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An extensive investigation has been carried out on six commercial heats of pearlitic rail steel to study the
influence of nonmetallic inclusion characteristics on the tensile, fatigue, and fracture toughness properties.
The steels investigated were made through the basic oxygen furnace (BOF)-continuous casting route and
rolled in the rail and structural mill into 90 kg/mm? ultimate tensile strength (UTS) grade rails. While
tensile properties (yield strength [YS], UTS, and elongation) of the rail steelsinvestigated were found to
be insensitive to inclusion type and volume fraction at their present level (0.23 to 0.45%), the fracture
toughness and high-cycle fatigue properties were found to be inclusion sensitive. The fracture toughness
values of the steels were found to range between 42.33 and 49.88 MPa ./m; higher values, in general, were
obtained in heats exhibiting lower volume fractions (0.15 to 0.19%) of sulfide inclusions. The high-cycle
fatigue limit, i.e., stress corresponding to 107 cycles, was found to be higher in cleaner steels, particularly
in those with lower volume fractions of oxide inclusions. This phenomenon was corroborated by scanning
electron microscopy (SEM) observations of fracture surfaces, where oxide inclusions in particular were
found to beinstrumental in crack initiation. Although fatigue life did not show any direct correlation with
the volume fraction of sulfides, elongated MnS inclusions were sometimes observed at crack initiation sites
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of fatigue-tested specimens.
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1. Introduction

In present day situations, rails have to withstand severe
service conditions and greater stresses owing to higher axle
loads, quantum increase in freight volume, and high operating
speeds.! Consequently, railsin service are subject to thousands
of stress reversals that may eventually lead to fatigue cracking
and fracture. This trend is likely to continue in the coming
century, and hence, expectations for superior rail quality and
improved performance are likely to increase further. The basic
properties that govern rail performance are resistance to wear,
fatigue, plastic deformation, and levels of residual stress and
weldability. While increase in wear resistance and resistance
to plastic deformation can be achieved by increasing the hard-
ness of rail steels and through improvements in lubrication and
grinding technologies, attainment of superior fatigue resistance
would undoubtedly involve athorough understanding of inclu-
sion characteristics and fracture toughness properties.!? Non-
metallic inclusions (NM1), which constitute inseparabl e species
of extraneous particulate matter in steels, are known to pro-
foundly influence the strength, toughness, and fatigue proper-
ties. These NMI could be “indigenous,” i.e., formed in liquid
steel as consequences of deoxidation reactions, or “ exogenous,”
i.e, of extraneous origin.¥ Although indigenous inclusions
such as sulfides and oxides are commonly observed in steels,
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the occurrence of exogenous inclusions is comparatively rare
and may be attributed to entrainment of slag and/or refractories.
While the deleterious influence of elongated sulfide inclusions
is well known on the impact toughness of steels, its role on
fatigue and fracture toughness behavior is not clearly under-
stood. Fatigue, on the other hand, is known to be effected by
the presence of hard, brittle, and nondeformable types of oxide
inclusions owing to their stress-raising propensity. The role of
such inclusionsistherefore extremely vital for the performance
of rail steels, since fatigue cracking constitutes a major mecha-
nism of failure in the railroad industry.l¥! Inclusions with alow
deformability index tend to induce fatigue in two ways: (1) by
directly nucleating cracks during service owing to their inability
to transduce stresses in the steel matrix and (2) by possibly
introducing microcracks at the steel/inclusion interface during
working. These microcracks may eventually culminate in
fatigue failure by propagation during service. Although scatter
in the fatigue properties of most steels has been attributed to
NMI, establishment of direct relationships between NMI con-
tent, fatigue, and fracture toughness properties is still elusive
and continues to be an area of exploration. It isin this context
that an extensive investigation has been carried out to study
the effects of NMI characteristics on the tensile, fatigue and
fracture toughness properties of commercially produced pearl-
itic rail steel.

2. Experimental

For conducting the investigation, six industrial heats with
variations in sulfur and silicon were chosen. The steels were
made through basic oxygen furnace (BOF)-continuous casting
route and rolled in the rail and structural mill into 90 kg/mm?
ultimatetensile strength (UTS) graderails. During steel making,
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deoxidation was effected in the | adle through additions of silico-
manganese and aluminum, while argon purging was also per-
formed to ensure temperature homogeneity and inclusion
removal. The molten steel was then continuous cast in a four-
strand bloom caster of 320 X 360 mm mold size. The casting
was carried out at aspeed of 0.6 to 0.75 m/min. The cast blooms
were heated in apusher-type reheating furnace and rolled subse-
quently in therail and structural mill into 60 kg/m rail sections.
The rolled rails were slowly cooled in pits to facilitate hydro-
gen removal.

From each rail steel heat, two samples (1.5 m length each)
were obtained for preparation of test specimens. From these
samples, transverse sections of approximately 12 to 15 mm
thicknesses were cut and machine ground for macrostructural
examination and sulfur printing. For sulfur printing, a2% aque-
ous solution of sulfuric acid was used, while for macroetching,
the specimenswereimmersed for 15 to 20 minutesin an aqueous
solution of 50% HCI maintained at around 70 °C.

Optical microscopic examinations were conducted on speci-
mens obtained from the grip portion of round tensile test pieces
machined from the “head” region of rails. The longitudina
sections of metallographic specimens were examined in pol-
ished and unetched condition for observation of inclusion char-
acteristics. Microstructural examination of phases, however,
was carried out on nital (2 mL HNO;z in 98 mL ethyl acohol)-
etched transverse sections of the same metallographic speci-
mens at 500X magnification. Concurrently, etched metallo-
graphic specimens were examined a higher magnifications
(5000 and 10,000X) through scanning electron microscopy
(SEM) to observe pearlite resolution. The pearlite interlamellar
spacings in each specimen were determined from SEM micro-
graphs by linear intercept measurements.

Quantitative metall ographic studies on NM| were conducted
in a LEICA (LEICA Imaging Systems, Cambridge, United
Kingdom) make * Quantimet-600" model image analysissystem
to determine the volume fractions of various inclusion species
present. Parallel, microprobe analyses were conducted in a
JEOL (Japan Electron Optics Ltd., Tokyo) make “JCXA-733"
model electron-probe microanalyzer (EPMA) to determine
inclusion chemistry.

Tensile tests were carried out on 10 mm gauge diameter
round specimens in a 25 ton “Instron-1273" (Instron Limited,
High Wycombe, Buckinghamshire, England) model universal
testing machinein accordance with ASTM standard designation
E 8M-96. The test specimens were obtained from the “head’
region of rails and machined in the longitudinal direction. The
location and dimensions of the test pieces are shown in Fig.
1(a) and (b), respectively. During testing, a 50 mm gauge length
extensometer was used and a crosshead speed of 1 mm/min
was maintained. For each rail heat, three specimens were tested
and average values were reported for yield strength (Y'S), ulti-
mate tensile strength (UTS), and elongation percent.

High-cycle fatigue tests of rail samples were carried out on
longitudinal orientation cylindrical specimens prepared from
the head portion of rails. The geometry of atypical test specimen
is shown in Fig. 2. High-cycle fatigue testing was carried out
in an Avery Denison (Avery Denison, Leeds, England) make
“Bend Fatigue” type testing machine at stress levels ranging
from 3to 4.5 N m. At each stress level, at least four specimens
were tested and the cycles undergone prior to failure were
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recorded. The cyclesendured by a particular batch of specimens
at a given stress level was taken as the average of three close
values. The nomina stress on the specimen was cal culated from
the applied bending moment by using the following formula:!®

32 X M X 1000
X (D)2

where

S = nominal stress, Mpg;

M = bending moment applied, N m; and

D = gauge diameter of specimen, mm

Thefatigue limit was then determined from the plotted stress
(9-number of cycles (N) curve as the stress corresponding to
107 cycles. Fracture toughness tests were conducted at 25 °C
in a computer-controlled 10 ton capacity “MTS-810" (MTS
Systems Corporation, Minnesota, MN) model dynamic testing
machine on 25 mm thick compact tension (CT) specimens (with
chevron-type notch) per ASTM standard designation E 399-
90. The CT specimens were prepared from the head portion of
rails according to dimensions shown in Fig. 3. The samples
were precracked up to a crack length (a) to test piece width
(W) ratio, a/W, of 0.50 at 10 Hz freguency and stress intensity
of the order of 20 MPa ./m at a stress ratio (i.e, ratio of
minimum stress to maximum stress), R, of 0.10. Precracked
specimens were then tension tested by using a 12 mm crack
opening displacement gauge. The dimensions of the fractured
surface were measured and the final crack length was deter-
mined from the average values of measurements. For fracture
toughness testing, five specimens were tested per heat and the
average of three close values was reported. Since valid plane-
strain fracture toughness (K|.) criteria could not be met, condi-
tiona K values were calculated in accordance with ASTM
standard designation E 399 - 90.

The fracture surfaces of tensile, fracture toughness, and
fatigue-tested samples were examined visualy for observing
the general fracture topography. This was supplemented by
extensive fractographic observations at higher magnifications
in a JEOL make “JSM-840A" model scanning electron micro-
scope. Qualitative analysis of inclusions observed on fracture
surfaces, particularly at crack initiation sites, was carried out
through energy dispersive spectrometric (EDS) analysisto iden-
tify inclusion chemistry.

3. Results and Discussions

3.1 Chemical Composition

The details of heat numbers and chemical composition (in
wt.%) of the rail steels investigated are shown in Table 1. The
chemical compositions of all six rail steel heats were found to
be within the stipulated range mentioned under the “Indian
Railway standard specification for flat bottom rails’ (S.No. T-
12-96) for 880 MPa (90 kg/mm?) UTS grade rails.!® It can be
seen from this table that the carbon content in rail steel heat
numbers 1, 3, 4, 5, and 6 ranged from 0.70 to 0.74 wt.%, while
the carbon content (0.68 wt.%) in heat number 2 was the least.
The manganese content of al the heats was found to be in a
very close range and varied from 0.99 to 1.09 wt.%. The sulfur
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Fig.1 (a) Rail section showing location of tensile test piece. (b) Dimensions of standard tensile test specimen

content in the six heats, however, varied between 0.020 and
0.033 wt.%, being least (0.020 wt.%) in heat number 2 and
highest (0.033 wt.%) in heat number 1. Although the aforesaid
railway standard specification permits a wide range (0.10 to
0.50 wt.%) for the silicon content, silicon in the investigated
heatsvaried between 0.18 and 0.24 wt.%. Thea uminum content
in al six rail steel heats was found to be 0.01 wt.% against a
stipulated maximum of 0.02 wt.%.

3.2 Macrostructure

The sulfur prints of al the rail sections investigated were
satisfactory and did not reveal any noticeabl e sulfur segregation.
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The macroetched structure of the rail sections was also found
to be satisfactory; no major cracks, piping, or other defects
could be observed.

3.3 Inclusion Characteristics

The main types of NMI observed in the six rail heats are
summarized in Table 2. In heat numbers 1, 2, and 6, manganese
sulfide inclusions were mostly seen, while oxide inclusions
along with sulfides could be observed in heat numbers 3, 4,
and 5. The oxide inclusions in heat numbers 3, 4, and 5 might
have possibly originated from deoxidation products and/or slag.
Titanium nitride (TiN) inclusions of cubic morphology were
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Fig. 3 Specimen geometry of CT specimen for fracture toughness evaluation

aso observed in some of the rail heats. Titanium is a strong
nitride former and its incidence might possibly be from the
steel scrap added in the BOF. Optical micrographs showing
typical inclusion fields observed in the six rail steel heats are
shownin Fig. 4 to 6 at 500X magnification. It isclearly evident
from Fig. 4(a) and (b) that although the mgjority of inclusions
in heat numbers 1 and 2 are stringer-type sulfides, dispersions
of few angular TiN inclusions are also seen. The presence of
brittle alumina chains in addition to MnS inclusions is visible
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in a sample of heat number 3, as shown in Fig. 5(a) at 500X
magnification. In heat number 4 (Fig. 5b), however, oxides
enveloped by sulfidesare seenin addition to arraysof ellipsoidal
MnS inclusions. Heat number 5 showed a preponderance of
thick and elongated sulfides (Fig. 6a), while oxide inclusions
encapsulated by sulfides (Fig. 6b) were seen in heat number 6.

The average volume fractions (in percent) of NMI in each
sample were determined by quantitative image analysis from
measurements over 30 random fields and varied between 0.23
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Tablel Chemical composition of investigated rail steels

Heat Composition (wt.%)
number C Mn Si S P Al
1 0.70 1.09 0.20 0.033 0.022 0.01
2 0.68 1.00 0.24 0.020 0.018 0.01
3 0.71 0.99 0.22 0.025 0.025 0.01
4 0.74 1.00 0.18 0.026 0.019 0.01
5 0.72 1.02 0.20 0.030 0.017 0.01
6 0.72 1.05 0.22 0.023 0.020 0.01

Table2 Microstructural characteristics of NMI in the
investigated rail steels

Heat

number Characteristics of NMI

1 Inclusions mostly elongated and ellipsoidal sulfides, some
of which were found to envelop oxides. TiN occur-
rence rare

2 Inclusions generally sparse. Sulfides mostly thin and elon-
gated. Oxides, alumina, and silicates not observed

3 Inclusions mostly sulfides, some of which were associated
with TiN. Alumina stringers observed at many places

4 Inclusions mostly ellipsoidal sulfides, some associated with
oxide particles. Silicate stringers observed at few places

5 Inclusions mostly sulfides, some of which were embedded
with oxides. TiN and alumina inclusions observed at
few places

6 Inclusions mostly sulfides. Oxides and TiN rarely found

and 0.45 (Table 3) in the rail steel heats. It can be seen from
this table that the overall cleanliness decreases in the order of
heat numbers 2, 6, 1, 4, 3, and 5. The average volume fractions
of oxide and sulfide inclusions as determined by quantitative
image analysis are also shown in Table 3. The volume fraction
of sulfides is found to be lower in heat number 2 (0.15%) and
heat number 6 (0.19%), while it is comparatively higher in the
other four heats where it varies between 0.22 to 0.27%. Regard-
ing oxide inclusions, their population is on the lower side in
heat 1 (0.06%) and heat 2 (0.08%), while it is higher in the
other four heats where it varies between 0.13 and 0.21 vol.%.

Electron-probe microanalysis (EPMA) of the various species
of NMI observed in the six rail steel heats indicated that the
sulfides were essentially pure MnS. The EPMA investigations
of oxides enveloped by sulfidesindicated that these were essen-
tially aluminaor calcium aluminate typeinclusions. The orange-
colored cube-shaped inclusions were corroborated by EPMA
to be essentially TiN.

3.4 Microstructure

Optical metallography of nital-etched rail steel samples
revealed fully pearlitic structure with slight amounts of proeu-
tectoid ferrite precipitation along the prior austenite grain
boundaries. The typical microstructures observed in samples
of heat numbers 1 and 5 are shown in Figs. 7(a) and (b),
respectively, at 500X magnification.

The pearlite interlamellar spacings in &l six rail steel heats
were measured from the microphotographs of polished and
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Fig. 4 Optical micrographs of typical inclusion fieldsinrail samples:
(a) heat number 1 showing thick elongate and ellipsoidal sulfides and
(b) heat number 2 showing thin elongated sulfides; 500X

etched samples observed by SEM. The average pearlite interla-
mellar spacings in the six rail steel heats investigated varied
between 0.22 and 0.33 um. These values of interlamellar spac-
ing are quite normal in pearlitic rail steel.[] Typical SEM micro-
graphs showing pearlite interlamellar spacing in samples of
heat numbers 1 and 4 are shownin Figs. 8(a) to (d) at 5000 and
10,000X magnifications. The average interlamellar spacings
depicted in the aforesaid micrographs were found to be 0.249
and 0.312 um for samples of heat numbers 1 and 4, respectively.

3.5 Mechanical Properties

Tensile Properties. The tensile properties (YS, UTS, and
elongation) of the six rail steel heats investigated are shown in
Table 4. The UTS and elongation values obtained in all these
heats were found to be above the minimum stipulated require-
ments of 880 MPa and 10%, respectively, for 90 kg/mm? UTS
grade of rail steel.!® The YS values in the six rail steel heats
varied from 454 to 495 MPa, while the UTS values were found
to range from 893 to 934 MPa. The elongation values (on 50
mm gauge length), on the other hand, ranged between 10.55
and 11.85%. From the tensile property data in Table 4, it is
observed that heat number 2, which exhibited the lowest UTS
(893 MPa), showed the maximum (11.85%) elongation. This
heat incidentally has the lowest carbon (0.68 wt.%) content.
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Fig.5 Optica micrographs of typical inclusion fieldsin rail samples:
(a) heat number 3 showing thin elongated sulfide and a umina stringer
and (b) heat number 4 showing parallel bands of small elongated
sulfides and oxysulfides, 500

However, it is observed that the present level of total inclusions
(0.23 to 0.45 vol.%) and their type have no definite influence
on the YS, UTS, and elongation values in the investigated
rail steels.

Fracture Toughness. The conditiona fracture toughness
(Kg) values (Table 4) obtained in the six rail heats were found
to vary between 42.33 and 49.88 MPa ,/m. Although the frac-
ture toughness values obtained in all the heats were found to
be above the minimum stipulated requirement of
42 MPa /m, high fracture toughness (Ko) values (49.88 and
46.72 MPa /m) were obtained for samples of heat numbers 2
and 6. In the other four heats, the Kq values were lower and
ranged between 42.33 and 43.87 MPa /m. It is interesting to
observe that heat humbers 2 and 6, which exhibited higher
fracture toughness (Ko) values, showed (Table 3) lower volume
fractions (0.15 and 0.19%, respectively) of sulfide inclusions.
The other four heats (1, 3, 4, and 5), however, showed higher
sulfide volume fractions (0.22 to 0.27%), being particularly
high in heats 1 and 5, which exhibited comparatively lower Kq
values. This presumably indicates the beneficial effect of lower
sulfide volume fraction in improving fracture toughness. Yon-
gliang et al..l® in their studies on rail steels, reported a similar
trend. According to them, the K. value of rail stedl is related
to the UTS and average density of sulfide inclusions; i.e., the
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Fig. 6 Optical micrographs of typical inclusion fieldsin rail samples:
(a) heat number 5 showing fork-shaped thick sulfide stringer and (b)
heat number 6 showing elongated sulfide with entrapped oxide; 500X

Table3 Volume fractions of NMI in investigated rail
steels

Inclusion volume fraction (%)

Heat number Sulfide Oxide Total
1 0.27 0.06 0.33
2 0.15 0.08 0.23
3 0.22 0.21 0.43
4 0.23 0.15 0.38
5 0.26 0.19 0.45
6 0.19 0.13 0.23

fracture toughness value would decrease with increase in UTS
and average density of sulfides. This phenomenon is under-
standable because cracks are initiated preferentialy at the sul-
fide inclusion-steel matrix interface and propagate successively
along strip-shaped inclusions with increase in load. Subse-
quently, transverse cracks generate from the initial longitudinal
cracks, leading to microcracking in steel. This is possibly the
reason why the K. value of steel can be reduced by a higher
sulfur content and the preponderance of stringer-type sulfides.

Typical photographs of fractured CT specimensof heat num-
bers 1 and 2 are shown in Fig. 9(a) and (b), respectively. It can
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Fig. 8 SEM images showing resolved pearlite lamellae in rail steels: (a) heat number 1, 5000X; (b) heat number 1, 10,000%; (c) heat number
4, 5000%; and (d) heat number 4, 10,000X

be clearly seen from these photographs that the proportion of respective fracture toughness values (Table 4); i.e., Ko = 42.33
ductile area in the precracked zone of the tested specimen of and 49.88 MPa J_

heat number 1 is significantly lower than that observed in the High-Cycle Fatigue Properties. The high-cycle fatigue
specimen of heat number 2. This is in agreement with their limits(Table4) obtainedinthesix rail steel heatsvaried between
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Fig.9 Typical photographs of fractured CT specimens showing (a) less ductile area in specimen of heat number 1 and (b) more ductile area in

specimen of heat number 2

Table4 Mechanical properties of investigated rail steels

Tensile Properties

Fracture Fatigue
Heat YS UTS  Elongation toughness  strength
number  (MPa) (MPa) (%) (MPa /m)  (MPa)
1 484 908 10.70 42.33 355
2 468 893 11.85 49.88 350
3 490 906 10.70 43.87 319
4 454 909 11.40 43.85 335
5 495 934 11.00 42.81 320
6 464 900 10.55 46.72 343

319 and 355 MPa. It can be observed from this table that the
fatigue limit decreases in the order of heat numbers 1, 2, 6, 4,
5, and 3. As a matter of fact, the fatigue limits exhibited by
samples of heat numbers 3, 4, and 5 appear to be on the lower
side, i.e.,, 319 to 335 MPa. Interestingly, the aforesaid three
heats are also extremely dirty from the standpoint of total
inclusion volume fraction, i.e., 0.38 to 0.45%. Heat numbers
1, 2, and 6, which exhibit higher fatigue limits (343 to 355
MPa), are found to be comparatively cleaner with respect to
the total inclusion content. The relationship of fatigue limit
with the level of sulfide inclusions, however, is not clear from
our study. However, the fatigue limits (Table 4) achieved in
the investigated steels seem to have a direct correspondence
with the volumefraction of oxideinclusions (Table 3), as shown
in Fig. 10. Thisis understandable since brittle oxide inclusions
such as alumina and calcium-aluminates are nondeformable
and act as stress raiserd®d to serve as crack initiation sites.
Under applied stresses, these cracks propagate and culminate
in failure. Although it is generally believed that fatigue limit
increases in higher yield strength steels*% no such trend has
been evident in our studies. Similar nonconformity of fatigue
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Fig. 10 Plot showing variation of fatigue strength with oxide inclu-
sion content in investigated rail steels

limit with yield strength has also been reported by Liu et al.
in their investigations on fatigue crack initiation of fully pearl-
itic steels.*Y

The SEM photographs showing the fracture topography of
fatigue-tested specimens of heat numbers 2 and 3 are shown
in Fig. 11(a) and (b), respectively, at 1000 magnification. It
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Fig. 11 SEM fractographs of fatigue-tested rail steel specimens showing (a) numerous fatigue striations in heat number 2 and (b) lower density

of fatigue striations in heat number 3; 1000X

10 ] Fe -
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(b)

Fig. 12 (a) SEM fractograph of the fatigue-tested specimen of heat number 1 showing elongated MnS inclusion at crack initiation site, 3000

and (b) EDS spectrum of the same inclusion

can be clearly seen that while the fracture surface in Fig. 11(a)
shows numerous fatigue striations, alower density of striations
is observed in Fig. 11(b). The higher density of striations in
Fig. 11(a) is in agreement with the higher fatigue limit of heat
number 2. Figure 12 and 13 show inclusion-assisted cracking in
thefracture surfaces of fatigue-tested samples of heat numbers 1
and 4, respectively. Althoughitisgenerally believed that sulfide
inclusions are relatively less harmful than hard and nonde-
formable oxides, our studies have elucidated the role of MnS
inclusions in initiating cracks. The SEM fractograph in Fig.
12(a) shows debonding at the interface between the matrix
and an elongated inclusion at 3000 magnification. The EDS
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analysis (Fig. 12b) confirmed the elongated inclusion to be
pure MnS. The Fe peak in the EDS spectrum is attributed to
matrix excitation. The fatigue cracking in this sample seems
to have initiated at the tip of the elongated MnS inclusion. The
SEM photograph showing an oxide inclusion and cracking on
the fracture surface of afatigue-tested specimen of heat number
4 is shown in Fig. 13(a) at 2000X magnification. The EDS
spectrum (Fig. 13b) of the same inclusion shows that the inclu-
sion is basically a complex oxide of Ca, Al, Si, Mn, and Fe.
This inclusion chemistry is suggestive of dag genesis. The
spherical morphology of this oxide inclusion is indicative of
brittleness and a low index of deformability. Unlike plastic

Journal of Materials Engineering and Performance
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Fig. 13 (a) SEM fractograph of the fatigue-tested specimen of heat
number 4 showing complex oxide inclusion at crack initiation site,
2000x%; and (b) EDS spectrum of the same inclusion

sulfide inclusions, where cracking is associated with inclusion-
matrix decohesion, brittle and nondeformable oxide inclusions
may themselves break to act as cracks.

4. Conclusions

e The rail steels investigated were macrostructurally sound
and did not exhibit any noticeable segregation. Microstruc-
turally, all rail specimensexhibited fully pearlitic structures
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with negligibleferrite precipitation. Theinterlamellar spac-
ings of pearlite were found to range between 0.21 and 0.33
pm, which is normal for pearlitic rail steel.

e The volume fractions of NMI in the investigated rail steel
heats varied between 0.23 and 0.45%. Inclusions were
mostly MnS, some of which were found to envelop oxides.
Al,0; stringers, globular oxides, and TiN were also found
in some of the hests.

e The tensile properties (YS, UTS, and elongation) of the
investigated steelswere found to beinsensitive to inclusion
type and content at the present volume fraction levels.

+  Theconditional fracture toughness (Ko) values were found
to range between 42.33 and 49.88 MPa ,/m; higher values,
in general, were obtained in heats exhibiting lower volume
fractions (0.15 to 0.19%) of sulfide inclusions.

*  The high-cycle fatigue limits were found to range between
319 and 355 MPa; higher values were obtained in cleaner
steels, particularly in those with lower volume fractions of
oxide inclusions. Although fatigue life did not show any
direct correlation with sulfide volume fraction, SEM inves-
tigations showed that el ongated MnSinclusionswere some-
times observed at crack initiation sites of fatigue-tested
specimens.
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