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Abstract In sand casting of metallic alloys, the cooling rate is a key parameter that
affects the microstructure and the appearance of defects and residual stresses in the
end cast components. In this work, a numerical model was developed to simulate the
cooling of a duplex stainless steel casting on a furan-bonded sand mold. The heat
transfer coefficient (HTC) as a function of temperature was determined by an inverse
method. A good agreement between experimental and numerical cooling curves was
achieved, showing the importance of estimating HTC as a function of temperature.
On the basis of these results, it is possible to calculate thermal residual stresses and
model the microstructure of duplex stainless steel castings with complex geometries.
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1 Introduction

During sand casting of metallic alloys, the cooling rate is a key parameter that affects
the microstructure and the occurrence of defects (hot tears, shrinkage, porosity) and
residual stresses in the final cast components. In the particular case of high alloy
duplex stainless steels, the cooling fromhigh temperatures promotes the precipitation
of brittle intermetallic secondary phases. This problem becomes worse when the
cast components have a complex geometry. In those cases, thermal cycles can vary
significantly from point to point in the cast parts, inducing non-uniform precipitation,
which in turn influences the fatigue behavior, fracture strength, and even the corrosion
resistance of the component [1]. In extreme situations, residual stresses can result in
distortions or even cracking, affecting the quality of near net shape cast components.
In this context, the role of numerical simulation as a tool to predict the thermal
residual stress distribution is very important, since time and costs can be reduced.
However, to obtain meaningful simulations, it is absolutely necessary to employ
accurate and reliable cooling curves [2]. In this respect, the knowledge of the heat
transfer coefficient (HTC) as a function of temperature is essential, but such data is
not easily obtained from the literature. Some authors [3–5] have reported HTC as a
function of time in a particular setup, but this is not easily applicable to a different
set of conditions. On the other hand, the HTC values are not easily determined by
direct measurements. In fact, the experimental determination of the HTC is affected
by several factors such as the component geometry, the formation of an air gap at
the metal/mold interface, surface roughness, contact pressure and composition of
both the metal and mold materials [4, 6]. The inverse heat transfer approach has
been used before for the description of boundary conditions in thermal processing
of metal alloys [7–10], thus it can be considered a valuable tool in the determination
of the HTC.

In this work, an inverse methodology for the estimation of the heat transfer coef-
ficient in the casting process is presented. The proposed approach consists first of
generating a numerical model by finite elementmethod. The twomajor inputs for this
procedure are the geometry of the cast component and the thermal properties of the
materials (duplex stainless steel and furan-bonded sand), which are known parame-
ters. In this procedure, the temperature-dependentHTC is considered unknown, being
adjusted in such a way so as to adequately simulate the temperature distribution in
the cast component. For that purpose, in a second step, the simulation-generated
data is compared with cooling curves obtained from experiment, in an iterative pro-
cess where the HTC function is modified until a good fit between the numerical and
experimental cooling curves is obtained.
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2 Experimental Procedure

The casting material studied is a 25Cr-7Mo-Ni-N super duplex stainless steel cast
in furan-bounded sand molds. The chemical composition of the alloy melted by
induction is given in Table 1.

The heat transfer is strongly dependent on the alloy properties, specifically den-
sity, specific heat and thermal conductivity. Thus, the numerical analysis took into
account the thermophysical properties of the duplex stainless steel obtained from the
JMatProTM software (Sente Software Ltd., Surrey, United Kingdom). Furthermore,
the same properties of the furan-bonded sand were obtained by using the MPDBTM

software (JAHM Software, Inc, North Reading, USA). All these properties were
obtained as a function of temperature and are shown on Fig. 1.

Table 1 Chemical composition of the 25Cr-7Mo-Ni-N (wt%)

C Si Mn Ni Mo Cr Cu W N

0.02 0.7 0.7 7.9 3.8 25.3 0.9 0.7 0.2

Fig. 1 Thermophysical properties of the 25Cr-7Mo-Ni-N steel and furan-bonded sand (red: duplex
stainless steel, blue: furan-bonded sand)
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Fig. 2 C-ring specimen (dimensions in mm)

3 Methods

a. Experimental cooling curves

The inverse analysis model was based on experimental cooling curves, which were
applied to calibrate the numerical model. For this purpose, an experimental set up
was built using a C-ring specimen as illustrated in Fig. 2. This geometry provides
different cooling rates along the thickness gradient, thus simulating the real casting
conditions of a complex component with a variable cross-section.

The holes for inserting thermocouples were drilled on specific positions of the
furan-bonded sand molds. The C-ring temperature was measured for 6400 s with a
frequency of 1.1 Hz, using R-type thermocouples on the thin and thick sections (see
Fig. 3).

b. Numerical Model

The numerical model was generated in AbaqusTM/CAE (Dassault Systèmes, Vélizy-
Villacoublay, France),which consisted of two assembled parts: a parallelepiped block
with a cavity inside, representing themold and the designed C-ring. Themeshes were
built from 4-node linear heat transfer tetrahedrons (DC3D4). The mold has 18052
elements, while the C-ring has 30316 elements. The meshes for both parts are shown
on Fig. 4.

The initial condition for the thermal problem is the initial temperature for both
C-ring and mold parts. Therefore, on C-ring it was two zones, with respect to the
maximum values of temperatures observed in the thick and thin cross-sections: 1462
and 1106 ºC, were considered. For the mold part, the initial temperature was set to
25 ºC. Another necessary input was the initial estimate of HTC for duplex stainless
steel and furan-bonded sand, which was obtained from the literature [11]. The time
increments were controlled by the specification of the maximum allowable temper-
ature variation of 10 ºC for the heat transfer analysis. The inverse analysis is based
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Fig. 3 Position of thermocouples on C-ring specimen (dimensions in mm)

on the minimization of the difference between experimental and numerical cooling
curves. Those curves were compared and, each time, if the agreement between the
curves was not satisfactory, the parameters HTC for the thin and thick C-ring sections
were modified. The cycle stops when the convergence among curves is verified. This
inverse analysis is able to estimate the mold/metal interfacial HTC as a function of
temperature and consequently to solve the thermal problem adequately.

4 Results and Discussion

c. Experimental cooling curves

The cooling curves of the C-rings starting from the pouring are shown in Fig. 5.
The maximum temperatures measured were 1462 and 1106 ºC, for the thick and
thin sections respectively. These values are below the peak temperature (1630 ºC),
which can be explained by the heating inertia of the thermocouples, due to the outer
ceramic sheath that embeds the hot junction. Practically, the thermocouple response
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Fig. 4 Finite elementmesh for furanmold andC-ring. For computational cost saving, half ofmodel
was considered

time is inadequate in the initial period of the casting. In our work, the time needed
to reach the maximum temperature was 150 s, after the start of the pouring, for both
sections.

Regarding the cooling curves of thick section (Fig. 5a), the agreement between
the twomeasured curves is generally good, however, the second measurement shows
a slight deviation on the first 300 s. This may be a consequence of an uneven dis-
placement of the thermocouple caused by the liquid metal entering the mold cavity.
Concerning the thin section (Fig. 5b), there is a small deviation of the cooling curves
between the two cases, which we attribute to a small variation of the thermocouple
position between experiments. Since the thin section is narrow compared to the ther-
mocouple diameter, any slight variation on its position could result in a measured
difference. Still, it can be concluded that there is a reasonable agreement between
the results.

d. Numerical Model

As described in the “Methods” section, theHTC is estimated using an inverse analysis
approach, on a model where the applied initial temperatures were the maximum
temperatures measured for each section. For that purpose, the inverse analysis started
with a direct heat transfer analysis, in which the HTC values for a similar system
(a duplex stainless steel with a different geometry cast in a silica sand mold), were
considered [11].
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Fig. 5 Cooling curves for
the two measurements: a
thick section and b thin
section

The results of considering those HTC functions as initial guesses are shown in
Fig. 6, which underlines the differences between experimental and numerical curves.
The direct approach using generic values available in the literature cannot be applied
to solve a specific problem, particularly involving complex shapes. In this case, the
numerical cooling curves display a faster cooling rate, than the measured curves.
This difference could lead to errors regarding the calculation of residual stress dis-
tribution. For example, Kang et al. [12], discussed how faster and uniform cooling
rates result on a decrease of residual stresses and solve the deformation issues during
cooling of larger casting components. So, if the thermal model is inaccurate, the
design engineers cannot properly solve the residual stresses problem and improve
the castings quality.

Another issue is related with prediction of phase transformations, which is deter-
mined by the cooling rate. If this parameter varies along the casting thickness, the
eventual formation of secondary phases is a function of geometry. If an incorrect
thermal model is considered, the formation of secondary phases cannot be accu-
rately predicted. In the literature there is research, which describes the formation
of brittle intermetallic secondary phases in a duplex stainless steel, at temperatures
ranging between 700 and 1000 ºC [13, 14]. Hence, it is particularly important to
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Fig. 6 Experimental (red)
and numerical (blue) cooling
curves, using HTC from the
literature: a thick section and
b thin section

obtain accurate thermal results in that temperature range. However, to the authors
best knowledge, it is not available in the literature a description of the HTC functions
for the duplex stainless steel and furan-bonded sand system. The available work on
the subject usually considers simple geometries, as plates [15, 16] and bars or cylin-
ders [3, 11, 17]. For this reason, an inverse methodology is proposed, to determine
the HTC function for this particular casting system, comprising the C-ring shape.

The inverse methodology allowed us to obtain a good correlation between numer-
ical and experimental results, as shown on Fig. 7. The numerical results for the thick
section (Fig. 7a) are very close to the experimental cooling curves, for the considered
dwelling time. As for the thin section (Fig. 7b), the numerical result matches the real
cooling curve, until the temperature of 680 ºC is reached. For lower temperatures
there is a slight deviation between the curves. However, in general, the agreement
between the thermal model and expected behavior for the casting process is good.
From a metallurgical point of view, the numerical model provides a good prediction
for the formation of secondary phases, since a good correlation between numerical
and experimental results is achieved until 700 ºC.
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Fig. 7 Experimental (red)
and numerical (blue) cooling
curves in the context of the
inverse analysis: a thick
section and b thin section

The results from the thermal model were obtained by the application of separate
HTC functions on the thin and thick sections. Note that each function is affected by
both experimental readings. The consideration of two functions, one for each region,
instead of a single global function for the whole domain was considered adequate,
as it leads to a better match with experimental data. Besides, the heat transfer regime
is expected to be different in each of those sections, due to the geometric factors
previously discussed, so it seems appropriate to have a separate HTC function for
each one of those domains. If thermocouple data is available for more points, more
functions (one for each respective section) can in principle be generated.

The resultingheat transfer coefficient functions, under the experimental conditions
of this work, are shown in Fig. 8.

These results show that the casting geometry and other affected variables, such
as shrinkage, deformation and interface clearance, may influence the heat transfer of
the system that was investigated.
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Fig. 8 HTC as a function of
temperature, for thick (blue)
and thin (red) sections

5 Conclusions

In this work, an inverse analysis methodology has been used to estimate the heat
transfer coefficient as a function of temperature for a duplex stainless steel cast in a
furan-bonded sand. The major conclusions from this work are summarized below:

• The HTC functions cannot be generalized and must be determined for a particular
casting geometry, alloy chemical composition and the composition of the mold
sand mixture. The HTC functions available in the literature are not adequate to
replicate experimental thermal data obtained for casting a complex shape, such as
a C-ring.

• Inverse analysis can be used as a calibration process for a numerical model in
order to determine the HTC for a particular setup. This is particularly critical if
the temperature distribution is the main input for further studies such as residual
stress calculations or the prediction of microstructure.
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