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Numerical modelliNg of chamfer Billet of high carBoN Steel  
duriNg coNtiNuouS caStiNg

The formation of internal cracks in as-cast billet is mainly attributed to the stress and strain states near the solidifying front. 
This study investigates the effect of chamfer configuration of as-cast billet on the maximal principal stress and the tensile stress 
during soft reduction process. The LiT and ZdT of gCr15 bearing steel are calculated by the solidification phase transformation 
model. What’s more, the 3d finite element models is established to investigate stress and strain states in the brittle temperature 
range. The relationships between chamfer angle and maximal principal stress, internal crack, as well as equivalent plastic strain 
are analyzed. Numerical results reveal that a chamfer configuration of as-cast billet is much more effective than a rectangular one 
on decreasing the risk of internal cracks. 
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1. introduction

as one of the most commonly used high-chromium bearing 
steels, gCr15 steel (aiSi-52100) has the characteristics of high 
wear resistance, corrosion resistance and good dimensional sta-
bility. it has been widely used in manufacturing bearing ring, ball 
screw and other mechanical components. gCr15 steel is a high 
carbon and high chromium bearing steel, which easily leads to a 
major quality problem of center segregation and internal porosity 
during continuous casting process [1]. in order to improve the 
product quality and to develop high profit products, an effec-
tive way should be adopted to minimize the internal defects of 
gCr15 as-cast billet. 

The soft reduction technology was originated by mechanical 
reduction on the as-cast billet to compensate the solidification 
shrinkage, which successfully alleviates the center segrega-
tion and porosity in billet [2,3]. however, internal cracks are 
always observed in high carbon as-cast billets. understanding 
the mechanical behavior of the mushy zone during continuous 
casting process is important to obtain good quality products, 
because of internal cracks observed in as-cast steels are almost 
originated in the mushy zone. The internal cracks is mainly at-
tributed to the strength and ductility in the mushy zone between 

the liquid impenetrable temperature (LiT) and the zero ductility 
temperature (ZdT) [4]. When the applied tensile stress exceeds 
the critical fracture stress or the accumulated strain exceeds the 
critical strain, cracks will be initiated in the as-cast billet.

Numerical simulations method has been widely used to 
analyze and optimize the casting process [5-9]. Many research-
ers [10,11] have investigated the stress and strain in as-cast 
billets, to estimate the cracking tendency under the soft reduc-
tion process. however, previous studies did not provide any 
investigation how surface profiles of as-cast billet to influence 
on internal cracks under soft reduction. Chamfering corners is 
a common idea when facing corner cracks problems [12,13]. 
here, this idea is applied to decrease risk of internal cracks 
after soft reduction. The present study is examined how billet 
surface profiles lighten internal cracks and analyzed the crack 
susceptibility by simulating the soft reduction process with finite 
element method. This is significantly different from the regular 
continuous casting process, and few publications have studied 
the evolution of chamfer billet under the soft reduction. in addi-
tion, chamfer billet of steel is also appropriate for endless/direct 
casting and rolling technologies with zero emissions for billet 
reheating through gas furnaces, and endless/direct casting and 
rolling technologies coupling with chamfer mold technology 
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can fulfill the demands for high efficiency and energy savings 
in production of spooled coils and wire rod.

in the present work, the influence of differential chamfer 
profile on evolution of internal crack in as-cast billet during 
the soft reduction was investigated with numerical simulation 
method for the first time, which aims to provide theoretical basis 
for designing soft reduction and thus effectively improving the 
internal crack. in this paper, optimal design of a chamfer profile 
(chamfer angle and chamfer length) to as-cast billet has been 
proposed and a 3d finite element model using commercial finite 
element software aBaquS® was developed to obtain stress and 
strain distribution. 

2. theory section

2.1. Solidification Phase transformation model of gcr15 
in mushy Zone

in order to obtain the liquid impenetrable temperature (LiT) 
and the zero ductility temperature (ZdT), the characteristics of 
solute enrichment in the mushy zone of a billet was investigated 
for the casting of bearing steel gCr15. it is interesting to note 
that the degree of solute enrichment of each element (C, Si, 
Mn, P, S and Cr) in the mushy zone decreases initially and then 
increases with the increase in centre solid fraction. Consequently, 
the mushy zone could be divided into the mass/liquid feeding 
zone (0.4 < fs < 0.9) and the cracking zone (0.9 < fs < 0.99) [14]. 
The cracks have a relation with the strength and ductility in the 
mushy zone between the liquid impenetrable temperature (LiT) 
and the zero ductility temperature (ZdT), which can be seen in 
fig. 1. The steel has no strength and no ductility, and behaves 
as the liquid above the zero strength temperature (ZST). hot 
tears can be refilled with surrounding liquid and left no cracks in 
ZST and LiT range. Cracks formed in the mass/liquid, whereas 
cracks formed in the cracking zone and cannot be refilled with 
liquid, because the dendrite arms are close enough to resist the 
surrounding liquid feeding. Therefore, the temperature between 
LiT and ZdT is known as the brittle temperature range. in the 
continuously cast billet, the microsegregation has been calculated 
using the direct difference method suggested by ueshima [15]. 

The morphology of the growing dendrite array is schematically 
shown in fig. 2(a), and the transverse cross-section of dendrites 
is assumed to be a regular hexagon approximately, one-sixth of 
which is divided into 100 parts for calculation of interdendritic 
solute diffusion as schematically shown in fig. 2(b). The follow-
ing one-dimensional solute diffusion equation is solved in the 
triangular domain. in the axial direction of dendrite, the diffusion 
in solid and liquid is assumed to be negligible. Between δ-fe and 
liquid phase, γ-fe could be developed from the interface. The 
solute concentrations are assumed to be in the local equilibrium 
in the solid-liquid and δ/γ interfaces. The equilibrium distribu-
tion coefficient between γ-fe and δ-fe is assumed to beduring 
the δ/γ transformation, sulfur, silicon and phosphorus, for which 
K γ/δ < 1, are redistributed from γ-fe to δ -fe, but carbon and 
manganese, for which K γ/δ > 1, are redistributed from δ-fe to 
γ -fe. diffusion of dendrite will be calculated in x direction of 
the triangular MoP in fig. 2(b) by one-dimensional diffusion. 
When the liquid temperature (TLiq) and the δ/γ transformation 
temperature (TAr4) become equal to the actual temperature of the 
sample, the δ/γ transformation and solidification in one part are 
completed and the interface moves to the next part. TLiq and Tar4 
are shown as the following eq. (1) and eq. (2).

 0
,Liq P i l i
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 / /
4 ,

l
Ar p i i l i

i
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Where Tp is the melting point of pure iron (1536), and Tp
δ/γ is 

the temperature of the δ/γ transformation of pure iron (1392°C), 
C 0

l, i and C δ
l, i are the concentration of each solute element i in 

initial liquid phase and at the liquid/δ interface respectively, 

fig. 1. Schematic diagram of mechanical properties near melting point 
during continuous casting of steels

fig. 2. (a) Schematic drawing showing the morphology of the dendrite 
array and (b) the transverse cross section assumed in calculated model
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mi and ni are the slope of liqudus line and δ/γ transformation 
line of each solute element i in its pseudo-binary fe-i diagram  
respectively. 

due to the above assumption, solute diffuses completely 
in the liquid phase, and diffuses limited in the solid phase. The 
solute concentration will be obtained by fick’s second law as 
the following eq. (3). 

  , ,
,

S i S i
S i

C C
D T

x x
  

     
  (3)

Where CS, i is the concentration of each solute element i in solid 
phase, DS, i (T) is the diffusion coefficient of each solute element 
i in the solid phase when the temperature is T.

The initial conduction is described as the eq. (4), and the 
eq. (5) is the boundary conditions of the model. Where C0 is 
the initial solute concentration in the liquid phase, is the space 
between primary crystallization.

 CS = k S /L · C0, at  t = 0 (4)

 (∂CS) /∂x = 0, at  x = 0, λPDAD /2 (5)

The chemical composition of the steel gCr15 is shown in 
TaBLe 1. The brittle temperature range is between LiT (fs = 0.9)
and ZdT (fs = 0.99) [16]. The LiT and ZdT will be calculated 
by the solidification phase transformation model.

TaBLe 1

Chemical composition of steel gCr15 (in mass %)

c Si mn cr P S
0.96 0.19 0.36 1.46 0.013 0.006

2.2. Billet mechanical reduction model

for the calculations of temperature, stress and strain in the 
billets during soft reduction, fully coupled thermo-mechanical 
finite element models have been developed using the software 
aBaquS. The first step of this model is to understand the 
temperature distribution in the billets when it is rolled by the 
soft reduction rolls, however, temperature calculation model is 
introduced in detail elsewhere [11,12]. Then the temperature 
fields were transferred to the rolling model as the initial tempera-
ture fields. The soft reduction model is created with aBaquS/
explicit to calculate the stress and strain fields in the billets with 
soft reduction. in the soft reduction model, rolls and billets are 
assumed to be discrete rigid and deformable body, respectively. 
Since the yield stress of the billets is much lower than that of the 
rolls. one quarter of the billet is modeled, due to the symmetry 
of the deformation behavior of the billets in the soft reduction 
process. fig. 3 shows the geometry and mesh of the model. 
The thickness reduction assigned to each billet was 2 mm and 
the casting speed was set to 0.46 m·min–1.

Reduced integration has been used for improved accuracy 
of finite element approximations, the family of element library 

is coupled temperature-displacement. element shape is hex and 
technique is structured. element size was gradually coarsened 
from the surfaces of the bloom into the bloom interior region. 
in addition, 43500 elements have been generated on part of as-
cast billet. in this model, the thermo-physical properties of the 
billet which change with temperature such as density, Young’s 
modulus, thermal conductivity, specific heat capacity, thermal 
expansion coefficient, change with temperature and are taken 
from Refs [17-18]. The billets use nonlinear isotropic hardening 
material model. Material behavior is considered to formulate 
the constitutive equation of the gCr15 steel, the constitutive 
equation considering the compensation of strain rate during hot 
deformation could predict the flow stress throughout the entire 
temperature and strain rate ranges precisely [19,20]. The results 
show that the flow stress values predicted by the developed 
constitutive equation are agree well with the experimental val-
ues, which confirm the accuracy and reliability of the proposed 
deformation constitutive equation of gCr15 steel.

The constitutive equation of gCr15 has been taken at low 
temperature [17], which can be formulated as following eq. (6): 
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Where σ is the true stress (MPa); n is the materials stress index; 
έ is the strain rate (s–1); Q is the activation energy of hot defor-
mation (kJ mol–1); T is the absolute temperature (K); R is the 
universal gas constant (8.31 J mol–1K–1); A and α are the mate-
rials constants. When the temperature of billets is from 950°C 
to 1150°C, the flow stress was determined by the above model. 
The flow stress obtained from a simple constitutive equation is 
consistent with the above equation at this temperature region 

fig. 3. geometry and mesh of the finite element model
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[21]. The simple constitutive equation is judged on its ability to 
reproduce experimental data from both tensile and creep tests 
and its ability to exhibit reasonable behavior under complex 
loading conditions. The equations are suitable for small strain 
monotonic loading conditions for a wide range of low strain 
rates (10–3 to 10–6 s–1), high temperatures (950°C to 1400°C) and 
varying carbon contents (0.005 to 1.54 wt. %). Therefore, when 
the temperature of billets is from 1150°C to ZST, the material 
model proposed by Lee and Kim was used to obtain the flow 
stress in the mushy zone. The simple constitutive equation of 
gCr15 at high temperature has been taken at low temperature 
[21], which can be formulated as following eq. (7):
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Where

 C = 46550 + 71400 [C%] + 12000 [C%]2

 Q = 44650

 aε = 130.5 – 5.128 ×10–3T

 nε = –0.6289 + 1.114 ×10–3T

 n = 8.132 – 1.540 ×10–3T

Where σ is the true stress (MPa); n is the materials stress index; 
έ is the strain rate (s–1); ɛp is the inelastic strain (m/m); Q is the 
activation energy of hot deformation (kJ mol–1); T is the absolute 
temperature (K); [C%] is the carbon content of slab (wt. %).

When the temperatures exceeding ZST, steel has neither 
strength nor ductility and behaves as a liquid above ZST [22]. 
The flow stress of liquid steel was determined and regarded as 
a pure hydrostatic pressure equal to the current ferrostatic pres-
sure when the temperature is higher than the ZST as following 
eq. (8).

 σT = Tliquid = Phydrostatic pressure (8)

Where σT = Tliquid is the true stress when the temperatures is higher 
than the ZST (MPa); Phydrostatic pressure is the ferrostatic pressure 
acts on the interface between liquid and solidifying shell when 
the temperatures exceeding ZST (MPa). 

When the temperature of billet is above ZST and exceed-
ing liquidus of steel, the flow stress can be obtained from the 
following eq. (9).
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during the soft reduction process, the temperature of bil-
lets is cooled down by the cold rolls through heat conduction. 
Then a severe decrease in temperature is found at the surface 
of the billets. 

3. results and discussion

five different mold corner configurations have been con-
sidered in the fig. 4, the length of h is 25 mm, and the angles (α) 
of chamfer are 0°, 30°, 45°and 60°. There are two pairs pinch 
of reduction rolls considered in the soft reduction model, and 
the amount of reduction in each pair pinch rolls is 2 mm. When 
the equivalent plastic strain and the larger tensile stress is larger 
than the critical fracture strain and critical stress, respectively, 
the internal cracks are more easily to form in the brittle tem-
perature range. 

fig. 4. Section of chamfer gCr15 billet during soft reduction

They are calculated that LIT is 1366℃ and ZDT is 1305℃ 
by the solidification phase transformation model. internal cracks 
will possibly be generated, when the equivalent plastic strain is 
larger than the critical strain. Strength and ductility are lower in 
the mushy zone between ZDT and LiT those in the other zones 
because of the existence of interdendritic liquid films at grain 
boundaries. Therefore, the tensile deformation in this tempera-
ture range can cause internal cracks to form when strain and 
stress reach their critical values. all the cracks that form in the 
solidification front during soft reduction are sensitive not only 
to strain but also to stress. in general, the possibility of internal 
cracks can be estimated by a comparison of the equivalent plastic 
strain and stress with the critical values in the mushy zone.

a. Yamanaka et al. [23] have found the critical strain value 
lies between 0.5% and 1.5% for steels with a carbon content 
of 1.0 wt. % and the deformation strain rate of 10–2-10–4 s–1. 
in order to reveal the effect of steel composition more clearly, 
hiebler et al. [24] have showed the relation between the criti-
cal strain, carbon equivalent (Cp), and the ration of Mn/S from 
three pertinent studies by the laboratory bending-type test, where 
Cp = C+0.02Mn+0.004Ni-0.1Si-0.04Cr-0.1Mo. Thus, in this 
article, the critical strain value for evaluating the internal cracks 
is assumed to be 0.4 %. 

The high reduction intensities should be avoided especially 
at the beginning of the reduction process, the soft reduction 
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amount of the first and second roll is reduced 2 mm. it can be seen 
from fig. 5 and fig. 6 that the equivalent plastic strains in the 
brittle temperature range of different billet with different chamfer 
are illustrated during soft reduction. The field of strain under first 
pinch roll is lower than that under second pinch roll, which is 
always positive and the equivalent plastic strain decreases with 
the increasing of α. The maximum of strain decreases from about 
0.352% at the angle of 0°, and it subsequently decreases to about 
0.082% near the angle of 30°, and it increases to about 0.097% 
with increasing the angle. The equivalent plastic strain with a soft 
reduction of 2 mm under first pinch roll is less than the critical 
stress, however, when the angle of billet is 0, the equivalent 
plastic strain is 0.352% under second pinch roll, nearly reached 
the critical strain, so the cracks may appear.

fig. 5. The equivalent plastic strain in the brittle temperature range 
with soft reduction

fig. 6. The equivalent plastic strain in the brittle temperature range 
with soft reduction

due to the fact that the risk of the occurrence of cracks 
clearly decreases with chamfer billet. By using the chamfer billet, 

the high reduction could be taken and avoided especially at the 
beginning of the reduction process. according to the simulated 
results, the optimized soft reduction process can be developed 
to avoid the formation of internal cracks by the change of α. The 
variation tendency of equivalent plastic strain shows reason-
able similarity to the maximum of maximal principal stress in 
the brittle temperature range during soft reduction. Therefore, 
the compressive stress and stress region of billet was remarkably 
improved by increasing the incensement of α in comparison 
with that by the conventional soft reduction. This is because 
the geometry of the chamfer billet compresses the mushy zone 
effectively during deformation as shown in fig. 6. This study 
reveals that the thickness reduction of 2 mm minimizes the crea-
tion of internal cracks when the chamfer billet is used in the soft 
reduction process.

it can be seen from that the distribution of maximal principal 
stresses is the largest when the position is under deformation, 
the distribution of maximal principal stresses have the same 
tendency by the first pair pinch rolls reduction and the second. 
due to this reason, only the maximal principal stresses under the 
rolls reduction are studied in following discussions. The maximal 
principal stresses under the second pair pinch rolls reduction are 
small larger than the first pair pinch rolls reduction, as shown 
in fig. 7 and fig. 8. When the angle of billet is 45o, the interval 
values between the first and second pair pinch rolls reduction 
is smaller than the others. fig. 9 and fig. 10 illustrate the con-
figuration of the maximal principal stresses in the soft reduction 
process, viewed from the side, which shows the conventional 
configuration of the rectangular billet and chamfer billet, which 
is casting for 45s and reducing by one pair pinch roll in a specific 
zone. and the amount of reduction is 2 mm. in order to obtain 
the degree of internal crack in the brittle temperature range, the 
maximal principal stresses at different reduction positions be-
fore (fig. 9(a) and fig. 10(a)), under (fig. 9(b) and fig. 10(b)) 
and after (fig. 9(c) and fig. 10(c)) reduction have been  
determined. 

The evolution of internal stress of rectangular and chamfer 
billet at the cross section under reduction process is depicted in 
fig. 9(b) and fig. 10(b) respectively. When the billet entered 
into the roll zone, there was a certain stress gradient between 
the surface and core parts of the billet due to non-uniform de-
formation. This resulted in the phenomenon where the stress 
distribution in the cross section was inconsistent along the height 
direction. at the contact surface between the pinch roll and billet, 
the surface part was subjected to compressive stress, while the 
core part was subjected to tensile stress. in cross section of the 
rectangular billet along the width direction, the maximal com-
pressive stress exceeded the compressive stress from the center 
to the edges gradually, then the compressive stress decreased 
and it even turned into tensile stress at the corner side. While the 
maximal compressive stress of chamfer billet is existed at the 
middle part, this led to a greater contraction at the middle part 
compared with the edges. it can be seen that the distribution of 
the stress was non-uniform in the thickness and width directions. 
This maximum tensile stress in the brittle temperature range is 
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more sensitive to the risk of internal crack. The stress distribu-
tion of rectangular and chamfer billet at the cross section after 
deformation is shown in fig. 9(c) and fig. 10(c), respectively. 
it was observed that the tensile stress of rectangular billet was 
more prominent than that of the chamfer billet at the brittle 
temperature range. This was directly related to the relatively 
formation of internal crack.

in order to reduce the risk of internal cracks in the brittle 
temperature range, increasing chamfer angle is more effective 

way to get the higher reduction efficiency. The same reduction 
effect with larger reduction and lesser internal crack risk can be 
obtained by adjusting the chamfer angle of the billet. it is notable 
that chamfer billet after soft reduction, the risk of internal crack-
ing and centre porosity of the billet is improved. The reduction 
force decreases obviously and the billets casting process with 
chamfer geometries is suitable for the heavy reduction technol-
ogy due to the energy required in deforming the billets decreases 
significantly. 

fig. 7. Maximum of equivalent plastic strain in the brittle temperature 
range during soft reduction

fig. 8. Maximal principal stresses in the brittle temperature range dur-
ing soft reduction

fig. 9. Maximal principal stresses evolution of rectangular billet at different position along the longitudinal direction (in unit of MPa)
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4. conclusion

(1) The brittle temperature range of gCr15 bearing steel is 
between 1305℃ and 1366℃, which is calculated by the 
solidification phase transformation model. 

(2) The compressive stress area of as-cast billet was remarkably 
enlarged by increasing the incensement of α in comparison 
with that by the conventional soft reduction. The chamfer 
configuration of as-cast billet compresses the mushy zone 
effectively during soft reduction. The maximal principal 
stress and the tensile stress in as-cast billet decrease with 
the increase of chamfer angle. 

(3) The maximum of equivalent plastic strain of chamfer billet 
is lower than that of rectangular billet. according to the 
simulated results, the optimized chamfer configuration 
of as-cast billet can be developed to decrease the risk of 
internal cracking by the adjustment of chamfer angle. 

(4) The maximal principal stresses under the second pair pinch 
rolls are a little larger than the first pair pinch rolls reduc-
tion. When the angle of billet is 45o, the interval values 
between the first and second pair pinch rolls reduction is 
smaller than the others. 
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