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STUDY ON BULGING DEFORMATION OF 0Cr18Ni9 STAINLESS
STEEL CONTINUOUSLY CAST SLAB BASED ON HIGH-
TEMPERATURE CREEP PROPERTY

Summary

In this paper, high-temperature tensile creep tests were conducted at 1,050 °C, 1,100 °C
and 1,150 °C under different stresses. The high-temperature mechanical properties and creep
behaviour of continuously cast slab made of 0Cr18Ni9 stainless steel were obtained, and the creep
constitutive equation was fitted. Based on this, bulging deformation of a three-dimensional slab
model was simulated. The results showed that the maximum bulging deformation of the wide
side and the narrow side along the casting direction were approximately 1.7 times and 1.3 times
larger than the deformation when creep was not considered, respectively. By changing the roller
pitch, it was found that the larger the roller pitch was, the larger the bulging deformation of the
wide side and the larger the creep deformation proportion was. Similarly, the bulging deformation
and the creep deformation proportion in the narrow side also increased with the increasing of the
roller pitches, but the increments were not significant.

Key words: mechanical property of steel; high-temperature tensile creep test; creep
constitutive equation; bulging deformation, continuous casting

1. Introduction

When a metal is at a temperature of 0.3-0.4 times of its own melting point, the creep
phenomenon is very obvious, and the creep rate is also significantly accelerated [1-2]. During
the process of continuous casting, steel undergoes the process of solidification from liquid to
solid state, accompanied by bending and straightening deformation. The minimum slab surface
temperature is far greater than 900 °C (much more than 0.4 times the melting point of most low
alloy steels), therefore, creep deformation of a continuously cast slab should not be neglected
[3]. In addition, because the shell of a slab is in the nonuniform temperature field and is affected
by the static pressure of molten steel, bulging deformation occurs between the adjacent rollers,
which is the main reason for the defects such as internal cracks and intermediate segregation.
Due to various factors affecting the bulging deformation in continuous casting processes, it is
difficult to obtain the bulging deformation data by measurement. Only a few papers provided
the measurement data [4-5].
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For many years, finite element method simulation is widely used to analyse and calculate
bulging deformation of continuously cast slabs. Grill and Schwerdtfeger [6] established a two-
dimensional model to calculate the bulging deformation of a slab, but ignored the constraint of
the narrow edge on bulging deformation, which could not guarantee the calculation accuracy.
Three different creep models were used to calculate the bulging deformation based on the same
two-dimensional model, and the results were significantly different [7]. A three-dimensional
model was developed by Okamura et al. [8] to investigate bulging deformation and bulging strains
near the narrow side. Sheng and Sun et al. [9-10] put forward that bulging deformation and
bulging strains were composed of elastic strain and creep strain. The elastic strain was mainly
caused by shell stress. Qin et al. [11-12] calculated and compared bulging deformation based on
2D and 3D finite element models, and proposed an improved 3D finite element model to simulate
bulging deformation. Ma et al. [13] took a wide-thick slab continuous casting machine in a steel
plant as the research object and simulated the bulging deformation of Q345E steel at three typical
casting flow positions during the continuous casting process. The effect of creep was taken into
account for the calculation and analysis of bulging deformation in the above-mentioned studies.
In recent years, oriented silicon steel and Q235B steel were taken as the research object by Liu et
al. [14] and Zhao [15], respectively, where the bulging deformations at the solidification end zone
of the cast slab under different pulling speeds were calculated using empirical formulae.

Steel has been a focus of research for many years [16-18]. Austenite stainless steel
0Cr18Ni9, as heat-resistant steel, is widely used in food industry and for chemical equipment
due to its good chemical stability and high strength. It was also welded with other dissimilar
metals to give full play to the complementary advantages of the two materials [19-20]; or used
as interlayer to improve the diffusion bonding quality of Ti-6Al-4V alloy (TC4) and oxygen-
free copper (OFC) [21]. Free-machining element Te was added to 0Cr18Ni9 steel to improve
its machinability and mechanical properties [22]. When it comes to the research into the
elevated temperature in the past decade, some relevant papers dealing with steel can be found.
Chen et al. [23-24] studied the creep behaviour and fatigue crack growth of steel at 550 °C.
High-temperature tensile tests at different strain rates in the temperature range from 500 to
850 °C were carried out to study the hot deformation behaviour of steel [25]. Li et al. [26]
conducted tensile tests in the range from 20 to 1,200 °C to investigate the effect of temperature
on the tensile properties, and the mechanical property parameters such as elastic modulus, yield
stress and tensile strength were obtained.

However, the research on creep behaviour of 0Cr18Ni9 stainless steel continuously cast
slabs at high temperature is insufficient. Therefore, a tensile creep test of a 0Cr18Ni9
continuously cast slab at high temperature was performed in this study. According to the test
results, the creep constitutive equation was fitted, and a three-dimensional shell model was
established to simulate the bulging deformation of the slab. The bulging deformation of the
wide side and the narrow side were calculated and compared in two cases, i.e. in one case creep
was considered and in another it was not considered. Then, the roller pitch was changed, and
the bulging deformation of the wide side and the narrow side between different roller distances
were obtained.

2. Materials and methods

In this study, the specimens for the tensile test were machined from a continuously cast
slab made of OCr18Ni9 stainless steel, which was produced by a steel mill. The chemical
composition of the steel is listed in Table 1.

According to the dimensional requirement of a Gleeble-3800 thermal-mechanical
physical simulation machine for tensile specimens, a bar 10 mm in diameter and 120 mm in
length with screw threads on both ends was used, as shown in Fig. 1.

70 TRANSACTIONS OF FAMENA XLIX-4 (2025)



Study on Bulging Deformation of 0Cr18Ni9 Stainless Steel
Continuously Cast Slab Based on High-Temperature Creep Property

Table 1 Chemical composition of stainless steel 0Cr18Ni9 (wt. %)
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C

Si

Mn

S

P

Cr

Ni

Fe

0.07

1.00

2.00

0.03

0.045

18.00

9.00

Balance

Ni-Cr thermocouples were welded in the middle of the specimens to measure and monitor
the actual test temperature. In order to simulate the cooling process of the steel continuously
cast slab, these specimens were heated at 10 °C/s, held at 1,300 °C for two minutes, then cooled
at 3 °C/s to the tensile test temperatures, and finally held for three minutes before stretching
[27]. Because the rate of heating or cooling is rapid, which may cause the effects of local
hardening, grain refinement, and residual thermal stress on the material properties, it is
necessary to hold the specimen at each test temperature for several minutes to ensure the
homogeneity in the gauge length. The thermal plastic tests were performed at a constant strain
rate 0of 0.001 /s from 800 °C to 1,200 °C.

0.5 mmx»45° 0.5 mm>45°
E 10 mm 30 mm 10 mm g
= L “4
h Gauge b
x s
= 120 mm =
= b=

Fig. 1 Tensile test specimen

Based on the test results, the temperature range of the non-plastic zone and the yield
strength at each temperature value were obtained. To study the creep property, the tensile stress
was set below the yield strength so that merely the creep strain could be collected rather than
the plastic strain. The test parameters of the tensile creep test are listed in Table 2. Since the
applied stress value is rather small and the temperature outside the gauge of the specimen is
lower than that in the middle, the creep strain outside the gauge can be neglected.

Table 2 Parameters of tensile creep test

Temperature /°C Yield strength /MPa Applied stress /MPa
1,050 32.62 14.98, 16.23, 16.85, 17.48
1,100 26.37 14.98, 15.61, 16.23,17.48
1,150 20.87 13.73, 14.98, 16.23,17.48

3. Results and discussion
3.1 Mechanical properties

Fig. 2 shows a reduction of the area of 0Cr18Ni9 at 800 °C to 1,200 °C, which is an
indicator of plasticity. It can be seen that the minimum reduction of the area occurs at 950 °C,
and the reduction of the area is higher than 60% from 1,000 °C to 1,150 °C, which indicates
good plasticity in this temperature range.

The 0.2 offset yield strength of stainless steel 0Cr18Ni9 in the temperature range from
800 to 1,200 °C is exhibited by the test value curve in Fig. 3 based on the tensile test data.
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It could be observed that the yield strength (R,0.2) decreases rapidly with the increasing
temperature. According to the yield strength curve, the relationship between the yield strength
and the temperature can be fitted as Equation (1), and the fitted value curve is shown in Fig. 3.

y=—1.033%107"°T* +4.264 X107 T° —0.065T> + 43.655T —10685.194 (1)

Similarly, in terms of the tensile test data, Young’s modulus of 0Cr18Ni9 stainless steel
at high temperatures can be calculated as shown in Fig. 4.
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Fig. 4 Young’s modulus

The relationship between Young’s modulus and temperature can be expressed as
Equation (2), and the fitted value curve is also shown in Fig. 4.

y=—1.047x107°T* 4+0.0047° —6.346T* +4183.917T —1.017 X10~° 2)
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3.2 Creep properties

The creep strain versus time curves at different temperatures and stresses were obtained
by fitting the tensile creep test data, as presented in Fig. 5.

It can be seen from Fig. 5 that each curve conforms to the trend of a typical creep curve,
and with an increase in temperature and stress, the creep rate increases, the steady-state creep
time shortens, and fracture of the specimens appears earlier.
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Fig. 5 Tensile creep test curves at (a) 1,050 °C, (b) 1,100 °C, (¢) 1,150 °C
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Furthermore, the steady-state creep rate and creep breaking time could be obtained under
different test conditions as listed in Table 3.

Table 3 Creep parameters under different test conditions

Temperature/°C Stress o /MPa Steady-state creep rate &, Creep breaking time #/s
14.98 3.67361E-6 8,395
16.23 5.84282E-5 6,355
1,050
16.85 6.80723E-5 5,432
17.48 8.32827E-5 3,469
13.73 9.94008E-5 6,339
14.98 1.10918E-4 5,386
1,100
16.23 1.45867E-4 3,638
17.48 2.22069E-4 2,201
14.98 1.57496E-4 3,405
1150 15.61 2.32265E-4 2,383
’ 16.23 3.72427E-4 1,826
17.48 5.85092E-4 725
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The power-law creep equation [28] expressed as Equation (3) is simplified from the
Mukherjee-Bird-Dorn equation [29], which is put forward on the basis of the microscopic
mechanism of the material. It is considered that the creep at a high temperature is mainly a
diffusion phenomenon and is appropriate for high temperature creep conditions.

g =Ao" exp(— RQ]L" j 3)

where 4 is the dimensionless constant related to the microstructure of the material; Q. is the
apparent activation energy, J; R is the gas Avogadro constant, 8.314 J/mol; 7, is the
thermodynamic temperature, K; and &, is the rate of steady-state creep.

Taking the logarithm on both sides of Equation (3), Equation (4) is obtained as follows:

Ing. =lnA+nlno - Q. 4)
R h
It can be found that Equation (4) is transformed into a general linear equation when Iné,
is the dependent variable and Ine is the independent variable. The relationship between Ine,. and
Ing is shown in Fig. 6.
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Fig. 6 Relationship between In €, and In o

Fig. 6 shows that there is a good linear relationship between the logarithmic stress and
the logarithmic steady-state creep rate. The slope of the line given in Fig. 6 is the value of n.
The stress index n is averaged and the value of 5.38 is appropriate.

Similarly, in Fig. 7, the reciprocal of the temperature and the logarithmic steady-state
creep rate also describes a good linear relationship.
The average calculation of -Qc/R indicates that the apparent activation energy Qc is

289.7 KJ/mol. When the parameters n and Qc are determined, A is calculated in terms of the
steady-state creep rate values, and the average value of A is 4.57x10°.
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Therefore, the constitutive equation of the 0Cr18Ni9 stainless steel for the creep rate at a
high temperature can be expressed as Equation (5).

|

Furthermore, to obtain the constitutive equation between stress and strain, Equation (6)
[30] is taken as reference.

348457
T,

& =457x10°0"" exp[ (%)

B 1
a+ bt

(6)

where a, b and c are all parameters related to temperature and stress. The tensile creep test data
were taken into Equation (6) to calculate the values of the parameters a, b, and ¢ under different

test conditions. The relationship between ln(%) and 1/a, 1/b, c is shown in Fig 8.
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Fig. 8 reveals that there is an apparent linear relationship between In(¢./4) and 1/a, 1/b,
c. It could be seen from the correlation coefficient that the fitting effect is good. The expressions
of 1/a, 1/b and c are shown as Equations (7) to (9).

L 0.00204+1.13033E(-4) 111(05-38 exp(— 348457 D 7

¢ T,

L 0.00296 - 1.13814E(-4)In| °% exp| 245437 ®

’ 7

¢ =1.00849 +3.26955E(—4)In [a“g exp(— 348T45-7 ]] ©)
h

The creep constitutive equation of the OCr18Ni9 stainless steel was obtained by
substituting the expressions of a, b, ¢ into Equation (6). Then, the test data were compared with
the calculated values based on Equation (6), as presented in Fig. 9.

In Fig. 9, the dash line represents the calculated value and the solid line represents the test
value. It can be observed that in the first stage of creep, the calculated values obtained from the
fitted creep constitutive equation are greater than the test values, while in the steady-state creep
stage, the calculation values and the test values are close to each other.
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Fig. 9 Comparison between test value and calculated value: (a) 1,050 °C, (b) 1,100 °C, (¢) 1,150 °C

Due to the very small proportion of the first creep stage at high temperatures, the creep
constitutive equation can be used to describe the creep behaviour of the first two stages,
especially of the second creep stage.

3.3 Bulging deformation of continuously cast slab

3.3.1

To simulate the bulging deformation of the 0Cr18Ni9 continuously cast slab, the roller
arrangement and the cooling schedule of a R9300 vertical-arc continuous caster of one steel
mill is taken as reference. Fig. 10 illustrates the upper part of this caster.

Model and relevant parameters

Mold

Foot roller

2125 mm

L 0ooaal

0~ O\ Rt ho =
OO0
segment

...Bending | Vertical

...segment

Fig. 10 Calculation location of bulging deformation

In this study, the position between roller 6 and roller 7 was studied. Roller 6 is at the end
of the vertical segment, which is 2,125 mm from the top of the mould, and the continuously
cast slab begins to be bent from here. The diameters of rollers 6 and 7 are 200 mm, and the
pitch is 240 mm.
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For the convenience of the simulation, a reasonable simplification and assumptions are
made for a three-dimensional continuously cast slab model as follows:

(1

2
3)

“4)

)
(6)

The liquid core of the continuously cast slab is omitted, then it simplifies into a cavity
shape. The static pressure of the molten steel is loaded onto the inner wall.

The rollers are considered as rigid bodies.

As the symmetry in shape and size of the continuously cast slab, the three-
dimensional finite element model is 1/4 of the slab between two rollers. The shell
thickness is 22 mm, and the slab length is 240 mm, as shown in Fig. 11. The element
size is 5 mm x 5 mm x 4.4 mm.

Fig. 11 Three-dimensional finite element model of slab

The temperature of the cast slab does not change much along the direction of the
casting flow within one roller pitch, so the heat transfer along the direction of the
slab moving is neglected, and only the temperature change along the thickness
direction of the cast slab is considered.

The coefficient of heat transfer is used to calculate the heat transfer in the secondary
cooling zone.

The deformation of the cast slab satisfies the small deformation theory.

The geometry and casting condition parameters are listed in Table 4. The cooling
schedule is shown in Table 5.

Table 4 Relevant simulation parameters

Parameter Value
Slab size /mm 1,000%x230
Metallurgical length /mm 35,862
Steel casting speed /(m min™) 1.5
Working mould length /mm 800
Initial temperature /°C 1,480
Liquidus temperature /°C 1,451
Solidus temperature /°C 1,414.6
Density /(kg m™) 7,930
Thermal expansion coefficient /(°C™") 1.5x107
Table 5 Cooling schedule
Roller number Loop Location Water flow rate/ Air flow rate/
(Length/mm) No. (m*h) (m*h")
Foot roller 1 Wide surface in and out 9.45
(110) 2 [Narrow surface left and right 1.05 9.000
No. 1-6 3 Wide surface in and out 41.58 ’
(1,215) 4 Narrow surface left and right 6.51
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The coefficient of heat transfer between the cooling water and the surface of the slab can
be calculated by the empirical Equation (10) based on Table 5.

H =0.58W"(1-0.0075T, ) (10)

where H is the coefficient of the heat transfer, W/ (m? °C); T\, is the temperature of the cooling
water, °C; and W is the density of the cooling water, L/ (m? s).

The yield strength, Young’s modulus, and the creep properties of the material were
obtained from the high-temperature tensile test data described above. In addition, Poisson’s
ratio varying with temperature is illustrated in Fig. 12.
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Fig. 12 Poisson’s ratio

And the boundary conditions are listed as follows:

(1) The symmetrical displacement constraint was applied on the symmetrical surface of
the slab, where both ends were controlled by translate and rotate constraint.

(2) The static pressure of the molten steel was applied to the inner surface of the slab and
its value varied with the distance from the meniscus along the direction of casting
flow.

(3) The displacement of each element on the front and rear faces of the continuously cast
slab is bound to maintain a flat surface.

3.3.2  Creep effect on bulging deformation

The bulging deformation of the continuously cast slab was simulated based on an elastic-
plastic model and an elastic-plastic and creep model. Fig. 13 describes the bulging deformation
of the wide side centre and the narrow side centre along the casting direction.

It can be seen from Fig. 13 that the trend of the bulging deformation on the wide side
centre and the narrow side centre is similar along the casting direction. The curves are of convex
distribution. On the wide side, the bulging deformation at the centre of the two rollers is the
largest. The maximum bulging deformation based on the elastic-plastic model is 1.155 mm,
while the maximum bulging deformation based on the elastic-plastic and creep model is
1.981 mm, which is about 1.7 times the size of the former model. Because the stress did not
reach the yield point there is no plastic deformation. The maximum creep deformation is
considered as the difference of 0.826 mm. Fig. 13(b) shows that the maximum bulging
deformation based on the elastic-plastic and creep model is 0.47 mm, which is about 1.3 times
the size of the former model. And the difference between them is kept at 0.12 mm, which
indicates that the creep deformation is about 0.12 mm.
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Fig. 13 Bulging deformation along casting direction: (a) wide side centre, (b) narrow side centre

The bulging deformation along the width and the thickness of the slab is illustrated in
Fig. 14.
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Fig. 14 The bulging deformation of wide side centre along (a) width of the slab, (b) thickness of the slab

Fig. 14(a) reveals that the bulging deformation increases with the increasing distance from
the corner of the cast slab, and then it tends to be flat. The corner bulging deformation caused
by creep is very small, and the closer to the centre of the wide side, the greater the deformation
caused by creep. On the other hand, Fig. 14(b) indicates that the bulging deformation along the
thickness of the slab changes very little in both calculation models.

3.3.3 Effect of roller pitch on bulging deformation

Taking the bulging deformation of the wide side centre along the casting direction as an
example, the effect of the roller pitch on the bulging deformation was calculated and compared
by changing the roller spacing. The bulging deformations of the wide side centre along the
casting flow direction, when different roller pitches are used, are shown in Fig. 15.

Fig. 15 illustrates the bulging deformation of the wide side centre along the casting
direction with the roller pitches of 180 mm, 200 mm, 220 mm, and 240 mm. Fig. 15(a) shows
the case without creep deformation, and the elastic deformation is the bulging deformation.
When creep is taken into account in Fig. 15(b), the value of the bulging deformation is the sum
of the elastic deformation and the creep deformation. It can be observed from the figure that the
minimum bulging deformation occurs at the position where the slab and roller are in contact
with each other. The maximum bulging deformation increases when the roller pitch is increased.
At the same time, the elastic deformation and the creep deformation also increase. Similarly,
the bulging deformation of the narrow side centre with different roller pitches used can also be
obtained.
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Fig. 15 Bulging deformation with different roller pitches based on (a) elastic-plastic model,
(b) elastic-plastic and creep model

To sum up, the elastic deformation, creep deformation and bulging deformation of the
wide side centre and the narrow side centre with different roller pitches are listed in Table 6.

Table 6 Deformation with different roller pitches

. Elastic deformation Creep deformation Bulging deformation Proportion of creep
Roller pitch .

/ /mm /mm /mm deformation/%
mm Wide, Narrow side Wide, Narrow side Wide, Narrow side Wide, Narrow side
180 0.343,0.316 0.145, 0.085 0.488, 0.401 29.7,21.2
200 0.437, 0.325 0.222,0.101 0.659, 0.426 33.7,23.7
220 0.586, 0.347 0.362,0.116 0.948, 0.463 38.2,25.1
240 1.155, 0.351 0.826,0.119 1.981, 0.47 41.7,25.3

The bulging deformation of the wide side centre and the narrow side centre along the
casting direction increases with the roller pitch increasing, and the proportion of the creep
deformation also increases at the same time. But the increment of the creep proportion on the
wide side centre is more obvious, and the change on the narrow side centre is relatively small.

4. Conclusions

According to the tensile test at high temperatures, stainless steel 0Cr18Ni9 has the lowest
plasticity at 950 °C, and higher plasticity in the temperature range from 1,000 °C to 1,150 °C.
The creep test results show that with an increase in temperature and stress, the creep rate
increases, the steady-state creep time shortens, and fracture of the specimens appears earlier.

The bulging deformation of the wide side is more obvious than that of the narrow side.
The maximum bulging deformation of the wide side centre along the casting direction is about
1.7 times the size of that when creep is not considered. When it comes to the narrow side centre,
the bulging deformation is about 1.3 times the size of that when creep is not considered.

With the roller pitch increasing, the bulging deformation of the wide side centre increases,
and so does the bulging deformation of the narrow side centre. At the same time, the proportion
of the creep deformation on the wide side increases obviously. This indicates that the
calculation results can be more accurate when the creep deformation is taken into account.
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