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Analysis of temperature field in liquid-solid bimetal casting of laminated metal
composite

Abstract

In order to improve the low toughness and poor crack resistance of high chromium cast iron (HCCI), the
laminated metal composite (LMC) consisting of HCCI and carbon steel has received increasingly
attentions in modern industries. Considering that the controllable temperature field at interface of LMC is
a key issue in liquid-solid bimetal casting process, a three layered finite element method (FEM) model has
been proposed. The influence of parameters including pouring temperature - Tpour, preheating
temperature - Tpre and effective volume ratio - VRe on temperature field are discussed. Simulation results
show that the temperature at the interface between two dissimilar metals increases with increasing the
value of Tpour, Tpre or VRe. Through the adjustment of processing parameters, the contact surface of
solid metal can be heated up to mushy state, and then form a thin transient mushy layer. The prefect
metallurgical bonding can be achieved by adopting the optimized parameters in bimetal casting process.
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Analysis of Temperature Field in Liquid-Solid
Bimetal Casting of Laminated Metal Composite

Xingjian Gao*, Dongbin Wei, and Zhengyi Jiang*
Faculty of Engineering, University of Wollongong, North-field Avenue, Wollongong NSW2522, Australia

In order to improve the low toughness and poor crack resistance of high chromium cast iron (HCCI), the lam-
inated metal composite (LMC) consisting of HCCI and carbon steel has received increasingly attentions in
modern industries. Considering that the controllable temperature field at interface of LMC is a key issue in
liquid-solid bimetal casting process, a three layered finite element method (FEM) model has been proposed.
The influence of parameters including pouring temperature - T, preheating temperature - T, and effective
volume ratio - VR, on temperature field are discussed. Simulation results show that the temperature at the
interface between two dissimilar metals increases with increasing the value of Ty, T,, or VR,. Through the
adjustment of processing parameters, the contact surface of solid metal can be heated up to mushy state,
and then form a thin transient mushy layer. The prefect metallurgical bonding can be achieved by adopting the
optimized parameters in bimetal casting process.

Keywords: Temperature Field, Bimetal Casting, Laminated Metal Composite, High Chromium Cast Iron,
High Strength Low Alloy Structural Steel.

1. INTRODUCTION

In the past five decades, high chromium cast irons (HCCIs) are
considered 1o be one of the most outstanding abrasive resistant
materials.' They are widely used in mining, metallurgical and
building industries. Very high abrasive resistance and relatively
low production costs make HCCIs suitable for processing abra-
sive materials such as ore, coal and gravel.!™ Nevertheless, the
limitation of the application of HCClIs is caused by their brittle-
ness and low crack resistance which cannot be improved signif-
icantly by conventional treatment. Thus, the concept of bimetal
casting of high chromium cast iron (HCCI) and carbon steel has
been proposed.**®

However, most previous researches focused on casting tech-
niques and few works have been done on the numerical simula-
tion of the solidifying process of laminated metal composites.>"!
Compared with single metal casting, the solidified behavior at
the interface between two dissimilar metals plays a crucial role
in determining bonding quality and the change of physical and
mechanical properties across the interface has a great influence
on forming process.'? During bimetal casting, the interface can
be improved by adjusting parameters such as pouring tempera-
ture, preheating temperature of solid metal and the volume ratio
of liquid metal to solid metal.

In this work, a three layered finite element method (FEM)
model for liquid-solid bimetal casting of HCCI and high strength

* Authors to whom comespondence should be addressed.
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low alloy structural steel (HSLA) laminated metal composite
has been developed. The FEM software ANSYS was employed
in the analysis of temperature field during the laminated metal
forming of HBW555XCr21 and E355DD, which are HCCI and
HSLA respectively. Optimized processing parameters have been
obtained for achieving excellent metallurgical bonding.

2. MATHEMATICAL MODEL

2.1. Bimetal Casting

As shown in Figure 1, the laminated metal billet is formed
by pouring liquid HBW555XCr2l into mould in which solid
E355DD is placed in advance before casting. Considering there
are four non-contact zones shown in Figure | where E355DD
will not bond with HBW555XCr21, an effective volume ratio of
the laminated metal is given in Eq. (1). Prior to pouring, E355DD
is preheated to a certain temperature using high frequency induc-
tion heating source in the protective atmosphere.

VR=VHCCI an axbxh
 Vysa  2x(axc2+4bxcl)xh
axb
=2x(a><c2+b><cl) (1)

where VR, is the effective volume ratio of liquid metal to solid
metal, and A is the length of the billet.

1936-6612/2012/15/048/005 doi:10.1166/as1.2012.4065
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c2 Non-contact zone
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Fig. 1. Schematic of the laminated metal billet.

2.2. Simulation Methodology

The temperature field of the interface in casting process was
predicted by unsteady state heat transfer analysis using Eq. (2)
and the physical properties of the inner and outer layers of the
laminated metal billet. In order to simplify the problem, some
assumptions have been made:

(1) The solid E355DD placed in advance in the mould can be
considered to be a pre-fabricated billet with a homogenous tem-
perature field.

(2) The problem is two-dimensional and the heat transfer in lon-
gitudinal direction is ignored.

(3) Heat transfer by conduction in the liquid-solid interface is
most important while heat transfer by convection in the liquid
HCCI is neglected due to reduced dimensions of the mould.

(4) Heat transfer by radiation between mould and air is treated
as an equivalent convective heat transfer coefficient.'

(5) Elastic-plastic deformation in the process of solidification
can be neglected.

PT  &T T
o e E s Vag=put 2
(6.\'3 + a;-?) =5 @

where k is the heat conductivity, ¢ is the rate of heat generation,
p and ¢ are density and specific heat of the material respectively.
By employing the finite element method and considering the
physical properties of alloys as the functions of temperatures, a
basic FEM equation for the problem can be derived from Eq. (2).

[C(MUT}+ K (DT} =[Q(T)] (3)

where [C(T)] is the heat capacity matrix, [K(T)] is the heat
conduction matrix, {7} and {T} are the nodal temperature vector
and nodal temperature rate vector, respectively. [Q(T)] is the
heat flux vector.

3. FEM MODEL

3.1. Meshing

Due to the symmetry of the problem, only one quarter of the
cross-section is analyzed. As shown in Figure 2, the FEM model
includes three different layers which are mould layer, HSLA

layer and HCCI layer. The element type of PLANE 55 and over-
lap method were employed for meshing the layered model. The
heat transfer governing equations were solved numerically with
the method of variable time step.

(a) Geometrical model

} 1
L 5 I I 00 I IS

5 O A T
0 2 O B

5 L i
SN R

3 7 Y

(b) Meshing

Fig. 2. FEM model of the laminated metal billet.
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Tablel. G trical p ters of id and LMC biliet (mm).
HBWS555XCr21 E355DD Mould

VR, L1 L2 L3 L4 L5 L6

9.5:1 38 38 2 40 5 45

7.5:1 375 375 25

45:1 36 36 4

Table Il. Parameters for bimetal casting.

Item Parameters

Toour (°C) 1450 1500 1550

Toes °C) 800 1000 1200

VR, 9.5:11 7.5:1 4.5:1

4. SIMULATION PARAMETERS

The geometrical parameters used for bimetal casting simulation
are listed in Table I. The casting parameters including pouring
temperature of HBW555XCr21 - T, preheating temperature
of E355DD - T, and VR, are listed in Table IL. The initial
temperature of mould is 25 °C, which is the same as the ambient
temperature. The symmetrical boundaries are adiabatic while the
outer layer borders are mixed boundary conditions combining
convection and radiation.

5. RESULTS AND DISCUSSION

Figures 3-5 show the temperature variations at location K1 with
time for different simulated conditions. Location K1 is the center
of the interface between HCCI and HSLA layers, as shown in
Figure 2. The influences of T, T, and VR, on the temperature
field at interface are presented, respectively.

As expected, the temperature at the contact surface of solid
E355DD increases dramatically in the early stage of bimetal cast-
ing and then decreases slowly with an increase of time. This is
because the heat transfer between molien metal and high tem-
perature solid metal is fast due to high thermal conductivity of
molten metal and good wettability of solid metal. Besides, the
temperature at the interface increases with increasing the value of
Toourr Tore OF VR,, which means the interface can be improved by
adjusting casting parameters. And it is noted that increasing 7,

1500
| ——Thpu= 1550°C

i 1400 | ——Tp0u= 1500°C
& r —— m:1450°c
% 1300 |
]
’g_ 1200 |
5
F 1100

1000 |

0 100 200 300 400 500 600
Time/s

Fig. 3. Comparison of predicted temperatures at K1 with different Toour
(T = 1000 °C, VR, = 4.5:1).
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Fig. 5. Comparison of predicted temperatures at K1 with different VR,

(Toour = 1550 °C, Ty = 800 °C).

has more significant effect on the temperature field at interface
than increasing the other two parameters.

The temperature profiles at location K2 with time show a sim-
ilar variation as that at K1. Location K2 is the corner of the
interface between HCCI and HSLA layers, as shown in Figure 2.
However, the temperature values at K2 are always lower than
that at K1, which indicates the temperatures in corner areas are
always lower than that in center areas. This is because the heat
energy in corner areas is removed from two sides leading to a
greater dissipation of heat. Figure 6 shows the temperature pro-
files from KI to K2 with different simulated conditions when
peak temperature is reached. The temperature decreases gradu-
ally from center to corner of the interface, which may affect the
bonding quality between two metals varies along the contact sur-
faces. It may be difficult to achieve perfect metallurgical bonding
in corner areas.

In order to form an ideal interface, the contact surface of solid
E355DD should be re-melted to mushy state.'*'> This means
the temperature of the contact surface should be heated up to
between solidus and liquidus of E355DD by heat transfer from
molten HBW555XCr21. The solidus temperature - T and lig-
uidus temperature - T, of E355DD are calculated on the basis of
Eqs. (4)'® and (5),' which are 1430 °C and 1510 °C respectively.

T, = 1537 — (88[C] +8[Si] +5[Mn] + 30[P] +25[S] + 5[Cu]
+4[Ni]+1.5[Cr]+2[Mo] + 18[Ti] +2[V]} (4)
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Fig. 6. Temperature profiles form K1 to K2 (condition 1: VR, =4.5:1, T,

pour
1550 °C, T = 1200 °C; condition 2: VR, =7.5:1, Tyg, = 1500 °C, T
1000 *C; condition 3: VR, =9.5:1, Thou = 1450 °C, T, =800 °C).

Ty = 1538 — {175[C] +20[Si] + 30[Mn] +280[ P] + 575[S]
+4.75[Ni]+6.5[Cr] + S[Mo] +40[Ti] +4[V]} (5)
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Figures 7(a)~(c) show the contour maps of temperature field of
laminated metal billet with different simulated conditions when
the temperatures at interface reach peak. Although some scat-
ter is apparent, these plots logically show diagonal symmetry.
As shown in Figure 7(a), the relatively high values of Ty,
T, and VR, used in the casting process may result in the rel-
atively high temperatures at interface. However, an excess of
heat energy imported into the system will lead to excessive
fusion of solid E355DD, and the laminated metal composite may
become gradient metal composite.'®!? Besides, too much super-
heating of HBW555XCr21 has a negative effect on grain refin-
ing. Figure 7(b) shows a temperature field with relatively low
temperature values, which indicates an unsatisfied bonding may
be produced because too low temperatures at the interface to
form mushy state. Figure 7(c) shows a satisfactory temperature
field with appropriate temperature values. It is worth noting that
when the optimized processing parameters such as VR, =4.5: 1,
Toour = 1550 °C, T, = 1000 °C are adopted in bimetal cast-
ing, the bonding quality may be improved significantly. This is

45 ——— 45 —
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40 :ﬁaﬁ_——m—s-a—— — 40-=
-l— ———1480 - _HSLA Ti?olj' ,.\_______-1320 HSLA
35+ L 354
3011509 ’% : - 30+ 350 . !
25—_57%\ | L 25+ %
201 ' L 0l T~ Z -
P | "Q) -.%
15_%\\’% % 218 15 r
% - g B
0] 2 L HCel i
HCCI e . l
51 \ 5 !
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(a) VR, = 9.5:1, Tpour = 1550°C, Tpre = 1200°C
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(¢) VR, = 4.5:1, Tyoy, = 1550°C, Ty = 1000°C

Fig. 7. Contour plots of temperature field of laminated metal billet.

(b) VR, = 4.5:1, Tyour = 1450°C, T, = 800°C
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because a thin transient mushy layer may be formed in center
areas on the contact surface of solid E355DD.

6. CONCLUSIONS

(1) A three-layer FEM model for liquid-solid bimetal cast-
ing of HCCI and HSLA laminated metal composite has been
developed. The model can be used to optimize processing
parameters including pouring temperature, preheating tempera-
ture and effective volume ratio for achieving perfect metallurgical
bonding.

(2) The temperature at the contact surface of solid E355DD
increases sharply in the early stage of bimetal casting and then
decreases slowly with an increase of time. Increasing the value
Of Touer Tore OF VR,, the temperatures at interface may increase
due to incremental heat energy imported into the system. The
change of T, has more significant influence on the interface
temperatures.

(3) The perfect metallurgical bonding for laminated metal com-
posite can be achieved by adjusting processing parameters. The
optimized parameters employed in bimetal casting may produce
a thin transient mushy layer at the interface to ensure the bonding
quality.
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