ISSN 1726-4529

Int j simul model 15 (2016) 3, 522-531

Original scientific paper

NUMERICAL ANALYSIS OF CONTINUOUS CASTING OF
NiTi SHAPE MEMORY ALLOY
Ternik, P.* & Rudolf, R.**

*

**

Ternik Primož – Private Researcher, Bresterniška ulica 163, 2354 Bresternica, Slovenia
University of Maribor, Faculty of Mechanical Engineering, Smetanova 17, 2000 Maribor, Slovenia
E-Mail: pternik@pt-rtd.eu, rebeka.rudolf@um.si

Abstract
The present study deals with the numerical analysis of the solidification process of NiTi binary alloy
in a lab-scale continuous casting device. The physical medium is taken as an incompressible fluid
where the heat is transferred by conduction and convection, including the thermal phase change
phenomenon. The energy equation which includes both convection-diffusion heat transfer and a
mushy region for the phase-change (solidification) is modelled by using an enthalpy-based
formulation. The numerical approach is based on the finite volume method in body fitted coordinates
with a SIMPLE scheme to couple the pressure and velocity fields.
Results show that the casting speed has a significant effect on the temperature distribution and,
consequently on the solidification as well as metallurgical length. High casting speed may cause
inadequate thickness of the solidified material at the mould exit to withstand the hydrostatic pressure
of the molten NiTi below the mould and may also lead to breakout due to sticking of the solidified
shell and mould because of lack of slag film for lubrication between the two.
(Received in December 2015, accepted in April 2016. This paper was with the authors 2 months for 1 revision.)
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1. INTRODUCTION
The continuous development of science and technology in all industrial sectors means the
connecting and usage of a wide range of new knowledge together with implementation of new
modern technologies for production of materials with high functional, specific and special
properties. Intermetallic Ni-Ti compound with shape-memory effect is an attractive material
for applications in various branches of engineering, e.g. space technology, medicine, robotics
and actuator technology [1-4].
Shape-Memory Alloys (SMA) are a group of materials characterised by the ShapeMemory Effect (SME) and superelasticity (SE), also called pseudoelasticity (PE) [5]. Ni-Ti
binary alloys (sometimes called “Nitinol”) are probably the best known from this group of
materials. Nevertheless, these alloys are not always the most suitable for the particular
purpose. This factor is also the reason for seeking optimised variants of these original binary
systems. One of the possible solutions is to modify binary alloys by incorporation of one or
more chemical elements into the production process. The resulting materials can be summed
up in the term Ni-Ti-(X), where X means the presence of another element. Although the best
memory characteristics are usually achieved for alloys with an Ni content of 49.3 ÷ 51 at. %
[6], by decreasing the content of one element (Ti or Ni) to the prejudice of the third element,
modified materials are obtained, while preserving some of original characteristics like
corrosion resistance and related biocompatibility [7-9]. The intermetallic equiatomic
compound of nickel and titanium thus remains as the base of modified binary materials.
Nevertheless, it should be stated that the characteristics of Ni-Ti SMA may be modified
significantly otherwise than by the appropriate choice of chemical composition, namely by
forming and thermal (thermo-mechanical) processing. As a result, the final properties and
products made of SMA are influenced significantly, not only by the chosen forming
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technique, but also their mutual sequence. These factors, together with the used technique
play a major role in the manufacture of products from SMA [10].
Production of Ni-Ti alloys is done mostly by vacuum induction melting, whilst various
melting procedures are used (electron beam melting, vacuum arc melting and plasma arc
melting) [10]. When Ni-Ti alloys are melted, there can be unfavourable effects, especially of
gases such as nitrogen or oxygen. Other problems consist in the conditions suitable for
crystallization and minimization of micro- and macro-segregation connected with that. Also,
contamination of the material has to be prevented by non-metallic intrusions. Due to the
formation of titanium carbide and titanium oxide in Ni-Ti, the concentration of individual
elements changes and thus so does the transformation temperature. Among other problems
arising from the melting of Ni-Ti, there is the formation of the low-melting point phase NiTi2,
which causes a strong tendency towards hot crack formation.
Although that the production process of SMA is very demanding, methods for rapid
solidification (like melt spinning and continuous casting) are acceptable as well. These
methods are characterised by high cooling rates, with a limited diffusion process during
solidification and cooling. Such a fast cooling can lead to the formation of fine grain
microstructure, less segregation and better homogeneity with little or no secondary phases.
Consequently, in this way the produced SMA have better mechanical stability properties at
elevated temperatures, better resistance to ageing and reduced fragility, as well as improved
corrosion resistance.
This study, therefore, investigated the possibility of production simplicity by melting in a
lab-scale continuous vertical casting machine. Since the experimental research during the
rapid solidification process is usually limited, the solidification of NiTi alloy has been
investigated by numerical simulations, which have become a very important approach for
solving complex problems in engineering and science [11-14].

2. NUMERICAL METHOD
The governing equations were solved by taking the advantage of the standard finite volume
method. Each governing equation is discretised in a space by integration over the set of
control volumes forming the computational mesh. Such a process results in a system of
linearized equations of mass, momentum and energy conservation joined with the constitutive
equation. In these equations all variables are evaluated (and stored) in the centre of the control
volumes populating the physical domain being considered. All, continuity, momentum, and
energy equations were solved to tolerances 10−8.
In spite of some compelling features of the finite volume method there are some
undesirable numerical effects (for example, artificial diffusion [15]) that are influenced by the
low-order interpolation of the convection terms in governing equations. In order to overcome
those undesirable numerical effects, the second-order accurate linear upwind differencing
scheme [16] was used in the present study.
The rest of the paper is organised as follows. The necessary mathematical background and
numerical details are presented Section 2 which is followed by the grid refinement and
numerical accuracy assessment (Section 3). Following this analysis, the results are presented
and subsequently discussed (Section 4). The main findings are summarised and conclusions
are drawn in the final section of this paper.
2.1 Solidification
NiTi alloy solidification using ANSYS Fluent was modelled by the enthalpy-porosity
technique [17, 18]. In this technique the melt interface is not tracked explicitly. Instead, a
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liquid fraction, which indicates the fraction of the cell volume that is in liquid form, is
associated with each cell in the computational domain.
The liquid-solid mushy zone is a region in which the liquid fraction values lie between 0
and 1 and its temperature ranges between the liquidus (𝑇𝑙 ) and solidus (𝑇𝑠 ) temperatures. The
mushy zone is modelled as a “pseudo” porous medium in which the porosity decreases from 1
to 0 as the material solidifies. When the material has solidified fully the porosity becomes 0
and hence the velocities also drop to 0.
The enthalpy of the material is computed as the sum of the sensible enthalpy (ℎ) and the
latent heat (∆𝐻):
𝑇

𝐻 = ℎ + ∆𝐻 = ℎ𝑟𝑒𝑓 + ∫

𝑇𝑟𝑒𝑓

𝑐𝑝 𝑑𝑇 + 𝑓𝑙 𝐿𝑣

(1)

where ℎ𝑟𝑒𝑓 is the reference enthalpy, 𝑇𝑟𝑒𝑓 the reference temperature, 𝑐𝑝 the specific heat at
constant pressure, 𝑓𝑙 the liquid mass fraction and 𝐿𝑣 the latent heat of fusion.
The liquid volume fraction, 𝑓𝑙 , is defined as:
1
𝑇 > 𝑇𝑙
𝑓𝑙 = {(𝑇 − 𝑇𝑠 )⁄(𝑇𝑙 − 𝑇𝑠 ) 𝑇𝑠 < 𝑇 < 𝑇𝑙
0
𝑇 < 𝑇𝑠

(2)

Finally, for the solidification problem, the energy equation reads as:
𝜕
(3)
(𝜌𝐻) + ∇ ∙ (𝜌𝑣⃗𝐻) = ∇ ∙ (𝑘∇𝑇) + 𝑆
𝜕𝑡
where 𝐻 is enthalpy, 𝜌 density, 𝑣⃗ fluid velocity, 𝑘 thermal conductivity, 𝑇 temperature, and 𝑆
source term:
𝑆 = 𝜌𝐿𝑣

𝜕𝑓𝑠
+ 𝜌𝐿𝑣 𝑣⃗𝑝𝑢𝑙𝑙 ∇𝑓𝑠
𝜕𝑡

(4)

2.2 Continuity and momentum equations
The continuity equation is expressed as:
𝜕𝑣𝑖
=0
𝜕𝑥𝑖

(5)

The enthalpy-porosity method assumes the mushy region (partially solidified region) as a
porous medium. The porosity in each control volume is set equal to the liquid fraction in that
control volume. In fully solidified regions, the porosity is equal to zero, which extinguishes
the velocities in these regions. The momentum sink due to the reduced porosity in the mushy
zone takes the following form:
(1 − 𝑓𝑙 )2
𝑆= 3
𝐴
(𝑣⃗ − 𝑣⃗𝑝𝑢𝑙𝑙 )
(𝑓𝑙 + 𝜀) 𝑚𝑢𝑠ℎ

(6)

where 𝜀 is a small number (0.001) to prevent division by zero, 𝐴𝑚𝑢𝑠ℎ is the mushy zone
constant that defines the gradient of the sink of fluid velocity when the porosity drops, and
𝑣⃗𝑝𝑢𝑙𝑙 is the solid velocity due to the pulling of solidified material out of the domain (also
referred to as the pull velocity).
Normally, the mushy zone constant range is 𝐴𝑚𝑢𝑠ℎ = 104 ÷ 107 . The greater the value of
the mushy zone constant is the steeper is the transition of the velocity of the material to zero
as it solidifies.
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The pull velocity is included to account for the movement of the solidified material as it is
withdrawn continuously from the domain in the continuous casting process. The presence of
this term in Eq. (6) allows newly solidified material to move at the pull velocity. If solidified
material is not being pulled from the domain, 𝑣⃗𝑝𝑢𝑙𝑙 = 0.
2.3 Geometry, boundary conditions and assumptions
The problem of the NiTi alloy solidification in the lab-scale device is depicted schematically
in Fig. 1. The process starts by the transfer of molten NiTi to the water cooled copper mould,
where it gets solidified into “semis” and subsequently pulled out into the final product.

Figure 1: Schematic diagram of the simulation domain.

The cooling intensity of the mould should be high enough so that the NiTi solidifies to
sufficient depth around the inner surface of the mould, forming a solid shell with the molten
NiTi in the centre of the strand. Moreover, the solid shell formed should have an adequate
amount of thickness to withstand the hydrostatic pressure of the molten NiTi.
Finally, the following assumptions were made during the numerical modelling:
 Liquid NiTi is an incompressible Newtonian fluid with invariant physical properties;
 Mould oscillation, effects of segregation, etc. have been ignored;
 Shrinkage due to solidification is ignored.
Based on the above assumptions, the material properties and operating conditions for the
present numerical analysis are listed in Table I.
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Table I: Material properties and operating conditions.

NiTi alloy [19]
Density
6450 kg/m3
Specific heat
322 J/kg K
Latent heat
24200 J/kg
Thermal conductivity 10 W/m K
Viscosity
0.00574 Pa s
Solidus temperature
1005.15 K
Liquidus temperature
1583.15 K
0.0025 m/s
0.0050 m/s
Pull velocity
0.0075 m/s
0.0100 m/s
Casting temperature
1693.15 K
Cooling water
Flow rate
10 l/min
Density
998.2 kg/m3
Specific heat
4182 J/kg K
Thermal conductivity 0.6 W/m K
Viscosity
0.001003 Pa s
Temperature
293.15 K
Copper
Density
8978 kg/m3
Specific heat
381 J/kg K
Thermal conductivity 387.6 W/m K
Stainless steel
Density
8030 kg/m3
Specific heat
502.48 J/kg K
Thermal conductivity 16.27 W/m K
Ceramics
Density
5600 kg/m3
Specific heat
446.3 J/kg K
Thermal conductivity 2.5 W/m K
Ambient air
Temperature
295.15 K
Convective heat
10 W/m2 K
transfer coefficient

3. GRID REFINEMENT AND NUMERICAL ACCURACY STUDY
A comprehensive evaluation of the CFD software used for particular application should be
one of the goals of each theoretical as well as industrial numerical analysis. Such an
evaluation should ensure that different types of errors are identified, treated separately and
reduced below an acceptable level.
In an ideal world this would mean that solutions are provided for computational grids and
time-steps, which are fine enough so that numerical errors can be neglected. But on the other
hand, this is not a trivial task and the separation (as well as study) of errors is not always
achieved but rather relies on previous studies [20]. Nevertheless, the worst strategy would be
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to avoid this subject and to provide solutions on a single computational grid, with a single
time-step and with uncertainties in initial and boundary conditions not evaluated.
In the present work, the influence of computational grid refinement on numerical results
was studied throughout the examination of spatial (grid) convergence using three different
computational meshes (elements were concentrated towards each solid wall). With each grid
refinement the number of elements in a particular direction is increased and element size is
reduced. Such a procedure is useful (and encountered in many numerical studies [21-23]) for
obtaining a higher-order estimate of the flow value (value at infinite grid) from a series of
lower-order discrete values [24].
For a general variable 𝜑 the grid-converged value (i.e. extrapolated to the zero element
size) according to the Richardson extrapolation is given as:
(7)

𝜑𝑒𝑥𝑡 = 𝜑𝑀𝐼𝐼𝐼 − (𝜑𝑀𝐼𝐼 − 𝜑𝑀𝐼𝐼𝐼 )⁄(𝑟 𝑝 − 1)

where 𝜑𝑀𝐼𝐼𝐼 is obtained on the finest grid and 𝜑𝑀𝐼𝐼 is the solution based on the next level of
coarse grid, 𝑟 = 2 is the ratio between the coarse to fine grid spacing and 𝑝 = 2 is the
theoretical order of accuracy.
The numerical uncertainties for the normalised temperature (𝑇⁄𝑇𝑐𝑎𝑠𝑡𝑖𝑛𝑔 ) and the nondimensional vertical velocity (𝑣𝑦∗ = 𝑣𝑦 𝐻⁄𝛼 ) on the horizontal plane x-y of the copper mould
are presented in Table II.
Table II: Grid refinement and numerical accuracy study (𝑣𝑝𝑢𝑙𝑙 = 0.005 𝑚/𝑠).

𝑇⁄𝑇𝑐𝑎𝑠𝑡𝑖𝑛𝑔
𝑣𝑦∗

Mesh 𝑀𝐼
0.4540
−149.5598

𝑇⁄𝑇𝑐𝑎𝑠𝑡𝑖𝑛𝑔
𝑣𝑦∗

Mesh 𝑀𝐼
0.5520
−149.5724

𝑥 = 0, 𝑦 = 0, 𝑧 = 0
𝜑𝑒𝑥𝑡
Mesh 𝑀𝐼𝐼
Mesh 𝑀𝐼𝐼𝐼
0.4539
0.4538
0.4537
−149.6064 −149.7680 −149.8972
𝑥 = 0, 𝑦 = 0, 𝑧 = 𝐻⁄2
𝜑𝑒𝑥𝑡
Mesh 𝑀𝐼𝐼
Mesh 𝑀𝐼𝐼𝐼
0.5518
0.5517
0.5516
−149.6060 −149.6697 −149.7207

𝐸𝑟𝑟𝑜𝑟
0.03 %
0.20 %
𝐸𝑟𝑟𝑜𝑟
0.03 %
0.08 %

The results of calculations of the numerical accuracy (Table II) indicate that as the mesh is
refined there is a consistent improvement in the accuracy of the predicted values, and the
agreement between the predictions obtained with mesh MII and extrapolated values is
extremely good for both flow variables under consideration (the discretisation error levels are
smaller than 0.20 %). Based on this, the simulations in the remainder of the paper were
conducted on mesh MII which provided a reasonable compromise between high accuracy and
computational effort.

4. RESULTS AND DISCUSSION
4.1 Velocity and temperature distribution
The variation of temperature along the centre line and exit of the copper mould with different
casting speeds is shown in Fig. 2. The different slopes in a particular curve are due to the
change in cooling rate in different cooling zones. Furthermore, it can be noticed that the
change in casting speed affects the temperature distribution significantly (increase in
temperature as the casting speed increases), which, in turn, affects the solid shell thickness in
the copper mould.
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Figure 2: Temperature variation along the centre line (left) and exit (right) of the copper mould.
𝑣𝑝𝑢𝑙𝑙1 = 0.0025 𝑚/𝑠, 𝑣𝑝𝑢𝑙𝑙2 = 0.0050 𝑚/𝑠, 𝑣𝑝𝑢𝑙𝑙3 = 0.0075 𝑚/𝑠, 𝑣𝑝𝑢𝑙𝑙4 = 0.0100 𝑚/𝑠,
S = solidus, L = liquidus.

Consequently, the metallurgical length (i.e. the distance where the solidification is
sufficiently complete) increases with an increase in casting speed and at the casting speed of
0.0100 𝑚/𝑠 metallurgical length became more than the computational domain and NiTi
could not become completely solidified at the exit of the copper mould (Figs. 3 and 4).
𝑣𝑝𝑢𝑙𝑙 = 0.0025 𝑚/𝑠

𝑣𝑝𝑢𝑙𝑙 = 0.0050 𝑚/𝑠

𝑣𝑝𝑢𝑙𝑙 = 0.0075 𝑚/𝑠

𝑣𝑝𝑢𝑙𝑙 = 0.010 𝑚/𝑠

Figure 3: Temperature contour at different casting velocity.

Due to increased casting speed bulging, inner and surface cracks and other defects may be
found in the final cast. In addition, high casting speed may cause inadequate thickness of the
solidified material at the mould exit to withstand the hydrostatic pressure of the molten NiTi
below the mould and may also lead to breakout due to the sticking of solidified shell and
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mould because of lack of slag film for lubrication between the two. So the casting speed is to
be limited to prevent the formation of any defect.
𝑣𝑝𝑢𝑙𝑙 = 0.0025 𝑚/𝑠

𝑣𝑝𝑢𝑙𝑙 = 0.0050 𝑚/𝑠

𝑣𝑝𝑢𝑙𝑙 = 0.0075 𝑚/𝑠

𝑣𝑝𝑢𝑙𝑙 = 0.010 𝑚/𝑠

Figure 4: Liquid mass contour at different casting velocity.

5. CONCLUSION
In the present study the phase-change (solidification) of NiTi alloy in a lab-scale continuous
casting device was studied by numerical means. The solidification process was modelled by
the enthalpy-porosity method. The temperature and liquid NiTi mass fraction distribution has
been calculated to study the effect of casting speed.
The influence of computational grid refinement on the numerical predictions was studied
throughout the examination of grid convergence. By utilising extremely fine meshes the
resulting discretisation error levels are below 0.20 %.
Based on the present numerical results, the following important conclusions can be
emphasised:
 The different slopes in temperature variation is due to the change in cooling rate in
different cooling zones;
 The change in casting speed affects the temperature distribution significantly (increase in
temperature as the casting speed increases), which, in turn, affects the solid shell thickness
in the copper mould;
 The metallurgical length increases with an increase in casting speed;
 For high casting speed the metallurgical length exceeds the computational continuous
casting domain and NiTi may not become completely solidified at the exit of the mould;
 High casting speed may cause defects in the final cast, inadequate thickness of the
solidified material;
 The casting speed is to be limited to prevent the formation of any defect;
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 The casting speed can be increased or decreased properly maintaining the cooling in the
mould;
 Cooling rate can be lowered at a fixed casting speed by maintaining the metallurgical
length and the temperature within the specified range.
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