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Abstract

The microsegregation behavior of the Al-4.5 wt%Cu alloy solidified at different cooling rates under the alternating magnetic
field (AMF) was investigated. The experimental results showed that the amount of non-equilibrium eutectics in the interden-
dritic region decreased upon applying the AMF at the same cooling rate. The change in microsegregation could be explained
quantificationally by the modifications of dendritic coarsening, solid-state back diffusion and convection in the AMF. The
enhanced diffusivity in the solid owing to the AMF was beneficial for the improvement in microsegregation compared to
the cases without an AMF. In contrast, the enhanced dendritic coarsening and forced convection in the AMF were found
to aggravate the microsegregation level. Considering the contributions of the changes in above factors, an increase in solid
diffusivity was found to be primarily responsible for the reduced microsegregation in the AMF. In addition, the microseg-
regation in the AMF was modeled using the analytical model developed by Voller. The calculated and experimental results

were in reasonable agreement.
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1 Introduction

The microsegregation, which refers to the chemical inho-
mogeneity over a dendritic scale, significantly affects the
mechanical properties of alloys [1]. Controlling microsegre-
gation is of practical significance especially during the alloy
solidification so that the time for subsequent homogenization
heat treatment can be reduced effectively. Up to date, plenty
of methods, such as gravity-free solidification technique
[2], addition of specific elements [3] and rapid solidifica-
tion technique [4, 5], have been developed to modify micro-
segregation formation. Nevertheless, these methods still
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have many defects. For instance, (1) the sample is confined
to small volume during the gravity-free solidification; (2)
additional elements may result in the formation of harm-
ful impurities; (3) the cooling rates during practical casting
of large size samples are relatively slow and thus the rapid
solidification technique generally is limited.

Over the past decades, the utilization of magnetic fields
used to materials processing has attracted extensive atten-
tion owing to its various effects, such as enhanced under-
cooling [6, 7], field-modified convection [8, 9] and solute/
phase migration [10, 11]. Thereinto, several publications
have reported that the alternating magnetic field (AMF) is
able to modify microsegregation during alloys solidification
[12-16]. These studies demonstrate that the application of an
AMF during alloys solidification provides a promising way
to get high-quality casting. However, they did not associate
the change in microsegregation with various factors influ-
encing microsegregation, such as solid-state back diffusion,
dendritic coarsening, force convection [17-21]. This means
that physical nature of the change in microsegregation in the
AMF is still an open question. It is predictable that one or
more of those factors influencing microsegregation probably
vary in an AMF, which will further modify the microsegre-
gation formation. Thus, it is necessary to quantify the effect
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of the changes in various factors on microsegregation forma-
tion during alloys solidification under the action of the AMF.
In this work, a series of experiments were designed
to observe the microsegregation behavior of solidified
Al-4.5 wt%Cu alloy in an AMF. The variations of the fac-
tors affecting microsegregation were evaluated quantita-
tively. Further, the microsegregation level in the AMF was
calculated using the modified Voller model [22].

2 Experimental

The Al-4.5 wt%Cu alloy was prepared by melting high-
purity metals Al (99.999%) and Cu (99.999%) in a vacuum
induction furnace. The master alloy was remelted three times
and then suctioned into a quartz tube by vacuum suction
casting apparatus to obtain cylinder samples with a dimen-
sion of 6 mm in diameter and 10 mm in length. The sample
was enveloped into a graphite crucible for use.

The AMF with a continuously adjustable intensity up to
0.1 T was generated by water-cooling copper coils together
with a 50 Hz alternating current (AC) power source. It is
worth noting that the eddy current heating induced by the
AMF can cause a rise in the temperature of the samples.
Therefore, the temperature of the sample in the resistance
furnace was carefully checked. It was found that the applica-
tion of 0.05 T and 0.1 T AMF would lead to an additional
temperature of about 2 °C during the solidification in com-
parison with those without the AMF. In order to ensure that
all the samples were solidified at same temperature condi-
tion, the temperature controller was calibrated using a stand-
ard pure Al (99.999%) sample under the AMF. Before the

Vacuum valve Thermocouple

experiments, the sample was enclosed in the quartz pipe and
evacuated to 107> Pa to avoid oxidation. Afterward, the sam-
ple was placed in the central region with maximum AMF
intensity. Each sample was heated to 750 °C at the heating
rate of 10 °C min~!, holding for 30 min and then cooled
to room temperature at various cooling rates (1 °C min~!,
5°C min~! and 15 °C min~!). The sample temperatures
were monitored using K-type thermocouples with an accu-
racy of + 1 °C. The experimental apparatus is schematically
shown in Fig. 1.

After grounded and polished, the microstructures of
the solidified samples were observed by scanning electron
microscope (SEM). More than 30 secondary dendrites on
each sample were measured to obtain the average secondary
dendritic arm spacing (SDAS). The amount of non-equilib-
rium eutectics, which was used to characterize microsegre-
gation level, was obtained using image software Image J. To
calculate effective partition coefficient k,, the composition
of Cu element on the transverse section was measured using
the energy dispersive spectrometer (EDS) equipped on the
SEM. The point matrix approach proposed by Gungor [23]
was used to sort the raw data from the microprobe analysis.
In the center of sample, an area of 1000 pm X 1000 pm con-
taining 400 points with equal interval was selected to carry
out the composition measurement. The details of sorting
data were given as follows: all measured data were sorted to
monotonically increase (ky < 1, k; is the equilibrium partition
coefficient); then, each ordered data point i was assigned a
corresponding rank number R;, ranging from 1 to 400. Even-
tually, the fraction solid for each point could be obtained by
f,(i) = (R; — 0.5) /400. The value of k, could be calculated
by linear fitting Scheil equation [24].
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Fig. 1 Schematic diagram of experimental apparatus for alloy solidification in an AMF
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3 Theoretical modeling

The analytical model proposed by Voller [22] is utilized to
predict the microsegregation level. The domain of microsegre-
gation analysis is a one-dimensional (1D) half-secondary arm
space, as shown in Fig. 2. The model incorporates solid-state
back diffusion and dendritic coarsening. Reasonable assump-
tions are made as follows: (1) local equilibrium is maintained
at the liquid—solid interface; (2) the liquid phase is completely
uniform at any time, but the solute concentration is changed
with time; (3) the liquidus and solidus are assumed to be
straight; (4) the temperature 7 is uniform owing to the fast heat
diffusion rate; (5) all complicated curvatures and end effects
are negligible.

As the solidification proceeds, the total mass in the volume
element must be conserved, which can be established as:

/ S Cdx + (Lo — L,)Cp = LyCo, (D

0
where L, L, C,, C;, C, denote the length of half-arm spac-
ing, the length of solid phase, the solid composition, the liq-
uid composition and the original composition, respectively.
Equation (1) can be rewritten to the differential form with
respect to time ¢:

L ac, dL, ac, dr,
“dx + (kg — 1)C,— Ly—L)— + (C;, —Cy)— =0.
G fom ek (=L G (G- )
(@)
Coarsening process can be expressed as:
A=2Ly =M1, 3)

where 4 is the SDAS, M is the coarsening coefficient, #; is
the local solidification time. The back diffusion in the solid
obeys Fick’s second law:

0C,

PC,
o * ox?’

“

where « is the Fourier number, defined as a = 4D t;/ A2, in
which Dy is the solid diffusion coefficient. This Fourier num-
ber provides the dimensionless control parameter to esti-
mate the amount of solid-state diffusion within the volume
element.
Substituting Eq. (4) into Eq. (2) and expanding the inte-
gral, it gives:
aC dL

ad_xsl)‘:L* + (ko - I)CLd_zs + (Lo

dc,
dr

dL,
+(CL-Cp)==2 =0.

dr
®)
Using the initial conditions: L, =0, C; = C,, and
0C,/0x|,—o = 0, Eq. (5) can be solved with a time-marching
numerical solution. Then, the amount of non-equilibrium
eutectics is able to be obtained with a given eutectic concen-
tration C, .. The details can be referred to Ref. [22].

eut*

_Ls)

4 Results and Discussion

Figure 3a—c shows the backscattered electron (BSE) images
of the Al-4.5 wt%Cu samples solidified at the cooling rate
of 15 °C min~! with and without the AMFs. It can be seen
that the microstructure consists of the primary «-Al phase
(dark part) and non-equilibrium eutectics (bright part). The
magnified image clearly shows Al-Al,Cu lamellar structures

Liquid

Fig.2 One-dimensional domain for microsegregation model
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Fig. 3 Morphologies of Al-4.5 wt%Cu alloy solidified at the cooling rate of 15 °C min~' with different AMF intensities: a 0 T; b 0.05 T; ¢ 0.1 T;

d non-equilibrium lamellar eutectics under 0.1 T

B 1 °C min”
I 5 °C min™
I 15°C min”
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Fig.4 Amount of non-equilibrium eutectics in the solidified
Al-4.5 wt%Cu alloy at various cooling rates with and without AMFs

(Fig. 3d). Figure 4 shows the amount of non-equilibrium
eutectics at various cooling rates with and without the
AMFs. Obviously, the amount of non-equilibrium eutectics
decreases under the action of the AMF at the same cooling
rate. For the same AMF intensity, the amount of non-equi-
librium eutectics increases with increasing the cooling rate,

@ Springer

which is still in accordance with variation tendency in the
normal solidification conditions. Thus, it can be concluded
that the application of an AMF reduces the microsegregation
level. The experimental observation here is in coincidence
with previous studies. For example, the decreased micro-
segregation has also been found in 7075 aluminum alloy
produced by low-frequency electromagnetic casting [14] and
directionally solidified Ga—In—Sb alloys under a 3 mT AMF
[12,13].

It has been well established that multiple factors, such as
coarsening kinetics, solid-state back diffusion, melt convec-
tion and shift of solidus/liquidus, contribute to microsegre-
gation formation [21, 25-27]. Thus, the change in microseg-
regation in the AMF may be attributed to the change in one
or more above factors. The contributions of various factors
in an AMF to microsegregation will be discussed below.

Firstly, it has been demonstrated that the dendritic coars-
ening can affect the formation of microsegregation [28].
Mortensen [29] pointed out that the dendritic coarsening
might increase the average solid concentration by remelting
the smaller dendritic arms. However, it is paradoxical that
a large SDAS enlarges the path of solid-state back diffu-
sion, which is adverse to solute homogenization. Figure 5a
depicts the plot of the average SDAS versus cubic root of
solidification time. The experimental results show that the



Reduction in Microsegregation in Al-Cu Alloy by Alternating Magnetic Field

(a) (b)
320 — 17
‘TV}
280 | S
=
E 240 | i
5 2
(%) b=
@ 200 g
a o
n o)
160 | &
=
[0)
120 | 2}
1]
o]
. . . . . . 8
6 8 10 12 14 16 18 20 0.00

t1/3 (S1/3)

Magnetic field (T)

271

(c)

€ 34t , 0000 .

3

16.18 S __

53 33} ///"‘

o =

is

c

g %21

58

25 31l _’_,//—--—/”'_1

3 ] —a—1°C min

£ —e—5°C min”

< 30r —+—15°C min
0.05 0.10 0.00 0.05 0.10

Magnetic field (T)

Fig.5 a SDAS plotted against the cubic root of solidification time, b coarsening coefficient in different AMF intensities and ¢ amount of
non-equilibrium eutectics calculated using measured coarsening coefficients. The following values are used for calculations: k,=0.14,

Co =332 Wt% [33], D, = 2.04 x 1075 exp(—15336/T) m s~ [34]

average SDAS increases upon applying an AMF. The rela-
tionship between SDAS and solidification time holds cubic
law (Eq. 3) regardless of the presence of the AMF, from
which the coarsening coefficient can be calculated by linear
fitting the plot, as indicated in Fig. 5b. The coarsening coef-
ficient slightly increases with increasing the AMF intensity.
Thus, the AMF results in a faster coarsening rate. Accord-
ing to Kirkwood’s model [30], coarsening coefficient can
be expressed as:

1286DT,, In(C,,,/Co) \ '/*
— < o m n( eut/ 0)> , (6)

B Qm(l - kO)(Ceut - CO)

where D is the liquid diffusivity, o is the liquid—solid inter-
face tension, T}, is the melting point, Q is the heat of fusion
and m is the liquidus slope. It has been found that the Al-Cu
alloy phase diagram is not affected by the magnetic field,
thus the parameters such as 7,,,, Q, m, C,, and C, will be
constant in the AMF [31]. Also, Sun et al. [32] found that
the additional liquid—solid interface tension induced by the
magnetic field in Al-Cu alloys could be ignored. Therefore,
the enhancement of coarsening coefficient can be possi-
bly attributed to the increase in liquid diffusivity, which is
caused by the forced convection in the AMF. Incorporating
the coarsening coefficients into the Voller model, the calcu-
lated results suggest that the microsegregation increases with
increasing coarsening coefficient (Fig. 5c).

Secondly, the solid-state back diffusion is conducive to
the reduction in the microsegregation level during dendritic
solidification [33-36]. Several studies showed that the solid
diffusivity was enhanced under the action of an AMF. For
example, Liu et al. [37-39] investigated the phase growth
in the diffusion couples of Al-Cu, Al-Mg and Al-Zn under
an AMF and found that the AMF promoted the growth
of the intermediate phases. In our previous work, it was
found that the AMF significantly enhanced the solid diffu-
sion coefficients in Ni—Al and Ni—Cr alloys. Based on the

magnetoplastic effect (MPE), a quantitative relation between
the AMF intensity and the solid diffusion coefficient is
deduced [40, 41]:

H2
Deff(H)zDeff(O)' 1+AE s (7)

0

712 pgo( 22 — 1)
A= L ,
1 +7rr2pd0(g—z -1

®)

where D4 (H) and D g (0) refer to the effective diffusion
coefficients with and without an AMF, H is the AMF inten-
sity, H, is the characteristic magnetic field inducing depin-
ning of dislocations from paramagnetic centers, A is the pro-
portionality constant that is related to p4, 7, Dy, Dy, which
denote the dislocation density without an AMF, the radius of
the dislocation pipe, the dislocation diffusion coefficient and
the lattice diffusion coefficient, respectively. Since the dislo-
cation density of as-cast alloys is between that of annealed
alloys and deformed alloys, it is reasonable to assume the
magnitude of dislocation density without an AMF is about
10"3 m~2 in this work [42]. The effective diffusion coeffi-
cient with an AMF can be estimated using Eqs. (7) and (8),
shown in Fig. 6a. It reveals that the solid diffusion coeffi-
cient increases remarkably with increasing AMF intensity.
Considering the change in solid diffusivity under an AMF
into Voller model, it can be seen that the enhancement of
solid-state back diffusion is beneficial for further reducing
microsegregation (Fig. 6b).

Thirdly, forced convection will lead to the acceleration of
mass transport in the melt and thus influence the effective
partition coefficient to some extent [14, 24]. It is well known
that there exists a forced convection generated by the inter-
action between induced currents and the AMF. The field-
induced convection improves the mixing of rejected solute
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Fig.6 a Calculative effective solid diffusion coefficient at 548 °C in
AMFs. The following parameters are used: py=10'> m™2, Hy=0.1T
[43], r=0.5 nm [44], D(0) = 2.04 x 1073 exp(— 15336/T) m? s~
[34], Dy = 1.71 x 10~* exp(— 9780.8/T) m? s~! [44], D, =2 x 107°
exp(— 17159.4/T) m? s~! [45]; b calculated amount of non-equilib-
rium eutectics in consideration of the change in solid diffusivity in
the AMF

in the melt [46-48]. Here, the effective partition coefficient
is evaluated by the modified Scheil equation [24]:

C, = k. Co(1 = £l ©)
Taking the logarithm, Eq. (9) becomes:
In(C,/Cy) = (k. — 1)In(1 —f,) + Ink,. (10)

Using the measured data of Cu composition, a logarith-
mic plot of In(C,/C,) against In(1 —f,) can be obtained.
The value of k. can be calculated from the slope (k, — 1), as
shown in Fig. 7a. The effective partition coefficient decreases
with an increase in AMF intensity, which is contrary to the
observations in references [14, 16]. In this work, the forced
convection induced by the AMF will result in the enhance-
ment of liquid diffusivity and decrease in diffusion layer
thickness, which is probably responsible for the decrease in
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k. [24]. Due to the limitation of mathematical algorithm in
Voller model, the effect of the change in k, on microsegrega-
tion is analyzed by classical Brody-Flemings model with the
replacement of k, with k_ [35]:

k1
L) . (11)

C,=kCy|l1-
: eO( 1 + k.

Figure 7b presents the concentration versus fraction solid
profiles with different AMF intensities at the cooling rate of
15 °C min™". The curves show that the reduction in k, results
in the increase in the microsegregation level. However, the
difference among the curves is inconspicuous (the maximum
is 0.36%). It is concluded that the effect of change in convec-
tion in the AMF on microsegregation is ignorable.

Above analysis suggests that the factors affecting micro-
segregation can be modified to different extents under the
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Table 1 Parameters of Al-4.5 wt%Cu alloy for calculations

Parameter 0T 0.05T 01T
M (pm s™13) 15.06 15.68 16.18
D, (m?s71)? 1.57x 10713 [34] 1.96x10™83  3.14x1078

®The solid diffusion coefficient at 548 °C is used for calculations
owing to the limit of Voller model

34
33 F

32

3.0}
—#— 1°C min"-Exp
29 | °C min-!
—8— 5°C min -Exp -
2 —A—15°C mir3'1—Exp —
—~& - 1°C min"-Cal
27 k- - 5°C min"-Cal
—4& - 15°C min"-Cal
1

0.00 0.05 0.10
Magnetic field (T)

Amount of non-equilibrium eutectic (Vol.%)
w
T

Fig.8 Calculated and experimental results of amount of non-equilib-
rium eutectics with and without AMFs

action of an AMF. The Voller model is appropriate for pre-
diction of the microsegregation under an AMF considering
the changes in the above factors. Moreover, modifications of
parameters are made: (1) the coarsening process is acceler-
ated by the AMF, the measured coarsening coefficients are
adopted; (2) the model based on MPE theory is applied to
calculate the solid-state diffusion coefficient in the AMF,
i.e., Eq. (7). The relevant parameters used in the calcula-
tions are listed in Table 1. Figure 8 compares calculated
and measured amount of non-equilibrium eutectics with and
without the AMFs. The calculated results are reasonably in
agreement with the experimental results. Since the enhanced
dendritic coarsening and forced convection increase micro-
segregation level, it can be deduced that the decrease in
microsegregation under an AMF mainly results from the
increase in diffusivity of solid phase.

5 Conclusion

The effect of the AMF on microsegregation behavior in
the solidified Al-4.5 wt%Cu alloy was investigated experi-
mentally. It was found that the amount of non-equilib-
rium eutectics decreased with increasing AMF intensity
at the same cooling rate. The changes in factors possibly

affecting microsegregation in the AMF, such as dendritic
coarsening, solid diffusivity and forced convection, were
analyzed. The enhancement of dendritic coarsening and
forced convection was found to increase the microsegre-
gation while the increase in diffusion coefficient in the
solid phase was beneficial for homogenization. Consider-
ing all contributions in the AMF, it was concluded that the
alleviation of microsegregation was mainly attributed to
the increase in solid diffusion coefficient in the AMF. The
Voller model incorporating dendritic coarsening and solid-
state back diffusion was used to predict the microsegrega-
tion formation in the AMF. The calculated results were in
reasonable agreement with the experimental results.
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