
Journal of Materials Science & Technology 74 (2021) 246–258

Contents lists available at ScienceDirect

Journal  of  Materials  Science  &  Technology

jo ur na l homepage: www.jmst .org

Research  article

Optimizing  microstructure,  shrinkage  defects  and  mechanical
performance  of  ZL205A  alloys  via  coupling  travelling  magnetic  fields
with  unidirectional  solidification

Lei  Luo a,∗,  Liangshun  Luo a,  Yanqing  Su a,∗,  Lin  Su b, Liang  Wang a, Jingjie  Guo a,
Hengzhi  Fu a

a National Key Laboratory for Precision Hot Processing of Metals, School of Materials Science & Engineering, Harbin Institute of Technology, Harbin 150001,
China
b Office of International Cooperation, University of Science and Technology of China, Hefei 230026, China

a  r  t  i  c  l e  i  n  f  o

Article history:
Received 7 July 2020
Received in revised form 31 July 2020
Accepted 11 August 2020
Available online 20 October 2020

Keywords:
ZL205A alloys
Large solidification intervals
Multi-phase
Travelling magnetic fields
Unidirectional solidification

a  b  s  t  r  a  c  t

ZL205A  alloys  tend  to form  disordered  and  defective  microstructure  due  to the  large  solidification
intervals  and  multi-phase.  Accordingly,  finding  ways  to effectively  optimize  the  microstructure  and
mechanical  performance  is of  great  significance.  In  this regard,  the  coupling  of travelling  magnetic  fields
(TMF)  with  unidirectional  solidification  was  used  to continuously  regulate  the  mushy  zones  of  ZL205A
alloys.  Additionally,  experiments  are  combined  with  simulations  to  systematically  reveal  the  mechanisms
on  the  optimizations  at each  stage  of  solidification  process.  Current  findings  demonstrate  that  different
directional  strong  melt  flows  generated  by  TMF  are  responsible  for these  optimizations.  Additionally,  the
effects  of TMF  on  microstructure  are  different  at each  stage  of  solidification  process.  Specifically,  down-
ward  TMF  coupled  with  unidirectional  solidification  can  refine  and  uniform  the  microstructure,  decrease
the  formation  of  precipitation,  promote  the  growth  consistency  of  matrix  phase  ˛-Al  growing  along  the
<001>  crystal  orientation,  reduce  the  secondary  dendrites  and  overlaps  between  dendrites,  eliminate  the
shrinkage  defects,  and  increase  the  ultimate  tensile  strength,  yield  strength,  elongation  and  hardness

−2
from  198.3  MPa,  102.2  MPa,  7.5 % and 82.3 kg  mm without  TMF  to  225.5 MPa,  116.1  MPa,  13.6  %  and
105.2 kg  mm−2. Contrastively,  although  upward  TMF  can  reduce  Al3Ti  and  refine  ˛-Al,  it increases  the
formation  of Al6Mn,  Al2Cu,  secondary  dendrites,  overlaps  between  dendrites,  and  shrinkage  defects;  then
it  deflects  and  disorders  the growth  of  ˛-Al,  further  to decrease  the  overall  performance  of alloys.

© 2020  Published  by  Elsevier  Ltd  on behalf  of  The  editorial  office  of  Journal  of  Materials  Science  &
Technology.
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Introduction

Currently, the large solidification intervals of alloys, i.e., the dif-
ference between the liquid and solid temperatures, are prone to
inducing the unstable solid-liquid interface and serious composi-
tional undercooling in mushy zones [1– 3], leading to the deflected
and disordered growth of microstructure, accompanied with the
prolific formation of secondary dendrites and overlaps between
dendrites [4]. In this case, the feeding channels between dendrites

in the mushy zones are easily blocked, which can restrict the melt
flows, reduce the feeding capacity, and increase the generation of
shrinkage, pores and segregation defects [5]. The ZL205A alloys is
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n Al-Cu-based alloys extensively employed in the automobiles,
erospace, aviation and military fields [6], due to the outstanding
omprehensive mechanical properties including the low density,
igh specific strength, ductility and toughness [7– 9]. Because
L205A alloys not only has the large solidification intervals, but also

s a multi-element alloys with multi-phase and more complicated
olidification behavior produced in the solidification process, it will
e more inclined to aggrandize the formation of defects [10] and
asily exert negative impacts on the microstructure and mechani-
al performance of castings [11,12]. Therefore, by comprehensively
onsidering both the large solidification intervals and multi-phase
n the solidification process, finding ways to effectively optimize
ogether the microstructure and defects, further to enhance the
echanical properties, is of great significance. In this regard, many
ethods have been proposed from the perspective of microstruc-

ural optimization, such as, adding the refiners [13], increasing the
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Fig. 1. Schematic diagrams of experiment and the selection of samples: (a) TMF pr
for  experiments and simulations [27].

cooling rate [14,15], and performing ultrasonic treatments or exter-
nal physical fields [16– 19]. In addition, many approaches have been
used to remove the defects, such as changing the gating system
[20], altering the casting modes [21] and regulating the melt con-
dition [22,23], as well as applying external physical fields [16,17].
Contrastively, travelling magnetic fields (TMF) is a more attrac-
tive means with pollution-free, contactless and controllability [24],
which can achieve the optimization of both the microstructure and
the defects at the same time [25,26]. In the current research results
[27], it has been confirmed that, for Al-5 wt.% Cu alloys model, i.e.,
a binary alloys, downward TMF  coupling with sequential solidi-
fication process is conducive to obtaining the homogenized and
refined microstructure growing along the direction of temperature
gradient, due to the strong long-range and directional melt flows
induced by TMF. Additionally, other literatures have also indicated
that TMF  can break the secondary dendrite arms to reduce the
overlaps between dendrites [28,29], in turn to effectively penetrate
the mushy zone, so as to improve the feeding capacity, eliminate
the shrinkage defects [30,31], and influence the performance of
alloys [32,33]. However, at present, the specific approach to opti-
mize the microstructure and performance of multi-element ZL205A
alloys are rare, due to the large solidification intervals and multi-
phase. Furthermore, the systematic studies about effects of TMF
on the microstructural evolution, the elimination of defects and
the improvement of mechanical performance of ZL205A alloys are
unclear and incomplete. Moreover, the related mechanisms of TMF
on ZL205A alloys with large solidification intervals and multi-phase
remain systematically unexplained, as well as the relationships
among the microstructure, defects and performance.

To this end, based on previous research, in the current work,
the coupling of TMF  with unidirectional solidification is performed
to optimize the microstructure, shrinkage defects and mechanical
performance of ZL205A alloys with large solidification intervals and
multi-phase. Furthermore, by combining experiments and simu-
lations, the effects of different directional TMF  on microstructure
at each stage of solidification process, as well as the shrinkage
defects and the mechanical properties are systematically studied.
The aim is to establish an effective method to optimize together

the microstructure, shrinkage defects and mechanical performance
of ZL205A alloys, further to fully illustrate the mechanism for the
positive optimization induced by the TMF  process, as well as the
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equipment with unidirectional solidification function. (b) The selection of samples

elationships among the microstructure, the shrinkage defects and
he mechanical performance.

ethods

aterial preparation

The ZL205A alloy samples (Al-5.0 wt.% Cu-0.3 wt.% Mn-0.15 wt.%
i) were prepared by a self-designed TMF  processing equipment
ith unidirectional solidification function as shown in Fig. 1(a).

he intensity of magnetic fields in equipment was controlled by the
lternating excitation current. In order to be closer to the conditions
f industrial production, the frequency of 50 Hz was adopted for the
lternating excitation current. Moreover, according to the current
ndings [27], the intensity of 20A was  selected for the alternating
xcitation current to make a comparative study on the multiphase
lloys on this basis. In addition, the temperature gradient GT and
ooling rate vc measured by several times were 3 K mm−1 and 0.5

 s−1 during the unidirectional solidification process. In addition,
he “Up-TMF”, “Down-TMF” and “No-TMF” denote the solidifica-
ion process with upward axial magnetic force, with downward
xial magnetic force and without TMF  respectively. Because of the
trong spatial and temporal dependence of TMF  [30], the alloy melt
as  pulled downward with a constant velocity vd = 167 �m s−1 to
aintain the mushy zones in the effective region of TMF, which
as given by:

d= vc/GT (1)

Each ZL205A alloy sample was melted at 1023 K in a resistance
urnace and degassed with high-purity argon. After holding for 15

in, the alloy melt was poured into a corundum tube with 10 mm in
iameter and 150 mm in length. The corundum tube was  preheated

n the tube furnace at 1023 K (Fig. 1(a)), where the unidirectional
olidification process, with or without TMF, was  carried out.

easurement and analysis methods
As shown in Fig. 1(b), a location between 50 and 100 mm
rom the bottom to the top of samples along the growth direc-
ion was  selected and cut in half evenly along the longitudinal
irection, to analyze their microstructure on the transverse and
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Table  1
Related characteristics of the TMF  generator and the parameters used in the simu-
lations of TMF  and flow fields [34,35].

Parameters Symbol Value

TMF  inner diameter Di , mm 40
TMF  outer diameter Do, mm 140
Number of windings n 600
Current frequency f, Hz 50
Phase sequence – Down-TMF: 0,

2�/3, 4�/3;
Up-TMF: 4�/3,
2�/3, 0

Excitation current intensity Ie, A 20
Temperature gradient GT, K mm−1 3
Cooling rate of alloys vc, K s−1 0.5
Thermal Conductivity CT, W mK−1 136
Magnetic permeability �Al, H m−1 1.0
Viscosity coefficient �, Pa s 1.25e-3
Electrical conductance �, S m−1 35.33e+6
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Evolution of the matrix phase ˛-Al
Latent heat Lm, kJ kg−1 396.09

the longitudinal sections by using scanning electron microscopy
(SEM, Quanta 200FEG, FEI, USA). The chemical composition of the
phases in the microstructure was determined by the combination
of energy dispersive spectroscopy (EDS, Quanta 200FEG, FEI, USA),
X-ray diffraction (XRD, Empyrean, Panalytical, NL) and X-ray pho-
toelectron spectroscopy (XPS, ESCALAB 250Xi, ThermoFisher, USA).
In addition, the electron back-scattered diffraction (EBSD, Quanta
200FEG, FEI, USA) and Image-Pro software (Media Cybernetics, Inc.,
USA) were used together to measure and calculate the crystal ori-
entation and the volume fraction of the precipitates, as well as the
size of the dendrites and shrinkage defects. What is noteworthy
is that the functions of SEM, EDS and EBSD were implemented on
the same instrument. Moreover, the tensile properties were tested
for 6 times to take the average values (the standard deviation was
about 5 %) for each sample by using the universal testing machine
(Instron5569, Instron, USA) at room temperature with a strain rate
of 10−3 s−1. Naturally, the tensile axis was chosen parallel to the
direction of temperature gradient. Similarly, micro-hardness were
measured for 30 times to pick the average (the standard deviation
was approximately 5 %) by using the hardness tester (HVS-1000A,
Laizhou Huayin, CHN) with a 500 g load and a dwell time of 10
s. The density tests of samples were conducted by a high precision
digital display density meter (QL-202GR, Shenzhen Qunlong, CHN),
and the average of 20 times measurements was selected, of which
the standard deviation was about 5 %. The intensity of the magnetic
fields used in the experiments was measured by using a tesla-meter
(HT201A, Shanghai Hengtong, CHN).

Simulations and calculations

ZL205A alloys phase diagrams were calculated by Pandat soft-
ware (CompuTherm LLC, USA). The magnetic fields and magnetic
force were simulated by Ansoft-Maxwell software (ANSYS Inc.,
USA). Besides, the melt flows generated by TMF were emulated
by Ansoft-CFX software (ANSYS Inc., USA). In the simulations, the
following assumptions were made: (i) the heating caused by TMF
were not considered in the simulations; (ii) the initial mushy zone
was simplified as the Tm =821 K isothermal region between 30– 35
mm from the bottom of samples along the growth direction; (iii)
in the boundary conditions, the initial lowest temperature (at the
bottom) and the initial highest temperature (at the top) were set
as 600 K and 1050 K respectively; (iv) the magnetic forces were

assumed to be only applied to the melt with temperatures above,
or equal to, Tm. Besides, the related experimental and simulated
parameters are shown in Table 1 [34,35]. b
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esults

With respect to the study on ZL205A alloys, the research focused
n the variations of microstructure (including the precipitation
hases and matrix phase ˛-Al [36– 38]), shrinkage defects and
echanical performance induced by TMF.

volution of precipitates in microstructure

The evolution of precipitates is mainly due to the formation,
orphology and distribution in the microstructure, so that the SEM

nd EDS analysis were first performed on the longitudinal and cross
ection of samples as shown in Fig. 2 and Table 2. Therefore, the
esults illustrate that without the TMF  process, many precipita-
ion phases including the Al3Ti (Point 1,8), Al6Mn  (Point 2) and
l2Cu (Point 3) appear in the microstructure on both the cross and

ongitudinal sections of alloy samples (Fig. 2(a), (d), (g) and (j)).
oreover, the Al3Ti aggregates and forms the blocky morphology
ith large size. Meanwhile, the Al6Mn  phase distributes adhere to

he Al2Cu, resulting in a combination of Al6Mn  and Al2Cu. This com-
ined microstructure distributes mainly along the grain boundaries
f matrix ˛-Al. While, by adding the Up-TMF process, the precip-

tation phases are still mainly the isolated distributed Al3Ti (Point
) and a combination of Al3Ti (Point 10), Al6Mn  (Point 9) and Al2Cu
Points 5,11). However, the size of Al3Ti (Point 4) with blocky

orphology decreases on the longitudinal section, while blocky
orphological Al3Ti phase with large size are rare on the transverse

ection of alloy samples (Fig. 2(b),(e), (h) and (k)). Furthermore,
he Al3Ti phase (Point 10) with a small size appears around the
l2Cu and the Al6Mn.  As a result, a new combined microstructure of
l3Ti, Al6Mn  and Al2Cu can be formed along the grain boundaries of
atrix ˛-Al in alloys. Noteworthily, when the Down-TMF is applied,

he blocky morphological Al3Ti phase is no longer appearing in the
icrostructure on both transverse section and longitudinal section

f alloy samples (Fig. 2(c), (f), (i) and (l)). Besides, Al3Ti phase with
ny shape are almost nonexistent around the Al2Cu phase. Addi-
ionally, the Al6Mn  phase begins to decrease or even disappear after
he Down-TMF process. Consequently, in this case, the precipita-
ion phase mainly is the Al2Cu (Points 6, 7, 13) accompanied with

 little Al6Mn  phase (Point 12).
To further verify the composition of the precipitated phase, XRD

easurements were carried out for both the transverse section
nd longitudinal section of alloy samples, and the statistics for the
olume fraction of precipitation phase were performed by using
BSD tests. The results shown in Fig. 3 explicitly indicate that the
MF process can effectively influence the formation of precipitated
hase. Specially, by combining the results in Table 2 and Fig. 3,

n the unidirectional solidification without the TMF  process, the
icrostructure is mainly the ˛-Al, Al3Ti, Al6Mn  and Al2Cu phases.
owever, when the Up-TMF is added, the diffraction peak of Al3Ti
ecreases relatively (Fig. 3(b)), while, leading to an increase of the
iffraction peak of Al6Mn  and Al2Cu. In addition, by adding the
own-TMF process, the diffraction peak of Al3Ti, Al6Mn  and Al2Cu
re all decreased largely or even eliminated. Moreover, according to
he statistical results about the total volume fraction of precipitated
hases (Fig. 3(c)), it has been demonstrated that the Down-TMF
rocess can efficaciously restrict the growth and formation of pre-
ipitated phases, and greatly reduce the total volume fraction and
ize of them. Oppositely, Up-TMF increases the total volume frac-
ion of precipitated phases, although it can decrease the quantity
nd the size of Al3Ti.
Similarly, the evolution of matrix phase ˛-Al are lie in the growth
ehavior and morphology of them. Similarly, the EBSD measure-
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Fig. 2. SEM images of alloy samples: (a), (b) and (c) are the longitudinal sections b
images  for Square A, B and C, respectively. (g), (h) and (i) are the cross sections by
images  for Square D, E and F, respectively. (Note: Point denotes energy spectrum po

ments on matrix phase ˛-Al was performed as shown in Fig. 4.
From the <001>- pole figures and the <001>- inverse pole figures
demonstrated in Fig. 4, it is apparent that the crystal orientations
of matrix phase ˛-Al are mainly the <001>, whether in the pro-
cesses without TMF, with Up-TMF or a Down-TMF. While, when the
TMF is absent, there are some deflections of <001> crystal orienta-
tion as shown in Fig. 4(a1). Contrastively, However, the addition
of Up-TMF obviously reduces the proportion of the <001> crystal
orientation to some extent, instead, it results in some specific direc-
tions for the growth of matrix phase ˛-Al as demonstrated in Area A
of Fig. 4(b1). However, by adding the Down-TMF process, the <001>
crystal orientation of matrix phase ˛-Al can be greatly promoted

(Fig. 4(c1)). In addition, from Fig. 3(a), it can also be obtained that
the diffraction peak of matrix phase ˛-Al at (200)Al and (111)Al
crystal planes are higher than other crystal planes in the process

a
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MF, Up-TMF and Down-TMF, respectively. (d), (e) and (f) are the locally enlarged
MF, Up-TMF and Down-TMF, respectively. (j), (k) and (l) are the locally enlarged

ithout TMF. However, the diffraction peak of matrix phase ˛-Al
s decreased at (200)Al crystal planes but increased at (111)Al crys-
al planes by the Up-TMF process. Inversely, it will be increased at
200)Al crystal planes but decreased at (111)Al crystal planes with
he Down-TMF process. In other words, Down-TMF promotes the
rowth of matrix phase ˛-Al along the <001> crystal orientation
omparing to the No-TMF process, while the Up-TMF causes the
atrix phase ˛-Al to grow away from the <001> crystal orienta-

ion. Additionally, from Fig. 4(d), it can be indicated that without
he TMF  process, there are numbers of large mis-orientation angles
the number fraction of 60.2 degrees is about 8.9 %) appearing in the

atrix phase ˛-Al, which means that the growth direction of them

re inconsistent and disordered. In this case, the morphology of
atrix phase ˛-Al are irregular in the microstructure, meanwhile,

he secondary dendrite and the overlaps between dendrite are pro-
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Table 2
EDS results for each energy spectrum point in Fig. 2 (at.%).

Point number Al Cu Ti Mn

1 81.41 0.98 16.75 0.86
2  83.46 8.83 0.01 7.70
3  72.25 27.15 0.27 0.33
4  83.39 0.57 14.86 1.18
5  64.64 34.95 0.10 0.31
6  68.06 31.49 0.18 0.27
7  73.61 25.78 0.28 0.34
8  83.28 0.51 15.38 0.83
9  81.81 9.03 0.10 9.06
10  83.03 0.73 15.07 1.17
11  68.96 30.38 0.25 0.41
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moted (Fig. 4(a3)), leading to a large grain size of matrix phase
˛-Al, of which the maximum value is 199.3 �m (Fig. 4(e)). With
the Up-TMF process (Fig. 4(d)), the number fraction of large mis-
orientation angles (such as 60.2 degrees) increases to 10.1 %, and
the small mis-orientation angles (such as 3.5 degrees) also increases
from 44.1 % (No-TMF) to 54.2 % (Up-TMF), which clearly demon-
strates that the matrix phase ˛-Al under the Up-TMF process tends
to form extreme growth in two directions. In addition, the sec-
ondary dendrite and the overlaps between dendrite can be more
easily increased (Fig. 4(b3)). However, the grain size of matrix phase
˛-Al decreases, of which the maximum value is 129.0 �m (Fig. 4(e)).
Contrastively, by the Down-TMF process, the volume fraction of
large mis-orientation angles (such as 60.2 degrees) decreases to
2.0 %, while the low mis-orientation angles (such as 3.5 degrees)
increases to 60.2 % (Fig. 4(d)), which means that the growth direc-
tion of matrix phase ˛-Al is more consistent by the addition of
Down-TMF. Under this condition, the secondary dendrite and the
overlaps between dendrite can be effectively reduced, so that the
morphology and distribution of matrix phase ˛-Al are more uni-
form (Fig. 4(c3)), of which the grain size is greatly decreased (the
maximum value is 111.3 �m)  as shown in Fig. 4(e).

Overall, the Down-TMF effectively promotes the growth consis-
tency of matrix phase ˛-Al growing along with the <001> crystal
orientation in ZL205A alloys with large solidification intervals and
multi-phase, and reduces the formation of secondary dendrite and
the overlaps between dendrite, further to significantly uniform and
refine the matrix phase ˛-Al. However, the Up-TMF declines the
growth consistency of ˛-Al, causes the growth of ˛-Al to deflect
away from <001> crystal orientation, and promotes the formation
of secondary dendrite and overlaps between dendrite, although it
can decrease the grain size of matrix phase ˛-Al.

Variation of the shrinkage defects
Since the solidification process has a reasonable degassing pro-
cess, the defects are more likely to be caused by shrinkage in the
microstructure rather than by gas. In this regard, TMF  can alter the

m
i
d
t

Fig. 3. The composition and content of precipitation phases: (a) and (b) are XRD map
precipitation phase measured by EBSD.
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12  71.21 25.96 0.32 2.51
13  71.02 28.53 0.19 0.26

olidification behavior and the feeding capacity of ZL205A alloy
elt during the unidirectional solidification, so as to influence

he formation and distribution of shrinkage defects. Therefore, as
hown in Fig. 2(a)– (c), the shrinkage defects were marked by the
ed circles and measured the size of them by the Image-Pro soft-
are. Additionally, the porosities of alloys were calculated by using

he equation [39]:

p= 1-�s/�0, (2)

where the Pp denotes the porosity of alloy samples caused by
hrinkage defects, the �s is the average density of the alloy castings
aken by several times measurements, and the �0 is the theoretical
ensity of alloys. It can be obvious that without the TMF  process,
any shrinkage defects occur at grain boundaries of matrix phase

-Al in the microstructure (Fig. 2(a)) and the porosity is 1.81 %, due
o the large solidification intervals of ZL205A alloys. In this case,
he distribution of shrinkage defects is relatively random, and the
aximum size of their length is 55.1 �m.  However, when Up-TMF
s added into the unidirectional solidification process, the shrinkage
efects begin to accumulate, of which the maximum size increases
o 373.9 �m (Fig. 2(b)). Finally, the porosity increases to 2.32 % with

s of the cross and longitudinal sections, respectively. (c) The volume fraction of
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Fig. 4. Statistical results of ˛-Al phase determined by EBSD: (a1), (b1) and (c1) are
and  (c3) are the grain figures. (d) Misorientation angles of ˛-Al phase. (e) Grain size

the Up-TMF process. Contrastively, the addition of Down-TMF can
significantly reduce the size and formation of shrinkage defects in
the microstructure (Fig. 2(c)). Hence, the maximum size and poros-
ity of alloys with the Down-TMF process decrease to 13.1 �m and
0.33 % respectively.

Variations in mechanical properties of alloys

Current findings [40,41] have suggested that the variation of
microstructure will directly affect the mechanical properties of
alloys. Therefore, the mechanical performance of ZL205A alloy,
including the tensile strength and micro-hardness, were tested, and
the fracture surface behavior of samples were analyzed. The per-
formance results demonstrated in Fig. 5(a) indicate that, compared
with the solidification process without TMF, the Down-TMF can
effectively improve the mechanical performance of alloys, espe-
cially, it can increase the ultimate tensile strength, yield strength,
elongation and the micro-hardness from 198.3 MPa, 102.2 MPa,
7.5 % and 82.3 kg mm−2 (without TMF  process) to 225.5 MPa,
116.1 MPa, 13.6 % and 105.2 kg mm−2 (with Down-TMF process).
Contrastively, Up-TMF produced negative effects on mechanical
performance. Specifically, it will decrease the ultimate tensile

strength, yield strength and elongation to 180.5 MPa, 86.9 MPa
and 7.3 %, although it can increase the micro-hardness to 87.2 kg
mm−2. Furthermore, from the scanning fractograph in Fig. 5(b)–
(d), it can be determined that there are quantities of aggregations
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01>- pole figures. (a2), (b2) and (c2) are the <001>-inverse pole figures. (a3), (b3)
Al phase.

f precipitated phase and shrinkage cavity in the microstructure
nder the process without TMF  (Fig. 5(b)). While, when the Up-TMF

s added, the aggregation of precipitated phase still remains, and
he shrinkage cavity begins to coalesce and to form the shrinkage
avity with a larger size (Fig. 5(c)). In addition, in the process of No-
MF  or Up-TMF, the dimples are few and small, resulting in a sharp
eduction of ductility in the alloy samples. Conversely, the Down-
MF  can prominently reduce the aggregation of precipitated phase,
nd eliminate the shrinkage cavity. Moreover, under the process
ith Down-TMF, the size and the number of dimples are notably

nhanced, which are distributed uniformly in the microstructure
nd connected with each other by the tear ridges (Fig. 5(d)). As a
esult, the ductility of alloy samples is greatly raised. Ultimately,
ptimization of microstructure and mechanical performance can
e effectively obtained by the Down-TMF process.

iscussion

imulation of travelling magnetic fields coupling with flow fields

The Ansoft-Maxwell software and Ansoft-CFX software were
sed together to calculate the coupling of the magnetic fields with

ow fields, by importing the average magnetic force density of
ach position in the ZL205A alloys melt into the unidirectional
olidification process. Then, the melt flows during the unidirec-
ional solidification in the same time period with different TMF
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Fig. 5. Performance testing results: (a) Performance statistics. (b), (c) and (d) are scanning fractograph for No-TMF, Up-TMF and Down-TMF, respectively.

 flow 

l

Fig. 6. The melt flows from 0 s to 1.2 s and the

process conditions were obtained for comparative study as shown

in Figs. 6– 8. It can be observed from Fig. 6 that, weak upward (Area
A) and downward (Area B) melt flows are produced by gravity,
buoyancy and Marangoni forces [25,26] at the front of solid-liquid
interface during the solidification process without TMF, which will

i
I
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velocities after 1.2 s with No-TMF processing.

imit to some extent the transfer of latent heat from solid-liquid

nterface to a higher temperature region far from the mushy zone.
nstead, TMF  can produce strong, long-range and directional melt
ows to further influence the distribution of temperature in mushy
one (Figs. 7 and 8). Noteworthily, the melt flows simulated in
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Fig. 7. The melt flows from 0 s to 1.2 s and the

Figs. 7 and 8 were generated by the combination of gravity, buoy-
ancy, Marangoni forces and the Lorentz forces [25,26]. Specifically,
as shown in Fig. 7, the long-range and rapid downward flows (Flow
1) from higher temperature region to the solid-liquid interface, the
weak upward flows (Flow 3), and the weak radial flows (Flow 2) are
generated in the alloy melt by the Up-TMF process. It can be deter-
mined that the maximum velocity of the longitudinal melt flows is
6 mm·s−1, while the maximum velocity of the radial melt flows is
0.5 mm·s−1. By focusing on the center of the mushy zones along the
radial direction, the strong longitudinal melt flows as Flow 1 (Fig. 7)
from distant alloy melt to the mushy zones, will transfer the melt
with higher temperature to the solid-liquid interface to inhibit the
longitudinal transport of latent heat produced at the center. In this
case, the latent heat can only escape from the center by the radial
transport (Flow 2). Additionally, the latent heat generated at the
sidewalls can move upward by Flow 3, making the temperature at
sidewalls decreased relatively quickly. Eventually, a concave solid-
liquid interface can be formed by the combination of all the melt
flows. Conversely, the long-range and rapid upward flows (Flow
4), the long-range and weak downward flows (Flow 6), and the
weak radial flows (Flow 5) are formed in the alloy melt by the
Down-TMF process (Fig. 8). Under the circumstances, the combi-
nation of all the melt flows can facilitate the longitudinal transport
of latent heat from solid-liquid interface to the higher temperature
region, but impede the radial transport from center to the side-
walls, so as to induce a flat or convex solid-liquid interface. During

the solidification process, the morphology and the movement of
the solid-liquid interface will cause a series of influences on the
distribution the heat and solute. Specifically, solid-liquid interface
of different shapes can produce the latent heat at different posi-

s
a
p
o

253
velocities after 1.2 s with Up-TMF processing.

ions, causing a change in the distribution of heat. Furthermore,
uring the growth process of the solid-liquid interface with differ-
nt shapes, the mushy zones will capture the surrounding solutes,
o as to change the distribution of solutes. Therefore, although the
trong melt flows can be generated by the different TMF  process,
he distribution of heat and solute will be different, and the solidifi-
ation behavior and the microstructure can be altered accordingly
28,29]. The results of melt flows are consistent with the previous
tudies on Al-5 wt.% Cu alloys model [27]. However, the veloci-
ies of melt flows in ZL205A alloys are a little larger than them
n Al-5 wt.% Cu alloys model. This is because that the flow rates
f various precipitated phases are different under TMF  or gravity
rocess in ZL205A alloys. Besides, the influence of TMF  at different
tage of solidification process will be diverse. Based on this point,
he in-depth research was conducted on the effects of TMF  on the

icrostructure at each stage of solidification process, as well as the
hrinkage defects and mechanical properties as follow.

echanism of TMF on the precipitation phase and matrix phase
-Al

Considering the multi-element and multi-phase in ZL205A
lloys, the solidification paths and the phase diagrams were cal-
ulated by the Pandat software, and the results are shown in Fig. 9.
y combining Fig. 9(a) and (b), it can be clearly illustrated that the
l3Ti phase is the first phase to form at 1009 K in the ZL205A alloys,

o as to become the nucleation particles for the formation of ˛-Al
t 923 K [42]. As the temperature decreases to 898 K, the Al6Mn
hase begins to form. Subsequently, with the continued decrease
f temperature to 821 K, another eutectic reaction begins to take



L. Luo et al. Journal of Materials Science & Technology 74 (2021) 246–258

ow ve

v
n

�

R

e
E

�

R

c
T
t
c
N
m
t
a
i
d
t

Fig. 8. The melt flows from 0 s to 1.2 s and the fl

place, resulting in the formation of Al2Cu phase. Accordingly, the
precipitation sequence of phases during the solidification of ZL205A
alloys can be obtained. Specifically, the Al3Ti is the first to appear,
followed by ˛-Al, then the Al6Mn,  and finally the Al2Cu. In order to
analyze the effects of TMF  on the microstructure of ZL205A alloys
comprehensively, each step and each phase during the solidifica-
tion process according to the precipitation sequence was studied
intensively.

Firstly, the Al3Ti was analyzed separately, because it prefer-
entially formed over the matrix phase ˛-Al at the first stage of
solidification process. Without the TMF  process, the melt flows with
less velocity (maximum velocity is about 0.12 mm  s−1) in the oppo-
site directions (Area A and Area B in Fig. 6) will cause the Al3Ti
particles dissolved out during the solidification to aggregate and
grow up due to the restriction of melt flows from solidi-liquid inter-
face to the distant melt. As a result, both the size and the quantity
of Al3Ti with a flake shape are large (Fig. 2(a)). While, the addi-
tion of TMF  can change the formation and growth behavior of Al3Ti
particles, from the perspective of changes in Gibbs free energy. On
the basis of the classical theory of thermodynamics, the variations
of Gibbs free energy can produce supply the driving force for the
nucleation of Al3Ti crystals, while the changes of interfacial free
energy result in resistance for it [43,44], as follows:

�Gg=�·Sg+V ·�GV (3)
where �Gg, � and �GV respectively denote the changes of Gibbs
free energy, interfacial free energy and volume free energy during
the solid-liquid phase transformation process of Al3Ti. Sg denotes
the superficial area of Al3Ti crystal nucleus, and V denotes the

[
o
j
t
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locities after 1.2 s with Down-TMF processing.

olume of the crystal nucleus. Further, the radius R of the Al3Ti
ucleated crystal was used to convert Eq. (3) to:

Gg=�·4	R2+(4/3)4	R3�Gv (4)

And the critical nucleation radius Rc of Al3Ti can be obtained as:

c= -2�/�Gv. (5)

The addition of the TMF  process can change the Gibbs free
nergy by adding the extra energy [44– 46], so as to convert the
qs. (3) and (5) to:

Gg=�·Sg+V ·�Gv+V ·�GTMF, (6)

TMF= -2�/(�Gv+�GTMF), (7)

where �GTMF is the magnetic free energy added by TMF  pro-
ess, and RTMF is the critical nucleation radius of Al3Ti with the
MF  process. Obviously, the value of RTMF is less than Rc, which
heoretically demonstrates that TMF  can effectively decrease the
ritical nucleation radius of Al3Ti, in turn to refine its grain size.
evertheless, with the Up-TMF process, the Flow 1 in Fig. 7 pro-
otes the alloy melt flowing from higher temperature region to

he mushy zone, so as to drastically impede the transfer of solute
nd latent heat from the mushy zone to other regions, resulting
n a corresponding aggregation of the Al3Ti particles, as well as a
ecrease of temperature gradient GT-(Up-TMF) and undercooling
emperature �Tk-(Up-TMF) at the front of solid-liquid interface

27]. In this case, the refinement of Al3Ti and the solid solubility
f Al3Ti particles in the subsequent matrix phase ˛-Al will sub-

ect to certain limitations, so that some Al3Ti will still appear in
he microstructure and grow up to become the morphology with
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Fig. 9. Schematic diagrams of solidification process under different conditions: (a
Distribution of solutes at the solid-liquid interface.

a certain size and a flake shape (Fig. 2(b)). On the contrary, in the
process with Down-TMF, the Flow 4 in Fig. 8 facilitates the transfer
of latent heat from the mushy zone to higher temperature regions,
further to decrease the accumulation of Al3Ti particles, leading to
an increase of temperature gradient GT-(Down-TMF) and under-
cooling temperature �Tk-(Down-TMF) [27]. In the circumstances,
the refinement of Al3Ti can be greatly improved, as well as the solid
solubility of Al3Ti particles in the subsequent matrix phase ˛-Al. As
a result, the appearance of Al3Ti with a certain size and flake shape
in the microstructure is reduced or eliminated (Fig. 2(c)). Addition-
ally, comparing with the No-TMF process, the directional melt flows
with higher velocity (the maximum velocity is about 6 mm·s−1 in
both the Down-TMF process and the Up-TMF process) can stir the
alloy melt to uniform the distribution of Al3Ti particles, further
to reduce the aggregation of them to some extent [30,47]. Ulti-
mately, in comparison with the process without TMF, the addition
of TMF  can refine the size of Al3Ti phase and uniform the distri-
bution of them. Additionally, due to the increase of undercooling
temperature �Tk, Down-TMF can enhance the solid solubility of
Al3Ti particles in the matrix phase ˛-Al [27], in turn to reduce or
even eliminate the appearance of Al3Ti with a certain size and flake
shape in the microstructure. Inversely, Up-TMF has less effects on
the solid solubility improvement of Al3Ti, so that the Al3Ti with a
certain size and flake shape can still exist, although the size and dis-
tribution of Al3Ti have been decreased and uniformed to a certain
extent.

Similarly, the subsequent precipitated phase Al6Mn  and Al2Cu
occurred with the formation of matrix phase ˛-Al can also be influ-
enced by TMF  at the later stage, which are mainly manifested in

the variations of formation, distribution and the solid solubility of
Mn and Cu element in the matrix phase ˛-Al. From the Fig. 9(b), it
can be determined that accompanied with the formation of matrix
phase ˛-Al and the movement of solid-liquid interface, the excess

a
t
D
g
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dification path for ZL205A alloys. (b) Phase diagram curves of ZL205A alloys. (c)

olutes of Mn  and Cu elements produced from ˛-Al will cause the
eneration of the Al6Mn  and Al2Cu phases [48,49]. While, the TMF
rocess can largely change the distribution of the solutes (Mn  and
u) around the solid-liquid interface for the transient state during
he unidirectional solidification as shown in Fig. 9(c). According to
he relevant Refs. [27,50,51], the solidification behavior at a tran-
ient state can be expressed as:

0=CS/CL, (8)

L=T0-mC0{1 + [(1-k0)/k0]exp(-vgZ/Dd)}, (9)

where the CL and CS are the solute concentrations in liquid phase
nd solid phase at the solid-liquid interface for the transient state
espectively, k0 is the solute partition coefficient (k0<1), T0 is the

elting temperature of the pure solvent, TL is the instantaneous
elting temperature of the alloy at solid-liquid interface in the

ransient state, Z is the position of solid-liquid interface, m is the
lope of liquid phase, vg is the rate of interface movement and Dd
s the diffusion coefficient of solute in liquid phase. Consequently,
own-TMF can effectively transport the excess solutes (Mn and
u) and the latent heat from the solid-liquid interface to the higher
emperature and lower solute concentration region far from the

ushy zone (Fig. 8). Therefore, the instantaneous solute concentra-
ion in the liquid phase CL-(Down-TMF) will decrease to the value
ess than CL-(No-TMF) (Fig. 9(c)), while the CS-(Down-TMF) and
S-(No-TMF) in the solid phase can be regarded as equal at the
oint. Eventually, by the Eqs. (8) and (9), the instantaneous solute
artition coefficient k0-(Down-TMF) and TL-(Down-TMF) will be

arger than k0-(No-TMF) and TL-(No-TMF), respectively. Addition-

lly, combining with the effective transfer of the latent heat from
he solid-liquid interface to the higher temperature region with the
own-TMF process, a larger cooling rate can be obtained, so as to
reatly increase the undercooling temperature �Tk-(Down-TMF).
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Hence, adsorption of Cu and Mn  atoms and the solid solubility of
them in matrix phase ˛-Al will all be significantly enhanced [50–
52], in turn to reduce the formation of Al2Cu and Al6Mn.  Comparing
with the No-TMF process, Down-TMF can effectively optimize and
uniform the distribution of excess Cu and Mn  elements in the alloys
melt, and improve the solid solubility of them in the matrix phase
˛-Al, as well as reduce the formation and aggregation of Al2Cu and
Al6Mn  phase in the microstructure. However, in sharp contrast to
Down-TMF process, the Up-TMF will generate the opposite direc-
tional melt flows during the unidirectional solidification process, so
that the k0-(Up-TMF) and �Tk-(Up-TMF) are decreased, resulting
in negative effects on the uniform distribution of Cu and Mn  ele-
ments, accordingly, it will increase the formation and aggregation
of Al2Cu and Al6Mn  phase.

Finally, with respect to the matrix phase ˛-Al, the growth
behavior and morphology of them can be analyzed. As shown in
Fig. 6, in the process without TMF, the weak upward melt flows
(Area A) can enhance the transport of solute and latent heat to
the regions distant from the solid-liquid interface to some extent,
further to promote the growth of matrix phase ˛-Al along the direc-
tion of temperature gradient. Nevertheless, the weak downward
melt flows (Area B) will inhibit these results. Consequently, the
growth direction of matrix phase ˛-Al becomes disordered, and cer-
tain numbers of secondary dendrites begin to form. Contrastively,
Down-TMF can significantly promote the transmission of solute
and latent heat from the solidification front to the distant regions
(Fig. 8), further to greatly facilitate the growth consistency of pri-
mary ˛-Al dendrites growing along the <001> crystal orientation
and reduce the secondary dendrites [53]. In this case, the overlaps
between dendrites can be decreased or eliminated. On the con-
trary, Up-TMF will drastically restrict the transmission of solute
and latent heat from the solidification front to the distant regions,
but promote the transmission from center to the sidewalls, in turn,
it will cause the primary ˛-Al dendrites to deflect and cause the
growth of the secondary dendrites to be increased. In regard to the
morphology of matrix phase ˛-Al, the dendrite size of matrix phase
˛-Al can be qualitatively characterized by using the primary den-
drite arm spacing 
1 and secondary dendrite arm spacing 
2, as
follows [54,55]:


1= 4.3(�T0Dd�/k0)1/4·GT
−1/2·vg

-1/4, (10)


2= 7.5tl
0.39, (11)

where �T0 is solidification intervals, � is the Gibbs-Thomson
coefficient, and tl is the local solidification time at solid-liquid inter-
face. From Eqs. (8) and (9), it can be concluded that Down-TMF
can significantly increase the k0-(Down-TMF), GT-(Down-TMF) and
�Tk-(Down-TMF), so that the 
1 and 
2 can be decreased accord-
ingly (Eqs. (10) and (11)), that is, the Down-TMF can effectively
refine the grain and dendrite size of matrix phase ˛-Al. However,
the Up-TMF processing can decrease the k0-(Up-TMF), GT-(Up-
TMF) and �Tk-(Up-TMF), resulting in an increase of 
1 and 
2,
finally the grain and dendrite size of matrix phase ˛-Al will be
enlarged contrast to the Down-TMF process [8]. Additionally, com-
pared with the process without TMF, Up-TMF can still reduce
dendrite size to some extent, because of a certain positive effect
on the uniform distribution and refinement of Al3Ti, which are the
nucleation particles of matrix phase ˛-Al.

Consequently, comparing with the process without TMF, Down-
TMF  and Up-TMF can continuously influence the solidification
behavior and regulate the mushy zone at different solidification
stages. Therefore, the formation, the morphology and the distribu-

tion of microstructure in ZL205A alloys, including the precipitated
phase (Al3Ti, Al6Mn  and Al2Cu) and matrix phase ˛-Al, are all
affected by the strong long-range directional melt flows generated
by TMF. What is noteworthy is that, the different results induced by

�

a
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ig. 10. Schematic diagrams of the feeding behavior in the different processes: (a)
o-TMF. (b) Up-TMF. (c) Down-TMF.

own-TMF and Up-TMF is mainly due to the different direction of
agnetic force and melt flows produced by TMF. Additionally, the

ffects of TMF  on microstructural evolution are dissimilar at the dif-
erent stages unidirectional solidification, due to the solidification
equence of multi-element ZL205A alloys with multi-phase.

echanism of TMF on the shrinkage defects

In order to analyze the shrinkage behavior of alloys, the
nidirectional solidification models in different conditions were
stablished as shown in the Fig. 10. Under the circumstances, the
ross sections of the feeding channels are regarded as the circular
ections with the radius R, which decreases as the volume frac-
ion of solid phase increases. Without the TMF process, due to the
omparatively low velocity of melt flows (the maximum velocity
s about 0.12 mm  s−1), the alloy melt in the mushy zone is diffi-
ult to quickly enter the feeding channels in a limited time, so that
he feeding rate will be less than the solidified rate, resulting in

 decrease of feeding capacity during the unidirectional solidifica-
ion. Therefore, the shrinkage defects are easier to form without
he TMF  process (Fig. 10(a)). By adding the TMF process, the melt
ows with larger velocities (with a maximum velocity is about 6
m s−1 in both the Down-TMF and Up-TMF process) can acceler-

te the alloy melt entering into the feeding channels and decline the
eeding time, further to enhance the feeding capacity and remove
he shrinkage defects. In addition, based on the dynamic conditions
n the mushy zone during the unidirectional solidification process,
MF  can affect the feeding pressure in the feeding channels, which
an influence the feeding behavior accordingly, as follows [9,56]:

Ps=�·Rk
−1, (12)

k=R(L0
2-R0

2)1/2·L0
−1. (13)

where �Ps is the increased pressure generated by surface ten-
ion, � is the surface tension of alloy melt in the feeding channels. In
ddition, Rk, R, R0 and L0 denote respectively the curvature radius,
he radius of cross section, the radius of initial position and the total
ength for the feeding channels. Currently, the value of R0 is far less
han L0 in the feeding channels, so that the Eqs. (12) and (13) can
e combined and changed as:

−1
Ps=�·R . (14)

Furthermore, the external volume force including the gravity
nd magnetic force will induced the increase of feeding pressure,
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while the growth of dendrites will result in a reduction of them,
specially, they can be expressed as [9,56]:

�Pv= (�g + fm)·L. (15)

�Pd  =
L∫

0

8u�R-2dL (16)

where �Pv denotes the increased pressure by external volume
force, � is the density of ZL205A alloy melt, g is the gravity coeffi-
cient, fm is the magnetic force density along the feeding channels
generated by TMF, L is the maximum length of the feeding capac-
ity in the feeding channels, �Pd is the decreased pressure with the
growth of dendrites, u is the feeding rate of alloy melt in feeding
channels and � is the viscosity coefficient of alloy melt. Here, the
feeding process can be considered as a continuous process, so that
the Eq. 16 can be converted to:

�Pf = 8u�R−2L. (17)

Consequently, based on the law of conservation of energy, it can
be obtained that [56]:

�P0+�Ps+�Pv-�Pf = 0. (18)

where the �P0 denotes the difference of static pressure along
the feeding channels. By combining the Eqs. (14)– (18), it can
be intuitively deduced that by increasing the fm, i.e., adding the
TMF  process, the length L representing the feeding capacity can
be enhanced. Accordingly, TMF  can significantly promote both the
feeding rate and feeding pressure, so as to effectively improve
the feeding capacity of alloy melt and reduce shrinkage defects of
ZL205A alloys with large solidification intervals and multi-phase.
Noteworthily, these deductions are based on an assumption that
the feeding channels are not affected by the TMF  process, due to
that the feeding channels can play a crucial role in this process.
However, the different directional TMF  can indeed cause differ-
ent effects on the feeding channels as discussed above. Especially,
Down-TMF can improve the growth consistency of matrix phase
˛-Al along the direction of temperature gradient, while reduce the
secondary dendrite and overlaps between dendrites, resulting in a
further enhancement of feeding capacity and effective elimination
of shrinkage defects (Fig. 10(c)). However, Up-TMF will promote the
formation of secondary dendrite and overlaps between dendrites,
deflect and disorder the growth of matrix phase ˛-Al, so that the
feeding channels are badly blocked. Eventually, the feeding capac-
ity tends to decline and the shrinkage defects are easier to form
and accumulate, although Up-TMF can accelerate the melt flows
and increase feeding pressure (Fig. 10(b)).

Mechanism of the coupling of TMF  on the mechanical performance

The microstructural evolution and variations of shrinkage
defects produced by TMF  can significantly influence the mechanical
performance. Comparing with No-TMF process, by adding the Up-
TMF, the distribution of preferential precipitated phase Al3Ti can
be uniformed, and the size of them can be refined. Additionally,
the solid solubility of Al3Ti particles in the matrix phase ˛-Al can
be increased. Therefore, the tensile strength and hardness should
have been relatively enhanced to a certain extent [40,41]. How-
ever, in regard to the subsequent precipitation phase including
Al2Cu and Al6Mn,  Up-TMF has negative effects on them. Especially,
Up-TMF increases the formation and aggregation of them. More-
over, it deceases the solid solubility of Cu and Mn  in the matrix

phase ˛-Al. As a result, the tensile strength and hardness are neg-
atively affected. Besides, Up-TMF seriously deflects and disorders
the growth of matrix phase ˛-Al, and promotes the abundant for-
mation of secondary dendrite and overlaps between dendrites,
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esulting in more formation and aggregation of shrinkage defects
57,58]. All these changes make the tensile strength decrease rel-
tively comparing with the process without TMF, and reduce the
uctility of alloys. Contrastively, Down-TMF can greatly reduce the

ormation and aggregation of all the precipitated phases including
he Al3Ti, Al2Cu and Al6Mn,  further to uniform the distribution of
hem. Moreover, Down-TMF can largely increase the solid solubil-
ty of Al3Ti particles, Cu and Mn  elements in the matrix phase ˛-Al,
nd efficiently improve the growth consistency of matrix phase
-Al along the direction of temperature gradient, as well as effec-

ually decrease the formation of secondary dendrite and overlaps
etween dendrites, in turn to significantly eliminate the shrink-
ge defects. Ultimately, the tensile strength, the ductility and the
ardness of alloys can be enormously improved by coupling the
own-TMF with the unidirectional solidification process. Addition-
lly, in this work, the specific TMF  parameters and the overheating
emperature have been selected, which will also result in a series
f influences on the microstructures, defects and mechanical per-
ormances, and will be the future research directions for the TMF
asting process.

onclusions

In this paper, the microstructure and mechanical performance
f ZL205A alloys were optimized by coupling TMF with unidirec-
ional solidification, and the mechanisms were comprehensively
tudied by combining experiments with simulations. Accordingly,
he following conclusions can be drawn:

TMF  coupled with unidirectional solidification can alter the
olidification behavior, including the microstructural evolution and
eeding behavior, further to influence the mechanical performance
f ZL205A alloys, by generating the strong directional melt flows.
dditionally, the effects of TMF  on the microstructural evolution
re various at the different stage of solidification process according
o the precipitation sequence. Furthermore, the effects are different
y the different directional TMF.

Down-TMF can refine and uniform the microstructure of ZL205A
lloys, reduce the formation of all the precipitation, promote
he growth consistency of matrix phase ˛-Al growing along the
001> crystal orientation, decline the secondary dendrites and
verlaps between dendrites, and eliminate the shrinkage defects.
ontrastively, Up-TMF increases the formation of Al6Mn,  Al2Cu,
econdary dendrites, overlaps between dendrites, and shrinkage
efects, resulting in deflection and disorder for the growth of matrix
hase ˛-Al, although it can refine the ˛-Al and reduce the formation
f Al3Ti with blocky morphology.

Down-TMF can significantly enhance the mechanical perfor-
ance. Specifically, it can increase the ultimate tensile strength,

ield strength, elongation and hardness from 198.3 MPa, 102.2 MPa,
.5 % and 82.3 kg mm−2 without TMF  to 225.5 MPa, 116.1 MPa, 13.6

 and 105.2 kg mm−2, as well as the ductility of ZL205A alloys. While
p-TMF will result in negative impacts on the overall mechanical
erformance, despite it can increase the hardness to some extent.
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