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Fracture behavior of bainitic and pearlitic rail steel webs
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The failure of railway rail occurs mainly due to pro-
cesses such as: detail fracture, shelling, and trans-
verse fissures [1]. Plastic deformation of the railhead
due to the heavy rolling loads transmitted through the
wheel/rail contact surface is the main reason for the for-
mation of detail fracture [2]. Such a failure process is
visible, and catastrophic rail failure can be prevented by
regular examination of the top surface of the railhead.
The fracture behavior of railheads has been studied for
a long time and some significant results have been ob-
tained [3–8]. The study of the failure of rail webs is
less reported. In webs, defect accumulation may oc-
cur under cyclic service loadings. Once the crack size
reaches the sub-critical dimension, piping propagation
along the vertical direction of the web can be acceler-
ated, while the cyclic vertical tension loads can cause
horizontal fissures of the web. Considering the com-
plexity of the failure modes related to the cyclic load-
ings of rail tracks, it is necessary to study the fracture
behavior of rail webs under a simplified loading profile
first.

Recently an improved bainitic steel for heavy load
application has been studied [9–12]. It has some sig-
nificant benefits over the existing pearlitic rail steels.
Bainitic steels derive their strength from ultra-fine
structures with a lot of dislocations which are harmless
but confer high strength [13]. In contrast, pearlitic steels
obtain their strength from the fine grains of pearlite.
However, there is a limit to the production of very fine
grains in the manufacturing and post-heat treatment
processes.

In the present work, the fracture behavior of speci-
mens cut from bainitic and pearlitic steel rail webs was
studied. An empirical model of mode I stress inten-
sity factor was used to evaluate the plane strain fracture
toughness of the two materials. Rail web specimens
from the two materials, with simulated cracks ema-
nating from a trough thickness circular defect, were
prepared by electric discharge machining to simulate
horizontal fissure of rail webs. Static tensile tests were
performed under displacement control to study the
overloading behavior and obtain the residual strength
for the plane strain fracture toughness calculation based
on this geometry.

The rails used in the present work were new (have not
been in service) and were supplied by the Transporta-
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tion Technology Center, Inc. (TTCI), Pueblo, Colorado.
The composition range of the pearlitic steel, controlled
in accordance with the American Railway Engineer-
ing and Maintenance-of-Way Association (AREMA)
Manual is given in Table I [14]. The composition of the
bainitic rail steel as determined by the Colorado Metal-
lurgical Services [15] is also given in Table I. The rail
web was cut vertically into 6.3 mm thick plates by elec-
tric discharge machining (EDM). The dimension of the
tensile test specimens of bainitic rail web was 150 mm
length by 17.3 mm width. The dimension of the ten-
sile specimens of pearlitic rail web was 110 mm length
by 16.3 mm width. In the middle of the specimens, a
3 mm diameter hole was drilled, following which, two
1.6 mm notches for bainitic rail web and two 1.0 mm
notches for pearlitic rail web, emanating from the hole,
were introduced by EDM. A photo showing how the
specimens were machined from the rail web is shown
in Fig. 1. Static tensile experiments under displacement
control were performed using Materials Testing System
810 equipped with a 100 kN load cell. The specimens
were gripped between two hydraulic wedge grips type
647.10A-01. The gauge length for both materials was
4 times the specimen width. The fracture surfaces were
examined using scanning electron microscopy (SEM).

Considering the case of cracks emanating from a hole
in a rectangular plate under tension as depicted in Fig. 2,
the general expression of stress intensity factor is as
follows [16, 17]:

K = F · σ
√

πa (1)

where σ is the remote stress, a is half of the crack
length and F is a geometrical correction factor. In order
to calculate, F , a series of geometrical constants are
defined, which include:

α = a

W
, ᾱ = π

2
α, δ = a

R
,

γ = R

W
and β = α − γ

1 − γ
.

According to Fuhring [18], the geometrical correction
factor in Equation 1 can be expressed as:

F = ϕ · ψ (2)
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T ABL E I Composition of the railheads

Element C Mn P S Si Ni Cr Cu Mo V

Pearlitic rail 0.72–0.78 0.60–1.25 0.035 0.037 0.1–0.6 0.25 0.25–0.5 0.1 0.03–0.05
Bainitic rail 0.23 1.93 0.012 0.008 1.96 0.14 1.84 0.13 0.43 0.007

Figure 1 Rail web test specimens.
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Figure 2 Schematic illustration of a finite plate with two symmetrical
cracks emanatings from a through thickness circular hole.

ϕ and ψ can be expressed as:

ϕ =
π

[√
1
ᾱ

(tan ᾱ + g · sin 2ᾱ) · (
1 + ε2(2−ε2)

1−ε

)] − √
1 + 2g

π − 1

(3a)

ψ = ξ · (
3β

2
3 P − 2

√
ξβP

)
. (3b)

The parameters in Equations 3a and 3b can be defined
as:

g = 0.13

(
2

π
· arctan δ

)2

(4)

ε = α · 2

π
· arctan(0.6 3

√
δ) (5)

P =
log

(
1

ξ
3
2

)
log β∗ (6)

In Equation 6 β∗ = γ ·δ
γ (2δ−1)+1 , and ξ = 1 + 2

π
arctan

(1.5 · √
δ).

In this work, the specimens from bainitic rail web
have R = 1.5 mm, c = 1.6 mm, a = R + c = 3.1 mm,
W = 8.65 mm. Therefore, the csalculated values of
α = a

W = 0.358, ᾱ = 0.563, δ = 2.067, γ = 0.173,
β = 0.224, β∗ = 0.232, and ξ = 1.724. Thus, apply-
ing these values in the expression of g, ε and P gives,

g = 0.13

(
2

π
· arctan δ

)2

= 0.066,

ε = α · 2

π
· arctan

(
0.6 3

√
δ
) = 0.149, and

P =
log

(
1

ξ
3
2

)
log β∗ = 0.559.

Substituting the values of g, ε and P into Equations 3a
and 3b yields: ϕ = 1.212 and ψ = 1. Therefore, the
value of the geometrical correction factor for the
bainitic steel specimen is F = 1.212.

The pearlitic rail web specimens have R = 1.5 mm,
c = 1.0 mm, a = R + c = 2.5 mm, W = 8.1 mm.
Therefore, the calculated values of α = a

W = 0.309,
ᾱ = 0.485, δ = 1.667, γ = 0.185, β = 0.152, β∗ =
0.215, ξ = 1.697, g = 0.06, ε = 0.122, P = 0.516,
ϕ = 1.159 and ψ = 0.992. Therefore, the value of the
geometrical correction factor for the pearlitic steel spec-
imens is F 1.15.

The residual tensile strength was calculated based
on the original cross-sectional area without the central
hole and emanating initial notches. The average resid-
ual tensile strength for the bainitic rail web reached
about 790 MPa, while that for the pearlitic rail web
was 450 MPa. In this study, the geometric correction
factor F of the bainitic specimen is 1.212 as calculated
above, from which the average calculated plane strain
fracture toughness, KI is 95 MPa

√
m. The value of F

for the pearlitic web specimens is 1.15, yielding an aver-
age plane strain fracture toughness, KI of 41 MPa

√
m.

The value of KI for pearlitic rail steel agrees very well
with those reported by Dhua et al. [19]. These workers
investigated six commercial heats of pearlitic rail steel
and found that their fracture toughness range was from
42 to 50 MPa

√
m. Thus, the fracture toughness of the

bainitic rail steel is more than twice that of the pearlitic
rail steel. It should be mentioned that these values are
for plane strain fracture toughness and are considerably
lower than those for plane stress fracture toughness, as
reported earlier for both materials [20, 21].

The higher strength and toughness of the bainitic
steel can be related to the distribution of carbide par-
ticles; the strength increases by increasing the num-
ber of carbide particles. As the bainite transformation
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Figure 3 SEM micrographs showing the fracture morphology of both rail webs: (a) Bainitic rail web and (b) Pearlitic rail web.

temperature is decreased, the carbides will be dis-
persed; the size of carbide particles will be small and the
number of carbides in the plane section will be large,
therefore the strength will increase greatly. However,
the dispersed carbides, as effective barriers to dislo-
cation glide, retard the motion of dislocation, so the
ductile strain is decreased. It should be mentioned here
that the bainitic rail web attains its superior mechanical
properties despite its lower carbon content through the
bainite phase, which is obtained with the help of cer-
tain alloying elements and a specific cooling procedure,
compared to the relatively high carbon content in the
pearlitic rail web.

The fracture surface morphology, immediately ahead
of the crack tip, of typical specimens from the bainitic
and the pearlitic rail webs was examined and is shown
in Fig. 3a and b, respectively. The notch tip is on the left
side of these micrographs, i.e., the crack traveled from
left to right. At 1000×, the micrographs display dif-
ferent fracture features. The bainitic fracture displays
ductile tearing features and plastic deformation. This is
manifested by tearing ridges and pulled-up strips. Dim-
ples are evident on the bainitic fracture surface, Fig. 3a,
but hardly seen on the pearlitic rail web surface, Fig. 3b.
On the other hand, the pearlitic steel, Fig. 3b, displays
cleavage facets and river patterns covering most of the
fracture surface. The frequent transgranular cleavage
can be the reason for the relative increase of brittleness
of the pearlitic rail steel. These apparent differences in
the fracture damage species explain the fracture tough-
ness superiority of the bainitic rail steel.

Comparative studies on the plane strain fracture
toughness of bainitic and pearlitic rail webs revealed
that the bainitic KI value is more than two fold that
of the pearlitic rail web. The average KI values for the
bainitic and pearlitic rail webs, were 95 MPa

√
m and

41 MPa
√

m, respectively. This fracture toughness supe-
riority of the bainitic rail steel is manifested in the more
ductile failure mechanisms seen on the fracture surface
of the bainitic rail steel. More dimples and tearing is
seen on the bainitic surface as compared to cleavage
facets seen on the pearlitic fracture surface.
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