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Abstract

Experimental study and numerical model for the thermo-mechanical properties in continuous casting (CC) of
Cu-Al alloys is presented. This is a prerequisite basis for further development of the Cu based shape memory
alloys (SMA) with various alloying elements (like Ni or Mn). A coupled thermo-mechanical numerical simulation
of the CC process is implemented and applied to the full non-equilibrium process conditions. In the
experimental part, we have used simple yet effective vertical continuous casting system. For the quantitative
comparison, we have implemented special temperature measurement system within graphite crystallizer that
enables us to monitor temperature profile at several spots around solidification front in real time. The present
analysis of the various process parameters effect on the solidification process includes: casting speed, thermal
contact conductivity, liquid metal temperature and cooling system set up. For microstructural examination we
have prepared samples from rods that were subsequently investigated by optical microscopy, scanning
electron microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDXS) analysis. Comparisons of the
experimental results and numerical simulation have been carried out. We have developed a comprehensive
numerical simulation model that quantitatively describes non-equilibrium time-dependent temperature profile,
solid fraction and microstructure features in as cast state. Results from the coupled thermo-mechanical and
microstructural simulations compare favorably with experimental data suggesting the casting speed as a key
parameter in process optimization.
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1. INTRODUCTION

One of the continuous efforts by the scientific community is to effectively transfer the basic knowledge from
research results into practical industrial applications. Metallurgy and more specifically physical metallurgy is
such a particularly successful story that made huge impact on our society over the last hundred years. Before
the fundamental understanding of the physical phenomena involved in metallurgical processes and real nature
of matter it was tedious and rather slow improving science. One of the basic technologies is CC that is in the
focus of present investigation. It is appropriate whenever we need to produce long lengths of bars with uniform
cross-section and is usually shrinkage-free. Copper based alloys are one of the main materials in many
practical applications and among them aluminum bronzes (AB) [1] are best known for their high
corrosion/oxidation resistance with high thermal and electrical conductivity. One further direction in the
development of the Cu-Al systems applications is design and production of the SMA-s where in addition to
copper and aluminum, third alloying element (like nickel or manganese) is usually introduced [2]. Despite the
long history of usage, there are many open questions in CC technologies on the right values of the key process
parameters for target as cast microstructure. There has been substantial progress and many refinements of
the technology but mostly in steel production [3]. In the context of copper based alloys one of the recent
developments is Ohno continuous casting technique [4] that can be effectively used for AB production. In fact,
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by the very nature of the CC process, it is difficult to get quantitative information about what is going on in the
mold so physical models became the strong alternative to direct characterization [3].

Today we are equipped with many advanced and highly precise physical models that utilize readily available
computing power giving us completely new opportunities to study and improve our technologies. The basic
fact is that macroscopic properties of the material is determined by underlying microstructure resulting from
thermodynamics rarely close to equilibrium but more often than not the ones selected by relevant kinetics. One
of the very successful approaches in predicting the microstructure evolution during solidification is phase field
(PF) method and more specifically multicomponent alloy solidification version of it. Relatively comprehensive
survey of the topic can be found in [5] and [6]. Cellular Automaton (CA) - Finite Element (FE) or CAFE model
is another very successful simulation approach for the prediction of dendritic grain structures in solidification
process [7] which is readily interfaced with standard FE codes like ProCAST and used for the same purpose
as PF in this work.

Figure 1 Continuous casting system. (Left) Induction furnace filled with pure Cu and Al rods prepared for
melting. (Right) The exit of the as cast rod from the crystallizer.

In present work, we have performed CC of the Cu-9Al system on our LAB equipment (similar to Delta Encon
process). Straightforward characterization of the material grain structure and chemical composition is revealed
by standard optical microscopy, SEM microscopy, and EDXS examination. We have developed two
complementary simulation systems. First one is macroscopic scale simulation of the heat transport by
conduction and convection that dictates the cooling of the alloy implemented in the industry FE code ProCAST.
Second is our own PF implementation that features a simulation of the dendritic grain growth of the primary a
phase into the undercooled melt. The model includes orientation dynamics following nucleation described by
an additional order parameter. This code acquires local thermal gradient information from macroscale FE
calculation. In the last section, PF simulation results are shown and compared to the experimental results. In
concluding section we summarize the results and outline possible improvements of the present model.

2, EXPERIMENTAL PROCEDURE

The CC experimental setup in our LAB is shown on Figure 1. Cu-9Al melt was prepared using inert atmosphere
at 1250°C, which is well above liquidus temperature, from a commercial pure aluminum (99.9%) and copper
(99.99%). The casting speed profile is a critical process parameter for ensuring CC product quality. In our case
it is essentially regular sequence of 5 mm pulls with 0.5 - 0.7 s waiting intervals resulting in average casting
speed of 260 mm/min. Water cooling system was set at 10 I/min (scheme of the system is shown on
Figure 3). In the experiment and in the simulation we let system achieve stationary state so that temperature
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field is constant on the time average. Reason is to avoid transient effects at the beginning since we cannot
control this part of the process accurately. By CC we have obtained several meters long 8 mm in diameter rod
with characteristic surface texture reviling pulls of the transport system.

Material thermal properties: liquidus is estimated from equilibrium thermodynamic database value at
T. = 1064 °C and solidus Ts = 1031 °C, latent heat 233 kJ/kg and thermal conductivity, density, specific heat
are all given as functions of temperature as given by standard databases including one within ProCAST.

As cast material rod is cut, polished and etched in order to reveal grain structure by optical and SEM
microscopy. Figure 2 shows a typical optical (left) and SEM micrographs (right) with well-established
microstructure in the present system that is a mixture of a and B phases [8]. Since the driving force in this
solidification process is thermal activation in high-temperature gradients a phase dominates even a phase
precipitation might be suppressed since the 3 phase transforms to the a phase as cooling goes on.

SEM HV: 20,00 KV SEM MAG: 500 x I T
Date(m/dfy): 111717  Stef 200 ym VEGAN TESCAN g’
Det: SE Stef Performance in nanospace n

Figure 2 Micrographs with 500X magnification in the middle of the as cast rod: (Left) Optical microscopy.
(Right) SEM image approximately at the same position in the sample as in the optical case.

EDXS reveals homogenous chemical composition along the cross section giving results in the range 6.66-
7.58% of aluminum on the spots examined (near the edge and in the middle of the rod). This is in accordance
with the observation that with high cooling rates B-phase transforms to the a-phase with fixed chemical
composition, changing only the crystal structure.

3. PHYSICAL MODELING

The first part of the physical modeling consists of macroscopic thermo-mechanical simulation performed in
ProCAST FE casting software package with CC module activation. Solidification simulation strategy is based
on the fundamental observation that macro heat and mass transport processes govern mesoscopic
microstructure evolution process, by determining a number of key conditions like local thermal gradients. Data
obtained in this simulation were exported and imposed as thermal conditions for the micro system. We have
calibrated uncertain parameters of the process (mainly heat transfer coefficients among different materials) in
order to faithfully represent thermal gradients in the CC system compared to the measured data. Positions of
the thermometers in the experimental set up are depicted on Figure 3 (left). Figure 3 shows main simulation
results on the macro scale: on the left image we give temperature field after thermal stabilization (40 s from
the start of the simulation) representing stationary temperature distribution. The right image on Figure 3 gives
solid fraction distribution (at the same time) with characteristic meniscus shape of the solid-liquid interface that
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is very heart of the CC solidification process. In the subsequent micro simulation, we will numerically follow
the tiny piece of the alloy in the middle of the mold where very high heat fluxes are present giving rise to steep
gradients of the relevant quantities. One of the main simulation findings is that, in contrast to the typical steel
CC process, we clearly see that the main thermal transport route is down the rod itself due to the very high
alloy thermal conductivity. It calls for special care in the experiment as cutting the rod as it goes out of
crystallizer reduce total heat capacity of the rod thus effecting casting conditions significantly. The main control
parameter at hand to process adjustment is the casting speed that is the same as in experimental set up (on
average 260 mm/min, with characteristic pulls and waiting intervals). Waiting time increase is a consequence
of the graphite crystallizer heating up during the process since in CC process heat and material constantly
enter the system from the crucible.

This simulation gives us full information about the thermal environment for the microstructure evolution. During
the simulation residual stress is also calculated (not shown in this report) that can be used to further optimize
process parameters. Effective residual stress after initial thermal stabilization is below 100 MPa throughout
the rod. To continue further with simulation we define 100x100 um 2D model box that we are going to follow
from the state of the complete melt to solid grain structure that arises from the dendritic growth of the primary
phase. We are going to perform simulation in the reference frame of the moving cast rod looking at the small
quadratic piece that is on the symmetry axis passing through the top of the solidification meniscus. Already
calculated temperature and heat flux fields in FE calculation provide changing the thermal environment for our
micro subsystem.

. S
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ProCAST

Figure 3 Stationary state in the CC process. (Left) Temperature field with thermometers positions within
graphite crystallizer (shown as yellow squares). (Right) Solid fraction at the same time.

As for grain growth inside the model box we choose 2D PF model that is based on liquid and solid (a) phase
but also include the possibility of different grain growth orientation [10]. There is a great deal of physical
information from the full 3D simulation which can be studied in a 2D case but with considerably less
computational cost. In this short paper we cannot give a proper account of the physical formalism involved in
the phase field modeling of the nucleation and grain growth but refer the reader to the appropriate literature
and references therein [5], [6] and [10]. It is based on the concept of order parameter that in this case consist
of two 2D space-time function: one for the solid fraction and the other for grain orientation governing the
impingement and misorientations of grains. We closely followed the formalism developed in [10].
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PF formalism for the a phase order parameter governing equation gives:

1 0

1 «x
M, o =V -DV@+o(1-@)m(o,AT), m(¢,AT)—¢—E—;arctan(K2AT) (1)

The coefficient My is solid liquid interfacial mobility and D is an anisotropic diffusion tensor in 2D defined with
following auxiliary quantities:

l+cp —02—’8 l—tanz(];]l//) 0613y
D=a’(14cf) o v ,Bz—N, W= 9+arctan( o ) 2)
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where function m(¢, AT) describe surface energy anisotropy with parameters «; .. N is crystal symmetry (4 in
our case). The governing equation for local crystallographic orientation field order parameter is given by:

P(eVS) 09 2 2
(;49 )§:V{¢ (Vi,g+g jvg] P(x):l—eXp(—ﬂx)—geXP(_ﬂx) ®)

where s and ¢ specify strength of the ¢-0 coupling P being inverse mobility function. Third coupled differential
equation is heat transport equation for the undercooling temperature (defined dimensionless as the difference
from fusion temperature 7)) field:

agtT =V.D VAT+%+q(T -7), AT =(T-T,))/ T, “)

where the last term is an additional source term that controls warming of the model box with ¢ and 7 adjusted
to keep undercooling distribution realistic at the boundary. In this simulation, it is an effective heat sink that
corresponds to net flux out of the model box. Namely, as solidification proceed undercooling is almost linearly
increasing (temperature gradient is approximately 115 K/cm) on the macro scale as shown on Figure 4 (left)
but locally is severely influenced by massive latent heat production.
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Figure 4 (Left) Undercooling distribution with the clear signature of the solidification latent heat local effects.
(Right) typical dendrite structure of the solidification into an undercooled melt. Colors show the local
crystallographic orientation of the dendrite with respect to the fixed axis of the simulation box.
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Initial condition for the simulation is undercooled melt in accordance with the gradient obtained from FE macro
calculation and seeding 4 grains with random orientation. The coupled system of equations is evolved by finite
volume method with the help of implementation in FiPy numerical suite [11].

4, CONCLUSION

To summarize, in this paper we have described experimental CC of Cu-9Al binary alloy in rods. The as cast
material was subsequently prepared for optical, SEM and EDXS characterization by standard procedure.
Physical macro model of the CC system is prepared with the help of ProCAST software suite. We show main
findings of the simulation that is calibrated by matching of the experimental and simulated temperature field in
the graphite crystallizer. Besides macro temperature field, we also presented solid fraction field under
stationary state during casting. Temperature field obtained in this step is used as an input for the undercooling
field that constrains PF simulation of the single primary phase solidification. PF simulation (eq. 1-4) shows
kinetics of the dendritic grain growth into the undercooled melt and is performed in the reference frame of the
moving rod. Heating of the simulation model box is treated by including artificial heat sink into the thermal
equation (4). As a further development of the microstructure model we plan to include composition field in the
spirit of the Kim-Kim-Suzuki model [13] for interfacial energy and second phase order parameter for
quantitative predictive physical simulation o the ternary SMA Cu-based alloys.
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