Revised Manuscript Click here to access/download;Manuscript;Revised Manuscript %
for IMSC-D-24-06622.docx

Click here to view linked References

Solute migration and microstructure evolution of the hypereutectic
Cu-73.4 wt.% Ag alloy during directional solidification under high-

gradient magnetic fields

O Joy U WM

=
[@>2aNe)

Jinmei Sun’ 2, Baoze Zhang" 3, Tie Liu" *, Tianru Zhou"?, Noriyuki Hirota*, Qiang Wang!

e
N

1. Key Laboratory of Electromagnetic Processing of Materials (Ministry of Education),

=
S W

Northeastern University, Shenyang 110819, China

o e
< oo

2. School of Materials Science and Engineering, Northeastern University, Shenyang 110819, China

[
0

3. School of Metallurgy, Northeastern University, Shenyang 110819, China

NN
= O

4. Research Center for Fundamental Materials, National Institute for Materials Science, Tsukuba

NN
w N

305-0003, Japan

DN NN
~ o U1 >

Address correspondence to E-mail: liutie@epm.neu.edu.cn

w w NN
P O W

Abstract:

w W
w N

During preparation of metallic material, solute migration has a significant effect on the

w W
ar o

microstructure. High magnetic field has an enormous potential on controlling alloy
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solidification on the basis of Lorentz force, magnetic force, etc. In this work, directional
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solidification experiments of a Cu-73.4 wt.% Ag alloy have been conducted under
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different gradient magnetic fields. The effects of gradient magnetic fields on the solute
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migration and microstructure evolution of the alloys during the directional
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solidification process have been investigated. Without magnetic field, the alloy showed
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an aligned dendritic microstructure. Under a uniform magnetic field, the dendritic
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microstructure transformed to a eutectic morphology. Under a gradient magnetic field,
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the alloy exhibited again the dendritic microstructure, but with poor alignment. The
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transformation of the microstructure from aligned dendritic to eutectic to poor aligned
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dendritic morphology can be attributed to the combining effects of the Lorentz force
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and magnetic force on the migration of Cu solute at the solid/liquid interface. The
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results of this work provide a new insight to regulating the microstructure of alloys

using high gradient magnetic fields.

1. Introduction

During the solidification process of alloys, the solute migration and distribution
behavior at the solid/liquid interface and in the mushy zone determine the crystal
growth and microstructure evolution [1]. For example, Zhang et al. [2] simulated the
eutectic growth and found that the interlamellar spacing was increased by the
convection, which promoted solute migration. Yan et al. [3] evidenced that the solute
enrichment at the solid/liquid interface during the solidification of an Al-Fe alloy
caused a constitutional undercooling and induced the planar-cellular-dendritic crystal
growth pattern transition. According to the solidification of a dilute binary alloy,
Mullins et al. [4] proposed the theory of interface stability, which stated that the
diffusion of solutes affected the stability of the planar interface. Ma et al. [5] simulated
the solidification of binary alloys and suggested that the shrinking flow in the mushy
zone resulted in a solute enrichment and caused serious local segregation and
solidification cracks. Therefore, it is of great importance to control the solute migration
behavior at the solid/liquid interface and in the mushy zone during the solidification

process of alloys.

Various solidification technologies have been developed to modify the solute migration
behavior and thus regulate the microstructure and properties of materials, such as
directional solidification technology [6], deep undercooling technology [7], rapid
solidification technology [8], and external field-assisted solidification technology [9].
Among them, high magnetic field has attracted much attention due to its potential on
controlling alloy solidification on the basis of Lorentz force, thermoelectric magnetic
force (a special kind of the Lorentz force), magnetization force, etc. [10-13]. In a
uniform magnetic field, the movement of an electrically conducting fluid will cause an

electric current, the Lorentz force will be produced by the interaction of the current and
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the applied magnetic field. Keigo [14] applied a uniform magnetic field upon the growth
of single-crystal silicon semiconductor, the impurities were effectively eliminated by
the Lorentz force, which suppressed the convection and stabilized the solid-liquid
interface. In addition, if the thermoelectric current is induced by the difference of
Seebeck coefficient between the liquid and solid at a liquid/solid interface, the
thermoelectric magnetic force will be produced by the interaction of the current and the
applied uniform magnetic field. In contrast to the Lorentz force, researchers have
evidenced that the thermoelectric magnetic force could promote the convection in the
mushy zone and result in dendrite fragmentation [15, 16]. They further evidenced that
such dendrite fragmentation could promote the columnar-to-equiaxed transition and
thus refine the microstructure [15]. Furthermore, in a gradient magnetic field, the
magnetization force will be induced by the interaction of the magnetization of materials
and the imposed magnetic field gradient [17]. The authors have confirmed that the
magnetization force has a significant ability to control solute migration and produced
Mn-Sb [18] and Tb-Dy-Fe [19] composites with compositional gradients throughout

the composites based on such controlling.

Above studies have showed that the Lorentz force or thermoelectric magnetic force or
magnetization force alone can significantly affect the solute migration and
microstructure of the alloys. However, depending on the conditions of the magnetic
field gradient and solidification, these forces may perform combined action upon the
solidification process [20-22]. Thus, the effects of the corporate action of these forces

on the solute migration and microstructure need to be clarified.

In this work, the hypereutectic Cu-73.4 wt.% Ag alloy was selected as a model alloy to
investigate the effect of gradient magnetic fields on the solute migration and
microstructure evolution during the directional solidification of the alloy. As an alloy
with high conductivity and strength, the Cu-Ag alloy is widely used in various fields,

such as electronics, transportation, and machinery manufacturing. Cu and Ag are both
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antimagnetic [23, 24]. Ag has a higher magnetic susceptibility than that of Cu.
According to the Ag-Cu phase diagram (Fig. 2(a)), the equilibrium microstructure of
the Cu-73.4 wt.% Ag alloy consists of primary Ag phase and eutectic Cu and Ag phases.
Directional solidification experiments of the alloy under different gradient magnetic
fields were conducted. The microstructure, solid/liquid interface morphology, solute
distribution, and phase content of the alloy were investigated, and the mechanism of

the effect of high gradient magnetic fields on solidification was analyzed.

2. Experimental

Cu and Ag particles with a purity of 99.99% were selected to prepare a Cu-73.4 wt.%
Ag master alloy using a vacuum induction melting furnace. The uniformity of the alloy
composition and microstructure was confirmed by chemical analysis and
microstructure observation. The master alloy was cut into ® 6 mm x 100 mm cylindrical
rods. The rods were then placed in a graphite crucible (inner diameter 6.5 mm; outer
diameter 8 mm) for directional solidification experiments. An equipment under a high
magnetic field was used for the directional solidification and quenching experiments.
The equipment consisted of a superconducting magnet and a Bridgman directional
solidification furnace [25]. The schematic diagram of the equipment is shown in Fig.
1(a). The furnace was evacuated to 2 x 10~ Pa, and then 350 Pa of argon gas was
introduced as a protective gas. According to the phase diagram of the Cu-Ag system,
its eutectic temperature is 779°C. To ensure superheating during solidification, the
temperature was increased to 1100°C at a rate of 10 °C/min and held at this temperature
for 30 min to achieve a steady temperature inside the alloy. Then, the samples were
pulled down 20 mm to the liquid Ga-In-Sn at pulling velocities of 100 um/s for
directional solidification, followed by quenching to preserve the solid-liquid interface.
The solidification direction (v) was upward and parallel the long axis of the samples (2).
The temperature and atmosphere remained unchanged during directional solidification
and quenching experiments. The product of the magnetic flux density (B) and its

gradient (dB/dz), BdB/dz, was used to characterize the magnetic field gradient effects.
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4 magnetic field gradients, i.e., 0 T and 0 T?/m, 5.31 T and 0 T?/m, 5.31 T and -30 T?/m,
and 5.31 T and -70 T?/m were chosen by fixing the samples at different positions in the

bore of the superconducting magnet (Figs. 1(b) and (c)).
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Fig. 1 Schematic of the experimental apparatus and the magnetic flux density distribution curve. (a)
schematic of experimental apparatus, (b) distribution curves of B and BdB/dz, (c) showing the
positions where the samples were placed in the magnet. The direction of z-axis in (b) corresponds

to the vertical upward direction in (a).

After the experiments, the samples with an effective length about 95 mm were cut
horizontally and vertically along the solidification direction (high magnetic field
direction). Both surfaces of the cut samples were polished mechanically by 80# ~ 5000#
sandpapers and Colloidal Silica Slurry, and then etched for metallographic analysis. The
etching solution comprised of 2 g FeCls, 5 ml HCI, and 100 ml C>HsOH. The
microstructure morphology was observed by optical microscopy (OM, DSX500,
Olympus) and scanning electron microscopy (SEM, Sigma 300, Zeiss). The various
phase components were identified by energy dispersive spectroscopy (EDS, Ultim Max,
Oxford Instruments). Point scanning, line scanning, and mapping were performed by
electron probe micro-analysis (EPMA, JAX-8530F, JEOL). Line scanning of Cu was
performed to determine the solute distribution at the solid/liquid interface. Point
scanning of the dendritic tips at the solid/liquid interface was performed to calculate
the solute distribution coefficient. The point measurements were performed from the
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solid phase to the liquid phase zones, with a total of 15 points and a step size of 1 um.
Mapping of the dendritic tip position at the solid/liquid interface was performed to
determine the solute distribution in the solute diffusion layer. Quantitative analysis of
the content of the Ag phase in the directional solidification zone was performed with
Image Pro Plus software. The area fraction of the Ag phase was measured from the
solidification starting surface to the solid/liquid interface. Each value was measured
five times, and the average value was calculated. The area fraction was used to estimate

the volume fraction.

3. Results and Discussion

The microstructure of the Cu-73.4 wt.% Ag master alloy is shown in Figs. 2(b) and (c).
It is composed of a dark gray matrix and a white dendritic structure. An enlargement of
the dark gray matrix enclosed by the red square in Fig. 1(b), which is a layered eutectic
structure, is shown in Fig. 1(c). The EDS results about the dendritic phase and matrix
are shown in Figs. 2(d) and (e). Combining the Ag-Cu diagram (Fig. 1(a)) and EDS
patterns (Fig. 1(d) and (e)), it can be concluded that the white dendrites are the primary

Ag phase and the dark gray matrix is the Cu-Ag eutectic.
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Fig. 2 Microstructure of the Cu-73.4 wt.% Ag alloy and the corresponding phase-composition
patterns: (a)phase diagram, (b) primary phase structure (250x), (c) eutectic phase structure (3500x),
(d) EDS pattern of the primary Ag phase, and (e) EDS pattern of the Cu-Ag eutectic.
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The OM images of panoramic and local magnified microstructures of horizontal
sections of the alloys are shown in Fig. 3. Without magnetic field, the directional
solidification zone was uniformly distributed with primary Ag dendrites along the
solidification direction and fine Cu-Ag eutectic, i.e., a hypereutectic microstructure (Fig.
3(a)). With a uniform magnetic field (5.31 T, 0 T?/m), the primary Ag dendrites
transformed into Cu-Ag eutectic structures (Figs. 3(b-b2)). While with a low gradient
magnetic field (5.31 T, -30 T?/m), the Cu-Ag eutectic structure transformed back to the
hypereutectic microstructure, i.e., a mixture of primary Ag dendrite and Cu-Ag eutectic,
although the direction of long axis of dendrites was relative random (Fig, 3(c)). With
the increase of the field gradient from -30 T?/m to -70 T%/m, the content and directional
growth degree of the primary Ag dendrites increased (Figs. 3(c) and (d)). The above
observations indicate that as the uniform magnetic field and gradient magnetic field
were applied, the microstructure of the Cu-73.4 wt.% Ag alloy underwent a transition
from a hypereutectic to a eutectic to a hypereutectic. The microstructures of vertical

sections of the alloys have confirmed such transition (Fig. 4).
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Fig. 3 Panoramic microstructure (30x) and local magnified microstructure (130x and 500x) of the
horizontal section of the Cu-73.4 wt.% Ag alloy directionally solidified under different magnetic
fields: (a-a2) (0 T, 0 T*/m), (b-b2) (5.31 T, 0 T?/m), (c-c2) (5.31 T, -30 T*/m), and (d-d2) (5.31 T, -
70 T?/m).
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Fig. 4 Microstructure (130x) and local magnified microstructure (250x) of the vertical section of
the Cu-73.4 wt.% Ag alloy directionally solidified under different magnetic fields: (a) and (a1) (0 T,
0 T?/m), (b) and (b1) (5.31 T, 0 T?/m), (¢) and (c1) (5.31 T, -30 T?>/m), and (d) and (d1) (5.31 T, -70
T?/m).

The distributions of the primary Ag phase in the directional solidification zones of the
samples are shown in Fig. 5. Without magnetic field, the distribution of the primary
phase was relatively uniform. With the uniform magnetic field (5.31 T, 0 T?>/m), a line
with a value of 0 indicated that no primary Ag phase was observed throughout the
sample. While with a low gradient magnetic field (5.31 T, -30 T?/m), the amount of the
primary Ag phase was lower than that of the without magnetic field case. In addition,
its content fluctuated along the axial direction. When the magnetic field gradient
increased to -70 T?/m, the content of the primary Ag phase was similar to that without
magnetic field case, although it still showed relatively slight fluctuations along the axial
direction. The volume fraction distributions of the primary Ag phase further confirmed

the results of the microstructure observation.
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Fig. 5 Volume fractions of the primary Ag phase in the directional solidification zone of the Cu-73.4
wt.% Ag alloy directionally solidified under different magnetic fields.

To investigate the solute migration mechanism, quenching experiments were conducted
during the directional solidification process, and the morphology of the solid/liquid
interface was fixed. The microstructures of the solid/liquid interface of the quenched
alloys are shown in Fig. 6. To characterize the degree of the directional growth of the
primary Ag dendrites, the angle (i.e. ) between the growth direction of the long axis of
the dendrites and the direction of the directional solidification or high magnetic field
was measured. For directional solidification at (0 T, 0 T?/m), the solid/liquid interface
exhibited a typical dendritic growth morphology, with primary dendrites protruding
from the solid phase to the liquid phase, and the degree of directional growth was high
(6=3.1 °) (Fig. 6(a)). For directional solidification at (5.31 T, 0 T?/m), the alloy
exhibited a typical flat interface eutectic growth morphology at the solid/liquid interface
(Fig. 6(b)). When a gradient magnetic field (5.31 T, -30 T?m) was applied, primary
dendrites appeared at the solid/liquid interface, and the degree of directional growth
was lower (6=18.5 °) than for directional solidification at (5.31 T, 0 T?/m) (Fig. 6(c)).
However, with the increase of the field gradient to 70 T?/m, the directional growth of

the dendrites at the front of the solid/liquid interface became regular and the degree of
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directional growth increased (6=4.51 °) (Fig. 6(d)).

(a) |

Liquid Zone

Directional Solidification Zone

Fig. 6 Microstructure of the solid/liquid interface of the Cu-73.4 wt.% Ag alloy directional solidified
under different magnetic fields: (a) (0 T, 0 T?/m), (b) (5.31 T, 0 T*/m), (c) (5.31 T, -30 T?*/m), and
(d) (5.31 T, -70 T?/m).

EPMA line scanning analysis was performed along the directions of the yellow lines in
Fig. 6, and the results are shown in Fig. 7. Without magnetic field, the Cu solute
distribution along the directional solidification direction was relatively uniform (Fig.
7(a)). While with a uniform magnetic field, the Cu solute content showed an obvious
peak in the liquid near the solid/liquid interface, and it wildly fluctuated in the liquid
zone at (5.31 T, 0 T?/m) (Fig. 7(b)). With a low gradient magnetic field (5.31 T, -30
T?/m), the distribution of the Cu solute in the solid front and liquid zone was more
uniform than that of without magnetic field case (Fig. 7(c)). With a high gradient
magnetic field (5.31 T, -30 T?m), the Cu solute in the liquid near the solid/liquid

interface was lower than that of without magnetic field case (Fig. 7(d)).
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Fig. 7 EPMA line scanning of the solid/liquid interface of the Cu-73.4 wt.% Ag alloy directional
solidified under different magnetic fields: (a) (0 T, 0 T?/m), (b) (5.31 T, 0 T*m), (¢) (5.31 T, -30
T?/m), and (d) (5.31 T, -70 T?/m).

To study the solute distribution at a smaller scale, EPMA mapping analysis of the
dendritic or eutectic growth tips at the solid/liquid interface was performed (Fig. 8).
The mapping images reflected the distribution of the Cu solute. For directional
solidification at (0 T, 0 T?/m), the dendritic growth accumulated a large amount of the
Cu solute at the interface front, and the distribution was relatively uniform (Fig. 8(al)).
When a uniform magnetic field (i.e., (5.31 T, 0 T?/m)) was applied, the high magnetic
field significantly changed the solute distribution at the tip of the dendrites, resulting in
solute interception at the interface front. The Cu solute aggregated in blocks at the
interface front, and a clear Cu enrichment zone appeared horizontally, as indicated by
the red circle in Fig. 8(b1). Under a gradient magnetic field, the Cu solute accumulated
near the dendritic tip, but the degree of aggregation was significantly poorer than for
directional solidification at 0 T. As the absolute value of the magnetic field gradient
increased, the degree of Cu solute aggregation increased (Fig. 8(cl)—(dl)). For
directional solidification at 0 T, the distribution of the Cu solute at the front of the alloy
solid/liquid interface was relatively stable, while there was partial enrichment in certain
areas under a uniform magnetic field. As the magnetic field gradient increased, the Cu

solute returned to a uniform distribution, but the solute content was lower than that for
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directional solidification at O T.

o EEENNY . S

Fig. 8 SEM images and EPMA map of the solid/liquid interface of the Cu-73.4 wt.% Ag alloy
directionally solidified under different magnetic fields: (a) and (al) (0 T, 0 T>/m), (b) and (b1) (5.31
T, 0 T?/m), (c) and (c1) (5.31 T, -30 T?>/m), and (d) and (d1) (5.31 T, -70 T?*/m).

To accurately investigate the migration of Cu in the solute diffusion layer at the front
of the solid/liquid interface, EPMA point scanning analysis of the dendritic tips in the
yellow boxes in Fig. 8(a)—(d) was performed. The precise compositions of 15 points
were measured with a step size of 1 um, and the results are shown in Fig. 9(a). For
directional solidification at (5.31 T, 0 T?/m), the content of Cu atoms in the solute
diffusion layer increased, while a gradient magnetic field decreased the content of Cu.
The solute content in the solid phase did not significantly fluctuate, while the Cu content
in the liquid phase significantly decreased at positions far from the solute diffusion layer.
The solute contents in the solid and liquid phases are given in Table 1, and the calculated
solute diffusion coefficients at the front of the solid/liquid interface are shown in Fig.
9(b). Applying a magnetic field increased the solute diffusion coefficient, and the solute
diffusion coefficient increased with increasing absolute value of the magnetic field

gradient.
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Fig. 9 (a) Mass fraction of Cu and (b) solute partition coefficients of the solid/liquid interface of the
Cu-73.4 wt.% Ag alloy directionally solidified under different magnetic fields.

Table 1 Solute content and solute partition coefficients of the solid/liquid interface of the Cu-73.4

wt.% Ag alloy directionally solidified under different magnetic fields.
0T,0T>m 5.039T,0T*m 5.31T,-30T?m 5.31T,-70 T>m

Cs 8.436 12.686 8.415 8.321
CL 20.021 27.002 16.261 15.068
Kcw=Cs/Cy 0.421 0.470 0.517 0.552

Previous studies [26] have indicated that during the directional solidification of alloys
in the absence of a magnetic field, Cu-Ag alloys tend to grow in dendrite morphology
as shown in Figs. 3(a) and 10(a). But the phenomenon changed after applying the
magnetic field. Previous studies [29] have indicated that uniform magnetic fields can
affect the convection and solute migration during solidification processes by Lorentz
forces and thermoelectric magnetic force. With the increase of magnetic flux density,
the effect of thermoelectric magnetic force would compete with the Lorentz force, and
the ratio would increase first and then decrease [27.28]. In this work, the magnetic flux
density was 5.31 T, which is a relatively high value. Therefore, the Lorentz force played
the main role during directional solidification. At (5.31 T, 0 T?>/m), the Lorentz force
suppressed the melt convection, causing the solute enrichment at the front of solid-
liquid interface (Fig. 7(b)). Also, the lateral diffusion of Cu in the solute diffusion layer
was suppressed, causing Cu to intermittently aggregate, as shown by the red circle in

Fig. 8(bl). Thus, the component changed from C; to (> (as shown in Figs. 9(a) and
14/20
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10(d)), and the solidification reaction shifted from a hypereutectic reaction to a eutectic

reaction (Figs. 3(b) and 10(b)).

With a gradient magnetic field, except for the Lorentz force, the alloy was also acted
upon by the magnetization force. As soon as the Cu solute enrichment formed at the
front of solid-liquid interface caused by the Lorentz force, the migration of the Cu solute
was promoted by the magnetization force. Considering the fact that Cu is antimagnetic
and was under a negative gradient magnetic field, the Cu solute moved upward in the
front of the solid-liquid interface, which reduces the Cu content (Fig. 10(c)). Then, the
component of the Cu decreased back from (> to C3, and the corresponding solidification
temperature increases from 7> to 73, which leads to constitutional undercooling at the
solid/liquid interface (Fig. 10(d)). Thus, the re-nucleation of the primary Ag phase was
promoted. The re-nucleation of the primary Ag phase resulted in a reduced degree of
directional growth of the primary Ag dendrites (Fig. 3(c) and (d)). With the increase of
the magnetic field gradient, the component of the Cu further decreased from (3 to near

Ci (Fig. 10(d)).
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Fig. 10. Schematic diagrams of the solute migration at the solid/liquid interface during the
directional solidification of the Cu-73.4 wt.% Ag alloy under various magnetic fields: (a) without
magnetic field; (b) with a uniform magnetic field; (c) with a gradient magnetic field; (d) phase
diagram under a gradient magnetic field.

4. Conclusion

In this work, directional solidification experiments of a Cu—73.4 wt.% Ag alloy have
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been conducted under different gradient magnetic fields. The effects of gradient
magnetic fields on the solute migration and microstructure evolution of the alloys have
been investigated. The main conclusions are as follows:

(1) Without magnetic field, the alloy showed an aligned dendritic microstructure. Under
a uniform magnetic field, the dendritic microstructure transformed to a eutectic
morphology. Under a gradient magnetic field, the alloy exhibited again the dendritic
microstructure, but with poor alignment.

(2) The microstructure transformation from aligned dendritic to eutectic under the
uniform magnetic field can be attributed to the interception of the Cu solute at the
solid/liquid interface caused by the Lorentz force. While, the microstructure
transformation from eutectic to poor aligned dendritic morphology under the gradient
magnetic field can be attributed to the upward migration of the Cu solute driven by the

magnetization force.
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