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Abstract: Mechanical and creep properties of Q345c con-
tinuous casting slab subjected to uniaxial tensile tests at
high temperature were considered in this paper. The mini-
mum creep strain rate and creep rupture life equations
whose parameters are calculated by inverse-estimation
using the regression analysis were derived based on
experimental data. The minimum creep strain rate under
constant stress increases with the increase of the tempera-
ture from 1000 °C to 1200 °C. A new casting machine curve
with the aim of fully using high-temperature creep beha-
viour is proposed in this paper. The basic arc segment is
cancelled in the new curve so that length of the straigh-
tening area can be extended and time of creep behaviour
can be increased significantly. For the new casting
machine curve, the maximum straightening strain rate at
the slab surface is less than the minimum creep strain rate.
So slab straightening deformation based on the steel creep
behaviour at high temperature can be carried out in the
process of Q345c steel continuous casting. The effect of
creep property at high temperature on slab straightening
deformation is positive. It is helpful for the design of
new casting machine and improvement of old casting
machine.

Keywords: steel mechanical property, high-temperature
creep behaviour, creep strain rate, creep rupture life,
slab straightening strain rate, continuous casting

Introduction

Up to 2000s, continuous casting ratio has steadily
increased. Steel continuous casting plays an important
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role in steel production [1]. The presence of cracks caused
by bending and straightening in slabs is a critical defect
during continuous casting. Creep in metals at high tem-
peratures refers to time-dependent inelastic deformations
that occur when temperature of the material exceeds 0.3—
0.4 times of its absolute melting temperature [2, 3]. As the
surface temperature of the slab is higher than 900 °C, the
slab shows strong creep characteristics in present steel
continuous casting production [4].

In the earlier years, Grill and Schwerdtfeger developed
an elastic and creep model for the prediction of slab bulging
[5]. Okamura and Kawashima studied the effect of creep on
bulging deformation using three-dimensional elastic-plas-
tic and creep finite element model [4]. The maximum value
of the bulging by the elastic-plastic analysis is at most
0.16 mm. However, it increases to 0.23 mm when consider-
ing the creep effect, which is about 1.7 times of the value
obtained by the elastic-plastic analysis. Ha, cho and their
co-workers calculated the bulging deformation of casting
slab using a two-dimensional elastic-plastic and creep finite
element model [6]. The results were different due to differ-
ent coefficients in the creep equation. They concluded that
the bulging deflection caused by creep is dominant through
comparing the results of experiment and analysis. Koric
and Thomas studied two thermo-mechanical models
based on different elastic-viscous-plastic constitutive laws
which were applied to simulate temperature and stress
development of a slice under typical commercial operating
conditions with realistic temperature-dependent properties
[7]. Li and Thomas developed an elastic-viscous-plastic
creep constitutive equation to simulate temperature, stress,
and shape development during the continuous casting of
steel, both in and below the mould [8]. Suzuki etal. has
done some researches about the creep characteristics of
steel under casting temperature, the bulging deformation
of slab and the generation of cracks, etc. [9]. These
researches indicated that high temperature creep of the
steel had significant influence on the deforming of the
slab, which could not be neglected in the computation of
deformation. The creep equation based on experimental
creep data at high temperature of steel continuous casting
was very helpful for calculating the deformation of slab
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accurately. It is necessary to investigate high-temperature
creep property of steel continuous casting.

Fujimitsu Masuyama studied advances in technology
related to the creep life prediction and damage evaluation
for creep strength enhanced ferritic steels from the various
aspects such as creep strength extrapolation methods, micro-
structures, modelling, and non-destructive and destructive
testing in Japan [10]. Triratna Shrestha et al. had done some
researches about creep rupture properties of the Grade 91
steel. They made an attempt to analyse the data in terms of
creep fracture diagnostic approach on this important steel
under welded condition [11]. Adriano Goncalves dos Reis
etal. investigated the high-temperature creep resistance
and its effects on the austenite reversion and the
dynamic evolution of precipitates of 18 Ni (300) maraging
steel [12]. D.Q. Zhou etal. had done researches about
precipitate characteristics and their effects on the
high-temperature creep resistance of alumina-forming aus-
tenitic stainless steels [13]. These researches indicated that
the lifetime of components operating is limited by the
mechanisms of creep. Also creep behaviour is regarded as a
kind of harmful deformation and it should be resisted from
original design. There are few literatures related to the study
of positive effects of high-temperature creep behaviour on
steel casting.

In this research, creep deformation in metals with
small loads is obvious at high temperatures and the
high-temperature creep deformation can be fully used in
the processing of bending and straightening of steel slab
continuous casting. Based on the elastic-plastic theory,
the stress within the elastic limit will not lead to material
permanent deformation. However, at the high tempera-
ture the permanent deformation of material occurs
although the stress is less than yield strength. This is
steel creep deformation but not plastic deformation.
Steel creep rate at high temperature is much higher
than it at normal temperature. Therefore, attempt has
been made in this research to illustrate the positive
effects of high-temperature creep behaviour on straigh-
tening deformation of steel continuous casting.
Continuous casting slab is straightened by means of
creep deformation so as to reduce the straightening strain
rate substantially. It is helpful to avoid the slab cracks
effectively and improve the productivity of the caster.

Experimental

A number of researchers had done amount of tensile
tests on the study of creep behaviour using a variety
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of different materials [14-16]. In this paper, uniaxial
tensile tests of Q345c continuous casting slab were
carried out by the Gleeble-3800 in order to evaluate
high-temperature mechanical properties and its creep
behaviour.

Q345c steel involved in this paper was procured in
the form of continuous casting slab. The chemical com-
position of this steel is given in Table 1. The specimen
in 10 mm diameter by 120 mm long threaded at both
ends is shown in Figure 1. All of specimens was given
a typical in situ melting thermal history and interrupted
cooling cycle before testing. In order to simulate the
process of steel continuous casting, the heating rate
was 10°C/s and holding the temperature 1320 °C for
2 minutes. Controlled cooling rate to the tensile test
temperature was 3 °C/s and holding time the tempera-
ture before tensile testing is 3 minutes [17, 18]. Uniaxial
tensile tests of the specimens by 0.01 s™! constant
strain rate were carried out so as to evaluate high-
temperature mechanical properties. Constant stress
tensile creep tests of specimens were performed at
temperatures from 1100 to 1200 °C with the stress less
than yield strength corresponding to these tempera-
tures. The parameters of creep tensile test are listed in
Table 2.

Table 1: Chemical composition of Q345c.

Steel C[%] Si[%] Mn[%] P[%] SI[%] VI[%] Ti[%]
Q345¢ 0.2 0.50 1.65 0.030 0.035 0.18 0.11
0.5 mmx45° 0.5 mmx45°
] Y
e ———————— 1"
Sl R
g 10 mm 10 mm é
E < 120 mm . | =

Figure 1: Uniaxial tensile specimen.

Table 2: Parameters of creep tensile test.

Temperature Yield strength Applied stress
[°C] [MPa] [MPa]
1100 19.21 15.28 16.55 17.82 19.10
1150 17.25 12.73 14.00 15.28 16.55
1200 15.61 10.18 11.46 12.73 14.00
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Results

Mechanical properties

The reduction in area (RA) of Q345c at different tem-
perature is shown in Figure 2. The results indicate that
the material should have a very bad plasticity in the
temperature range of 1000°C to 1100°C. There is a
good plastic zone between 1100 °C to 1200 °C with the
recovery of ductility. According to the stress—strain
experimental data, numerical data of 0.2 offset yield
strength of Q345c steel at temperatures of 800 to
1200 °C are given in Figure 3.
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Figure 2: Reduction in area versus temperature.
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Figure 3: Yield strength (00.2) versus temperature.
It is visible that 0.2 offset yield strength (00.2) decreases

with temperature increasing. Because of the bad plasti-
city at 1050°C from Figure 2, yield strength of the
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material decreases rapidly at temperature of 1050 to
1100 °C. Combined with Figures 2 and 3, it can be seen
that yield strength decreases slowly if the material has
good plasticity and vice versa. When material is stressed
within the yield strength, plastic deformation will not
result. Based on these values of yield strength at different
high temperature, it is easy to distinguish plastic strain
from total strain.

Creep properties

In order to achieve the steel creep characteristics at high
temperature, tensile creep tests with the parameters of
temperature and load in Table 2 were carried out. As the
stress is less than yield strength, only creep strain
occurred without plastic strain. The creep strain changes
with time under different temperature and load. The test
results are shown in Figure 4.

Firstly there is a relatively short initial period in
which the creep strain increases at variable rate. And
then there is long period with the creep strain increasing
at constant rate. Lastly creep strain increases rapidly and
fracture occurs. It is also observed that increasing of load
and temperature accelerates the creep rate and thereby
decreases the range of steady state from Figure 4.

For most metal and alloys, minimum creep strain rate
can be described by the power-law creep equation [12, 19].
The simple creep law relates the minimum creep rate & to
the applied stress o and temperature T.

b = A0 exp(— %) )
where Q. is the activation energy for creep. A is a con-
stant which depends on the microstructure, temperature
and applied stress. n is stress exponent. R is universal gas
constant. & can be derived as shown in Figure 5 by
taking the derivative of time in Figure 4. The minimum
creep rate and rupture life under experimental stress are
shown in Table 3.

Take the logarithm of eq. (1).
Qc

lnécs=1nA+n1n0—R—T ®)

In eq. (2), In & is dependent variables and In o is
independent variables, the slopes of In & and In o,
which is presented in Figure 6, provide an estimate of
n. By the same way, Figure 7 shows the relationship of
In &, and 1/T. The slopes of In &. and 1/T provide an
estimate of Q.. The regression coefficient (R?) which can
be seen in Figures 6 and 7 shows good fitness of the
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Figure 5: Curve of creep strain rate.

regression. It is suitable that the stress exponent n can
be 6.5515 and the activation energy Q. is 506.2 KJ/mol.
When the parameters of n and Q. are decided, the
constant A can be calculated from eq. (1) based on the
experimental data.

The relationship of the minimum creep rate, the
applied stress o and temperature T can be expressed
by eq. (3).
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. 60888.
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Figure 4: Tensile creep curves at 1100 °C,
1150 °C and 1200 °C: (a) 1100 °C, (b) 1150°C
and (c) 1200 °C.

Table 3: Minimum creep rate and rupture time.

Temperature Applied Minimum creep Creep rupture
[°C] stress [MPa] strain rate [s7!] time [s]
1100 15.28 1.01x107° 13464
16.55 2.36x107° 6788
17.82 3.88x107° 2699
19.10 7.45x107° 2365
1150 12.73 1.15x107° 10802
14.00 2.57x107° 5337
15.28 4.18x107° 3464
16.55 6.69x107° 2142
1200 10.18 3.04x107° 5172
11.46 6.24x107° 2427
12.73 6.39x107° 2327
14.00 7.45x107° 2365

The relationship between the minimum creep rate and
rupture life is given by the Monkman-Grant equation [20].

(4)
where & is the minimum creep rate, t, is the rupture
time, m and C are constants. Take the logarithm of eq. (4)

®)

It is obtained that m equals to 0.8987 and C equals to
0.403 from the fitted straight line of the logarithmic
relation in Figure 8. Thus, the creep rupture life can
be predicted by eq. (4) based on the experimentally
determined minimum creep rate.

&t =C

mlnés+ Int,=InC
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Figure 6: Dependence of minimum creep strain rate on applied
stress for Q345c¢ at 1100 °C, 1150 °C and 1200 °C (the slope is n).
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Discussion

As creep strain rate is bigger at high temperature, creep
deformation of slabs plays an important role during bend-
ing and straightening of steel continuous casting. The rela-
tionship of minimum creep strain rate with straightening
strain rate in the process of straightening deformation of
slab needs to be paid more attention as follows:

(1) When £ <&, there is only creep strain without plas-
tic strain. And the straightening stress is less than
yield strength.

(2) When & > &, there are creep strain and plastic strain.
And the straightening stress is greater than or equal
to the yield strength.

There are two different theories to calculate the slab
bending or straightening strain: the soft box and the hard
box. In the soft box approach, it is assumed that the
restraining effect of narrow face can be neglected. The
top and bottom layers of the slab deform independently
with separate neutral axes. The hard box approach is
more accurate to calculate the strain when the restraining
effect of narrow face cannot be neglected. In this
research, the hard approach is used. Therefore, the neu-
tral axis is assumed to lie at the centre of the slab. The
tensile strain at the surface of slab caused by bending
and straightening can be calculated using eq. (6) [21, 22].

Es= (ki_ki+1) (6)

N D

where D is slab thickness, k; and k;, ; are the curvatures at
the starting point and the end point of straightening curve. It
is obvious that the variation of curvature radius leads to slab
straightening strain. So there is no deformation at the zoon
of the basic arc segment of casting machine. For current slab
bending and straightening methods, the arc length of bend-
ing and straightening segments are comparatively short. The
strain rate changes abruptly at the point of bending or
straightening. So creep behaviour is not fully used.

In this paper, the R9300 vertical-arc slab casting
machine with five-point bending and five-point straigh-
tening is considered. Its main parameters are shown in
Table 4. There is a long basic arc segment between bend-
ing and straightening segments.

Based on the parameters of R9300 casting machine, a
new casting curve with continuous bending and con-
tinuous straightening segments is proposed. There is
not basic arc segment between bending and straighten-
ing segments. The arc length of bending segment is
8000 mm and the arc length of straightening segment
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Table 4: Parameters of R9300 casting machine curve.

Parameters of curves R9300 casting

curve

Basic arc length [mm] 13300
Vertical segment [mm] 1465
Bending segment [mm] 1030
Straightening segment [mm] 1520
Height of casting machine [mm] 12305.55
Metallurgical length [mm] 35862
Curvature radius of bending segment [mm] oo
49420.834

24328.140

15971.287

11797.719

Curvature radius at intersection [mm] 9300
Curvature radius of straightening segment 11312.892
[mm] 14671.987
21396.378

41581.549

(= <]

is 12274 mm. The curvature radius at connecting point
between bending and straightening segments should
be 9000 mm so as to minimize the change of origin
R9300 casting machine. In order to make full use of
creep behaviour during the slab straightening process,
the straightening zone is extended and basic arc seg-
ment is cancelled. The curves of bending segment and
straightening segment can be drawn by eqs 7 and 8.
The bending curve in the X’0O’Y’ coordinate system con-
nects with the straightening curve in the XOY coordi-
nate system smoothly.

The bending curve equation in the X’0’Y” coordinate
system is

X(s)= o cos (& (2 - sin(%7)))

y'(s)= Jo " sin (& (2 - sin(%)))

(0<5<8000)

)

The straightening curve equation in the XOY coordinate
system is

- 253 + 736645>
x(s)= ;7" cos| 1.99x107%s? | -1.05x10% ds
+7.40x 10"
- 25% + 736645?
y(s)= ;7" sin| 1.99x10"%s3 [ -1.05x10% ds
+7.40 x 1012
(0=5<12274)

®)
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Figure 9 shows the eventual new curve of casting
machine in the same coordinate system. It can be seen
that the height of new curve is 11991.7 mm, the arc length
of bending segment is 8000 mm and the arc length of
straightening segment is 12274 mm from Figure 9. The
metallurgical length of new curve is 35862mm as same
as the original R9300 casting machine.
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Figure 9: New roller curve of casting machine in the same coordinate
system.

The curvature changes continuously along the arc length.
The curvature of bending segment is

1 s
k(s =—sin2( ) 0<5<8000
119)= 55001 \16000) ) ©)
The curvature of straightening segment is
~2.154 %1072 (s - 14137)
1 | +5.408x10"B(s-14137)°
k =——— 8000 <s<20274
2(5)= 5000 | +9.166x10-5(s - 14137) | (B000=5<20274)
+0.5
(10)

For continuous straightening curves, the strain rate at the
surface can be expressed as eq. (11).
Ags

D
- = VL‘ 5 k'(S)

. . NAegAs
=1 =V.1
&0 I 4 s

A As At =
where k’(s) is the changing rate of curvature and V. is
casting speed which is considered as a constant. Using
eq. (11), the strain rate on the slab surface can be calcu-
lated which is illustrated in Figure 10. The maximum
value of strain rate at the surface in the origin R9300
casting curve is tend to be 10™ s™'. The maximum value
of strain rate of new casting curve is 6.26 x10™> s™" in the
bending segment and it is 3.12x 107> s™* in the straighten-
ing segment. In general, the temperature on slab surface
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Figure 10: Strain rate at surface of inner the slab in new casting
machine curve.

is above 1000 °C when slab is straightened. According to
eq. (3), the minimum creep strain rate can be calculated
at high-temperature from 1000 °C to 1200 °C. The mini-
mum creep strain rate within yield strength at different
temperature is shown in Table 5. Because the maximum
straightening strain rate at the surface is less than the
minimum creep strain rate, the straightening tress should
be less than yield strength. So straightening deformation
of slabs is creep deformation. The effect of creep property
at high temperature on straightening deformation of slab
is positive.

Table 5: Minimum creep rate under close to yield strength at 1000 °C
to 1200 °C.

Temperature Yield Applied Minimum creep
[°C] strength [MPa] stress [MPa] strain rate [s7!]
1000 32.57 30.5 3.4x107°
1050 25.99 23.5 3.7x107°
1100 19.21 18.5 4.2x107°
1150 17.25 16 7.7x107°
1200 15.61 13 8.4x107°
L]
Conclusion

The creep behaviour and mechanical properties of
Q345c steel at high temperature are studied in this
paper. A new casting machine curve fully using of
high-temperature creep behaviour is proposed in pre-
sent work. The positive effects of creep deformation on
straightening deformation in continuous casting pro-
duction are analysed. Some important conclusions can
be constructed as follows:
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The minimum creep strain rate equation is derived
based on power-law creep equation. Using the
Monkman-Grant equation the creep rupture life can be
predicted based on the experimentally determined mini-
mum creep rate. The creep parameters are calculated by
using regression method based on the experimental
data. It is observed that increase in load and tempera-
ture accelerates the creep rate thereby decreases the
steady-state range. The minimum creep strain rate
under constant stress which is less than yield strength
increases with temperature increasing in the range of
1000 °C to 1200 °C.

A new casting machine curve for fully taking advan-
tage of steel high-temperature creep behaviour is pro-
posed in this paper. For the new curve, the basic arc
segment is cancelled so that length of the straightening
zoon can be extended and creep time can be increased
significantly. The maximum straightening strain rate at
the slab surface is less than the minimum creep strain
rate. So in the process of steel Q345c continuous casting
the slab straightening deformation is steel creep deforma-
tion. And the straightening tress is less than the yield
strength and will not result in cracks. The effect of creep
property at high temperature on straightening deforma-
tion of slab is positive. This research is helpful for the
design of new casting machine and the improvement of
old casting machine.
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