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Abstract

In the present study, vertical semi-continuous casting equipped with the electromagnetic stirring (EMS) was
applied in order to control the solidification process and obtain the anticipated homogeneous microstructure for
Cu-15Ni-8Sn alloy. The experimental results indicate that the microstructure of as-cast Cu-15Ni-8Sn (wt.%) alloy
prepared by conventional casting consists of Sn-depleted o phase (a0 Cu(Ni) solid solution), Sn-rich y phase
((CuxNiix)3Sn), and intermediate transition region (a+y), and most of the Sn element mainly segregates at dendritic
grain boundary. Discriminatively, some equiaxed grains come into being in as-cast Cu-15Ni-8Sn alloy prepared
by vertical semi-continuous casting, and Sn-rich y phases distribute on the matrix and grain boundary uniformly.
Furthermore, the size of equiaxed grains becomes smaller after applying EMS, which reduces the segregation of
Sn element to a large degree. In this study, microstructure evolution mechanism of Cu-15Ni-8Sn alloy prepared
by conventional casting and by vertical semi-continuous casting without and with EMS is analyzed.

Keywords: Cu-15Ni-8Sn, Vertical semi-continuous casting, Electromagnetic stirring, Microstructure evolution

1. Introduction

A commercial Cu-Ni-Sn alloy, strengthened by spinodal decomposition [1], is widely used in electronic industry,
aerospace, mechanical systems and so on due to its high strength, high elastic, good mechanical properties, and
electrical conductivity, etc [2-6]. However, some previous studies [3, 4] indicate that a serious segregation
phenomenon of Sn element exists in the conventional casting process for Cu-Ni-Sn alloy as a result of the low-
melting-point of Sn compared to Cu and Ni, which has a negative influence on the subsequent processing and
mechanical properties. Therefore, in recent decades, great efforts have been carried out to explore for new
preparation technology such as powder metallurgy [7], rapid solidification [8, 9], spray deposition [10] and so on
to reduce the segregation of Sn. Although Cu-Ni-Sn alloy has been successfully prepared by such above-mentioned
methods, it should be noted that the high cost and small size limitation of samples via such complex preparation
process have become to the great obstacles for industrial production and application.

Therefore, the industrial production and application of Cu-Ni-Sn alloy become increasingly significant. Grain
refinement is one of the alternative means to reduce the segregation. Grain refinement can be achieved by several
methods, i.e., (a) the addition of grain refiner in aluminum alloys [11]; (b) the stirring of melt by mechanical
equipment or electromagnetic field [12-14]. In the present study, vertical semi-continuous casting equipped with
electromagnetic stirring (EMS) is applied for the industrial production of Cu-15Ni-8Sn alloy to reduce the
segregation of Sn. The microstructure evolution mechanism of Cu-15Ni-8Sn alloy prepared by conventional
casting and by vertical semi-continuous casting without and with EMS is analyzed. The results provide a
fundamental understanding for the industrial preparation of Cu-Ni-Sn alloy, which has tremendous scientific and
technological relevance.

2. Experimental

2.1 Preparation of Cu-15Ni-8Sn alloy

Cu-15Ni-8Sn (Wt%) alloy billet (the cross section is 100 mm % 100 mm, the length is 500 mm) was prepared by
vertical semi-continuous casting with EMS using an intermediate frequency induction furnace. The raw materials
are electrolytic copper plate (99.95 wt.%), electrolytic nickel plate (99.95 wt.%) and industrial pure tin (99.95
wt.%). Industrial pure tin was added into the furnace after the electrolytic copper and electrolytic nickel were
completely melting, then the temperature was held at 1350°C for 10 minutes to guarantee that the mixing melt was
homogeneous. In order to avoid the oxidation of the melt surface, the carbon powder was used to cover the surface
of the alloy melt. Magnesium-copper master alloy was used for degassing in the casting process. Then, the melt
was poured into a crystallizer with a vibration equipment and an intermediate frequency induction coil. The coil
was superimposed on a certain height of the crystallizer where the solid-liquid interface was located exactly at the
height. The schematic diagram of experiment device is shown in Fig.1. The power of the intermediate frequency
magnetic field are 0 KW, 5 KW, 10 KW, respectively. In addition, as a comparison experiment, the Cu-15Ni-8Sn

IOP Publishing

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI.

Published under licence by IOP Publishing Ltd 1



9th International Symposium on Electromagnetic Processing of Materials (EPM2018) IOP Publishing
IOP Conf. Series: Materials Science and Engineering 424 (2018) 012073 doi:10.1088/1757-899X/424/1/012073

alloy ingot (the diameter is 40mm, the length is 200mm) was prepared by using an intermediate frequency
induction furnace under argon atmosphere.

2.2 Microstructure observation and phase identification

In order to analyze the solidification behavior of Cu-15Ni-8Sn alloy, the as-obtained samples were polished and
etched by a solution consisting of 95 ml C:HsOH + 5 ml HC1 + 5 g FeCls for morphology observation and phase
identification. Microstructure was observed using an Olympus GX51 optical microscope and a scanning electron
microscope (SEM, Zeiss supra 55) equipped with an energy dispersive spectrometer (EDS) operated in secondary
electron mode and with an accelerating voltage of 15 kV.
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Fig. 1 The schematic diagram of experiment device

3. Results and discussion

3.1 Microstructure of as-cast Cu-15Ni-8Sn alloy prepared by conventional casting

Fig. 2 shows the microstructure of as-cast Cu-15Ni-8Sn alloy prepared by conventional casting. It can be clearly
seen that the developed dendritic microstructure which exhibits various growth orientations exists in as-cast Cu-
15Ni-8Sn alloy as shown in Fig. 2(a). The dark grey phase relates to matrix and the light grey phase corresponds
to dendritic grain boundary. Most of Sn element segregates at the dendritic grain boundary which presents a width
of hundreds of micrometers. The dendritic matrix consists of Sn-depleted o matrix, nubby Sn-rich y phase, and
slight intermediate transition region as indicated by Fig. 2(b). There are some nubby Sn-rich y phases located at
dendritic grain boundary as shown in Fig.2(c), which can be identified as (CuxNiix)3Sn according to the EDS result
in Fig. 2(d). In addition, lamellar (a+y) phases can also be clearly found at grain boundary, which is similar to the
pearlite in steel.
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Fig. 2 (a), (b), (¢) Microstructure of as-cast CulSNi-8Sn alloy prepared by conventional casting; (d) the
corresponding EDS result of the point in (c).

As is well known, phase diagram is an important tool for understanding and ascertaining the solidification
behavior of an alloy. Fig. 3(a) shows the quasi binary phase diagram of Cu-15Ni-XSn (wt.%) calculated by
CALPHAD. According to the phase diagram, the melting point of Cu-15Ni-8Sn alloy is about 1110°C, which is
in agreement with that calculated by Jyrki Miettinen [15]. In addition, the temperature range of liquid-solid
transformation is about 190°C (from about 1110°C to 920°C), which can be considered to be the main reason for
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the Sn segregation. As for equilibrium simulation, the solid fraction versus temperature curve gently falls. There
is only a single o Cu(Ni) phase after the solidification is completed at about 920°C. However, the small platform
on Scheil simulation curve can be ascertained as the formation temperature of y phase, which is about 830 °C.
During practical solidification process for Cu-15Ni-8Sn alloy, the firstly formed phase possesses a composition of
kCo, which is smaller than the average composition of the alloy. Consequently, the low-melting-point Sn-rich melt
are pushed to dendritic boundaries, causing the segregation of Sn along grain boundaries. Most of the Sn-rich melt
can solidify to supersaturated o phase, and only a few fraction of Sn-rich melt forms nubby vy phases via liquid-
solid transformation. Subsequently lamellar y phase would precipitate from supersaturated a solid solution and
exhibit lamellar (o-+y) phases as indicated in Fig. 2(c). In addition, there are also some Sn-rich droplets existed in
dendritic matrix due to insufficient diffusion for Sn atoms. These Sn-rich droplets would solidify to y phases at
about 830 ‘C just as demonstrated in Fig. 2(b).

1200
(a) Liquid (b) Equilibrium simulation
1100 11001 /
1000
S 900 . 5 900 Scheil simulation
= 89| ©CD Pt
700 a-Cu(Ni) +y-(Cu,Ni)3Sn 700
600
500
. 0 5 10 15 20 0 0.2 0.4 0.6 0.8 1
wt% (Sn) Fraction of solid (%)

Fig. 3 (a) Quasi binary phase diagram of Cul5Ni-XSn alloy, (b) Sheil and equilibrium simulations of Cu-
Ni-Sn solidification.

3.2 Microstructure of as-cast Cu-15Ni-8Sn alloy prepared by vertical semi-continuous casting without and
with EMS

Fig. 4 shows microstructure of the as-cast Cu-15Ni-8Sn alloy prepared by vertical semi-continuous casting under
different powers of the intermediate frequency magnetic field. Some coarse equiaxed grains come into being as
shown in Fig4. (a) when the vibration caused by mechanical equipment is introduced during the casting process.
The Sn-rich y phases distribute on the matrix and grain boundary equally. Furthermore, the size of equiaxed grains
becomes smaller with the increasing power of the intermediate frequency magnetic field after the EMS is applied.
Especially, the size of equiaxed grains can be reduced to about 100 pm as demonstrated in Fig4. (c) when the
power of the intermediate frequency magnetic field is 10 KW, which reduce the segregation of Sn to a large
degree.

Fig. 4 Microstructures of the as-cast Cul5Ni-8Sn alloy under different powers of the intermediate
frequency magnetic field: (a) 0 KW; (b) 5 KW; (c) 10 KW.

On the one hand, the vibration device of crystallizer is introduced in order to reduce the friction between the
ingot surface and the wall of the crystallizer. Consequently, the ingot can be successfully prepared and the quality
of the ingot surface has been improved greatly. On the other hand, the vibration of crystallizer can break up the
dendrite arms and promote the formation of equiaxed grains. Moreover, the refining effect on the grain becomes
more obvious after the EMS is applied. The fundamental principle of EMS is to create a Lorentz force, F, acting
on the alloy melt. The alternating electromagnetic field, B, would be born when the coil is connected to an
alternating current. Subsequently, the induced current, J, can be generated in the alloy melt. Lorentz force, F, can
be caused by the interaction of induced current and alternating electromagnetic field. It can be given by
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where the p is the permeability. The first item on the right of the formula is the radial partial force which is vertical
to the side of the melt and points to the center of the melt. The contact pressure between the melt and the wall of
crystallizer can be reduced by the radial partial force, thus achieving the purpose of soft-contact electromagnetic
semi-continuous casting. The second item is the cornering force caused by the edging-effect which can stir the
melt by generating a vertical downward whirl. During the solidification of Cu-15Ni-8Sn alloy, dendrite arms can
be fragmented by the Lorentz force and transformed through the mushy zone by forced convection. Some
fragments could survive in the melt and become the cores of heterogeneous nucleation, which lead to the formation
of the refined equiaxed grains. In addition, the temperature gradient could be lowered under EMS, which extends
the undercooling region and contributes to the dendritic-to-equiaxed transition.

4. Conclusions:

Cu-15Ni-8Sn alloy was prepared by conventional casting and by vertical semi-continuous casting without and
with EMS. The microstructure evolution mechanism is investigated in the present study. The microstructure of as-
cast Cu-15Ni-8Sn alloy prepared by conventional casting consists of Sn-depleted a phase (a Cu(Ni) solid solution),
Sn-rich y phase ((CuxNiix)3Sn), and intermediate transition region (o-+y), and most of the Sn element mainly
segregates at dendritic grain boundary. Whereas, some equiaxed grains come into being in as-cast Cu-15Ni-8Sn
alloy prepared by vertical semi-continuous casting, and Sn-rich y phases distribute on the matrix and grain
boundary uniformly. Furthermore, the size of equiaxed grains becomes smaller with the increasing power of the
intermediate frequency magnetic field after EMS is applied, which reduces the segregation of Sn element to a large
degree. The grain refinement can be ascribed to the double effects of the vibration of crystallizer and EMS. During
solidification, dendrite arms can be fragmented and become the cores of heterogeneous nucleation, consequently,
forming refined equiaxed grains after solidification.
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