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CHAPTER

15

High-Carbon Steels:
Fully Pearlitic
Microstructures and
Applications
Introduction
THE TRANSFORMATION OF AUSTENITE to pearlite has been described in Chapter 4, “Pearlite, Ferrite, and Cementite,” and Chapter 13,
“Normalizing, Annealing, and Spheroidizing Treatments; Ferrite/Pearlite
Microstructures in Medium-Carbon Steels,” which have shown that as
microstructure becomes fully pearlitic as steel carbon content approaches
the eutectiod composition, around 0.80% carbon, strength increases, but
resistance to cleavage fracture decreases. This chapter describes the mechanical properties and demanding applications for which steels with fully
pearlitic microstructures are well suited.
With increasing cooling rates in the pearlite continuous cooling transformation range, or with isothermal transformation temperatures approaching the pearlite nose of isothermal transformation diagrams, Fig.
4.3 in Chapter 4, the interlamellar spacing of pearlitic ferrite and cementite
becomes very ﬁne. As a result, for most ferrite/pearlite microstructures,
the interlamellar spacing is too ﬁne to be resolved in the light microscope,
and the pearlite appears uniformly dark. Therefore, to resolve the interlamellar spacing of pearlite, scanning electron microscopy, and for the
ﬁnest spacings, transmission electron microscopy (TEM), are necessary
to resolve the two-phase structure of pearlite. Figure 15.1 is a TEM micrograph showing very ﬁne interlamellar structure in a colony of pearlite
from a high-carbon steel rail. This remarkable composite structure of duc-
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tile ferrite and high-strength cementite is the base microstructure for rail
and the starting microstructure for high-strength wire applications.

Mechanical Properties of
Fully Pearlitic Microstructures
The Gladman et al. equation, Eq 13.2, for the strength of ferrite/pearlite
steels shows that the interlamellar spacing of ferrite and cementite lamellae in pearlite becomes more important as the amount of pearlite increases
(Ref 15.1). Hyzak and Bernstein in a study of fully pearlitic microstructures in a steel containing 0.81% C evaluated not only the effect of pearlite
interlamellar spacing, S, but also the effect of austenite grain size, d, and
pearlite colony size, P, on mechanical properties (Ref 15.2). Figure 15.2
shows the dependence of hardness and yield strength on pearlite spacing,
and the following equation incorporates, in addition to interlamellar spacing, the effects of austenitic grain size and pearlite colony size on yield
strength:
Yield strength (MPa) ⳱ 2.18(S ⳮ1/2) ⳮ 0.40(Pⳮ1/2)
ⳮ 2.88(d ⳮ1/2) Ⳮ 52.30

(Eq 15.1)

In view of this work, pearlite interlamellar spacing is conﬁrmed to be the
major microstructural parameter that controls strength of pearlitic microstructures.
Resistance to cleavage fracture of fully pearlitic steels is found to be
primarily dependent on austenitic grain size according to the following
equation (Ref 15.2):

Fig. 15.1

Microstructure of pearlite in rail steel, courtesy of Rocky Mountain
Steel Mills, Pueblo, CO. TEM micrograph of thin foil taken by Robert A. McGrew at the Colorado School of Mines
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Transition temperature (⬚C) ⳱ ⳮ0.83(Pⳮ1/2) ⳮ 2.98(d ⳮ1/2) Ⳮ 217.84
(Eq 15.2)

This equation shows that the transition temperature for fully pearlitic
steels is invariably above room temperature, and fracture around room
temperature is therefore characterized by cleavage on {100} planes of the
ferrite in pearlite. In another study, the size of cleavage facets was found
to be a strong function of, but always smaller than, the austenite grain size
and appeared to be related to common ferrite orientations in several adjoining pearlite colonies (Ref 15.3).

Rail Steels: Structure and Performance
The papers of proceedings volumes of several symposia address the
ever-increasing demands placed on rail steels and the approaches used to
improve rail steel performance (Ref 15.4–Ref 15.6). Rails are subject to
heavy contact cyclic loading that accompanies increased car size and loading, to 100 and 125 ton capacity, increased train size, and increased train
speeds used to transport bulk products over the last several decades. These
increasing demands require manufacturing and metallurgical approaches
that offset wear and other types of failure that limit rail life. An early type

Fig. 15.2

Hardness and yield strength as a function of pearlite interlamellar spacing in fully
pearlitic microstructures. From Hyzak and Bernstein, Ref 15.2
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of rail failure was associated with entrapped hydrogen that produced shatter crack or ﬂakes in heavy rail sections, but that difﬁculty has been effectively controlled by controlled cooling and by vacuum degassing of
liquid steel (Ref 15.5–15.7).
Wear of rail has been studied by laboratory testing and also in a unique
facility that subjects rail to actual train service. The latter facility, the
Facility for Accelerated Service Testing (FAST), Pueblo, Colo., is a 4.8
mile loop of track on which test trains with 9500 trailing tons have completed up to 120 laps daily in order to evaluate the processing, chemistry,
and performance of rails under actual service conditions (Ref 15.8). In a
study of rail tested at the FAST facility, wear was found to be a threestage process (Ref 15.9). The ﬁrst stage consisted of severe plastic deformation in a thin surface layer of the rail, on the order of 0.1 mm (0.004
in.) in depth, in response to repeated heavy compressive and shear loading
produced by the passage of test trains. Two steels were evaluated, and the
depth of the deformed zone was shallower in the harder steel. The second
stage consisted of the development of subsurface cracks in the severely
deformed layer, generally at the interface of the deformed layer and the
undeformed microstructure. The propagation of cracks to the surface of
the rail and the associated spalling off of small slivers or ﬂakes of the rail
constituted the third stage of wear. This sequence of deformation and
fracture is repeated many times to produce substantial rail wear. Kapoor
has referred to the repeated cycles of compressive deformation as plastic
ratcheting and notes that cracking serves primarily to create the wear
debris (Ref 15.10).
Improved rail wear resistance correlates with ﬁne interlamellar ferrite/
cementite spacing of pearlitic microstructures, which, as noted previously,

Fig. 15.3

Hardness as a function of pearlite interlamellar spacing for various
rail steels. From Clayton and Danks, Ref 15.11
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increases hardness and strength. Figure 15.3 shows the hardness correlation with pearlite interlamellar spacing, and Fig. 15.4 and 15.5 show, respectively, that wear decreases with decreasing interlamellar spacing and
increasing hardness of pearlitic microstructures in a series of rail steels
(Ref 15.11). The latter results were generated by rolling/sliding wear tests
in which the maximum Hertzian contact pressure was varied by adjusting
the loads applied by test rollers. As shown in Fig. 15.4 and 15.5, increasing
contact pressure accelerates wear.

Fig. 15.4

Wear rate as a function of pearlite interlamellar spacing for various
rail steels at contact pressures of 1220 N/mm2 and 900 N/mm2.
From Clayton and Danks, Ref 15.11

Fig. 15.5

Wear rate as a function of hardness for various rail steels tested at
contact pressures of 1220 N/mm2 and 700 N/mm2. From Clayton
and Danks, Ref 15.11
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The strong correlation of improved rail wear resistance with ﬁne pearlite interlamellar spacing and high pearlite hardness has led to processing
and alloying approaches to produce ﬁne pearlite. An effective processing
approach has been to produce pearlite of ﬁne interlamellar spacing and
high hardness on the surface of rails by head hardening heat treatments,
applied by accelerated cooling with forced air, water sprays, or oil or
aqueous polymer quenching either online while the steel is still austenitic
immediately after hot rolling or by ofﬂine reheating of as-rolled rails (Ref
15.12, 15.13). Figure 15.6 shows the high head hardness of an ofﬂine
head-hardened rail section (Ref 15.12). Alloying approaches to reﬁne
pearlite interlamellar spacing have included alloying with chromium, molybdenum, vanadium, and silicon (Ref 15.14–15.18) and the development
of rail steels with hypereutectoid carbon contents (Ref 15.19).
The rolling contact loading of rails eventually creates complex interactions of strain hardening and residual stress distributions that not only
inﬂuence wear but may also nucleate and propagate cracks transverse to
rail lengths. Rails in curves are the most severely stressed portions of
track, and Fig. 15.7 shows schematically some of the damage phenomena
that may originate in rail curves under heavy trafﬁc conditions (Ref 15.20).
Subsurface cracks may also develop. Detail fracture is deﬁned as “a transverse fatigue crack progressing from the corner of the rail head” (Ref
15.21), and shelling is “a condition where the rail steel, stressed beyond
its elastic limit, deforms and fails in subsurface shear” (Ref 15.7). Steele
and Joerms have analyzed the stress states associated with shelling (Ref
15.22). Compressive residual stresses develop at the surface of rails and
are balanced by interior tensile stresses. Shell cracking initiates in lower
hardness regions underneath work-hardened rail surface layers and eventually turns into detail fractures.

Fig. 15.6

Hardness as a function of location in a transverse section of rail
subjected to ofﬂine head hardening heat treatment. From George
et al., Ref 15.12
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Patenting: Pearlite
Formation for High-Strength Steel Wire
Pearlitic microstructures in steels of eutectoid composition are drawn
to wires that have the highest useable tensile strengths of any steel products. The strengths depend on steel quality, the microstructure prior to
wire drawing, and on the amount of wire drawing to produce a ﬁnished
wire diameter. Figure 15.8 shows tensile strength as a function of wire
diameter for hypereutectoid steel wires capable of resisting delamination
(Ref 15.23), and Fig. 15.9 shows the tensile strengths of patented and
drawn wires from a number of studies (Ref 15.24). Remarkably high
strengths, ranging up to almost 6000 MPa (870 ksi), can be produced.
High-strength wires are often further incorporated into bunched arrays for

Fig. 15.7

Schematic diagram of wear and damage to curved rails under
heavy trafﬁc conditions. From Kalousek and Bethune, Ref 15.20

Fig. 15.8

Tensile strength as a function of wire diameter for patented and
drawn pearlitic hypereutectoid steel wires. From Tarui et al.,

Ref 15.23
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applications such as tire cord, conveyors, hoses, and bridge cables (Ref
15.23, 15.25).
The heat treatment that produces the starting microstructure for wire
production is termed patenting, after a patented discovery by James Horsfall, Birmingham, England, in 1854 that made steel rod easier to draw
(Ref 15.26). Patenting consists of heating to austenite and continuous
cooling or isothermal holding to produce a uniform ﬁne pearlite microstructure. Figure 15.10 shows an isothermal transformation diagram for
eutectoid steel and the transformation temperature range to produce the
desired ﬁne pearlite microstructure for wire drawing (Ref 15.27). The

Fig. 15.9

Tensile strength as a function of wire diameter for patented and
drawn wires in steels with pearlitic microstructures. From Lesuer
et al., Ref 15.24. References to the investigations noted are given in Ref 15.24.

Fig. 15.10

Isothermal time-transformation diagram showing transformation
temperature range for production of ﬁne pearlite by patenting
heat treatment. From Paris, Ref 15.27
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microstructures, strengths, and ductilities of a hypereutectoid steel are
shown as a function of transformation temperature in Fig. 15.11. Bainitic
microstructures were found to be sensitive to delamination after drawing
and, therefore, ﬁne pearlite with a tensile strength of 1500 MPa (220 ksi)
was found to be the most suitable starting microstructure for high-strength
wire drawing (Ref 15.23).
Patenting may be applied to hot-rolled rod at the start of wire drawing
or to cold-drawn wire as an intermediate heat treatment prior to further
wire drawing. Fine pearlite has been traditionally produced in rods or wire
isothermally transformed in molten lead baths, but alternative processing
has been developed to produce good pearlitic microstructures directly after
hot rolling to rod in high-speed bar mills (Ref 15.28, 15.29). The latter
processing, ﬁrst commercially applied in 1964, is copyrighted as the Stelmor process, and by 2003, 240 Stelmor process lines had been installed
throughout the world. Stelmor processing consists of water cooling hotrolled rod to a predetermined temperature, typically between 750 and 959
⬚C (1380 and 1740 ⬚F), forming the rod into rings on a laying head, and
fan air cooling the overlapping rings on a continuously moving conveyor.
Cooling rates are adjusted to produce desired microstructures in various
grades of steels, and after transformation, the rods are coiled for storage
and further processing.

Wire Drawing Deformation of
Pearlite for High-Strength Steel Wire
Fully pearlitic microstructures are highly deformable under wire drawing conditions. As strain increases, in longitudinal sections the lamellar
structure of pearlite aligns itself parallel to the longitudinal wire axis (Ref
15.30), and in transverse sections the pearlitic structure becomes wavy

Fig. 15.11

Tensile strength and reduction of area as a function of transformation temperature and microstructure in patented hypereutectoid steels. From Tarui et al., Ref 15.23
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and the lamellae within colonies are substantially curved (Ref 15.31). A
具110典 body-centered-cubic wire texture develops in the ferrite. The combination of closely spaced ductile ferrite and high-strength cementite lamellae makes possible exponential increases of strain hardening as a function of strain, in contrast to the linear increases with strain in ferritic iron
wire without cementite (Ref 15.32). Although cementite is potentially
brittle, in pearlitic structures the fracture resistance of cementite is a function of lamellae thickness. In coarse pearlite, cementite is brittle, but in
microstructures where the interlamellar spacing is 0.10 lm or less, cementite has been shown to be partially or fully plastic (Ref 15.32).
The cementite lamellae of pearlite undergo dramatic changes during
high-strain wire drawing (Ref 15.31–15.36). With increasing strain, the
cementite lamellae become thinner, and both homogeneous bending and
fragmentation of cementite lamellae may occur. In addition to slip deformation of the ferrite and cementite, localized shear band formation
through the pearlite lamellae is another observed deformation mechanism.
Cementite lamellae have been found to dissolve partially or completely
at high strain deformation, and atom probe studies show that the carbon
content of cementite decreases, and that of ferrite substantially increases,
with the carbon apparently dissolved in the dislocation substructure of the
ferrite. The carbon in solution in the ferrite then contributes to dynamic
strain aging or to strain aging if wire is given subsequent low-temperature
heat treatments.

Fracture Mechanisms of
Patented and Drawn Steel Wire
As noted, fully pearlitic microstructures are capable of intensive wire
drawing deformation. However, the severe deformation may result in
unique types of failure. One type of fracture develops internally in response to hydrostatic tensile stresses that develop in the centers of wires
during drawing (Ref 15.37). In plane longitudinal sections through damaged lengths of wire the cracks appear v-shaped, leading to the term chevron cracking to describe this type of fracture. The cracks are in fact axisymmetric, and when a wire breaks, the fracture surface appears conical,
a fracture appearance termed cuppy fracture in the wire industry. The
internal center cracking also leads to the term centerline bursting for this
phenomenon. Similar stress states to those in wires also create centerline,
v-shaped cracks in extruded rods, and examples of such cracking, also
typical of centerline cracking in wire, are shown in Fig. 15.12 (Ref 15.37).
In wires, nondeforming microstructural features in the centers of wires,
such as inclusions, grain boundary cementite, or residual centerline segregation that provides sufﬁcient hardenablity for martensite formation,
may be associated with initiation of chevron cracking. Therefore, consid-
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erable attention must be paid to steel quality and primary steel processing
(Ref 15.38, 15.39).
Control of wire drawing parameters may also minimize chevron cracking (Ref 15.37). A parameter D deﬁnes the deformation zone geometry
for the generation of hydrostatic tensile stresses as the ratio of the mean
diameter of the work to the contact length between the die and the work
and is in turn related to reduction ratio and die angle. High values of D
increase susceptibility to chevron cracking and are produced by lower
reductions and high die angles.
Some high-strength patented and drawn wires are twisted into cables
and bunches. As a result, not only must the wire have high tensile strength,
it also must have good torsional strength and good resistance to shear
stresses. Figure 15.13 shows the longitudinal and transverse orientation

Fig. 15.12

Centerline bursting or chevron cracks, similar to those that form
under certain conditions in drawn patented wires, in extruded
steel rods. From D.J. Blickwede as reproduced in Hosford and Caddell, Ref 15.37

Fig. 15.13

Schematic diagram of a length of wire showing orientations of
shear stresses produced during torsion and a longitudinal shear
band that leads to delamination fracture of patented and drawn pearlitic wires.
From Lefever et al., Ref 15.40
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of shear stresses that develop in a torsion tested wire (Ref 15.40). For
wires with ﬁne, uniformly deformed pearlitic microstructures and good
surface condition, after a signiﬁcant number of applied torsional twists,
smooth, ﬂat shear fractures develop on transverse wire surfaces. However,
under some conditions, surface shear bands develop in response to the
longitudinal shear stresses, and these bands eventually nucleate shear
cracks characterized by joining of ﬁne microvoids. With increased twisting, the longitudinal cracks assume a helical or spiral orientation, as shown
schematically in Fig. 15.14. The spiral crack is labeled “secondary fracture,” and a transverse shear fracture surface, also shown, is labeled “primary fracture.”
The longitudinal cracking or splitting along the wire surface during
torsion testing is referred to as delamination (Ref 15.40, 15.42). Once
initiated, compressive stresses close the spiraling delamination crack, and
the wire may undergo further twisting despite signiﬁcant damage. Good
surface conditions are important to prevent delamination, but microstructural factors must also be optimized. Tarui et al. emphasize that ﬁne aspatented pearlite is the key to high-strength wire with good delamination
resistance and that upper bainite formed at low transformation temperatures lowers delamination resistance (Ref 15.23, 15.43). Strengthening by
chromium and vanadium additions and higher carbon content were found
to be more effective than increased drawing reduction in producing
strength and while maintaining good delamination resistance. Tarui et al.
also show that silicon and chromium additions to patented and drawn
microstructures suppress spheroidization of pearlitic cementite and the
attendant strength loss during hot dip galvanizing at 450 ⬚C (840 ⬚F). Nam
and Bae conﬁrm that coarse pearlite lowers delamination resistance and
note that globular cementite particles contribute to the inititation of delamination (Ref 15.43). Low-temperature aging or stress relief treatments
of patented and drawn wires also result in reduced delamination resistance
(Ref 15.42).

Fig. 15.14

Schematic diagram of torsion-tested wire in which a primary transverse shear
fracture and a spiral delamination fracture (labeled “secondary fracture”) have
developed. From Goes et al., Ref 15.41
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