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In situ study on fracture behaviour of white etching layers formed on rails
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g Abstract
19 Failure in engineering materials like steels is strongly affected by in-service deleterious
gg alterations in their microstructure. White Etching Layers (WELSs) are an example of such in-
;g service alterations in the pearlitic microstructure at the rail surface. Cracks initiate in the rails
54 due to delamination and fracture of these layers and propagate into the base material posing

5
26 severe safety concerns. In this study, we investigate the microscale fracture behaviour of these
27
28 WELs. We use in situ elastic-plastic fracture mechanics using J-integral to quantify the
gg fracture toughness. Although usually assumed brittle, the fracture toughness of 21 — 25
g% MPavVm reveals a semi-brittle nature of WELs. Based on a comparison of the fracture
gi toughness and critical defect size of WELs with the undeformed pearlitic steels, WELs are
35 detrimental for rails. In the micro fracture tests, WELs show crack tip blunting, branching,
36
37 and significant plasticity during crack growth due to their complex microstructure. The
38 . . N :
39 fracture behaviour of the WELSs is governed by their microstructural constituents such as
ig phases (martensite/austenite), grain size, dislocation density and carbon segregation to
jé dislocations and grain boundaries. We observed dislocation annihilation in some martensitic
jg grains in the WELSs which also contributes to their fracture behaviour. Additionally, the strain-
46 induced transformation from austenite to martensite affects the crack growth and fracture.
47
48 _ . . . .
49 Keywords- White Etching Layer (WEL), Elastic-Plastic Fracture Mechanics (EPFM),
gg Elastic-plastic conditional fracture toughness (Kiqgj), Electron Backscatter Diffraction
gg (EBSD), Transmission Electron Microscopy (TEM) and Atom Probe Tomography (APT),
2451 Martensite, Austenite, Grain size and Kernel Average Misorientation (KAM).
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1. Introduction
The design of sustainable new materials with well-controlled structural integrity requires a
macro- to microscale understanding of degradation and failure of the conventional materials.
Steels are one of the most commonly used conventional materials around the world. The study
of failure in steels is crucial to ensure the safety in engineering applications such as
construction, transport, energy, etc. In the transport industry, railway consists of 1,370,782 km
length of rail track worldwide [1] and this length is still growing. In this entire rail network,
the pearlitic steels are the most commonly used steels [2]. Failure in pearlitic railway steels is
strongly affected by the detrimental microstructural changes on the rail raceway due to the
wheel-rail contact. Conventional pearlitic steels are prone to the formation of White Etching
Layers (WELS) on the rail raceway during the wheel-rail interaction [3-11]. Delamination and
partial brittle fracture of these WELS cause micro-crack initiation in the rails [4,5,9,10,12-14].
These micro-cracks grow into the base material and this propagation finally leads to rail track
failure, posing a safety threat to the passengers. Worldwide, the rail industries invest tens of
million dollars per year to grind various in-service surface defects and to remove the WELSs

before extended cracks form [15,16].

In the literature, two hypotheses are proposed for the formation mechanism of the WELs. The
first hypothesis suggests that the WELs form only due to severe plastic deformation during
wheel-rail contact and stress assisted cementite dissolution leads to the formation of nano-
crystalline ferrite in the WEL microstructure [10,11,13]. The second hypothesis suggests that
WELSs form due to the temperature rise above austenite start temperature — followed by fast
cooling [3,5,9]. This temperature variation leads to the formation of martensite and austenite.
However, recent insights have shown that WELs form by the combination of the temperature
rise above the austenite start temperature and the plastic deformation at the rail raceway [17—
19]. Still, there is considerable debate among the research community concerning the WEL
formation mechanism. Typically, the WELSs consist of complex microstructural features such
as martensite, retained austenite and partially dissolved parent cementite [7,17-19]. In
addition, the overall microstructural evolution varies in different studies because of the
variation in rail-wheel contact conditions such as wheel profile, axle load, train speed and slip
rate. In spite of having a detailed understanding on formation mechanism and microstructural
evolution of the WELS, there is no detailed study available in literature, which focuses on the
fracture behaviour of the WEL on microstructural scale. Most of the available studies only
focus on macro scale fracture due to the WELS in rails [4,20].
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The WELs are considered to be among the metallurgical causes for crack initiation and
propagation in rails because of their brittle nature [4,5,9,14,18,19]. However to date, there is
no quantification of the fracture toughness of WELSs and their fracture behaviour has not been
studied in detail. This lack of fracture properties is primarily due to the small size of in-
service WELs. The fracture behaviour of such small features cannot be determined via
conventional testing. Only small scale in situ fracture mechanics allow studying the fracture
behaviour of these microscale features. Micromechanics also allows analysing special
microstructural features such as single crystals, grain boundaries, phase boundaries, coatings

and multilayer microscale systems [21-28].

In the present study, we show in situ microscale fracture experiments on the WELs. The
fracture toughness values of the WELSs can be of utmost importance for modelling the failure
in rails due to the presence of WELSs at the rail surface. They can also enable the estimation of
quantities such as critical WEL thickness in rails and consequently the required grinding
intervals in rails to avoid failure and also to minimize the grinding costs. For brittle materials,
microscale fracture experiments use notched micro-cantilevers and apply Linear Elastic
Fracture Mechanics (LEFM) [21,22,32,23-26,28-31] to quantify the fracture toughness. In
these conditions, the size of the plastic zone at the crack tip should be significantly smaller
than the specimen dimensions [33]. Thus, the LEFM approach is useful primarily for brittle
materials, which fracture without any plastic deformation. Application of LEFM for ductile
and semi-brittle materials will lead to the underestimation of the fracture toughness. We use
both the LEFM and Elastic-Plastic Fracture Mechanics (EPFM) approach [33,34] to calculate
the fracture toughness of the WELSs.

In this study, the fracture toughness of the WELSs is compared with those of undeformed
pearlite, quenched martensite (same chemical composition as pearlitic steels in this work),
heavily drawn nanocrystalline pearlite, iron (Fe) and nanocrystalline Fe thin films in order to
put the quantified fracture behaviour of the WELSs into context. We discuss the effect of
microstructural features such as the presence of austenite, grain size, dislocation density and
carbon (C) segregation at the dislocations and the grain boundaries in the WELs on the
fracture response. Additionally, we investigate the strain-induced transformation of austenite

to martensite during crack growth in the WELSs.
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2. Materials and experimental methods
The specimens containing WEL were cut from an in-service curved rail track with 400 m

radius. The approximate load passage was 200 Mt with an axial load ranging from 120 to 180
KN [19]. The chemical composition of the studied R350HT steel is Fe-0.72C-1.1Mn-0.56Si-
0.11Cr (wt.%), or Fe-3.25C-1.09Si-1.1Mn-0.11Cr (at.%). These steels were produced by 6
pass hot rolling at 1000 °C into the form of a rail, followed by annealing at 900 °C for 3 hours
and cooling the rail in the accelerated air flow which yields a fine fully pearlitic

microstructure.

Specimens containing WELs were carefully ground after cutting with a low speed diamond
saw in order to avoid microstructural alterations due to specimen preparation. Afterwards, the
specimens were carefully polished with solutions containing 3 pm and 1 um diamond
particles respectively, to remove the deformation layer from grinding. The specimens were
then etched using 2% Nital solution to identify the WEL structure in the light optical
microscope (Keyence VHX 6000). The WELSs offer a higher resistance to chemical etching in
comparison to the base pearlitic microstructure. Hence, chemical etching resulted in a better
visibility of the WELs in the Scanning Electron Microscope (SEM) during the
microcantilever preparation. The Vickers microhardness measurements were performed by a

Dura-scan 70 (Struers) hardness tester using a load of 0.25 N for 10 s.

All microcantilevers in this study were prepared with their length parallel to the rail surface
and at a depth of approximately 10 um from the rail surface within the WELSs. The
microcantilever are produced by mechanical polishing of the rail surface and followed by FIB
milling. Micro-cantilevers of approximately 4 x 4 x 28 um® were cut via FIB milling using a
FEI Helios Dual Beam FIB microscope with an acceleration voltage of 30 kV. The 2.5 nA ion
current was used for coarse milling, while intermediate milling was performed with an 86 pA
ion current. Please note that higher currents cause severe re-deposition on the cantilever
surface, which generates artefacts during mechanical testing. Thus, a final cleaning was
performed with 40 pA ion current to remove the re-deposited layer. Afterwards, Electron
Backscatter Diffraction (EBSD) analysis was performed on the cantilevers using a JEOL JSM
6500F SEM (SEM) to capture the WEL microstructure. All EBSD measurements were
performed at an accelerating voltage of 15 kV, working distance of 18 mm, and a step size of
40 nm. The EBSD data was analysed using Orientation Image Microscopy (OIM) software
(TSL-OIM). Bridge notches were cut in the Zeiss Auriga® dual beam microscope equipped
with a Nano Patterning and Visualization Engine (NPVE). A thin bridge was left on both

4
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sides of the artificial notch created by FIB milling. The bridge-notch configuration leads to
the highest stresses in the notch, which fail first and result in a sharp and uniform crack along
the notch plane.

These notches were prepared with a 10pA current and a 20 nC/um? dose. The notch depth is

in the range of 700 — 800 nm in different cantilevers.

The in situ micromechanical tests were performed in a Zeiss Gemini 500 SEM microscope.
The experiments were performed in a displacement controlled mode (0.02 pm/s) using a
conductive diamond wedge indenter (ASMEC UNAT-II) with an opening angle of 60° and
10 um wedge length. Videos of the crack propagation and cantilever deformation were
recorded (see supplementary information).

The fracture toughness of the WELSs was calculated by i) Matoy’s et. al. LEFM approach [28]
and ii) Wurster’s et.al. EPFM approach [33].

LEFM was used to calculate the conditional stress intensity factor (Kig)

Kiq = % &) 1)
f(2) =146+ 24.36 (=) — 47.21 (%)2 +75.18 (%)3 )

where Fq is the critical force, L is the bending length, a is the notch depth that is interpreted as
the initial crack length, B is the cantilever thickness, W is the cantilever width and f (a/W) is

the shape factor for the specimen geometry [33].

The conditional linear elastic stress intensity factor K,q is determined here (as opposed to the
linear elastic fracture toughness Kc) because the constraints on the sample geometry
according to the ASTM Standards are not fulfilled in these experiments. In addition, the
EPFM approach by Wurster et al. [33] was used to calculate the conditional fracture

toughness (Kq,5) for WELSs. This approach is detailed in Sec.3.2.

After in situ micromechanical testing, cantilevers were polished using a 40 pA ion current and
an approximate 1 um layer was removed from the cantilever in a FEI Helios Dual Beam FIB.
Afterwards, EBSD and SEM imaging of the fracture surface and crack morphology were
carried out in a JEOL JSM 6500F SEM. The EBSD scans were used to characterize the

microstructural changes in the WELSs during crack growth.
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Correlative Transmission Electron Microscopy (TEM) and Atom Probe Tomography (APT)
measurements were conducted at a similar depth in the WEL (i.e. 10 um below the rail
surface) where micro fracture experiments were conducted. [35-40]. On the APT specimens,
TEM analysis was carried out using a Philips CM-20 operated at 200 kV. After TEM
inspection, the specimens were measured for near-atomic-scale compositional analysis in the
APT. APT measurement were conducted using a LEAP 5000XS (CAMECA Instruments).
The instrument was operated in laser pulsing mode at a rate of 200 kHz and with a pulse
energy of 40 pJ. The specimen’s base temperature was 50 K and the target detection rate was
set to 5 ions per 1000 pulses. Data analysis was performed using the software package IVAS
3.6.12.

3. Results and discussion

3.1 Failure in rails due to the White Etching Layers (WELS)
Fig. 1(a) is an optical micrograph showing the brittle failure of the WEL followed by fatigue
crack propagation into the deformed and undeformed pearlitic matrix. The crack in the matrix
grows at an angle of around 38° to the loading direction (opposite to the X direction in Fig.
1(a)), which is close to the direction of maximum resolved shear stresses (i.e. 45°). However,
the crack in the WEL seems unaffected by the maximum resolved shear stresses and grows by
brittle cleavage (Fig. 1(a)). The WELs are harder than the base pearlitic matrix: Fig. 1(b)
shows the variation of micro hardness from the rail raceway into the rail matrix material. The
hardness in the WEL is maximum (1000 £ 25 HV) close to the rail raceway and decreases
towards the base matrix (Fig. 1(b)). The hardness is 710 £ 20 HV close to WEL/deformed

pearlite interface. The maximum thickness of the WEL in this case is around 80 pum.
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Fig. 1. Optical micrograph of brittle cleavage in the white etching layer that formed at the rail surface
and crack propagation into the base pearlitic matrix. The red rectangle shows the position of the
micro-cantilevers, (b) Micro hardness from the rail surface to the depth.

3.2 Calculation of fracture toughness of the WELS
The schematic of the microcantilevers and the coordinate system of the cantilever with respect
to the rail are shown in Fig. 2(a). The intended crack plane in the microcantilevers is parallel
to the XZ plane (Fig. 2(a)) where X is the rail surface normal and Z is the train running
direction. A representative force (F) displacement (d) curve from the WEL microcantilever is
shown in Fig. 2(b), in which the repeated loading/unloading sequences are used to measure the
cantilever compliance and deduce the crack propagation evolution. The crack propagation at
various steps (at 6 um, 8 um, 12 um, and 15 um) during the in situ microcantilever
deformation are shown in Fig. 2(c-h). The force-displacement curve and crack tip behaviour
highlight the elastic-plastic response of the WEL. The observed plasticity is attributed to the
large plastic zone size and the complex microstructure of the WELSs (discussed later in Sec.
3.6). The crack branching and micro-dimples are also observed (Fig. 2(h)), which reduce the
effective crack intensity ahead of the primary crack tip and decrease the local driving force for

crack propagation [41,42]. The complete fracture process of the WELs can be seen in the
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experimental videos attached in supplementary information. When applying LEFM
(according to Eqg. 1 and 2) to the force-displacement curve shown in Fig. 2(b), the linear
elastic fracture toughness (Kq) of the WEL is determined as 4.2 + 0.6 MPavm (error margin

is estimated from statistical error propagation).

Notch X Z LOﬂd
14 93)
Y

w

4

X = Towards rail surface

Y = Transverse direction

2 Z = Train Running direction 10 pm

' A

Fig. 2. In situ micro-cantilever deflection experiments. (a) schematic of the microcantilever used for
in situ bending, (b) Load-displacement (F-d) curve of the WEL marked with four intermediate
deformation steps (6 um, 8 um, 12 um, and 15 um), (c) WEL microcantilever before start of bending
test, (d-g) SEM images of cantilever during four intermediate deformation steps i.e. (d) 6 um, (e) 8
pm, (f) 12 pm and (g) 15 pm, (h) magnified SEM image of the WEL cantilever after 15 pum

displacement, showing crack branching and micro-dimples on the fracture surface.

Significant plasticity is observed in the cantilever, as shown in Fig. 2(b). Thus, an elastic-
plastic approach by Wurster et al. [33], is used to quantify the fracture toughness of the WEL.
The unloading stiffness of cantilever is determined for each unloading segment and plotted
against the displacement, as shown in Fig. 3(a). The cantilever stiffness continuously
decreases with indenter displacement (Fig. 3(a)). The cantilever stiffness at each unloading

step determines the instantaneous crack length (a;), as evaluated by equation 3
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3|4k, 13
a =W — BE (3)

where a; is the crack length at the i™ unloading step of unloading, W is the cantilever width, k;
is the cantilever stiffness at the i™ unloading step, B is the cantilever thickness, E is the elastic

modulus.

Fig. 3(b) shows the crack length plotted against the cantilever displacement (data points in
red). This data shows that the crack length increases monotonically with the displacement.
Afterwards, the J integral is calculated as a sum of elastic and plastic components:

_ Kru)?(1—v?) 1 Apii)
Joiy = - B W-ag) (4)
where Kiqq is the conditional stress intensity factor at the i™ instant calculated from Eqgs. (1)
and (2), » is a constant equal to 2, and v is the Poisson ratio taken as 0.3. Apy denotes the area

under the load-displacement curve Fig. 2(b).

The crack resistance curve is shown in Fig. 3(c), i.e. the crack extension against J integral.
The initial linear segment of the curve is known as blunting line (initial slope), where the
artificial FIB milled notch starts to become a natural crack and the later segment represents
stable crack growth, where the crack transitions from crack blunting to a real crack surface
and stable crack growth becomes dominant. The J integral at intersection point of both lines is
the critical J integral (J;) (Fig. 3(c)) according to Wurster et al. [33], which is used to

calculate the fracture toughness (K.Q,J)l:

5
Ko, = ®)

! The translation from J; to Ko, is based on the plane strain assumption.
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Fig. 3. Elastic-plastic fracture mechanics approach. (a) Stiffness variation of the micro-cantilever
with respect to displacement, (b) Crack growth/extension with respect to cantilever displacement
derived from unloading compliances of the micro-cantilever, (c) Variation of J-integral vs crack
extension.

The critical J-integral is approximately 2900 N/m which corresponds to a conditional fracture
toughness (Kjo.) of 25.4 + 2.3 MPa\m for the WEL (error margin is estimated from statistical
error propagation). It should be noted that the obtained conditional toughness depends on the

geometry and definition of J.. A thorough discussion about this can be found in [43].

The fracture toughness values from four WEL microcantilevers show significant plasticity, as
shown in Table 1. It is observed that the linear elastic fracture toughness Kq for WELS is in
the range of 4.2 — 7.6 MPaVm, whereas the K\ ; vary from 21 — 25 MPa\m.

10
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Table 1. Fracture toughness according to LEFM and EPFM (K,q and Kq;) of the WEL cantilevers,
with corresponding dimensions, notch size, and calculated J integral values. Cantilever 4 is shown in

Fig. 2. (Error margins are estimated from statistical error propagation).

Sample Dimensions Notch Linear elastic J-integral  Fracture
Number (BXWxL)um® size fracture (N/m) toughness
a (um) toughness (EPFM) Kig.s

Kig (MPaVm) (MPavm)
Cantilever 1  3.7x4.2x20 0.74 5.9+0.9 2075 21.5+35
Cantilever 2 3.6x3.9x22 0.69 76+1.1 2420 23.2+3.3
Cantilever 3 4.2x4.3x23 0.79 6.0+0.9 2600 240+34
Cantilever 4  4.1x4.1x19 0.75 42+0.6 2890 254 +2.3

Based on the fracture toughness values given in Table 1, the WELs show an average Kq of
5.9 + 0.6 MPaVm and an average Kigs 0f 23.5+0.7 MPavVm. The error margins are expressed
as standard error of the mean.

3.3 Fracture surface analysis and crack blunting in the WELSs
Fig. 4 shows the fracture surface images of the cracked cantilevers 1 and 2 from Table 1. Fig.
4(a) highlights crack blunting, which is an indication of plasticity induced crack arrest.

Microdimples are also observed on the fracture surfaces of all cantilevers (Fig. 4(a,b)).

Cantilever 1 “ Cantilever 2

blunting

Fig. 4. (a-b) Fracture surface images of the cracked cantilevers 1 and 2 showing crack blunting and
the presence of microdimples.

11
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3.4 Comparison of fracture toughness of WELSs with other Fe-based alloys
Table 2 shows the comparison of fracture toughness of the present WEL specimens and of Fe-
based alloys from literature [29,42,44,45]. It is worth to mention that the comparison is
difficult due to the large differences in the chemical composition, processing routes and the
microstructural features (i.e. grain sizes, phase constituents, etc.). Additionally, the limited
data on the fracture toughness at the microscale, the lack of standardization at small
dimensions dissatisfying ASTM standards and differences in the specimen sizes further
complicates the precise comparison. However, the comparison shows the range of variation in

Fe-based alloys.

The WELSs formed from an initially fully pearlitic microstructure in the rails. We compare the
reported fracture toughness of the WELSs to that of undeformed pearlitic steels. Hohenwarter
et al. [44] showed that fully pearlitic steels at the macroscale, with interlamellar spacing of
around 200 nm, display ductile failure with a fracture toughness Kic = 53 MPaVm (Table 2).
This value is larger than the conditional fracture toughness (Kiqs) of the WELs (21 — 25
MPaVm) reported in this study. This comparison indicates that the WELs are brittle in
comparison to undeformed pearlitic steels.

Most of the previous studies suggest that the WELSs are primarily consisting of martensite in
their microstructure [3,7,46]. Thus, we compared the fracture toughness of the WELS to that
of a martensitic microstructure. Saxena et al. [43] carried out micro fracture investigations on
the quenched martensite having the same chemical composition as pearlitic rail steels, which
are studied in the present work. The measured Kq ; values of quenched martensite were 16-18
MPavm [43] (following the fracture toughness approach of Wurster et al. [33] and Pippan et
al. [47]). WELs show slightly higher values (21-25 MPaVm) than the quenched martensite.
The difference in fracture toughness of the WELSs and the quenched martensite is attributed to
the differences in their microstructural features such as grain size, C saturation in the
martensitic matrix and dislocation densities etc?. Additionally, in comparison to the quenched
martensite, WELSs undergo many microstructural changes overtime during different wheel-rail
contacts [19]; where each wheel-rail contact applies a different loading condition due to the
difference in local contact parameters such as wheel/rail roughness, friction coefficient, train
velocity, axle load etc. However, the quenched martensite studied in [43] has undergone a

single heat treatment cycle with heating just above the austenitization temperature and rapid

? The microstructure of the WELSs is discussed later in Sec. 3.6 and the microstructural information of quenched
martensite is given in the supplementary material.

12
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cooling to the room temperature. The difference in the aforementioned local loading
conditions in rails can lead to differences in the WEL microstructures which is one of the
reasons for the scatter in WEL fracture toughness values (Table 1).

The fracture toughness of WELSs is further compared to the toughness of nanocrystalline
heavily drawn pearlitic steels wires (Table 2), due to some similarities between their
microstructures. The WELs on the rail surface are formed due to the combined effect of
temperature rise above the austenitization temperature followed by fast cooling, and heavy
plastic deformation [17-19]. The microstructure of the WELSs primarily consists of the
martensite phase (having body centred tetragonal crystal structure) with some austenite and
partially dissolved parent cementite. Therefore, the presence of martensite and plastic
deformation under wheel-rail contact both contribute to a high dislocation density in the WEL
microstructure [6,17-19]. Similarly, the heavily drawn pearlitic wires show a high dislocation
density, the presence of partially dissolved cementite and strain-induced increase in
tetragonality in the ferritic matrix [48]. Due to these similarities, the heavily drawn pearlitic
wires are a good system for comparison with the WELSs. Jaya et al. [45] showed that heavily
drawn pearlitic wires at ¢ = 3.2 show elastic-plastic rupture with a conditional fracture
toughness Kiqg =27 MPavVm (Table 2) in the wire drawing direction. That value is close to
the fracture toughness of the WELs measured in the current study (K = 21 — 25 MPavm).
The fracture toughness of the heavily drawn wires decreases with the increase in drawing
strain. The wires show linear elastic fracture and brittle fracture surfaces for drawing strains
of 4.2 (Kig = 5.2 MPavm) and 5.2 (Kio = 4 MPaVm) (Table 2). Hohenwarter et al. [29]
showed that fracture toughness of these wires depends strongly on the crack growth direction
with respect to the wire axis. The fracture toughness (Kiq) of these wires is around 40
MPavVm at ¢ = 3.1 and 21 MPaVm at & = 6.5 in the direction perpendicular to the wire axis
(Table 2). The WELs are not expected to show similar anisotropy in the fracture toughness

because of the absence of texture and the equiaxed grain shape [19].

We compare the WEL fracture toughness to that of ductile ferrite (BCC iron) and brittle
nanocrystalline Fe thin films. Hohenwarter et al. [42] measured the fracture toughness (Kic)
of 202 MPaVm for Fe with an average grain size of 38 um (Table 2). Nanocrystalline
sputtered Fe thin films shows highly brittle rupture: Ko = 2 MPaVm [45] (Table 2).

Based on those comparisons and based on the experimental evidence of plasticity in the

microcantilever tests, it is concluded that the WELs are neither as ductile as Fe or pearlitic

13
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steels nor as brittle as nanocrystalline Fe thin films or heavily drawn pearlitic wires when

tested in the drawing direction. The WELs rather show semi-brittle fracture response with

intermediate fracture toughness values (Kiqy = 21 — 25 MPavm) which lie close to fracture

toughness of the quenched martensite.

Table 2. Comparison of fracture toughness values of the WELS with other Fe based alloys [29,42-45].

The lower boundary of the fracture toughness (Kq) is calculated from linear elastic assumptions. The

conditional fracture toughness (Kiq,5) is the lower bound plus the correction according to the plastic
hinge model of Wurster et al. [33]. The fracture toughness K,c fulfils all criteria of the ASTM

standards.
Materials Linear elastic Fracture Fracture Testing method
fracture toughness tougg(hness
toughness Kig. Ic
Kig (MPaVm) (MPaym)
(MPaVm)
WELSs (grain size d = 42-76 21-25 - Micro cantilever tests
350 + 260 nm)
Pearlitic steels [44] - - 53 Macro scale tests
(200 nm interlamellar
spacing)
Quenched Martensite - ~16-18 - Micro cantilever tests
[43] (d = 300 + 250
nm, see
supplementary
information)
Nanocrystalline 7.5 27 - Micro cantilever tests
pearlitic steels at| (¢=3.2,d= (e=3.2,
different true strain 18 nm) d~ 18 nm)
(&) [45] (in the
drawing direction) 5.2 - - Micro cantilever tests
(e=42,d=
15 nm)
4 - - Micro cantilever tests
(e=5.2,d~
10 nm)
Nanocrystalline - 40 - Single edge notched
heavily drawn (6=3.1,d=20 tension tests, CTOD
pearlitic ~ steels  at nm)
((jgf erent true VS;{S!CZ - 21 - Sing_le edge notched
(perpendicular fo (¢=6.5d=10 tension tests, CTOD
drawing  direction) nm)
[29]
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Nanocrystalline 5.0 - - Micro cantilever tests
heavily drawn | (¢=3.1,d=

pearlitic  steels at 20 nm)

different true strain 3.7 - - Micro cantilever tests
(e) values (in the | (¢=65d=~

drawing  direction) 10 nm

[29]

Pure BCC Fe (d = 38 - - 202 Macro scale tests
um) [42]

Nanocrystalline 2 - -

sputtered Micro cantilever tests
Fe thin films (d = 200

nm) [45]

3.5 Consequence of fracture toughness of WELSs
The obtained fracture toughness values of the WELS can be used to estimate the critical defect
size (acriticat), Which is required for crack propagation at an assumed stress state [43]. The

value of acritical IS eStimated using
Ko =Ymacritica 0y (6)

where Y is a dimensionless geometry factor taken to be 1[43], oy is the yield strength. Using
the macroscopic yield strength (o, = 811 MPa from [49]) and fracture toughness (53 MPaVm
from Table 2) of pearlitic steels, the value of acritical IS approximately 1360 pum.

As the WELs are primarily consisting of martensite in their microstructures [19] and the
fracture toughness of WEL is close to that of quenched martensite, the yield strength of
martensite is utilized to determine the acriticar Value for the WELs. The value of oy for
martensite is approximately 1800 MPa for 0.72 wt.% C [50] which is also the C concentration
in pearlitic rail steels studied in the present work. Using oy = 1800 MPa and the fracture
toughness values of WEL as 21-25 MPavVm, the acritical fOr the WELS is approximately in the
range 40-60 um. As shown in Table 2, the fracture toughness of WELS is approximately 53-
60% less than that of undeformed pearlitic steels. In addition, the estimated critical defect size
in the WELs is significantly smaller than the undeformed pearlitic steels. Based on this

analysis, the formation of WELS in pearlitic rail steels is detrimental for the rails.
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3.6 Microstructural features affecting the fracture behaviour of the WELSs
Crack growth is a complex process in polycrystalline materials as it involves dislocation
motion, dislocation pile ups at obstacles, crack tip blunting, work hardening, atomistic bond
breaking etc. [51]. Various microstructural features such as grain size, grain orientations,
phase fractions, grain/phase boundaries, dislocation density etc. affect the crack initiation and
growth. The WELSs consist of an intricate microstructure due to complex rail-wheel contact
[19]. Fig. 5 shows the EBSD Inverse Pole Figure (IPF), phase and Kernel Average
Misorientation (KAM) maps of microcantilever 4 before (Fig. 5(a)) and after (Fig. 5(b)) the in
situ fracture tests. KAM maps were generated by taking the 2" nearest neighbouring pixels
with a maximum misorientation of 5°. It should be noted that the EBSD on the fractured
cantilever is performed after removing a 1 pum thick slice from its surface as it is not possible
to obtain the Kikuchi patterns directly on a deformed cantilever. Hence, the measured area
after fracture is not the same as before fracture. We observe mixed intragranular and
intergranular crack growth in the WEL in Fig. 5(b). The phase map in Fig. 5(a) shows the
presence of austenite (in green) within the WEL cantilever. The austenite area fraction is
initially approximately 3-4% before the in situ experiments. The EBSD measurements did not
show austenite in the vicinity of the crack after the in situ test (phase map in Fig. 5(b)). This
observation is evidence for strain-induced austenite to martensite transformation during the

crack growth.

The KAM map of the WEL in Fig. 5(a) shows martensitic areas with low KAM (0.39-0.49°)
(indicated by black arrows). These areas can be envisaged to have undergone dynamic
recovery in martensitic microstructure of the WELSs due to temperature rise under the wheel-
rail contacts [19]. Such low KAM areas are not observed after the fracture experiments on the
WEL. The KAM map in Fig. 5(b) shows no sign of a distinguishable plastic zone in the
vicinity of the crack after fracture in the WEL cantilever. The KAM maps in Fig. 5 show that
the average KAM increases from 0.82 £ 0.54° to 0.85 £ 0.56° before and after fracture (£
0.54° and £ 0.56° are the standard deviation values). These KAM values are used to calculate

the Geometrically Necessary Dislocation (GND) density using

7]
Pgna = Z_b (7)

where « is a constant (a = 3 for mixed dislocations [52]), @ is the average KAM angle, u is the
distance between misoriented points, which is the step size in EBSD map (i.e. 4 x 10° m), b is

the magnitude of the Burgers vector (i.e. 2.47 x 10 m).
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The GND density in cantilever 4 changes from 4.3x10" to 4.5x10" m™ after the in situ
fracture test which is not a pronounced change. This is attributed to the presence of a high
density of defects and interfaces in the WEL [19] ( Fig. 5). This observation also leads to a
conclusion that the plastic zone in the vicinity of crack in WEL is small and concentrated near
the notch (discussed later in Fig. 6). Thus, a significant change in the average GND values is
not observed.

Cantilever 4

Cantilever 4 after fracture
before fracture

Phase Map

KAM

: Min  Max
3pm - EBo 5
Avg. KAM = (.82 + (0.54° b Avg. KAM = (.85 + 0.56°

3 pm

Fig. 5. EBSD results showing IPF, phase and KAM maps from the cantilever 4: (a) before (b) after the
in situ experiments. (Black colour arrows in the KAM map of WEL cantilever before fracture, show
the martensitic grains with low KAM value (0.38-0.49°))
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Additional EBSD investigations were performed on cantilever 1 before and after fracture (Fig.
6). Alike cantilever 4, the observations show mixed intergranular and intra-granular fracture
and strain-induced austenite to martensite transformation during the crack growth in
cantilever 1 (as displayed in the IPF and phase map in Fig. 6(b)). We observe that the average
KAM in cantilever 1 is 0.88°, with a standard deviation of £ 0.57°, before fracture (Fig. 6(a)),
which corresponds to a GND density of 4.66 x 10*> m™. The KAM map in Fig. 6(a) displays
low KAM areas (0.39-0.50°) (indicated by black arrows), which are not visible after the
fracture experiments (Fig. 6(b)) as previously observed in cantilever 4 (Fig. 5).

Unlike cantilever 4, the KAM map from cantilever 1 (Fig. 6(b)) shows an area (enclosed in red
lines) with a high average KAM of 0.96 + 0.51° in the crack vicinity. This misorientation
corresponds to an increased average GND density of 5.10 x 10*> m™ (Eq. 7). This high GND
density area can be attributed to the plastic zone near the crack. The observed plastic zone
shape is complex due to the complex WEL microstructure containing grains with different
sizes and orientations. The average KAM outside the plastic zone is 0.91°, with a standard

deviation of + 0.52°, which corresponds to a GND density of 4.82 x 10> m™.

Cantilever 1
after fracture

Cantilever 1

- g !‘ L4 " l'f A e
o |q ? ¥
IPF map f(} ﬁ "
_ vy
3 e .
Gt et

Phase map

2 b Avg. KAM = Avg. KAM =
0.96 + 0.51° 0.91 % 0.52°
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Fig. 6. EBSD results showing IPF, phase and KAM maps from the cantilever 1: (a) before and (b) after
fracture. (Black colour arrows in the KAM map before the test show the martensitic grains with low
KAM (0.39-0.50°)) (The high KAM area (enclosed in the red lines) on the KAM map in Fig. 6(b)

represents the plastic zone associated with the crack).

The microstructural features, responsible for semi-brittle nature of the WELs and observed

plastically in the WELSs in in-situ tests, are further discussed below.

3.6.1 Presence of austenite and its transformation into martensite during crack
growth
The presence of austenite phase in the microstructure of WELs (EBSD phase map in Fig. 5(a)
and Fig. 6(a)) is one of the reasons for the observed plasticity in the in situ fracture toughness
experiments. This is because of the easy tendency of slip of the austenite phase due to its Face
Centred Cubic (FCC) crystal structure in comparison with martensite with Body Centred
Tetragonal (BCT) structure. We observe a reduction in austenite phase fraction before and
after in situ fracture experiments (EBSD phase maps in Fig. 5 and Fig. 6). This reduction in
austenite fraction is attributed to strain-induced transformation of austenite into martensite
during the crack growth in the WELSs. This transformation can result in crack closure during
the crack growth in the WEL due to the crystal volume expansion concerning austenite (FCC)
to martensite (BCC) transformation. In addition, this transformation relaxes the stress
intensity ahead of the crack tip and causes the retardation in crack growth and hence
contribute to increase the fracture toughness [53,54]. Hornbogen et al. [55] studied the effect

of austenite to martensite transformation ahead of a fatigue crack on the Fatigue Crack
Growth Rate (FCGR). They proposed retardation in FCGR ( Z—; ) due to austenite to

martensite transformation using

da _ (AK)*
dN " (0y)2 E (Up+Up)

(8)

where, B is a dimensionless constant, 4K is the applied stress intensity range, oy is the yield
strength, E is elastic modulus, U, is the energy required for fatigue crack propagation and Uy is
the energy required for strain-induced austenite to martensite transformation. Hence, the crack
growth in the WEL will be retarded due to austenite to martensite transformation as this
transformation requires an excess energy U in the denominator of Eq. 8. Hornbogen et al.
[55] also estimated the retardation in fatigue crack growth due to the volume expansion
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caused by austenite to martensitic transformation in the vicinity of the crack. The resulting

compressive stresses (o) (due to this transformation) induced ahead of the crack tip is given

by
o, =—E i_th 9)

where E is the elastic modulus (200 GPa), Av/v is the volume expansion caused by the

transformation, and f; is the fraction of austenite transformed into martensite.

The WEL contains 3-4% austenite (Fig. 5) in its microstructure. If an austenite island is in
front of a sharp crack tip and assuming that the size of the austenite is large in comparison to
the size of the crack tip, f; can be assumed to be 1. During austenite to martensite
transformation, the magnitude of Av/v is approximately 0.04 for the 0.72 wt.% C steel (same
C content in pearlitic steels studied in this work) [56]. This volume expansion will result in a
compressive stress of approximately 2600 MPa at the crack tip. The compressive stress will
reduce the crack driving force and will lead to crack retardation. It should be noted that the
calculated stress is the upper boundary for the compressive stress due to austenite to
martensite transformation in the WELSs. The exact value of this stress would be challenging to
estimate due to the large number of unknown variables such as austenite size, spatial
distribution of austenite around the crack tip and their crystallographic orientation etc.
Additionally, the probability of the austenite to fall in the vicinity of the crack should also be

considered.

3.6.2 Grain size, dislocation density and dislocation annihilation in martensitic
grains
The fracture toughness is strongly affected by the grain size and the dislocation density in the
material microstructure [42,44,45,57]. Jaya et al. [45] studied the influence of the grain size
and dislocation density on the fracture toughness of cold drawn pearlitic steels. They showed
that the fracture toughness (Kig) decreases from 7.5 to 4 MPavm with the increase in drawing
strain from 3.2 to 5.2. This is attributed to a decrease in average grain size from 18 to 10 nm,
increase in dislocation density and increased carbon (C) supersaturation in the matrix (Table
2) [45]. Additionally, the fracture becomes more brittle with increase in drawing strain. It
should be noted that it is difficult to delineate the effect of grain size, dislocation density and
C supersaturation on the fracture response. We discuss the effect of grain size and dislocation

density in this section whereas the C super saturation is discussed later in Sec. 3.6.3.
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Zhang et al. [58] showed a dislocation density of around 1.4 x 10* and 4.5 x 10 in cold
drawn pearlitic wire at the drawing strain of 3.2 and 5.2, respectively. Similar order of
dislocation density was quantified in the WEL using synchrotron X-ray diffraction in [9].
Additionally, we investigated the microstructure of the quenched martensite (see
supplementary information). The quenched martensite shows the average KAM values of 0.87
+ 0.56° which are of the same order of magnitude as the WELs (Fig. 5 and Fig. 6). This
finding implies that the WELs and quenched martensite have dislocation densities in the same
order of magnitude. Hence, the contribution of dislocation plasticity to fracture can be
considered similar for WELSs, quenched martensite and cold drawn pearlitic wire. Therefore,
we further discuss only the effect of grain size and C saturation in the matrix on the fracture

response.

In case of WELSs, we observe a large variation in grain sizes (as shown in the IPF maps in Fig.
5 and Fig. 6). The average grain diameter in the WEL is 350 £ 260 nm (260 nm is the standard
deviation). Similarly, the quenched martensite shows a large variation in the average grain
diameter 300 £ 250 nm (see supplementary information) which is of the same order of
magnitude as in WELs. Therefore, the small difference in the fracture toughness values of
quenched martensite and WELs (Table 2) is primarily due to the difference in C super
saturation in their matrix which is further discussed in detail in Sec. 3.6.3. The grain size of
the WELSs is higher than that for the drawn pearlitic wires (10-20 nm). The presence of larger
grains in the WELs is one of the reasons for their elastic-plastic semi-brittle response, in
comparison to the drawn wires (Table 2).

Li et al. [59] showed an increase in ductility for cold drawn pearlitic wires after low
temperature tempering. They attributed this observation to the dislocation density reduction
by dislocation annihilation and rearrangement. Similarly, the WELs also undergo dynamic
recovery in the martensitic grains by dislocation annihilation due to temperature rises under
wheel-rail contact [19]. Such martensitic grains with low KAM values (0.39-0.50°) are
observed in the KAM maps in Fig. 5(a) and Fig. 6(a) (shown by arrows). The GND density in
these low KAM areas ranges from 2.07 x 10 mto 2.65 x 10™ m™ (Eq. 7). The dislocations
in these areas will be more mobile during the crack growth due to the lower GND density than
the high GND density areas in the WELSs. Thus, these low KAM areas will contribute to the
plasticity in the martensitic matrix of the WEL and are one of the reasons for elastic-plastic

semi-brittle fracture response of the WELSs.
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3.6.3 Segregation of carbon at grain boundaries and dislocations in the WELS

Fig. 7 shows the correlative Transmission Electron Microscopy (TEM) and Atom Probe
Tomography (APT) measurements on the WEL from the same rail depth where fracture
experiments are performed (10 um below the rail surface). Fig. 7(a) shows the bright field
TEM image of an APT tip from the WEL with a selected area diffraction pattern from the
encircled area. A grain boundary is observed in the TEM image. The selected area diffraction
pattern in Fig. 7(a) shows the single phase present in the APT tip, which indicates that the
cementite phase from initial pearlitic microstructure is completely dissolved in the martensitic
matrix here. The result also indicates that there is no secondary carbides precipitation in the
WEL. The APT measurement of this tip shows carbon (C) grain boundary segregation in Fig.
7(b). The C concentration at the grain boundary reaches around 11.6 + 1.0 at.%, as shown by
the one dimensional concentration profile drawn perpendicular to the grain boundary plane
(Fig. 7(c)). It should be noted that the region of interest for 1D concentration profile is taken in
the maximum C concentration region at the grain boundary plane and relatively lower C
concentrations also exist at the grain boundary plane. The martensitic matrix of the WEL
shows a C concentration of around 3 at. %. A constant concentration of Mn (1.2 at.%) and Si
(1.1 at.%) is found within the matrix and at the grain boundary (Fig. 7(c)). Another APT
measurement from the same rail depth is also presented in the supplementary material which
shows the similar observations like Fig. 7.

The C concentration in the WEL matrix is compared with the APT measurements from
heavily drawn pearlitic wires [59-61]. Li et al. [60] reported that the ferritic matrix in the
heavily drawn wires reaches a C concentration of 2 at.% at ¢ = 5 because of the presence of
partially dissolved cementite within the matrix. In the rails, the cementite from original
pearlitic microstructure is completely dissolved in the WELSs at a depth of 10 um (Fig. 7(a,c)).
Thus, the martensitic matrix of WELSs contain around 1 at.% higher C concentration than the
ferritic matrix of heavily cold drawn pearlitic wires having deformation-induced tetragonality.
This is one of the reason that the maximum hardness in the WELs (910 = 25 HV at 10 pm
below rail surface in Fig. 1(b)) is higher than the hardness in the drawn wires (550 + 20 HV at
¢ =5 [44]). It should be noted that the C atoms in the martensitic matrix of the WELS are not
entirely in the interstitial sites but also segregate at vacancies and dislocations, which we

discuss below.

As discussed in Sec. 3.6.2, the fracture toughness of WELs and quenched martensite is

compared based on the C supersaturation in their microstructures. In the quenched martensite,
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C remains in the matrix due to fast diffusionless martensitic transformation. The C
concentration in quenched martensite should be same as the bulk C concentration of pearlitic
steels (i.e. 3.25 at.% C) whereas WELSs show a C concentration of 3 at.% in the matrix ((Fig.
7(c)). Kumar et al. [19] showed that the WELS undergo many microstructural changes during
their life time due to different wheel-rail contacts as discussed in Sec 3.4. For example, the C
atoms in the WELSs redistribute to the crystal defects (grain boundaries and dislocations) from
their martensitic matrix (Fig. 7(c)). This redistribution is attributed to the slight temperature
rise at the rail surface during the wheel-rail contact [19]. It is well known that the C
segregation at grain boundaries (as observed in the WEL in Fig. 7(b)) increases the grain
boundary cohesion [36,61-63] and affects the fracture phenomenon in the Fe-based alloys
[45]. Wu et al. [64] showed that the C segregation to the Fe grain boundaries reduces the free
energy by 62 kJ/mol and thereby acts as strong cohesion enhancer. Hence, in the WELSs, the
observed grain boundary segregation of C (Fig. 7(b,c)) strengthens the grain boundaries and
minimizes the intergranular fracture. Consequently, due to redistribution of C to the grain
boundaries/dislocations, the C concentration in the martensitic matrix of the WELs decreases
to around 3 at. %. This C decrease in the WEL matrix will increase the plasticity of the WELs

with respect to supersaturated quenched martensite having 3.25 at. % C.

The C atom probe map overlapped with the 7 at.% C iso-concentration surfaces (in green) in
Fig. 7(c) shows the regions with high C concentrations. These regions are attributed to the C
segregation at dislocations (shown by arrows). Dislocations have a high interaction energy of
around 0.8 eV/atom with the C atoms [65,66]. Hence, C atoms redistribute to the dislocations
in the martensitic matrix of the WELs due to temperature rise at the rail surface [19]. The
crack growth in metals involves dislocation motion (i.e. slip) ahead of the crack tip. Thus, any
obstacle in dislocation motion will affect the crack growth. The dislocations which are
segregated with C require an extra force in order to be released for slip [66,67]. According to
Cottrell et al. [66], the critical tensile stress required to release the C-segregated dislocation
for plastic slip depends on the interaction energy of the C atoms (especially the central row of
C atoms within the dislocation core) with the dislocation [66]. Using the classical approach of
Cottrell et al. [66], the presence of a Cottrell atmosphere at the dislocations can lead to an
approximate increase of 25 % in the yield strength of the steels. It should be noted that this
increase in the yield strength is a rough estimation as it is challenging to accurately estimate
the interaction energy of the dislocation and the C atoms at the dislocation center line.

Aforementioned increase in the yield strength due to C-segregated dislocations will lead to the
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retardation of the FCGR according to Eq. 8. Thus, such C-segregated dislocations when lying
in the vicinity of the crack in the WEL, will contribute to an increase in their fracture
toughness.
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Fig. 7. Correlative TEM and APT measurements from the WEL at 10 um below rail surface: (a) Bright
field TEM image of APT tip showing a grain boundary and a selected area diffraction pattern from the
encircled region, (b) APT measurement of the same tip showing C segregation at the Grain Boundary
(GB), (c) C atom map overlapped with 7 at.% C iso-concentration surfaces (in green) showing regions of
high C concentrations at dislocations (indicated by arrows). One dimensional concentration profile

(taken perpendicular to the GB) shows the GB segregation.

4. Conclusions

The WELs formed in the pearlitic microstructure of rail steels are considered as one of the
reasons for micro-cracking in rails. These micro-cracks grow inside the rail and cause failure.

The current study shows the first quantification of WEL fracture toughness and its correlation
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to the WEL microstructure. Results from the current study are of importance for modelling

and understanding of wheel-rail contact in the presence of the WELSs. The results from WEL

models can be used to estimate the critical WEL thickness for preventive maintenance to

ensure safety and help minimizing grinding costs. Following conclusions are drawn based on

the current investigation:

1.

WELSs show elastic-plastic and semi-brittle fracture during the micromechanical in situ
fracture experiments and the fracture toughness is 21.5 + 3 MPaVm to 25.4 + 2.3
MPavm. WELSs also show crack branching, crack blunting and micro-dimples at the
fracture surface which validate the categorization as semi-brittle failure.

Based on a comparison of the fracture toughness and critical defect size of WELS with
the undeformed pearlitic steels, WELSs are detrimental for rails.

We observed a high GND density, ultrafine grain size and high C concentrations in the
martensitic matrix of the WEL which leads to high hardness values in the WELS.

In contrast to the comparison with the cold drawn pearlitic wires, the plasticity and
semi-brittle fracture in the WEL is attributed to its larger grain size, presence of
retained austenite and strain-induced austenite to martensitic transformation during the
crack growth.

Large martensite grains with low GND density are observed in the WEL which
contribute to the increase in plasticity due to high dislocation mobility in these grains
ahead the crack. This is also one of the reasons for the semi-brittle fracture of the
WEL.

We observed the C segregation at the grain boundaries in the WELs which promotes
the grain boundary cohension and softens the martensitic matrix by lowering the C
concentration. Thus, this C redistribution is one of the reasons for semi-brittle fracture
and higher fracture toughness of the WELSs than the quenched martesnite.

The C segregation at the dislocations was observed in the WEL using APT which will
affect the crack propagation and contribute to increase the fracture toughness as such

dislocations in the vicinity of the crack require extra force to be released for slip.
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