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Thermo-elastic stress analysis to predict design 
parameters of continuous casting 
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Arkansas Center for Technology Transfer, UniversiW of Arkansas, Fayetteville, AR 72701, USA 

The continuous casting process is superior to conventional casting in several ways, including 
more uniform production, energy savings, higher productivity and foremost the ability to cast to 
a form that is directly rolled on finishing mills. Characteristics of the process, including 
solidification time of minutes versus hours for ingot casting and high stress development in the 
solidifying shell, are discussed. A generalized approach to modelling heat transfer, solidification 
and stress distribution in continuous casting were developed. Illustrated models of this 
application include a simulation of the casting process with a view towards predicting 
temperature ranges, stress distributions and the effects of the operating parameters. The ratio of 
maximum applied stress to yield stress is used as a basis to predict the location of the bending 
rollers and the radius of the curved portion. This stress ratio provides design engineers with a tool 
for predicting effective parameters on a continuous casting machine for new installation design. 

1. Introduct ion  
The superiority of the continuous casting method in 
primary metal production has been recognized for 
over a century. The advantages of this process include 
a substantial increase in yield, more uniform produc- 
tion, energy savings and higher productivity. The 
greatest benefit of continuous casting is the ability to 
bypass conventional ingot casting and hence cast 
to a form that is directly rolled on finishing mills. 
Continuous casting usually follows this sequence of 
operations: 

1. delivery of the liquid metal into the casting 
mould; 

2. formation of the cast section in the water-cooled 
mould; 

3. withdrawal of the casting from the mould with 
pinch rollers; 

4. removal of heat from the casting by water spray 
or water-bath immersion to complete the solidifi- 
cation; 

5. cutting and removal of the cast bars. 
A schematic diagram showing the main compon- 

ents of a continuous casting machine is presented in 
Fig. 1. Several commercial arrangements for continu- 
ous casting are presently available. The types of con- 
tinuous casting machines include vertical, vertical 
with bending, arc with straight mould, arc with curved 
mould and horizontal. Fig. 2 contains the principal 
example types of these machines. The vertical continu- 
ous casting machine was originally the major choice 
for steel production. The vertical with bending and the 
curved ingot machines, although more complicated in 
construction, were developed to minimize machine 
height and allow installation in existing plants without 
crane height modification [1]. 

The use of this process, for any machine type, results 

in increased yield, improved surface condition, and 
upgraded internal quality of the product. In order to 
reach this goal, two sets of coupled parameters must 
have predictable effects and controllable values. These 
parameters are thermal (controls solidification pro- 
cess) and mechanical (controls production). For sim- 
plicity, the thermal model is assumed to decouple from 
the mechanical system. This means the heat transfer 
model calculates the temperature distribution first 
and then imposes a thermal load on the mechanical 
system. 

2. Thermal parameters and heat transfer 
in cont inuous casting 

The thermal aspects of solidification are complex be- 
cause they involve several parameters. The temper- 
ature-dependent thermal properties of the solidifying 
metal, the latent heat release due to the solidification 
process, the gap formation and heat transfer within 
the mould, the heat removal by spray cooling water, 
and the speed of casting are a few of the parameters 
involved. The rate of heat extraction and solidification 
in continuous casting is relatively fast. The solidifi- 
cation time is measured in minutes compared to hours 
for conventional casting. The ingot created by the 
continuous casting encounters three entirely different 
cooling environments of mould, spray and radiation. 
As a result, the cast is subjected to very steep temper- 
ature gradients which can cause serious thermal stress 
problems. Over the years, many analytical and numer- 
ical models have been developed and employed to 
help optimize the operating thermal parameters 
within continuous casting. By using various assump- 
tions, the process has been modelled in one dimension 
[2], two dimensions [3, 4], or three dimensions [5, 6]. 
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2.1. Finite element formulat ion for heat 
transfer 

The differential equation of heat flow, expressed in the 
rectangular coordinates (x, y, z) and referenced to 
a fixed origin in the solid, is known by 
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O / ~ x ( K ~ T / O x )  + ~/Oy(Kyy~T/~y) 

+ ~/~z(K=~T/~z) = PCv~T/~t (1) 

The coefficients Kxx, Kyy and Kz~ are thermal con- 
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ductivity in x, y and z directions, resp., Cp is the 
specific heat, and P is density. 

Assume the fixed origin is attached to the mould 
and  that a second coordinate system is attached on the 
casting surface, as shown in Fig. 3. The second coordi- 
nate is moved away from the fixed origin with the 
casting velocity, U~ (cm s - 1). The (x, y, z) coordinate is 
attached to the mould, where the alloy is liquid and 
the (~, q, t) coordinate is connected to the cast ingot in 
the casting direction of z or 4. The temperature in the 
new moving origin will be defined as T =f(~,  q, 4, t') 
where t' is time measured in the moving coordinate. 
Fig. 3 depicts the moving coordinate 

o r  

and 

SO 

aT~at = 

z - 4 = Uet (2a) 

~, = z - U~t (2b) 

at /az  = 1 (3a) 

at~at = - U~ (3b) 

Ot'/at = 1 (3c) 

o r  

and also 

E(aJTat)(a4/aOJ~+ [ (aT /&' ) (&' /&)]  (4a) 

aT/at  = - U~aT/~t + aT~at' (4b) 

ar/ax = ~, ' /o~  (Sa) 

OT/ay = ~T/arl (5b) 

r/ez = o r / a t  (5c) 

After substitution into Equation 1 

8 / a ~ ( K ~ e T / a { )  + a/an(K,,eT/en) + a/a4(K=er /a4)  

= P C p ( ~ T / & ' -  Ur (6a) 

or, in the general form, 

V(KVT) = - U~PCp~T/~p4 + PCp~T/St '  (6b) 

in a quasi-stationary state ~ T / & ' =  O. Changing the 
notation yields the governing equation 

O / ~ x ( K x ~ r / 8 x )  + ~/Sy(KyyST/~y) 

+ ~/~z(K=~T/az)  + UcPCp~T/~z = 0 (7) 

By assuming Kxx = Kyy = Kz= = K, the governing dif- 
ferential equation reduces to 

8/~x(K~T/~x)  + ~/~y(K~T/~y) + a/Oz(K~r/~z) 

+ UcPCpaT/~z  =- 0 (8) 

The finite element equations can be obtained using 
a variational approach or Galerkin's method. The 
element stiffness matrix, [ESM], and the element force 
vector, {EF}, are [7] 

[ESM] = [B(~, q, 4)]T[D] 
- 1  , - 1  - 1  

x [n(~, q, 4)] Idet [ J ] l  d~dq dt 

+ Ur q, t)Jr{~N~/a4} 
- 1  - 1  , - 1  

x Idet[ J]l  d~ dq at 

+ h[g (~ ,  q)]r[N({, q)] Idet [ J ] l d {  dq 
- 1  , - 1  

(9) 

and 

f l f l  = hT~.f[N(~, q)3 T Idet [ J ] l  d~ dr I 
- 1  - I  

(10) 

where N is a matrix involving the shape functions, B is 
related to the derivatives of the shape functions, D is 
conduction matrix and J is the Jacobean matrix of 
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transformation. Also, h is the heat transfer coefficient 
and T~nf is the ambient temperature. 

For the three-points Gaussian quadrature, twenty- 
seven integration points are required to integrate nu- 
merically the volume integral. The quadrature form of 
Equation 9 is 

3 3 3 

[ESM] = ~ ~ ~ [fl(~,i ,rU,~k)Hijk 
/=1 j = i  k = l  

+ UcPCpf2({i, rlj, ~k)Uljk] [ de t  [ J ] [  
3 3 

+ ~ ~ [f3(qj,~k)Hjk]det[J] (11) 
/=1 j = l  

where 

f~(~,, q j, Kk) = [B] T [D] [B] (12) 

fz(~,, rb, ~k) = UcPCp[N]r {~N/8~} (13) 

and 

f3(~j, qk) = h[N]r[N] (14) 

and H~jk is the weighing coefficient. 
The quadrature form of Equation 10 is 

3 3 

{EF} = ~ ~ [f4(_+ 1, q ~ , ~ j ) H J l d e t [ J ] [  (15) 
i=1 j = l  

where 
f4( • 1, rh, ~j) = hTi,f[N] r (16) 

The temperature at any given point in an element can 
be calculated using 

20 

T = ~ ,  T, Ul (17) 
i=1 

where T~ is the nodal temperature, N~ is the shape 
function for a given element evaluated at the point for 
which the temperature is needed, and i is the number 
of nodes in the element. 

2.2. B o u n d a r y  c o n d i t i o n s  
Three different types of boundary conditions, as 
shown in Fig. 1, occur when Equation 8 is applied to 
a continuous casting ingot. At time zero, the temper- 
ature profile of the mould slice is equal to the incom- 
ing molten metal temperature. The centre surface 
boundary conditions of 

~T/~x = 0 (18a) 
and 

~r/~y = 0 (lSb) 

result from the assumption of symmetrical heat trans- 
fer from all edges of the casting. The surface boundary 
conditions are varied as indicated in Fig. 1 to repres- 
ent the three types of cooling processes (mould, spray, 
and radiation). 

The first and most important zone of cooling is in 
the mould. The heat flux from the solidifying steel to 
the mould cooling water is largely determined by the 
size of the gap between the mould and the solidified 
shell. The best way to consider this situation is by 
modelling the ingot and the mould, both to compute 
the temperature distribution and to calculate the gap 
thickness due to shrinkage [8]. Fig. 3 shows that the 
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molten materials, from the inlet to the place of solid 
shell formation, are in direct contact with the mould. 
In this region, the liquid metal is separated from the 
mould by a thin layer of lubricant. Below this region 
a solidified shell forms and tries to pull away from the 
mould wall, but the ferrostatic pressure forces the 
casting surface to have intermittent contact with the 
mould. Finally, as the solidified shell gains enough 
strength, it pulls the casting away from the mould wall 
forming a large gap. In this zone, the heat transfer 
takes place by radiation and conduction through the 
gas in the gap. The total resistance to the heat flow in 
the zones with direct contact and intermittent contact 
is [9] 

Xmoul d 1 
Ug~176 ~--- U]ub "~- Kmoul------d + hw~t~---~ (19) 

w h e r e  Xmoul d and Kmoul a are the mould wall thickness 
and the thermal conductivity, respectively, and hwater is 
the heat transfer coefficient of mould cooling water. 
The heat-transfer coefficient of the mould cooling 
water is represented by hwate r. In the zone where the 
gap exists, the thermal resistance from the solidified 
shell to the mould cooling water is 

1 
Ug,p = (Kg,p/Xg,p) + Z,Ee(T 4 - T 4) + Ugood (20) 

where Kgap and Xg, p are the conductivity of the gas 
in the gap and the gap thickness: Zs is the Stefan 
Boltzmann constant (5.672 x 10 -!z Wcm -z) and Ee 
is the emissivity. The casting surface and mould sur- 
face temperatures are T and Tm respectively. 

Cooling the ingot, once it has left the mould, con- 
sists in one or more stages of spray and heat loss 
through radiation. The heat-transfer coefficient for the 
spray boundary was determined experimentally by 
Mizikar [10]. The coefficient can be modelled as 

qs = h s ( T -  rw) (21) 

where hs is the spray heat-transfer coefficient, T is the 
casting surface temperature and Tw is the spray cool- 
ing water temperature. 

The heat transfer in radiation cooling is 

q = h,aa(T-  Ti,~) (22) 

where the effective heat-transfer coefficient for radi- 
ation is hra d 

h,,a = E~E~(T 2 + rz.f)(T + ri,r) (23) 

where T is the casting surface temperature and Ti,f is 
the surrounding temperature. 

2.3. Material properties 
Heat conduction in continuous casting includes phase 
changes. During the solidification process there exists 
a solid front, a liquid front, and a transition zone 
between these where the latent heat is absorbed. The 
specific heat was modified to account for the release of 
the latent heat of fusion, in the transition zone of the 
ingot during solidification [11], Fig. 4. 

The thermal conductivity of the ingot, at temper- 
atures above liquidation, were modified to account for 



Cp=7.7Z 

1,67Z-- 
, ,  

.I~ *../ /- ~,a 

(el 
I , I I 

0 500 1000 1500 ZOO0 
{KI 

q 

-r 

o 

J= I'-- 

0,279 -(b) 
[ I [ 

0 500 1000 1500 ZOO0 
( K I  

Figure 4 Material properties. (a) Modified specific heat. (b) Modified thermal conductivity. 

the effects of the convection current in the molten core. 
The thermal conductivity value of molten steel was 
multiplied by a factor of ten [12]. The variations in 
thermal conductivity from room temperature to the 
steel formation temperature aredepicted in Fig. 4. 

3. Mechanical  parameters and stress 
field in continuous casting 

High stress, arising from forces acting internally and 
externally upon the ingot, develops in the solidifying 
shell during continuous casting. Internal forces may 
result from the expansion or contraction of the shell 
due to sudden temperature changes. For example, 
rapid reheating of the surface can occur immediately 
below the mould or spray zones and may cause tensile 
stress to be produced near the solidification front. 
External force examples are the application of the 
pinch rollers (which pull ingots off the mould), mis- 
alignment of the guide rollers (to direct the ingot), the 
bending and straightening rollers (which force the 
ingot to change direction), and mould oscillation (to 
prevent sticking). In addition, the ferrostatic pressure 
inside the solidified shell applies a load which can 
cause bulging if the distance between the guide rollers 
is large. 

Whatever their origins, the stresses can have a del- 
eterious effect both on the casting operation and upon 
the quality of the cast product. If the stresses are 
sufficiently high and tensile in nature they can lead to 
the formation of a variety of surface and internal 
cracks. Surface cracks are the most serious type of 
cracking problem because they are not reweldable and 

must be removed before rolling. Internal cracks, if they 
are near the solidification front, are a lesser problem in 
this regard because they have a good chance to be 
rewelded before complete solidification, The internal 
cracks which are between the outer surface and solidi- 
fication front (mid-way cracks) must be rewelded fully 
to yield a completely sound rolled product. 

3.1. Finite element formulation for stress 
analysis 

A three-dimensional finite element formulation for 
elasticity was used. The displacement values were ob- 
tained by assuming a displacement field and then 
minimizing the potential energy. The important re- 
quirement of this theorem is that the selected displace- 
ment equations must satisfy the displacement bound- 
ary conditions [11]. A 20-node brick element with 60 
degrees of freedom was used in calculating the stress 
field developed in the solidified shell. 

3.2. Boundary  condi t ions  
3.2. 1. Thermal load 
Because the thermal model is assumed to be de- 
coupled from the mechanical system, the temperature 
field is first calculated and then imposed as a thermal 
load on the mechanical system. 

3.2.2. Internal forces 
(a) Ferrostatic pressure which produces stress in the 
solidifying skin must be examined, along with any 
casting shrinkage. As the casting shrinks from the 
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mould the ferrostatic pressure tends to bulge the cast- 
ing until contact with the mould is restored. The 
casting develops both bending and membrane stresses 
as a result of the bulging. Once the casting exits from 
the mould there is no longer a continuous restraint to 
bulging. If the guide rollers are too widely spaced, 
bulging might occur to the extent that the casting 
tears, ruptures, or becomes too large to pass through 
the guide rollers. 

(b) Gravity force is the weight of the casting which 
contributes axial stress to the skin. The unsupported 
weight of the cast below any specified level would be 
resisted completely by the axial tension in the cast 
above that level, without the outside influence of the 
drive rollers. 

3.2.3. External forces 
(a) Mould friction force is produced when continuous 
casting moulds are oscillated to prevent "welding" or 
"sticking" of the cast metal to the mould. This oscilla- 
tion produces a highly apparent friction in the solidi- 
fied skin. This friction force is dependent upon the 
coefficient of friction and the normal force due to 
ferrostatic pressure. The friction coefficient is contin- 
gent upon the mould surface roughness, mould mater- 
ial, and type of lubricant used. Owing to the lack of 
information regarding the magnitude of the friction 
coefficient, the friction force was assumed to be equal 
and in the opposite direction of the force used by the 
drive rollers plus the unsupported weight of the ingot. 

(b) A tractive force is exerted by the drive rollers 
which can counteract or add to the gravity force. If the 
tractive effort of the drive rollers tends to draw the 
casting, then the effective axial tensile force at a speci- 
fic point is the weight of the casting below this point 
plus the tractive effort. If the tractive effort of the drive 
rollers tends to compress or distort the casting, then 
the effective axial force is the weight minus the tractive 
effort. 

(c) The guiding roller's friction forces are not im- 
portant in the straight vertical section due to the 
clearance between the rollers and the casting. These 
rollers are important in the curved section because 
most of the weight of the casting is carried by the 
rollers. The friction forces on the roller depend upon 
the space between the rollers, the roller bearing's fric- 
tion coefficient and the presence of any tears in the 
casting. The friction force resulting from the rollers 
was ignored due to a lack of information on its value. 
The contact point between the guide rollers and the 
casting creates a set of zero displacements in the direc- 
tion perpendicular to the casting direction. 

(d) Bending and straightening rollers at the begin- 
ning and end of the curved portion force the casting to 
be displaced in the direction of the radius of curvature. 
Bending and straightening rollers provide a known 
displacement, the magnitude is radius dependent, on 
the ingot. The displacement direction is towards the 
centre of the curved portion. 

3.3. Material  proper t ies  
Young's modulus was assumed to vary linearly with 
temperatures according to a relationship given by 
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Grill et al. [13] 

E = 1.08 x 106 - 1030(T - Ttr) kg cm -3 (24) 

for temperatures in excess of 800 ~ where Ttr is the A3 
transformation temperature. 

The strain limit of elasticity was also assumed to be 
temperature dependent [13] 

Eel = 1.47x104 - (8.00xl0S)T f o r T >  l l00~ 
(25) 

Eel ---- 4.84• 104 -- (3.68• 10V)T for T < l l00~  
(26) 

Poisson's ratio was assumed to be constant because 
it is insensitive to temperature: v = 0.33. 

4. Computer programming 
The commercially available common finite element 
packages are not suitable for this analysis because the 
thermal conductivity and specific heat are temper- 
ature dependent. In order to solve the equations, a two 
part computer program was generated to calculate the 
nodal temperature, displacements, stress field, yield 
stress, and ratio of calculated stress to yield stress. 

The first part of the computer program analyses 
heat transfer. This portion of the program has the 
capability to assume an initial temperature distribu- 
tion for the casting, calculate the element stiffness 
matrix and calculate the element force vector. Then 
the program assembles the information into a system 
of equations, solves the system of equations for the 
nodal temperature values, and finally compares the 
nodal temperature with the assumed temperature. If 
the maximum difference between the temperature at 
any single node is less than 5 K, the program will write 
the nodal temperature and route it to the stress ana- 
lysis routines; otherwise, the program will replace the 
old assumed temperature values by the new calculated 
values and then repeat the calculations. The results are 
presented in Fig. 5. 

The second part of the computer program utilizes 
the three-dimensional finite element elasticity formu- 
lations to analyse the stress within the casting. This 
portion of the program initially reads the temperature 
distribution and boundary conditions. By using the 
brick elements with 20 nodes, it then calculates the 
stiffness matrix and force vector to solve for the nodal 
displacements. The last step is to evaluate the Von- 
Mises stress and then calculate the ratio of the Von- 
Mises stress to the yield stress. Yield stress at any 
temperature is calculated by multiplying Young's 
modulus and the strain limit of elasticity. The Von- 
Mises stress is defined as (3J2) 1/2, where Jz is the 
second stress in the variants 

32 = [1/2(Sx 2 + S] + Sz 2) 

+ T~ r + T2z + T2z] '/2 (27) 

where Sx = Sx~ - Sin, Sv = Sty - Sin, Sz = S= - Sm, 
and Sm= 1/3(Sx~ + Sy~, + S=). Calculating absolutely 
correct stress values is difficult, due to the uncertainty 
resulting from the assumed mechanical properties, the 
presumed external forces and the inherent complexity 
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Figure 5 Shell thickness and temperature distribution. (a) Temperature contour lines along casting direction. (b) Temperature contour lines 
below the mould. (c) Temperature contour lines near complete solidification. (d) Temperature distribution along casting direction. 

of these types of problems. The relative ratio of the 
calculated stress to yield stress may interpret the com- 
plex deformation resulting from mechanical or ther- 
mal stresses and consequential internal and surface 
cracking of the ingot. 

5. Resul t s  
A typical l 5 cm by 15 cm square section of ingot was 
selected as an example for analysis. Owing to sym- 

metry, only one-eight of the section has been con- 
sidered for thermal analysis. The temperature distri- 
butions within the ingot, Fig. 5, show that the corner 
points are experiencing the maximum thermal vari- 
ation (whenever there is a change in the boundary 
state). The centre of the casting has almost no temper- 
ature change until the last drop of liquid metal 
solidifies and then the centre temperature decreases 
rapidly. 

The ratio of the calculated Von-Mises stress (due to 
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thermal and mechanical stresses) to the yield stress 
was considered as a basis for the possibility of crack- 
ing. Any location with a high stress ratio has a greater 
chance of cracking. Fig. 6 shows the typical stress 
ratios, resulting from the stress analysis. The stresses 
must be considered for at least a quarter of the ingot 
section because some of the external forces are being 
applied on only one side of the casting. 
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The results of the calculated stress ratio, using the 
theory of elasticity, show that the possibility of crack 
formation is in the same location as others experi- 
mentally determined [13] and previously published 
[2]. Based on these confirming results, by assuming 
various values for the involved parameters, the com- 
puter program for stress analysis has been executed 
many times. The results can be interpreted as follows. 
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Figure 7 Stress ratios along the casting direction. For key, see Fig. 6. 

5.1. Thermal  stress prob lems 
The high stress ratio is observed in Section A, between 
0 and 20 cm below the mould, rather than Section B. 
The surface temperature, in the corner of the ingot (A 
face), has increased approximately 170 K. This dra- 
matic temperature change, which causes higher stress 
ratios, is due to the changing heat-transfer coefficient 
in the mould and spray water cooling methods. 
Cracks reportedly occurred in these locations and 
were observed experimentally [13]. The complete sol- 

idification also leads to a sharp drop in the centre 
temperature and a small increase in the stress ratio of 
the ingot. 

5 . 2 .  Mechan ica l  stress prob lems 
The location of the bending roller was varied from 
50-400 cm below the mould and the radius of curva- 
ture was increased from 76 cm to 344 cm. The first 
consideration is the location of the bending rollers, as 
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a higher stress ratio develops when these rollers are 
located far from the mould, Fig. 6. The pinch rollers 
and straighteners may also cause partial cracks when 
the bending rollers are too close to the mould. The 
pinch rollers, if located far from the mould, are more 
likely to cause surface cracks. 

A second consideration is the radius of curvature, 
because the results, see Fig. 7., indicate that a higher 
radius decreases the stress ratio at the location of the 
bending rollers. A lower curvature radius requires the 
bending rollers to force more radial displacement of 
the casting. The higher radius also decreases the risk 
of surface and mid-way cracking at the location of the 
bending rollers. Finally, if the radius and location of 
the curved portions are considered, the risk of crack 
formation would be lowest when the curve is closest to 
the mould or after complete solidification. In either 
case the radius must be as large as possible. 

Based on the numerical results the vertical type of 
continuous casting produces the least risk to crack 
formation. From an economic point of view, the verti- 
cal casting type is not a suitable choice, because it 
requires new buildings and an installation of a high 
crane. The Arc type of continuous casting with bend- 
ing provides minor risk to crack formation, because 
the bending process is initiated at the very beginning 
of solidification. The Arc method, with curved mould, 
is capable of providing a very large radius of curvature 
which further decreases crack formation. 

6. Conclusions 
The numerical model developed is capable of calculat- 
ing an approximation of the temperature and stress 
distribution in a continuous casting. Owing to the lack 
of information on the mechanical properties of steel at 

high temperatures and other control variables, the 
stress ratios obtained have a limited value. The experi- 
mental data for material properties and applied forces 
are limited but it is possible to predict the regions 
which have the potential to cause cracks. Based on the 
numerical results obtained, the most ideal continuous 
casting process which produces the least risk to crack 
formation is the Arc type with a curved mould. 
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