern, which is associated with the small lamellar thickness, at 𝑅
= 0.1 and d𝑎/d𝑛 ∼ 2.5 × 10−8 m∕cy cle. Increasing the stress ratio to 𝑅 = 0.5 reveals several features such as cleavage planes, and
crack arrest and re-initiation.

At the top row, at 𝑅 = 0.1, small cleavage planes are observed showing high mutual angles, and in the micrograph, also signs
f crack arrest and re-initiation are observed. The fracture surface of R350HT tested at 𝑅 = 0.5 has different characteristics. Next
o brittle cleavage facets, tear ridges are present at which ductile hole-joining features are observed.

Fig. 9 presents the fracture surface characteristics for the fatigue crack growth in R335V tested at 𝑅 = 0.1. The crack length is
erived from the calibrated gauge opening displacement. Fig. 9A shows a 5 μm wide stretch zone between the straight crack starter
otch in the specimen and a brittle cleavage crack start. In Fig. 9B local growth directions are indicated with the arrows. The crack
rowth path follows microstructural features, like grain boundaries and ferrite laths, despite being in the Paris-regime [13,15]. The

observed changes in orientation might be related to a grain boundary, seen as the ridge in the Figure. The small cleavage zone in the
further fatigue growth-dominated surface in Fig. 9C is interpreted as a step or bifurcation in the crack path. When the crack length
increases, in Fig. 9D, quasi-cleavage zones with crack arrest and re-initiation zones are observed. Upon further growth, fatigue crack
growth and parallel cleavage planes are present at close distance, see Fig. 9E. Fig. 9F shows the surface close to the onset of unstable
rack propagation. Cleavage planes increase both in density and size. Tear ridges between the planes are present, and some fatigue
rack growth zones are still observed.

To summarize the observations regarding crack growth in R335V steel. At low fatigue crack growth rates the crack path clearly
follows microstructural features. Fractography shows that fatigue crack growth characteristics are locally present even close to
unstable fracture.

4. Discussion

The tensile behavior, plane-strain fracture toughness and fatigue crack growth rate results are discussed with respect to the
icrostructure characteristics of R335V and compared to the results of R350HT [23].

4.1. Tensile behavior

The steel composition and production route of R335V result in a specific tensile behavior for rail steel grades when compared
o other grades mentioned in the prEN13674-1 [26],

The strain hardening coefficient of R335V is high. In Table 4 is the coefficient, 𝑛 = 0.253 ± 0.003, presented, together with values
for the referenced steels [23,39]. This value is higher compared to R350HT [23] and also higher than that of standard grade Ref2
steel [39]. As a result, 𝜎𝑈 𝑇 𝑆 of R335V is only 6% lower than of R350HT whereas the 0.2%-offset yield strength is 17% lower.

Strain hardening is largely controlled by dislocation motion in the pearlitic ferrite, and it therefore increases with the lamellar
hickness [3,42,43]. Measurement of the lamellar thickness is often performed in studies on the structure–property relation [44].

The difference in lamellar distance between the R335V and the R350HT rail steel can be observed by comparing Figs. 2C and D,
together with the presence of a small and wide (respectively) boundary ferrite network as shown in Figs. 2A and B. The air-cooling
after hot rolling of the R335V has resulted in a relatively larger lamellar thickness whereas accelerated cooling of R350HT resulted
in the smaller lamellar thickness.

Hardness on the other hand, holds a Hall–Petch relation with the lamellar thickness [10,16,45]. The average hardness of R350HT,
s measured at the centerline of the rail profile, is 379 ± 9 HV, which is higher than for the air-cooled standard grade Ref1. Ref1

has a similar carbon content and a hardness of 288 ± 2 HV [9]. The R335V rail steel has an overall hardness of 351 ± 12 HV. The
C-precipitation is known to prevent the formation of a continuous proeutectoid cementite network [7,21,46], resulting, with silicon

addition, in a higher cementite-ferrite ratio within the pearlite and higher hardness than can be expected from the lamellar thickness
itself [37].

4.2. Plane-strain fracture toughness

Table 5 presents the results of the plane-strain fracture toughness tests. Fracture toughness tests are often part of material
acceptance, in which minimum requirements on 𝐾𝐼 𝐶 are defined. Despite the hypereutectoid composition of R335V, statistically no
ifference in fracture toughness between R335V and R350HT [23] is observed. These results are in line with results in other studies

on rail steels [9,11,47].
Differences in the fracture toughness values of pearlitic rail steels are explained in the literature by two different microstructural

features, the lamellar thickness [4,11,12] and the effective grain size, the size of clusters of pearlite colonies with small mutual
misorientation [9,10]. In deviation from the R335V steel, all rail steel grades in the referenced literature have a close to eutectoid
composition [9,11,47], while the hyper-eutectoid composition is usually associated with lower fracture toughness [48].

Kavishe and Baker [4] conclude that higher lamellar thickness results in higher fracture toughness. This lamellar thickness-
fracture toughness relation is not observed and therefore lamellar thickness is not the explaining factor in this experimental
investigation. Fig. 7 presents the fractured surface of a R335V specimen, and in the detailed Fig. 7B the area of parallel cleavage
lanes is encircled. In agreement with Park and Bernstein [10], the crack re-initiates at adjacent colonies when cleavage propagates.

In steels with low mutual misorientation between colonies, little energy is consumed for this re-initiation, and as a result fracture
oughness is low. Therefore, the fracture toughness of the steel is explained by the effective grain size.
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Fig. 9. Fractography of fatigue crack growth of R335V, tested at 𝑅 = 0.1. The images are ordered by crack length. The crack length and crack growth rate
are indicated under each image. The white arrows indicate local crack propagation direction, whereas the macro crack growth is from right to left. [A] Crack
initiation at the straight notch. [B] Fatigue crack propagation with microstructure-related transition. [C] Fatigue crack propagation with local cleavage zones.
[D] Crack arrest and re-initiation. [E] Area fraction of cleavage zones increases. [F] Quasi-cleavage crack propagation and fatigue crack propagation.

To explain the similar fracture toughness values for R335V and R350HT, despite the differences in composition and lamellar
thickness, is the production route of both rails observed. Reheating of the blooms and the consecutive hot rolling of the rails, and
recrystallization after each rolling step, is the standard procedure for the production of the rails from both steel grades. The present
study indicates that this production route results in similar sized effective grains, regardless of the cooling rate after hot rolling.

4.3. Fatigue crack growth

In Table 6 and Fig. 8 are the fatigue crack growth rate test results presented. The fatigue crack growth in both R335V and
R350HT [23] rail steels are determined using the same test setup, and similar sized C(T)-specimens.

Increasing the stress ratio increases the mean stress intensity factor, limits crack closure phenomena, and results in higher crack
growth rate in R335V, R350HT [23] and Ref2 [25], as is observed in Fig. 8. This is a well-known effect [9,47,49].

The fatigue crack growth curves in Table 6 are parallel, although for R335V higher fatigue crack growth rates are observed. A
small lamellar thickness is associated with a more ductile fracture behavior, with more secondary cracking [15], and with the best
resistance to crack growth at low crack growth rates [13]. For small-scale yielding conditions this is explained by the radius of the
13 
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plastic zone, 𝑟𝑦, which can be estimated as the squared ratio of the actual value of 𝐾1 and the yield strength of the material [50],
according to

𝑟𝑦 ≈
1
2𝜋

(

𝐾1
𝜎𝑦

)2
. (5)

A smaller lamellar thickness results in a higher resistance to yielding and retards crack growth [13].
Moreover, the composition of R335V steel is hypereutectoid with 0.91 wt% carbon content, as is presented in Table 1, whereas

aeubler et al. [15] used AISI1080 in their experimental investigation, with a carbon content of 0.8 wt%. Mishra et al. [13] used
teel with a carbon content of 0.72 wt%. Therefore, besides lamellar thickness, a second aspect is discussed; the cementite network
t the prior austenite grain boundary.

The composition of R335V is optimized with manganese, silicon and vanadium additions [5,36,51]. The manganese addition
limits prior-austenite grain size, contributing to the toughness [8], whereas the silicon prevents the formation of pro-eutectoid
ementite [36]. Mattos Ferreira [7] observed the presence of a limited layer of grain boundary ferrite in the microstructure of
335V, in which also coarse cementite particles are present, this microstructure has been illustrated in Fig. 2A.

A limited number of studies is available to reference fatigue crack growth in pearlitic hypereutectoid steels. However, despite
the attention to the cementite network at the prior austenite grain boundary, Thao [37] concluded that the fatigue crack growth
rate in hypereutectoid steels is higher than in eutectoid steels. This is explained by the brittle fracture through the grain boundaries
or the lower deformation capacity of the microstructure having a higher cementite content [37].

5. Conclusions

In this experimental investigation, the mechanical behavior of an air-cooled vanadium-alloyed hypereutectoid rail steel is
characterized using standardized linear elastic fracture mechanics tests. The main conclusions are summarized below:

• The monotonic tensile test results have shown that the strain hardening capacity of R335V steel is higher than that of R350HT
rail steel, a material property that is typically related to coarser pearlite. In the hypereutectoid steel non-uniform plastic
elongation before fracture is virtually absent. The secondary cracks in R335V are at the ferrite-cementite interphase within
the colony. Crack tip blunting is observed at the extremes of the secondary interphase cracks.

• The fractography of the tensile specimens show the clear grain boundaries in the fracture region. Ductile fracture patches are
present but small as a result of the thin grain boundary ferrite. Additionally, at the fracture surface of the R335V fracture
toughness specimens, it is observed that ductile fracture features like dimples are shallow.

• Statistically is no difference between the fracture toughness of R335V and R350HT rail steel observed. The fracture toughness
tests are performed at room temperature. This result indicates that a damage-tolerant maintenance strategy of the railway rails
can be applied when R335V steel rails are installed.

• The fatigue crack growth curve in the Paris-regime of the mode-I fatigue crack growth test is parallel to the Paris curves
of R350HT and standard grade eutectoid rail steels. Although being parallel is the fatigue crack growth resistance in the
Paris regime lower for R335V. Despite the limited references available is the lower crack growth resistance explained by
the hypereutectoid composition, and is, in the Paris regime, independent of the microstructure as optimized by the silicon,
manganese and vanadium additions.

• The fractography of the fatigue crack growth surfaces shows a coarse staircase pattern. At high 𝛥𝐾 it is observed that the
cleavage facets cover a larger area fraction, but still fatigue crack growth is observed. This heterogeneity is believed to
contribute to the substantial scatter in the fatigue crack growth results.
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