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Mohammad R. Allazadeh:

Stresses introduced during cooling the as-cast steel slab

This paper discusses the major sources of residual stress generation in the steel microstructure during cooling process of as-cast
steel (slabs, blooms, and billets). The stress configuration of the steel microstructure changes during quenching due to stresses
introduced to the microstructure by these sources. The influence of each source in increasing the stress distribution within the
microstructure during quenching is explained via corresponding formula and qualitative discussion in separate sections. The
stresses accumulated during cooling may introduce the residual stress concentration zones in the microstructure of the steel.
These stress concentration zones may result in flaws, microcracks or voids formation. Consequently, it may lower the soundness
of the steel and cause deviation of the thermo-mechanical properties of the cast steel from the initially designed and customer

desired specified properties.

Heat transfer in continuous casting steel, likewise other
heat exchange processes, contains both heat transfers in the
bulk as well as surfaces [1]. Fourier’s law, Newton's law
and Stefan-Boltzmann equation give the thermal energy
transferred from the hot as-cast steel at secondary cooling
zone by convection, conduction and radiation, respectively.
The solidification of molten steel for each section of a slab
ends in the secondary cooling zone at the so-called triple
point in which the segregation from the side surfaces
reaches the upper and lower surfaces’ segregation. The ex-
tension of the triple point in the cooling symmetrical plane
defines the centerline segregation in the slab. The tem-
perature of the cast steel strand (7) at secondary cooling
can be within the supercritical (7 > T [A3] or T [Ac3]), in-
tercritical (7T [A1] < T < T [A3] or T [Ac3]) or subcritical (T
> T [A3] or T [Ac3]) temperature range. The temperature
variation in the bulk of isotropic material undergoing cool-
ing or heating process can be computed using overall bal-
ance of energy for a transient temperature gradient [2]:

kK(T)VT +¢=—pcT (1)

Constants p and c are density and specific heat of material,
respectively. The thermal conductivity of the body & de-
pends only on temperature and, therefore, it can be moved
out of the spatial derivative. The possible energy generated
in the material is stored in ¢ . The negative sign is for re-

duction in the thermal energy.

The concepts in heat transfer have strong influences on
the generation of stresses in the microstructure during
cooling and limitations on optimum cooling rate for spe-
cific steel from a given temperature to ambient temperature.
The efficient cooling rate for the slab is fundamentally
controlled by the stresses generated in the microstructure
during cooling. These stresses may develop to create voids
or cause void growth. They may also form or propagate
microcracks, flaws or cracks. Consequently, it is important
to discuss in detail the stresses produced in the microstruc-
ture as a result of cooling the slab. The major stresses de-
veloped due to thermal, mechanical or phase transformation
strains during the cooling stage of the as-cast steel are as
follows:

a) thermal stresses,
b) volumetric stress,
c) internal stresses,
d) phase transformation stresses, and
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e) post phase transformation stresses
phases).

In all cases, the stress level should reach the yield stress
to develop inelastic strains on the slab surface or within its
microstructure. The developed stresses due to cooling proc-
ess should overcome the resistance of the material to plastic
deformation, given by the Hall-Petch yield stress expres-
sion. This strength, in expanded form, is given as next [3]:

(interaction of

0 =0, +A0g + Aoy + Aop + Aop +Kyd§1/2 )

where o is the Hall-Petch yield stress, o, is the lattice
friction stress and Aog [4], Aot [5; 6], 4op [5], dop

[7] are the stresses corresponding to solid solution, texture,
precipitation and dislocation effects, respectively. The last

term in equation (2), Kydl?l/ 2 [6], is related to the ferrite

grain size where, i,

the ferrite grain diameter. However, the slabs have solidifi-
cation (dendritic) structure, hence, the last term in the Hall-
Petch expression does not apply to the as-cast slabs.

Any of these stresses, individually or in combination, be-
yond the inherent material strength can change the sound-
ness of the final cast steel product during cooling process.
These forces must overcome the adhesion forces between
interfaces to separate the contact surfaces at the interface of
two phases formed by austenite phase transformation
within the microstructure or at interface of inclusions and
steel matrix. The solid-solid phase transformation occurs
within the microstructure during quenching the as-cast slab
from the supercritical or the intercritical region. Therefore,
phase transformation stress does not affect the stress distri-
bution of the cast steel microstructure during quenching
from subcritical temperature range. The following of this
discussion elaborate to understand how each of these
stresses is generated during quenching of as-cast steel.

is the Hall-Petch constant and df is

Thermal stresses

Thermal stresses are generated from the poor thermal
conductivity of the steel. This divides the slab into different
temperature zones and, consequently, defines a thermal
gradient through the thickness. Linear thermal strain for the
thickness of each thermal zone is given by equation (3):

S, =a(A4T)L 3)
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where a is the thermal linear expansion (contraction) and is
different for each grade of steel. Onink et al. [8] measured
the thermal expansion coefficient of ferrite 3, to be 1.75 -

1073 K1 for the temperature range 800 - 1200 K. However,
the volumetric thermal expansion coefficient for each phase
is not constant during cooling and it is temperature depend-
ent. Metallurgists deployed the dilatometric method to cal-
culate the thermal expansion coefficient for austenite [8]
and martensite [9] as a function of temperature and atomic
carbon fraction in % as follows:

B, =(249-05-C,)-107, )

B =(14.9-1.9-Cy) 1070, ()

where [, and [y are the thermal expansion coefficients

of austenite and martensite, respectively. The unit of both
austenite and martensite thermal expansion coefficients is

K- Cy and Cy; are the atomic carbon fractions in % in

austenite and martensite, respectively, and they can be cal-
culated from the carbon mass contents in % in austenite and
martensite which can be extracted from phase diagrams for
each grade of steel. The conversion of mass contents to
atomic fraction can be calculated using the next equation:

Caw Fewo, 1100
CAW . Few% +FeAW . CW% . (6)

Cag =

Subscripts (W%), (A%) and (AW) stand for mass contents
in %, atomic fraction in % and (AW) indicates the atomic
mass of carbon and iron, respectively. In using equation (6),
iron carbon microstructure has been considered because the
summation of percentages should be 100 and other minor
contamination can be neglected.

Therefore, a stress field is distributed at the interface of
the thermal zone which, in turn, creates a region with com-
pression stresses. These stresses increase the bending mo-
ment and, if it exceeds the yield strength of the steel slab, it
may cause separation of the surfaces at the border of the
thermal zone due to different thermal contraction in depth
for each zone or microcrack or crack depending on the
thermal gradient at the zone surfaces. Morris [10] explained
how the changes in the steel temperature affects the Hall-
Petch equation as well as ductile to brittle transition tem-
perature. This alters the critical yield stress and the behav-
ior of the transgranular crack. On the other hand, in the
case of very high cooling rates, reheating of the middle
section by the hot central section develops tensile stresses
arising from the expansion of this section compared to a
cooler layer above it which is in the stage of shrinking. If
the level of tensile stresses developed in a region gets
higher than the tensile properties of the slab steel, rupture in
the texture may develop. As the temperature of the slab in-
creases, the built-in thermal gradient in the microstructure
gets bigger, so this type of stress distribution appears to be
more effective in the supercritical region than in the sub-
critical region. Aketa and Ushijame [11] used the same
logic for explaining crack formation due to thermal gradi-
ents during solidification process of the steel which has
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much higher temperature than just the torched off slab and,
consequently, the thermal stresses are more pronounced in
that temperature range.

Volumetric stress

The volumetric stresses are related to the heterogeneity of
the microstructure due to presence of inclusions or other
contaminant in the microstructure. Anomalies play a role in
determining efficient cooling up to a certain level because
of nucleation of stress concentration zones around the in-
clusions due to misfit contraction of two phases’ material
[12]. The influence of the presence of volumetric stresses in
non-metallic inclusions on ductile fracture has been intro-
duced by researchers via inclusion parameters. These pa-
rameters are total inclusion length per unit area or projected
length P [13], inclusion mean free path A and nearest
neighbour distance A [14], which are defined by equations
(7), (8) and (9) respectively:

P=NA-d, (7)

422 [1—%}, 8)
T

4=0349(A5)"?, ©)

where ¥}, is the inclusion volume fraction and S is the

mean surface area of the particles.

Volumetric stress fields are generated during cooling
since the material properties including volumetric thermal
expansion (contraction) of the microstructure are different
for different steels” phase crystals as well as inclusions,
voids and cracks. The relation between thermal stress and
displacement between atoms due to changes in temperature
is maintained by the thermal expansion coefficient in the
stress-strain relationship. Equation (10) gives the coeffi-
cient of compressibility, £, in 1013.25 mbar'! whose value
determines volumetric thermal expansion of the substance
while the temperature is held constant [15]:

=35, -245) (39),

__ﬁﬂ(a_/)j __1(3_/?)
- mpP\ar/y  p\oP),

where m is the atomic mass of the component. Equation
(10) gives the relation between density, which is a material
characteristic in a given boundary condition, and the rate of
the temperature rise. Hence, different materials in a com-
posite structure exposed to the same forces can be com-
pressed at a different rate during cooling and this may
cause separation between intermediate contact surfaces of
two phases in contact or growing of the void or propagating
the microcracks during the cooling process. Derivation with
respect to temperature in equation (10) shows that volumet-
ric stresses become less effective for quenching from the
lower temperature range.

(10)
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Internal stresses

Any arrangement of iron and carbon atoms other than
perfect reference crystals may change certain steel proper-
ties, such as, thermodynamic, structural, scattering and
chemical properties. It was reported that the density of
cracks and distortion is higher as the carbon equivalent CE
increases. The formula to calculate the value of CE is ob-
tained from experimental results and it has been reported in
the literature according to the alloying elements in the steel
[1; 16]. The more common CE formula is as follows [17]:

0 +0 1 o, +0 +0
Coq = %C +( %Mn /oslj J{ %Cr A);\/IO /ovj

0 +0 1
+( %Cu A)Nl] . (n

15

The dislocations of the atoms form residual elastic
stresses in the crystal. Therefore, dislocation density of the
steel microstructure is a key point of the effect of existing
internal stresses in selecting the proper cooling process.
The disarrangement of atoms is studied in the course of the
defects and is classified on the basis of the dimension of
misalignment of atoms compared to their otherwise perfect
position. The defects may fall in zero (point), one (line),
two (area) or three (volume) dimension. As the dimension
of the defect increases, its thermodynamic influence in the
microstructure becomes more important. Generally, the de-
fects by themselves are not very effective in the cooling
process of the slab but the stress field around them can
move by the dislocations and combine with other types of
stresses embedded in the microstructure or generated dur-
ing cooling. This may result in intensifying influences of
the more effective stress fields in the cooling slab. In addi-
tion, the dislocation density is increasing as a function of
stress field according to the following equation [10]:

T Lt
n=122 T (12)
G b
where G is the shear modulus, ¢ is a geometric factor or-
der unity and pile up length of the dislocation. The residual
stresses are embedded in the effective shear stress 7, and it
increases as the number of dislocations increase. Then the
dislocation density for mean grain size d can be calculated

from a constant mean real boundary condition, cd?, as
shown next [10]:

+

Fig. 1: Transformation of fcc unit cell to bee unit cell
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v B d

(13)

where N and V are the number of dislocations within the
grain and the volume of the grain, respectively. ¢ is a con-
stant that depends on the shape of the grain. Consequently,
the stored residual stress is related to the grain boundaries’
density and properties. This fact can be deduced from the
Hall-Petch equation as well and leads to one of the general
errors in the numerical simulations of the localized behav-
ior of the microstructure including crack behavior espe-
cially for irregular grain shapes like martensitic steels.

Phase transformation stresses

This is the most critical source of stresses generated dur-
ing the cooling process. When the cooling curve passes the
A3 line in the Fe-FeC phase diagram, it experiences a solid-
solid phase transformation which is completed with an iso-
thermal process as the steel continues to cool below Aj.
The start and end temperature of the transformation is de-
termined using cooling curves such that the portion of
curve where the transformation is occurring has a smaller
slope and is characterized by an isothermal section in the
curve, except for steel with eutectoid carbon content whose
start and end transformation temperature is the same. Dur-
ing this transformation, the austenite phase with fcc struc-
ture transforms mainly to ferrite with the bcc unit cell
structure in equilibrium cooling conditions, according to
equation (14):

austenite [fcc] (0.8 % C) — ferrite [bee] (0.02 % C) +
Fe,C [orthorhombic](6.67 % C). (14)

Fig. 1 shows the transformation of two unit cells of fcc to
one unit cell of bee. During this transformation, a homoge-
neous compression stress is applied in the direction of the
arrows on the unit cells and an expansion stress is exerted
in the plane normal to the compression stress. However,
under non-equilibrium cooling conditions, austenite may
transform to other phases such as martensite, acicular fer-
rite, bainite and other non-phase structures with special
grain boundary structure. This transformation occurs with
macroscopic distortion at invariant plane strain by a shear
mechanism, which is called shape deformation or shape
strain [18]. Fig. 2 shows the transformation of the austenite
unit cell with fce structure to the bct martensite unit cell.
This changes the lattice parameter and volume as well as
the shape of the unit cell. The transformation is martensitic

FCC

BCTinFCC

Fig. 2: Depiction of diffusionless transformation from fcc to
bct during martensite formation

287



from R&D

and the distortion is known as Bain distortion [18]. Appli-
cation of small steps of Boger and Burgers types of homo-
geneous shear (B&B shear) shows that the Bain transfor-
mation is due to minimum energy path for homogeneous
deformation [19]. The interested readers in martensitic
transformation can find more information in [20]. The rate
of phase transformation is given by well-known Avrami
equation [21] as follows:
X =1—exp(—ct") (15)
where ¢ and ¢ are constants depending on temperature and
are related to constant growth rate, nucleation frequency
and shape factor. Rath [21] expanded the Avrami equation

to a more general form of constant growth rate of the phase
transformation as follows:

K,Gol1=t,] = o (Xy)™"

{—l—+z;ﬂ——é¥—t&JK}}

1—-n 1+K—n

1

+ﬂ@ﬂfxvf”{———

1-m

o B’ K}
+X o —— (X +
ZReTr g X7 @ (16)
wherea=1andb =0for 0< X <05 anda=0and b=
I for 0.5< X}, <1.0. K is an index integer and m and n do

not have simple shape and their values are presented in
several papers.

Fig. 3: Crack propagation along a ferrite film on prior austenite grain bounda-
ries [23]

Recently, some of the researchers [9] suggested a conver-
sional model based on the relative atomic volume change
occurring during the phase transformations and change in
solute atoms in the matrix to predict the volume fraction in
low-alloy steels. They claimed that this method could be
used for estimating the volume fraction of ferrite, pearlite,
bainite and martensite at room temperature using the lattice
parameter of each phase as a function of temperature and
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solute content. The geometry of a unit cell and, conse-
quently, the crystal built by these unit cells change during
the cooling process either under equilibrium or non-
equilibrium conditions indicated on the iron-carbon phase
diagram. Therefore, this type of stress can be called geo-
metrical stress, which is the consequence of a dilatational
strain introduced to the matrix by the transformation proc-
ess. Some inequalities [9] suggested dilatometric tests for
determining the start and end temperature of phase trans-
formation by constant monitoring of dimensional change
during a heat treatment process. However, since the lattice
parameter and, as a result the volume of the unit cell,
changes during the transformation, phase transformation
also produces the volumetric stresses in the microstructure.
This combination of geometrical stresses and volumetric
stresses creates a strong stress distribution at the grain
boundaries, which may result in the cracks along the grain
boundaries at the softer phase region.

Researchers have also reported the segregation of ferrite
network at weak prior austenite grain boundaries (AGB)
[23] and at oscillation marks on the continuously cast steel
strand [24; 25] as a source of crack formation during
eutectoid transformation. Tsai and his coworkers [23] were
able to take photos of the cracks due to the eutectoid trans-
formation. Fig. 3 shows these photos indicating the cracks
along the prior austenite grain boundaries in a ferrite film.

Phases interaction induces stresses

Each phase has its own material properties including
thermal properties. It can be observed in the phase diagram
that the supercritical region has only austenite phase micro-
structure whereas the microstructure of the intercritical re-
gion consists of two phases of ferrite and austenite. How-
ever, the subcritical region can have a
steel structure with more than two phases
depending on the cooling rate and cooling
process. The type and fraction of the
phases at each temperature within the
subcritical temperature region can be de-
duced from TTT and CCT diagrams.
These phases create an inhomogeneity in
the microstructure from the material
property point of view. The lattice pa-
rameter of each phase changes differently
with temperature drop during cooling.
Researchers have implemented the dila-
tometric method. They calculated the
changes in the lattice parameter as a
function of temperature and thermal ex-
pansion. Next equation calculates the lat-
tice parameter during cooling or heating
ferrite as following [8]:

0ty =0.28863{1+ 3, (T —800)} , (17)
and for austenite is [8]:
a, = 0.36306+7.83-10‘4-cy){1+ﬂy(T—1oo)},(18)

and for martensite is [9]:
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ay; =(0.28610-0.0002898 Cyy ) {1+ By (T —273)} (19)

ey =(0.28610—0.00028558- Cyg ) {1+ By (T —273)} (20)

By is 175 - 105 K1 and B, and B, are defined by
equations (4) and (5), respectively. Constants C,, and Cy
are given by equation (6). C, varies with temperature and

Cym depends on the quenching process. The lattice pa-

rameter of cementite is only temperature dependent and is
given by the next formulae [26]:

Upeyc = o.45234{1+(5.311.10“’ -1.942:107°T

+9.655-10‘12T2)(T—293)} 1)

=0. +(5.311- —-1.942-
eyc =0.50883{1+(5.311:107° ~1.942.107°T

+ 9.655-10_12T2)(T —293)} (22)

CFesc = 0.67426{1+(5.311-10‘6 —1.942-10‘6T)

+9.655107272 (T —293)} . (23)

The units of all lattice parameters in the above equation,
are in nanometers and the equations were verified by re-
searchers’ results. This produces a volumetric stress field
during cooling of the slab and, consequently, can introduce
new microcracks in the microstructure or propagate exist-
ing cracks.

Conclusion

Quenching of cast steel strands (slabs, blooms, and bil-
lets) changes the stress configuration of the microstructure.
Five major sources of stresses were discussed in this paper
and their roles in altering stress distribution in the micro-
structure were explained. Although all five sources of the
stress generations listed in this paper increase the residual
stress of the microstructure, in comparison to solid-solid
phase transformation, other sources of stress generation in-
fluence the stress configuration on a smaller scale. It is im-
portant to study the sources which induce residual stresses
during cooling process since the formation of the stress
concentration zones in the microstructure of the steel may
result in flaws, microcracks and voids formation. This
lowers the soundness of the steel which may cause divert-
ing the thermomechanical properties of the steel from the
initially designed properties. Therefore, it is important to
take into the consideration the stress sources during
quenching in designing cooling process, numerical calcu-
lation of cooling rate and computer simulation of cooling
cast steel.
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