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Formation of defects in the steel microstructure during
solidification and their effects on the steel material
properties
The microstructure of steel is responsible for the macro-behavior of steel or in other words steel’s
material properties. Surface microcracks and internal flaws can be introduced to steel
microstructure during solidification. The soundness of the steel is altered by formation of flaws
and microcracks in casting production line. Additive elements to molten steel and chemical
element and alloys in the iron slag may produce indigenous and exogenous inclusions in the
microstructure. The presence of the inclusions in the microstructure changes the cleanliness of
the steel and affects the material properties of the steel products. This paper is a review of
literatures on the sources of formation of inclusions and flaws in the as-cast steel and the effect of
these defects on the microstructure properties.

Introduction
Different grades of steel have different
material properties because they contain
different chemical compositions. However,
steels with the same grade experiencing a
different heat treatment process or
deformation processing possess different
properties, as well. It is general knowledge that
the material components and their
arrangement with respect to each other
influence the material properties. Properties of
elements and compositions in the
microstructure and compositional
arrangement in the microstructure define the
properties of the unit cell in steel. The long-
range arrangement of these units in a crystal
structure determines local and global
properties of the crystal built by these unit
cells. The complexity of arrangement and
variety of microstructure’s unit cells are
responsible for the difference between the
properties of the unit cells and the properties
of bulk material. These arrangements in the
microstructure depend on the history of the
material relevant to different phenomena such
as previous mechanical and thermodynamic
processes on the material. Many metallurgists
raised the issues of classification and
quantifying the microstructure of steel [1,2].
Work on classifying steel was discussed in
number of literatures [2-5]. These results
helped to identify the microstructure of steel at
each stage of the steelmaking process as well
as final products of steel. There are number of
different national classification systems in
different countries. Major classifications in the
US are AISI, SAE or AISI/SAE, ASTM and ASME.
The well-defined classifications are based on
different factors in steel including
composition, microstructure, application,
specification, commercial name or chemical
composition, mechanical properties, and
corrosion or heat resistance and formability.

ASM Handbook Volume 1, gives the details of
all major classifications.

Inclusion, voids, cracks and microcracks can
be formed within the steel’s microstructure
during solidification of steel, [6]. The defects
may be generated later, as well, because of the
cooling process of the as-cast slab. All these
defects in the steel are studied under the title
of ‘Cleanliness or Soundness of steel. The
concept of cleanliness of steel deals with the
study of controlling the composition of
nonmetallic inclusions. Steel properties of the
as-cast steel is affected by desirable inclusions,
non-desirable inclusions, voids and cracks
present in the iron-carbon microstructure.
Studying the effect of defects on mechanical
properties of steel and its machinability has
become increasingly attractive to many
researchers since the middle of the 20th
century. Work on steel was started since Iron
Age using the trial error method. Progress in
optical physics and modern optical electrical
as well as electromechanical tools and devices
provided precise observation and
measurement on a micro and nanoscale.
Invention of computers and super computers
along with progress in software engineering
gave researchers the opportunity to
understand the microstructure of steel and the
effect of anomalies in machining using
computational and numerical methods.
Developing new chemical compounds and
investing in producing new microstructure
etching agents helped researchers to obtain
information about the microstructure of the
steel. Results from experimental tests,
analytical computation and numerical
simulation assist promotion of both quality
and quantity of steel manufactured around the
world. These researchers have mainly focused
first on how the microstructure of steel is
formed during solidification and second, how
the microstructure affects the properties of the
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steel especially the mechanical and
machinability properties.

The discussion in this paper is based on the
literature review. It elaborates to find some
sources of the inclusions and micro-cracks in
the as-cast steel.

Formation of inclusions in the steel
microstructure during solidification
The additive elements to steel mainly control
the material properties such as tensile
strength, formability, toughness, weldability,
resistance to stress, cracking, and corrosion
behavior. These properties for steel are
defined by every special caster application. A
portion of the essential and incidental
elements react chemically with each other and
form non-metallic inclusions like manganese
sulfide, aluminum oxide or titanium nitride
which may or may not be desirable, depending
on application of the steel. However, these
inclusions are major sources of additional
microcracks in the steel during heat treatment
or machining as well. It is evident that
formation of nonmetallic inclusions can be
occurred in any casting process of the steel,
although, their density is less in continuous
cast stainless steel in compare to ingot cast
stainless slabs [7]. Factors such as inadequate
thickness of mold powder slag, large
fluctuations in mold level and clogging of the
submerged nozzle may cause the formation of
the inclusions. The technical process reasons
for increasing density of the inclusion in the
steel matrix are low bath level in the tundish,
poor mold and tundish level control, and
insufficient pouring tube depth [8]. Non-
metallic inclusions in steel produced by
continuous casting can be classified according
to their sources and formation process into
different categories and subcategories as
following [6];

1. Indigenous inclusions
a. Deoxidation products
b. Precipitated inclusions from cooling and
solidification of the steel

2. Exogenous inclusions from
c. Re-oxidation
d. Slag entrainment
e. Erosion/corrosion lining refractory
f. Chemical reaction;

Indigenous inclusions are formed during
cooling and solidification of steel and their
types depend on the type of deoxidation.
Exogenous inclusions are formed because of
incidental chemical and mechanical
interaction of liquid steel with its
surroundings.

The concept of clean steel in continuous

casting is bounded between two criteria. These
criteria are physical amenability to casting and
maintaining ladle treatment composition. The
first criterion includes elimination of
blowholes in the strand, decreasing the
exogenous non-metallic inclusions and
creating optimum conditions that lead to
separation of suspended deoxidation products.
The second criterion refers to treatment for
carbon, nitrogen, hydrogen, sulfur and
especially oxygen [8]. Higher temperature and
Cr density, increases the solubility of oxygen in
steel and decreases the cleanliness of the steel
product [7]. To do this reduction or
elimination, the activity of primary
steelmaking slag with high oxygen is used to
avoid rephosphorate. Superheating is one way
to improve the cleanliness of steel by lowering
the amount of inclusions in the slab.

Another way to enhance the cleanliness of
steel is to move the inclusions to the surface
and collect them. Researchers [9] were able to
compute, numerically, the rising velocity of
inclusions in molten steel. They verified
experimentally the behavior of moving
inclusions in the slab continuous casting mold
by implementing solution for turbulent flow of
molten and inclusion trajectory and show the
movement of inclusion has relationship to
inclusion diameter.

Effect of inclusions on the
properties of the steel
microstructure
The subject of steel grade is related to the
classification of steel. Thousands of different
steels in today’s steel industry can be classified
in many different classification systems. The
main factor in steel classification is by its
carbon content because of its effect in final
cost of the steel. However, several other
elements, such as manganese, phosphorus,
sulfur, silicon, nickel, chromium,
molybdenum, copper, cobalt, tungsten, and
vanadium may be added to steel to obtain
certain desired properties but the additional
elements to the steel is not limited to these.
These elements mainly increase solid solution
strength, hardness, hardenability.
Nevertheless, some elements have more
specific duties in the steel, such as high level of
manganese for enhancing wear and abrasive
resistance and adding sulfur to improve the
machinability. Some elements like oxygen are
considered as undesirable elements in the
microstructure of steels.

The requirement of high quality steel forces
steel industries to pay special attention to
cleanliness of steel products. This is because
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some inclusions affect the machinability of the
steel. Other decrease the fracture toughness
and some, such as oxides or sulfides, increase
the ductility behavior [7]. Hard and brittle
oxides, particularly large alumina inclusions,
cause fatigue problem in bearing steel. Clean
steel is known to have high Charpy shelf
energies, high tensile ductilities and very good
formabilities [11]. Cleanliness of steel is related
to a low content of non-metallic inclusions,
mainly oxide and sulfide inclusions, as well as
other anomalies [12]. Inclusions due to the
nature of the ore and steel making procedure
are also present in the steel. Therefore, clean
steel is mainly characterized by an inclusion
specification. A large body of literature has
been published concerning cleanliness of steel
[13-16]. McPherason and McLean [13] gave a
good description of inclusion types,
distribution and tracking methods in the
continuous casting process. Zhang and Thomas
[14] offered suggestions to improve the
techniques for steel cleanliness at the ladle,
tundish and continuous caster.

In very clean steel, fatigue damage is related to
the square root of the area of the inclusion.
Consequently, the size of the inclusion is more
important than its shape and composition [17-
18]. Different theoretical methods such as
Statistics of Extreme Values (SEV) [19] and
Generalized Pareto Distribution (GPD) [20]
have been developed to determine the
maximum size of the inclusion in large volume
steel. The effect of the composition of the
inclusion on the distribution of the stress
concentration zone in the matrix was studied
by two dimensionless factors [21]. These
factors were introduced as the stress
concentration factors and the inclusion rigidity
factor. Variation of the rigidity of the inclusion
in a given matrix shows local extremum points
within the interface and matrix contact
surface at the interface. However, the average
stress concentration inside the inclusion is
higher for more rigid inclusions. The defined
properties for the interface govern the average
stress concentration around soft inclusions but
the stress concentration around the inclusions
with higher rigidity factor is related to the
properties of the matrix. From the results of
the simulation of the interaction of the
inclusion in the steel matrix, it can be deduced
that the smaller inclusions localize the residual
stresses and create a higher stress
concentration. Investigation of the size effect
of the inclusion on the level of the stress
concentration reveals a critical size of the
inclusion where the stress concentration does
not increase with the growth of the inclusion
for a given applied load and boundary
conditions.

Reoxidation of steel is the main source of the
oxide inclusions. Pontius [22] studied the
aluminum oxide formation during
solidification. Many published papers have
shown that inclusions have their own impact
on material properties of steel. Studies on MnS
inclusions have shown that they are
responsible for chip fracture during machining
by initiating cracks as a result of increasing
stress in the machining shear zone [23-25].
Manganese sulfide also improves
machinability by decreasing tool wear by
lowering tool chip friction and, consequently,
cutting temperature and cutting force [26].
However, other researchers said that the
presence of oxygen causes sulfur to improve
machinability [27, 28]. Other researchers have
shown that the manganese selenide phase
remains larger and more globular in the final
hot rolled product [29]. Tellurides and
selenides lower the quality of the sliding
surfaces by resistance on seizing [30] while
lead decreases shear resistance [30- 32]. Taylor
emphasizes that the uniform quality working
material as the most important factor among
other factors playing a role in the
machinability of the steel. He explained the
advantages of high sulfur steels on
machinability [33]. However, some research
work showed these additive elements may also
degrade steel quality. Sulfur content can
increase the extent of cracking at high
temperature. The susceptibility of steel to
overheating depends on alloying and micro-
additions [34].

Segregation of sulfur and phosphorous from
the liquid film at grain boundaries into the
interdendritic region creates a low ductility
and strength region and, consequently, forms
cracks in the microstructure of steel between
the solidus and 1326 degrees Celsius [35, 37].
The ratio of precipitation of MnS in the matrix
and precipitation of AlN along grain
boundaries generates cracks in steel during
solidification by forming different low ductility
regions at different temperature ranges.
Vanadium and niobium precipitation by cyclic
heating and cooling in secondary cooling zone
also causes embrittlement of the steel.

Crack formation in microstructure
during solidification
Cracks and microcracks are more serious than
other defects occurring during solidification.
Voids and cracks have irregular shapes
compared to hard inclusions. Different type of
defects such as surface and internal cracks,
bulging, pinholes, inclusions, central
unsoundness defects caused by mold
oscillation and lubrication process have been



white paper

steel-grips.com 201536

seen in blooms and slabs [22].
Brimacombe and Sorimachi have
classified the origin of cracks
systematically [38]. Cracks may be
formed by internal and external forces
higher than ductility to fracture stress
concentration of the steel [39]. Internal
stresses during surface reheating create
cracks because of zero ductility of steel
at solidification temperature [40].
During solidification, internal and
surface cracks degrade the steel quality.
Surface cracks may be caused by
uneven heating, which introduces
transverse and longitudinal facial
cracks [41]. Figure 1 presents an
example of transverse cracks on a steel slab
produced by continuous casting.

Journal of longitudinal cracks are sensitive to
certain chemical composition, insufficient
narrow face taper, non-uniform mold powder
slag level and poor mold level control.
Longitudinal cracks can be formed from stress
at the meniscus during solidification by high
mold wear and poor mold surface as well as
insufficient strand support below the mold,
including caster or mold misalignment and
thermal stresses due to non-uniform cooling
[8]. Transverse cracks in steel may be
generated by too large mold taper, poor
oscillation conditions, a low surface
temperature at straightening and abrupt cast
speed changes. Three main in line sources
have been reported for transverse cracking in
Mittal plants [42]: (1) falling the strand surface
into ductile behavior range and straightening
strains (2) intrinsic hot tearing in the mold
because of thermal contraction (3) external hot
tearing at or near the mold because of applied
external stresses. Figure 2 shows how these
transverse cracks can extend to more severe
cracks during hot rolling.

High content of foreign elements, such as

aluminum, niobium, vanadium or copper,
form crazing cracks due to local shortness of
the steel [37]. Uneven cooling of the surface

also causes local type star cracks [8].

Figure 3 illustrates different types of
defects on a continuous cast steel
slab. Internal cracks formed during
solidification can be classified into
five groups of halfway and midway
cracks, start or centerline cracks,
diagonal cracks, bending cracks, and
pinch roll cracks. This sudden change
can be caused by an unbalanced rate
between radiation and convection
cooling along secondary cooling zones
or different boundary conditions,
such as below the mold, where the
hot surface is cooled suddenly by
water spray. At weak or non-ductile
regions, resultant tensile stress of

surface expansion generates cracks between
the dendrites in the columnar zone
perpendicular to the equiaxed zone tensile
stress. Likewise, centerline cracking is due to
tensile stresses raised by abrupt change in
temperature of the centerline with completion
of solidification because of bad machine
conditions at the final solidification area, or
too low secondary water-cooling [8]. Too high

Figure 1: An example of transverse cracks formed during
solidification of continues casting steel process [41].

Figure 2: Propagation of transverse crack during hot rolling [42]

Figure 3: Surface cracks on a continuous cast steel slab: (1)
Transverse corner cracks (2) Longitudinal corner cracks (3)
Transverse cracks (4) Longitudinal cracks (5) Star cracks (6)
Deep oscillation marks (7) Pinholes (8) Macro inclusions [8]
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or too low cooling of slab’s side surfaces as
well as bad equipment conditions can
introduce triple point cracks in the slab [8].
Figure 4 is a schematic view of different
internal defects on the continuous cast steel
slab. Tensile stress raised by a high, different,
temperature at surfaces making an obtuse
corner creates diagonal cracks at right angle to
the strain [44]. Straightening or bending
operations when center steel is above 1327 °C,
forms straightening or bending cracks in the
non-ductile region. For the same reason as
straightening or bending cracks, high roll
pressure at any point of the strand during
solidification can generate pinch roll cracks
[41].

Researchers have shown that solidification
parameters play a role in characterizations of
defects. Casting speed or tundish temperature
controls axial porosity of the steel. The size of
the hole in the middle section of the ingot
increases with larger amounts of water during
secondary cooling. Also in low casting speed,
gravity accumulates the inclusions unevenly
due to floating of inclusions. Uneven non-
metallic inclusion distribution in dendrites
and cluster arrangement makes the
microstructure dangerous to fracture by
decreasing the energy absorbed in the
microstructure [34]. Billet dimensions control
the effect of corner radius on longitudinal
cracks such that more cracks are formed in
larger billets. Experiments on tundish
temperature show that after a critical
temperature, the length of cracks increases as
the temperature of the tundish increases [33,
45]. Different solid-solid phase
transformations during cooling of hot
solidified steel can also introduce cracks in the
microstructure of steel.

Experimental results [46] showed that the

tendency for crack formation is higher with a
range of cooling rates and it decreases for the
cooling rate higher or lower than this critical
cooling rate range as a function of quenching
rate. The factors governing the behavior of
material at high temperature are time,
temperature, stress, and environment or
atmosphere. At low temperature mechanical
behavior like fatigue damage, is controlled by
the level of the mean stress, amplitude of
stress fluctuation and number of cycles [47].
Quasi-cleavage may occur within regions of
grains with different orientation in quenched
and tempered steels, and they may result in
lower resolved normal stress and,
consequently, ductile fracture mode.

Three major fracture modes in the
microstructure are ductile fracture by
nucleation and growth of voids, and brittle
fracture via trans-granular fracture or inter-
granular separation. The trans-granular
cleavage is the most common one. Kametani
[48] analyzed the length of longitudinal cracks
on the surface of continuously cast steel slabs
and gave crack frequency as a function of
crack length using fractal distribution
methods. Quantitative characteristics of the
crack growth are peak load of the force
displacementcurve, nominal specific energy of
the formation of new unit surface, average
force, fractal dimension of fracture surface,
and height of the surface roughness peaks [49].
Cracks initiate or propagate in a different
manner depending on the microstructure,
composition, and properties. Tensile test
experiments on tool steel showed that cracks
initiate (or exist) in the carbide band growth
straight forward in the matrix and after kink
type dislocation in the carbide rich region split
in the same direction of the region then jump
to the next carbide band and grow in the same
manner and so on [50, 51].

Conclusion
Customer defined properties for steel products
called upon the metallurgists for new
challenges in adding different additive
elements and components to steel in order to
modify material properties. Many publications
discussed the relationship between mechanical
and machining properties of steel and additive
elements in steel microstructure. Additive
elements to molten steel during continuous
casting may introduce inclusions to the
microstructure of the strand, which affect the
microstructure configuration of the as-cast
steel. In addition to inclusions, many other
defects can also be introduced into the
microstructure of steel. Formation voids and
cracks are inevitable during solidification and

Figure 4: Internal defects in continuous cast steel slab: (1)
Internal corner cracks (2) Side halfway cracks (3) Centerline

cracks (4) Centerline segregation (5) Porosity (6) Halfway
cracks (7) Non metallic inclusion clusters (8) Sub surface
ghost lines (9) Shrinkage cavity (10) Star cracks diagonal

cracks (11)Pinholes (12) Semi macro-segregation [8]
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may increase in the cooling process of hot solid
steel slabs to room temperature or any future
heat treatment and machining of the steel.

However, some research work defined the
conditions to produce clean steel for many
different steel compositions. This ideal
condition cannot be obtained because of extra
processing cost and its contradiction with
customer demands for quality. Another reason
for deviation from the ideal clean steel is to
keep the casting process continuous at the cost
of lower grade products.

This paper discussed the formation of more
common inclusions in the as-cast steel and
their effects on the steel microstructure and
bulk steel product. The paper explained the
sources of the microcracks which can be found
often in the microstructure of steel in the
casting production via review on published
research works about this topic.

Study of the sources of defect formation
utilizes the control of the quality and material
properties of the cast steel. The growing
demand for new steel products and
competition to produce steel with higher
quality will attract many new ideas and
researchers to this research topic.
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