Qualitative and quantitative determination
of inclusions in high-carbon steel alloy
(Class B) for rail wheel application by
SEM/EDS analysis
by J.S. Moema*, S.M. Semenya†, and C. Jones‡
Casting Technique (ACT) wheels and to
benchmark their Charpy impact fracture
toughness according to ASTM standards. It is
well understood that to develop wagon wheels
with better abrasion resistance, fracture
toughness, and fatigue resistance, cleaner
steels need to be used. Clean steels are
produced with technologies that minimize the
amount of inclusions in the microstructure.
These inclusions are classified into four types
(A: sulphides, B: alumina (discontinuous
string), C: silicate, and D: globular oxide). The
inclusion content must conform to a quality
that is not more severe than types A ≤ 2.5;
B ≤ 2.5; C ≤ 2.5, and D ≤ 2.5 for the heavy
series, and types A ≤ 2.5; B ≤ 2.5; C ≤ 2.5; and
D ≤ 2.5 for the thin series1.
The inclusion assessment must be
performed in accordance with the
requirements2 of ASTM E45-87. This standard
illustrates how to assess the inclusion level,
and makes no pronouncements as to what
level is appropriate for a particular application.
All over the world, the most prevalent
wheel material grades fall under Class B or
Class C according to the Association of
American Railroads (AAR) specifications. A
detailed comparison of mechanical properties
and other characteristics between wrought and
cast AAR Class C wheels with the same rim
face hardness found no significant differences
in strength, hardness distribution through
cross-section, fatigue crack growth characteristics, and wear behaviour3,4. It has been
suggested that for these grades, keeping the
carbon contents in the upper half of the
specified range (0.57–0.67 per cent) and minor

Synopsis
It is well understood that to develop wagon wheels with higher
abrasion resistance, fracture toughness, and fatigue resistance,
steels with lower amounts of inclusions need to be used. Clean
steels are produced with technologies that minimize the amount of
inclusions in the microstructure. The demand for cleaner steels is
high, and lowering of non-metallic oxide inclusions and controlling
their morphology, composition, and size distribution is vital.
Reduction of residual impurity elements such as sulphur,
phosphorus, hydrogen, nitrogen, and trace elements is essential in
the production of cleaner steel. Material cleanliness is vital for
fatigue endurance, since oxide inclusions may act as stress concentrators and initiation points for fatigue cracks. To better understand
the relationship between the cleanliness and toughness of the 34inch cast wagon wheels, two samples of different levels of
cleanliness were supplied for investigation. This paper presents the
results of metallurgical analysis using scanning electron microscopy
(SEM), energy-dispersive spectrometry (EDS), and mechanical tests
for the pearlitic high-performance cast rail wagon wheel (identified
as Class B) that are currently being used. The Charpy V-notch
impact test results for the three samples from wagon wheels were
compared. With the aid of SEM/EDS analysis system, non-metallic
inclusions in these steels were detected, and it was possible to
determine the position, size, shape, and composition of each
particle. Alumina and manganese sulphide inclusions could be
identified as the dominant inclusion types in the investigated
samples. Fracture surface analysis of the Charpy specimen with
high inclusions indicated that transgranular cleavage was the
predominant fracture mode. Fractography of fracture surfaces of
Charpy impact test samples also showed improvement of toughness
properties on the clean sample.
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A research team from a South African
company that produces railway wagon wheels
is involved in a research project to assess the
cleanliness of 34-inch cast wagon wheels
made from medium-high carbon steel grade
and have a ferrite-pearlite microstructure
summarized in ASTM A5041.
The producer desires to better understand
the relationship between the cleanliness and
impact toughness of the 34-inch Advanced
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additions of chromium and molybdenum (up to 0.20 per cent
and 0.05 per cent, respectively) would be beneficial to
achieve the minimum (specified) hardness of 321 BHN at the
condemning diameter (on the rim)5, see Figure 1.
The performance of wagon wheels influences the safety
and operating costs of railway transportation. Pressure is
being applied on wheel manufacturers by the wagon wheel
users to increase the life of wheels6,7. Wagon wheels have a
limited life because they suffer from rolling contact fatigue
(RCF) and shelling. Failure can be caused by poor production
methods. Cleaner steels can be produced using advanced
technologies, but these are expensive. Testing of the
cleanliness of wagon wheels according to the Association of
American Railroads (AAR) specifications is performed
overseas. This takes time and is a costly exercise for the rail
industry. The development of a method that can show the
influence of inclusions on the mechanical and wear properties
of the wagon wheel would prove to be very useful for the
South African railway industry8. Research has shown that
the presence of non-metallic inclusions (particularly the hard
ones such as alumina (Al2O3) and complex oxides) and voids
has detrimental effects on mechanical properties of steels9,10.
In this paper, a high-carbon steel alloy (Class B) used in
the manufacture of wagon wheels was investigated. Two
wagon wheels with differing levels of cleanliness were
produced from the Class B steel alloy. Samples from these
alloys were analysed metallographically using optical
microscopy and scanning electron microscopy (SEM), which
clearly revealed the three-dimensional morphology and the
composition of each inclusion examined.

Three Charpy impact specimens were removed from the
two sectioned wagon wheels in both the circumferential and
the axial directions and tested using a Tinius Olsen impact
tester according to ASTM E23-7211. The principal
measurement from the impact test is the energy absorbed in
fracturing the specimen. The fracture surfaces of the wheel
specimens after the impact test were examined by SEM-EDS
to reveal the fracture mechanism and analyse the inclusions.

Results and discussion
Chemical analysis
The chemical composition of the investigated alloy and the
specification1 as per ASTM A504 is shown in Table I. It is
apparent from the comparison that the wheels have similar
composition to class B wheels (ASTM-A504). The carbon (C)
and manganese (Mn) contents of the rejected sample are
slightly higher than that of the good one.

Microstructural analysis
The samples were also studied in the as-polished condition to
investigate the cleanliness (i.e. amount of inclusions

Experimental technique
Two samples from railway wheels were supplied by a local
wagon wheel producer for metallurgical investigation. These
two samples belonged to wagon wheels that were
manufactured from different heats. One sample was removed
from a good batch and the other from a wheel that was
rejected during the quality control test, which showed a large
surface inclusion (Figure 2). The investigation was limited to
chemical analysis, microstructural analysis, Charpy impact
tests, and fractography by SEM.
Cross-sections were removed from the supplied samples
(i.e. good and rejected) using an abrasive cut-off machine.
The specimens were then taken for chemical analysis using
spark emission spectrometry, and the chemical composition
was compared to that of a reference Class B alloy. Two
specimens were removed from the rim of the two sectioned
wheels supplied. The sectioned specimens were prepared for
metallographic examination. The specimens were mechanically polished to a 1μm finish using a diamond paste. The
sections were studied in the as-polished condition for
inclusion content using a Nikon optical microscope.
Thereafter, the sections were micro-etched with 2 per cent
Nital in order to reveal the microstructures.
To supplement optical metallography, the specimens were
also examined using a scanning electron microscope
equipped with energy-dispersive spectrometry (EDS)
capability. Some of the samples examined by SEM were
deeply etched to better reveal the pearlite morphology. EDS
was used to determine the compositional variations within
the microstructure (i.e. identification of inclusion types).
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Figure 1—Photograph showing a section of a railroad freight wagon
wheel (rim, plate, and hub)
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Figure 2—Photograph showing a section of the wagon wheel (rim)
removed from good batch
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Table I

The chemical composition of the supplied samples, wt.%

Class B specification
Good/clean sample
Rejected sample

Element, wt%
C

Si

Mn

P

S

Cr

Ni

Cu

Mo

0.57–0.67
0.58
0.66

0.15 min
0.71
0.65

0.6–0.90
0.69
0.79

0.05 max
0.002
0.009

0.05 max
0.020
0.014

0.25 max
0.16
0.16

0.25 max
0.06
0.07

0.35 max
0.16
0.10

0.10 max
0.01
0.01

present). Figures 3 and 4 show the as-polished micrographs
of the clean and rejected samples respectively. The clean
sample has fewer inclusions which are homogeneously
distributed throughout the cross-section as compared to the
rejected sample. The oxide inclusions are globular in shape;
this morphology is preferable since their effect on mechanical
properties is moderate. Figure 3 shows the micrograph of the
rejected sample, which reveals inclusions such as oxides
(black dots) and some sulphides (grey). It contains a high
amount of inclusions compared to the clean sample.

Figure 3—Micrograph of a clean sample showing lower amount of
inclusions such as oxides (black dots) and sulphides (grey)

Figure 4—Micrograph of a rejected sample showing high amount of
inclusions such oxides (black dots) and sulphides (grey)
The Journal of The Southern African Institute of Mining and Metallurgy

The samples were also studied in the etched condition to
investigate the microstructure. The target microstructure of
the heat-treated rail wheel alloy, according to specification,
must consist of 95 per cent pearlite and 5 per cent ferrite. The
microstructure with this phase mix is expected to yield the
required mechanical properties. The microstructures of the
supplied clean and rejected samples (removed near the rim)
at low and high magnification are shown in Figures 5 to 8.
The microstructure consists of fine grains of pearlite and

Figure 5—The microstructure of a clean sample (Class B alloy) on the
rim showing fine grains of pearlite (P), ferrite (F – white phase), and low
amount of inclusion (black spots)

Figure 6—The microstructure of a clean sample (Class B alloy) on the
rim at a higher magnification than Figure 4, showing pearlite (P) and
ferrite (F – white phase)
VOLUME 113
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Figure 7—The microstructure of a rejected sample (Class B alloy) on
the rim showing fine grains of pearlite (P) and ferrite (F – white phase)

shape, and composition of each inclusion particle.
Manganese, alumina, common spinel, sulphide, and
oxisulphide inclusions could be identified as the dominant
inclusion types in the supplied steel. Figures 9 to 12 depict
the SEM microstructures and EDS spectra of the clean and
dirty/rejected samples, showing the shape, size, and type of
inclusions.
The EDS spectrum of the clean sample shows sulphur and
manganese and traces of calcium, possibly from deoxidizer
during steelmaking. The EDS spectrum of the rejected sample
shows major sulphur, manganese, and oxygen contents and
traces of aluminium and silicon, again possibly from the
deoxidizer during steelmaking. Some inclusions are observed
on the polished surfaces of the specimens, and EDS analysis
has shown that these inclusions are some kind of sulphur
compound. The defects or inclusions analysed are manganese
sulphides. Aluminium is required for killing the molten steel,
but excess quantities of aluminium produce alumina
inclusions which are very hard and deleterious to the steel’s
mechanical properties.

Figure 8—The microstructure of a rejected sample (Class B alloy) on
the rim at a higher magnification than Figure 7 showing pearlite (P),
ferrite (F – white phase), and inclusions (black spots indicated by the
arrows)

ferrite (white phase). Pearlite is a mixture of ferrite and
cementite in which the two phases are formed from austenite
in an alternating lamellar pattern. Formation of pearlite
occurs during relatively slow cooling from the austenite
region and depends on the steel composition.
Figures 5 and 7 shows the presence of pearlite with traces
of hypo-eutectoid ferrite along the grain boundaries. The
reason for this combination of phases in the microstructure is
to have the advantage of the well-known high wear
resistance of pearlite and to prevent the formation of proeutectoid cementite along the grain boundaries. This may
increase fracture toughness and reduce cracking propensity
along the grain boundaries, and (ideally) shelling.

Figure 9—SEM micrograph of a clean sample on the rim showing distribution of inclusions (dark particles)

Scanning electron microscopy (SEM)
With the help of the high-resolution SEM/EDS analysis
system, non-metallic micro-inclusions in the supplied steel
samples were detected on a metallographically prepared
surface area. It was possible to determine the position, size,
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Figure 10—SEM micrograph of a clean sample from the rim at a higher
magnification than Figure 9, showing the shape, size, and type of
inclusions (dark phase)
The Journal of The Southern African Institute of Mining and Metallurgy
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The microstructure of the etched clean sample was
studied using SEM. Figures 13 and 14 show the lamellar
morphology of the pearlite. As well as the significant higher
pearlite content of the wheel steel, the ferrite areas and
cementite lamellae spacing could be clearly identified.

Impact testing

Figure 11—SEM micrograph of a rejected sample on the rim showing
distribution of inclusions (dark phase)

The impact toughness test results of the clean and rejected
samples tested at room temperature are shown in Table II.
According to the specification, the Charpy V notch (CVN)
impact test, particularly for the cast wheels, is performed for
information only. The clean sample shows higher impact
values compared to the rejected samples. The amount and
type of inclusions present in the rejected sample led to the
reduction in the Charpy impact toughness. The specimen
extracted from an axial direction of the samples showed a
lower impact toughness values compared to circumferential
specimen, and are below the specification for Class B
wheels12.

Fractography
The fracture surfaces of the clean sample after impact testing
are characterized essentially by typical transgranular
cleavage, without any evidence of the presence of striation
marks (compare microfractographic results in Figures 15 to
17) An additional microfractographic feature is the presence
of a stepped fracture topography, due to the delamination of
the lamellar microstructure (ferrite/carbide interface). This
indicates that the material is brittle. These observations
clearly indicate that the resulting fracture topography of a
pearlitic microstructure depends on the relationship between
the orientation of the pearlitic colony and the load direction.
As consequence, adjacent pearlitic colonies may display
distinct fractographic features.

Figure 12—SEM micrograph of a rejected sample on the rim at a high
magnification than Figure 11, showing the shape, size, and type of
inclusions (dark phase)
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Figure 14 – SEM micrograph of a clean sample machined from the
wheel rim showing the pearlite structure (lamellar structure comprising
ferrite (F) and cementite (C)), and an inclusion
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Figure 13—SEM micrograph of a clean sample machined from the
wheel rim showing the pearlite structure (lamellar structure comprising
ferrite and cementite) and inclusions
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Table II

Charpy V notch impact test results of the samples in circumferential and axial direction
Alloy
Class B wheels (ASTM A504)
Clean (circumferential)
Clean (axial)
Rejected (circumferential)
Rejected (axial)

Specimen 1 (J)

Specimen 2 (J)

Specimen 3 (J)

Average (J)

12
12
10
12

14
11
10
8

12
12
11
7

20
12.7
11.7
10.3
9

Figure 15—SEM fracture topography of a clean sample showing the
fracture surface that consists essentially of transgranular cleavage
fracture

Figure 16—SEM fracture topography of a clean sample at a higher
magnification than Figure 14, showing transgranular cleavage fracture

Conclusions

® The qualitative microstructural examination indicated
that all wheels samples were primarily composed of
pearlite – 5% ferrite
® The non-metallic inclusion content of clean sample was
slightly lower than that of rejected sample. However,
more work still needs to be carried out using scanning
electron microscopy (SEM) and transmission electron
microscopy (TEM) to study in detail the morphology of
the inclusions in the supplied wagon wheel samples
® The EDS spectrum of the clean sample identified the
inclusions to be manganese sulphides (MnS) and
oxides, whilst the rejected sample had a mixture of
MnS, oxides, and alumina (Al2O3) inclusions. Excess
quantities of aluminium produce alumina inclusions,
which very hard and deleterious
® Impact properties in the axial direction are lower than
in circumferential direction, and an improved impact
toughness was shown by the clean sample
® All of the samples from sectioned test wheels had
room-temperature Charpy impact toughness values
below that of the Class B wheel steel. The fracture
surface was characterized essentially by transgranular
cleavage fracture.

Future work

® The chemical composition of the alloy tested conforms
to the requirements specification
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Figure 17—SEM fracture topography of a rejected sample at a higher
magnification, showing transgranular cleavage fracture and
manganese sulphide inclusions
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Based on the results obtained in this investigation, the
following work is recommended:
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® Sourcing of more samples/test wheels of different
cleanliness from a local wagon wheel supplier
® A full metallurgical characterization (i.e. optical and
fractography) and material property evaluation of the
commercial alloy (Class B) from a local supplier
® Other mechanical tests such as fatigue and fracture
toughness so that a cleanliness versus toughness curve
can be produced
® SEM and TEM to study in detail the morphology of the
inclusions in wagon wheels
® Development of a procedure to quantify the inclusion
content as per the AAR M107/ASTM E1245 specification.

