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Abstract 
The defective Wheel and Axle (WAP) grade of Round Corner Square (RCS) bloom steel 

sample with surface cracking was investigated concurrently using optical emission 

spectroscopy (OES) and light optical microscopy coupled with scanning electron 

microscopy. The incidence of extensive decarburization and grain coarsening at the crack 

surfaces, the presence of fragmented oxide scale debris within the cracks and the 

occurrence of massive subsurface entrapments of manganese silicate inclusions 

associated with the crack like features in the WAP grade of RCS bloom sample clearly 

indicate the pre-existence of these defects in the input ingots and point to their possible 

origin in steel making and ingot casting. 

1. Introduction 

Steel contains varying amount of impurities like silicon, phosphorous, sulfur and some 

traces of manganese and copper called as metallic impurities. Due to various 

thermodynamic conditions during melting and solidification of steels, many non metallic 

compounds are formed and are referred as inclusions. The formation of non metallic 

inclusions is linked to the admixtures in the alloy, phase composition, structure and 

morphology, which in turn depends on metallurgical process. The distribution of non-

metallic inclusions in steel and their quality are determined by various factors, including 

charge quality, process regime, furnace type and out-of-furnace processing [1-7]. 

Oxidized or non-metallic impurities, mainly oxides, sulphides, and silicates of iron and 

manganese, are also frequently found in the steel. Sulfur, however, is sometimes 

classified as a non-metallic impurity [8-10]. Non-metallic impurities are compound 

materials embedded inside steel during manufacturing process [11]. There is a sharp 

distinction between the metallic and non-metallic impurities, the former with the 

exception with the sulfur, forming true alloys with the contaminated metal, the later 

being merely inclusions, their union with the metal being purely mechanical [12]. As 

already mentioned steel generally contains varying amount of non-metallic, oxidized 

impurities frequently called slag “enclosures” or “inclusions”, [12] while Hibbard 

proposed for them the name of “sonims” for this class of impurities, in which “so” stands 

for solid, “n” for non-metallic and “ims” for impurities [13]. The slag mainly consists of 

iron and manganese oxides and silicates although sulphides of iron and manganese are  
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generally considered also as slag enclosures. These 

impurities are mainly derived (a) from the retention by the 

metal of the minute particle of the slag formed during the 

manufacture process. (b) from small species of refractory 

material detached from the furnace and ladle linings and (c) 

reaction products resulting from the introduction of 

recarburizers or other additions. According to Hibbard, slag 

enclosure formation is due almost entirely to the “washing” 

action of the additions, principally of manganese, in 

combining with oxides, sulphides and silicates which are 

present in the steel at the end of the melting process before 

the manganese is added since enclosures rich in manganese 

must necessarily have formed after the addition of that 

constituent. Stead [13] on the other hand express the belief 

that silicate enclosures at all events are due to oxidation of 

manganese and silicon occurring during the passage of the 

molten steel through the air in passing from the ladle into the 

mould. In the case of iron oxide it seems probable that the 

small particles of it remain in suspension in the molten steel 

forming as many as small inclusions after solidification, 

while other portion, dissolved in the liquid metal, is in part 

precipitated during solidification. In Rosenhain’s opinion 

[13], it is not proven that the sulphides and silicates are not 

soluble in molten steel. After solidification, the association 

between the slag enclosures and the molten steel remains a 

purely mechanical one; they commonly occur as rounded or 

elongated particles embedded in the metal. 

Silicates are the biggest group among the non-metallic 

inclusions which form separate phases [14]. These manganese 

or iron silicates are darker as compared to the sulphides and 

because of their relative brittleness are frequently broken and 

torn by the forging operation. They are the cause for dangerous 

and serious material defects such as brittleness and wide 

variety of crack formations. However, some of these inclusions 

can also have a beneficial effect on steel properties by 

nucleating acicular ferrite during the austenite to ferrite phase 

transformation especially in low carbon steels [15-16]. 

One such cracking was observed in round corner square 

(RCS) Bloom (a semi-finished casting product) of Wheel and 

Axel (WAP) grade steel used for rail wheel during final 

processing. The RCS bloom sample was metallurgically 

investigated to know genesis of cracking. 

2. Materials and Methods 

The chemical composition of round corner square (RCS) 

bloom was analyzed using a Bruker Q8 Magellan Optical 

Emission Spectroscopy (OES). It was performed on the 

cross-sectional surface of the bloom sample. The defective 

bloom sample was initially subjected to visual examination 

under low magnification (~20X) using Olympus GX-71 

inverted metallurgical Optical Microscopy and the flawed 

sample surfaces were photographed. The defective surfaces 

associated with crack was cross-sectional examined under 

Scanning Electron Microscopy (SEM) coupled with Energy 

Dispersive Spectrometry (EDS), Zeiss Model EVO_MA 10, 

in both polished as well as in as etched condition. 

Table 1. Sample details of Round Corner Square (RCS) Bloom sample 

receiver from Alloy Steel Plant (ASP). 

Grade Sample type Heat No. Size/ dimension 

WAP -1/95 RCS Bloom 3-2320 Irregular 

3. Results 

3.1. Visual Examination 

Fig. 1 shows the photographs of defective bloom samples 

received from Alloy Steel Plant (ASP) for investigation. 

Visual appearance of surface cracks in WAP bloom samples. 

The sample details are presented in Table 1. 

3.2. Chemical Analysis 

Table 2 gives the chemical composition of the defective 

bloom sample determined using optical emission 

spectroscopy (OES). From the analysis it can be said that the 

steel is simply medium carbon steel comprising of alloying 

elements such as Si, Mn, Al and traces of S and P. 

Table 2. Composition (wt %) of failed sample. 

C Mn Si S P Al 

0.36 0.79 0.36 0.007 0.01 0.026 

 

Fig. 1. Visual appearance of the surface crack in WAP bloom sample (Sample portions subjected to optical microscopy and SEM-EDS observation and 

analyses are circled). 
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3.3. Optical Microscopic Analysis 

Fig. 2 and Fig. 3 shows optical micrograph of the cracked bloom sample in as-polished unetched condition depicting 

branched crack filled with fragmented oxide scales and entrapments. Fig. 4 show magnified micrographs of the cracked bloom 

sample in as-etched condition. The sample was etched using 2% nital solution. This clearly shows extensive decarburization 

and grain coarsening at the crack surfaces along with associated inclusions. 

 

Fig. 2. Light optical micrograph of the cracked bloom sample showing a curvilinear, long, tapering crack extending from sample surface to interior replete 

with fragmented oxide scale debris. 

 

Fig. 3. Light optical micrograph of the cracked bloom sample showing a fine, curvilinear, tapering and branched crack filled with fragmented oxide scales and 

a preponderance of subsurface entrapments/ inclusions (circled). 
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Fig. 4. Light optical micrographs of the bloom sample showing various magnified views of the crack with extensive decarburization and evidences of grain 

coarsening adjacent to the crack surfaces along with associated entrapments/ inclusions in as-etched condition. 

3.4. Electron Microscopic Analysis 

Fig. 5 show Secondary electron micrographs of cracked 

bloom specimen in as-polished (unetched) condition. Fig. 6 

shows the magnified secondary electron image of the crack 

in as-polished (unetched) condition and Table 3 shows the 

corresponding electron Dispersive Spectroscopy (EDAX) 

analysis (all elements analysis in wt %) of the SEM 

micrograph Fig. 6 in as-polished (unetched) condition at 

different location of the crack confirming the presence of 

fragmented iron oxide debris and inclusions/entrapments. 

Fig. 7 show Secondary electron micrographs of cracked 

bloom specimen in as-etched condition depicting magnified 

views of the crack with extensive decarburization and grain 

coarsening adjacent to the crack surfaces along with 

entrapments. Fig. 8 shows SEM image of EDAX analysis 

(Table 4) in as-etched condition of the crack confirming 

manganese silicate inclusion within the cracks and 

extensive decarburization and evidences of grain 

coarsening. This entrapment/inclusion in steel is mostly 

from steel making origin. 

 

Fig. 5. Secondary electron images of the (a) crack RCS bloom sample and (1, 2 and 3) magnified image of crack [image of (a)] exhibiting crack filled with 

fragmented oxide scale debris and associated with massive entrapment in as-polished unetched condition. 
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Fig. 6. SEM analysis performed at various locations at vicinity of the crack in as-polished unetched condition. 

Table 3. EDAX analysis of corresponding SEM micrographs of Fig. 6 namely (a) to (d) confirming the presence of fragmented iron-oxide scales and 

entrapments/inclusions in as-polished unetched condition. (All analysis is in wt %). 

Locations C O Al Si S Fe Mn 

a 2.39 20.16 --- 1.22 --- 76.22 --- 

b --- 18.47 --- --- -- 80.39 1.14 

c 7.66 --- --- 77.67  14.67 --- 

d 7.86 5.13 6.05 19.70 1.57 59.68 --- 

 

Fig. 7. Secondary electron images of the cracked bloom sample showing various magnified views of the crack with (a and b) extensive decarburization and (c) 

evidences of grain coarsening adjacent to the crack surfaces along with associated (d) entrapments of oxide scales and inclusion. 
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Fig. 8. Image of SEM and EDAX analysis performed at various locations at the vicinity of crack defects showing extensive decarburization and evidences of 

grain coarsening at the crack surfaces in as-etched condition. 

Table 4. Shows the EDS analysis of the SEM micrographs of Fig. 8 namely 

(a) to (d) confirming the presence of fragmented oxide scales and massive 

entrapments of manganese silicate inclusion within the cracks in as-etched 

condition. (Analysis are in wt.%). 

Locations C O Mn Si Fe Cl 

a 0.19 20.18 --- --- 77.23 --- 

b 0.02 23.50 --- --- 72.17 4.35 

c 0.16 --- 1.06  98.37 --- 

d 1.39 25.61 2.86 9.68 60.46 --- 

e 1.63 22.20 2.35 9.73 64.09 --- 

f 1.13 21.26 1.87 8.94 66.79 --- 

4. Defect Genesis 

The round corner square bloom (RCS Bloom) is processed 

through ingot casting route with ingot dimensions of 610mm
2
 

cross-section at top, 500mm
2
 cross-section at bottom and 

1.6m in length. The ingots are reheated to temperature of 

about 1270-1280°C and transferred to the blooming mill 

where the ingots are rolled to the semi-finished product as 

blooms. The blooms are finished to 80/100/200/340 mm 

dimensions with the finishing temperature of about 900°C. 

During solidification of the liquid steel, non-metallic 

inclusion such as silicates with admixture of manganese 

forms from the solution [17]. Since manganese silicate 

inclusion having less solubility, it rejects out from the 

solution and weakens the grain boundary. This causes liquid-

metal embrittlement which results in brittleness of the bloom 

samples. At the room temperature this inclusion is brittle but 

increasingly deformable at the rolling temperature 

(~1150°C). For rolling, the input temperature should be 

above 1150°C. If the ingots are rolled below 1150°C then 

manganese silicate inclusion causes cracks influencing the 

quality of RCS bloom. Generally crack originates from these 

types of non metallic inclusion only when rolling is carried 

out below 1150°C and with heavier reduction (~70-80%). 

During ingot casting if temperature exceeds 1540°C, 

oxygen gets pick up from the atmosphere and forms a thick 

oxide layer at the ingot surface. If there is a pre-existing 

crack at the surface, the oxide formed at the surface 

progresses into the crack and thereby filling the crack with 

oxide scales. Also the area near to the vicinity of crack gets 

exposed to the elevated temperature. The carbon near to the 

crack areas gets depleted and combines with oxide to form 

carbon dioxide as seen from Ellingham diagram [18-19]. 

This depletion of carbon from the steel matrix is known as 

decarburization effect. Due to decarburization, grain 

coarsening occurs near to the crack thereby decreasing the 

strength and ductility [20-24]. Further rolling of ingots will 

lead to a propagation of crack along grain coarsened area. 

Hence it can be concluded that prevalence of sub-surface 

entrapments of manganese silicates inclusion, 

decarburization and later rolling at low temperature 

(~1150°C) with higher reduction may be genesis of failure of 

the RCS bloom. 

5. Conclusion 

The defective WAP grade bloom sample with surface 

cracking was investigated concurrently using OES and light 

optical microscopy coupled with scanning electron 

microscopy. The detailed investigation provided the 

following conclusive revelations: 

(a) Preponderance of sub-surface entrapments of 

manganese silicates inclusion in the ingot serves as the 

source of crack propagation during rolling. 

(b) Presence of fragmented oxide scale debris within the 

cracks results due to depletion of carbon from steel 

matrix. 



99 P. Saravanan et al.:  Metallurgical Investigation of Incidence to Cracked Round Corner Square  

Bloom (RCS) of Wheel and Axle Grade Steel 

(c) Extensive decarburization and grain coarsening at the 

crack vicinity due to high temperature exposure leads 

to faster crack propagation. 
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