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Effect of low frequency electromagnetic field on casting crack
during DC casting superhigh strength aluminum alloy ingots
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Abstract

Super high strength aluminum alloys are very important materials to the aerospace industries, however, cracks often occur during the D(
casting process because of their high alloying element content. In this paper, a new low frequency electromagnetic casting (LFEC) proces
is used to study the possibility of eliminating casting cracks. The results show that a low frequency electromagnetic field eliminates cracks
effectively. Under a low frequency electromagnetic field, temperature gradients in the mould are smaller, elements distributions are more
uniform, sump depth is lower, and the grains are finer and have a more uniform spherical shape, so the internal stress in ingots is lower tha
that of ingots processed by conventional DC casting. The LFEC decreases the grain size, constituent size, and area fraction of grain bounda
eutectics, which is helpful for thinning the liquid film between grains and improving high-temperature plasticity and strength. These factors
improve the cracking resistance of the alloy. Decreasing internal stress and increasing cracking resistance eliminate cracks in DC cast ingot
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction ification, decreased casting velocity, decreased cooling rate,

and grains refinement. However, study on the effects of elec-
Superhigh strength aluminum alloys are important mate- tromagnetic field on casting cracks has been limjiiexj14]

rials to the aerospace industries, because of their low density,The casting, refining and electromagnetic process (CREM)

high strength, and good hot work ability. Demand in the [15-18]can refine grains, decrease segregation, restrain cast-

aerospace industry for higher strength, higher toughness, andng cracks, and improve the surface quality of ingots. Based

high corrosion resistance motivates continuing research ononthis process, anew process, low frequency electromagnetic

these alloyq1,2]. In general, increasing alloying element casting (LFEC) was developed by Cui and his colleagues

content will increase strengfB], but increased alloying ele-  [19-21] in which the low skin effect of low frequency elec-

ment content makes it more difficult to cast the alloy. The tromagnetic field is used to control flow and temperature

7000 series aluminum alloys are mainly cast by the direct- gradients. In this study, ingots of a new superhigh strength

chill (DC) casting process. However, casting cracks are severeAl-Zn—-Mg—Cu—Zr alloy were cast by LFEC, and the effects

problems in this process, especially when casting large ingotsof low frequency electromagnetic field on casting cracks were

with high alloying element content. Investigations on casting discussed.

cracks have been reported in many previous studie$2].

These investigations have dealt primarily with the predic-

tion and numerical simulation of casting cracks and with » Experimental procedure

measures to control casting cracks, such as composition mod-

A new Al-Zn—-Mg—Cu—Zr alloy with high alloying ele-
* Corresponding author. Tel.: +86 24 83681742; fax: +86 24 83681758. Ment content was castable 1shows the chemical composi-
E-mail address: zuoyubo@126.com (Z. Yubo). tion of the alloy.

0921-5093/$ — see front matter © 2005 Elsevier B.V. All rights reserved.
doi:10.1016/j.msea.2005.07.001



Z. Yubo et al. / Materials Science and Engineering A 406 (2005) 286292 287

Table 1 Forced convection
Chemical composition of the superhigh strength Al alloy Meniscus

Graphite ring Two phase zone «
Elements Composition (wt.%)
Zn 9.82
Mg 2.35
Cu 2.29
Zr 0.142 Mold «
F_e 0.12 Induction coil
Si 0.08 L
Al Balance Cooling water—s- -—

The alloy was melted in a 500 kW medium frequency
induction furnace. When the temperature of the melt was
760°C, the melt was degassed, slag was removed and refined,
and the alloy was poured into a tundish. The @ 200 mm
ingots were produced by LFEC process at a melt temper- Standard optical metallography. The samples were cut from
ature of 730C and a casting speed of 80 mm/min. The the ingots in the edge, 1/2 radius and center of the ingots
electromagnetic field was applied by an 80 turns water-cooled respectively and were etched with mixed acid (2 ml HF, 3 ml
copper coil surrounding the stainless steel crystallizer. Cast-HCl, 5ml HNO; and 190 ml HO). The alloying element
ing was performed with a frequency of 25Hz and 150 A distribution was measured by chemical analysis. The tem-
current. A graphite ring with inside diameter of 204 mm, perature field and liquid metal sump shape were measured by
outside diameter of 216 mm and height of 30 mm was set thermocouples in a manner to be discussed in another article.
in the crystallizerFig. 1 shows the schematic of the LFEC
process.

The cast crack shapes were observed directly, and the3. Experiment results
fracture surfaces of cracks were examined using scanning
electron microscopy (SEM). The microstructures were  The high alloying element content makes it difficult to
characterized by an optical microscope (Leica DMR) using cast this alloy. All ingots DC cast without electromagnetic

Fig. 1. Schematic diagram of LFEC process.

Fig. 2. Effect of low frequency electromagnetic field on the cracks of ingots: (a—c) DC cast ingots and (d) LFEC ingot. Locations marked “1” ande‘2” are th
regions shown in the fractographsfef. 3.
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Fig. 3. Fracture surfaces of ingots.

field were crackedKig. 2), but no cracks were found in the conclude that low frequency electromagnetic fields elimi-
ingots cast by the LFEC process. The cracks in the ingotsnate cracks in superhigh strength aluminum ingots of this
cast without the electromagnetic field had three basic shapesalloy.
line-crossed cracks, arc-shaped cracks, and line-arc crossed
cracks, which are shown Irig. 2a—c, respectively.

The fracture surfaces of conventional DC cast ingots were 4. Discussions
examined using SEM. As shown Fig. 3, the failure mode
of the alloy was intergranular brittle fracture, and the failure
was associated with crack propagation through the eutectic
phases segregated at the grain boundafigs.3a and ¢ are
from point one inFig. 2b andFig. 3b and d are from point

Ingot contraction is unavoidable during DC casting. How-
ever, contraction of ingot is different for in different parts of
the ingot because cooling rates vary with location. This in
turn causes tensile stress in the center and compressive stress
two in Fig. 2. in the surface of the ing¢5]. If the tensile stress at the tem-

The composition at selected locations was examined usingperature near the_ solidus exceeds the strength_of the alloy
SEM(EDX). The compositions of points 1 and 2Fig. 3¢ at the corresponding temperature, a hot crack will be gener-
and d are listed agable 2 Based on composition it is possible ate_d. If the_ crack occurs at a temperature much lower than
that the constituents are T(Al-Zn—-Mg—Cu), which is brittle. solidus, it is a cold crack. In these Al-Zn-Mg-Cu alloys,

It is clear that there are second cracks in the constituents,CaStIngS contain both hot cracks and cold cracks, gnd the
s0 a conclusion can be drawn that the constituents are crac old cracks usually come from the hot cracks. To avoid both

initiators; cracks begin at these constituents, then propagate. ot and cold c_:racks, It Is |mport§mt to reduce the internal
In general, for the new superhigh strength aluminum alloy, stress and to improve the cracking resistance of the alloy.

all ingots cast without electromagnetic field were cracked, IFrOT the experllments repor_te;j_ rdere, W? qonclude tEaF a
and the cracks are intergranular brittle fractures. In contrast ow frequency electromagnetic field can eliminate cracks in

there were no cracks in the ingots cast by LFEC. Thus, we superhigh strength aluminum alloy ingots by reducing inter-
nal stress and improving crack resistance.

Table 2 .

Composition (wt.%) of the constituents at points labeleHim 3 4.1. Effect of LFEC on the internal stress

Point Al Zn Mg cu In the LFEC process, the alternating current generates
1 12.817 40.970 14.003 32210 3 time varying magnetic field3, which, in turn, gives rise

2 31.285 37.442 13.563 17.710

to an induced currenfl, in the melt. Therefore, the melt is
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subjected to electromagnetic body forces caused by the inter- 700 )

action of the induced current and magnetic field. The body 690

forces contain a rotational component and a potential com- O 680

ponent[15]. The rotational component results in the forced 5 707 DC

convection shown ifFig. 1 The forced convection decreases g 6607

the temperature gradients in the melt and the depth of sump, ;ti Z:g: g \D\O
which makes solute distribution more uniform. It is clear that E og30d .

a lower temperature gradient in the melt and a flat liquid 6201

sump can decrease internal strf&]. In addition, the uni- 6101

formity of composition distribution and the resulting superior 600 +—— ; ; : ,
microstructures that result from LFEC are also helpful for 0 20 40 60 80
reducing internal stress. Although, it is difficult to measure Distance from center(mm)

the internal stress during the process of DC casting, the tem-
perature fields, composition distribution, liquid sump, and
microstructures are easily measured. So, in order to anal-
yse the eff_ect_of LFEC on th_e internal stress,_ the temperat_ureHowever' in the LFEC process, the hottest liquid in the cen-
fields and liquid sump depthinthe mold, alloying elementdis- ey of the ingot is carried to the ingot edge along the surface of
tribution, and microstructures of the ingots were measured. pe melt, and the cooler liquid at the edge of the ingot is car-
ried into the center of the ingot rapidly by the electromagnetic
4.1.1. Effect of LFEC on temperature field force. This makes temperature distribution more uniform and
Temperature gradient was measured using five thermo-acts to decrease the internal stress.
couples positioned along a radius about 15 mm under the
meniscus inside the crystallizer. The liquid temperature gra- 4.1.2. Effect of LFEC on composition distribution
dients for LFEC and the conventional DC casting process are  The composition at different positions in the ingot was
compared inFig. 4. In the LFEC process, the temperature measured using chemical analysis. As shownFig. 5,
under the meniscus is more uniform and lower than that in both the inverse segregation in the surface and the differ-
conventional DC casting. The temperature difference from ence of alloying element content are larger in the DC ingots
the center to the edge in the mold is smaller in LFEG (C) than in the LFEC ingots. The element macro distribution in
than in conventional DC casting-@¢5°C). In conventional LFEC ingots is more uniform, which produces more uniform
DC casting, the hottest liquid moves slowly from the ingot microstructures and properties. This also serves to reduce the
center toward the edge under the melt by convective flow. internal stress.

Fig. 4. Comparison of the temperature gradients 15 mm under the meniscus
for conventional DC and LFEC casting processes.
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Fig. 5. The elements distribution along ingot radius.
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20 - LFEC in the DC ingot, the microstructure in the 1/2-radius area i<
0 ~—pe characterized by coarse dendritic grains. On the other hani “ ¢
T 204 in the LFEC ingot, the microstructure in the 1/2-radius arch
E .40 is finer, and grains are nearly spheridalg. 7c and f show 320
% -60 - the microstructures at the center of the DC and LFEC ingots Qm
T 801 \, m— respectivelyFig. 7c shows a coarse microstructure at the cen-
E -100 1 AN O/ ter of the DC ingotFig. 7 shows that the microstructure at
@120 4 the LFEC ingot center is fine grained. So, the microstructures
140 e o = 0o of LFEC ingot are fine and uniform. And the grains are nearly

spherical throughout the ingots, which is helpful for reducing
internal stress.

Fig. 6. The sump depth of LFEC and conventional DC process. During solidification, spherical grains eliminate frame-
work forming. Once frameworks form liquid complementar-
ity is very difficult to achieve and linear contraction begins.

4.1.3. Effect of LFEC on the sump depth Under a low frequency electromagnetic field, there is a forced
Under alow frequency electromagnetic field, aforced con- convection in the melt during solidification and almost all
vection is generated in liquid metals. The forced convection grains are spherical. The spherical grains move along the
propels the cold melt near the mold wall to the center, and the conyection direction, and they also spin because of a force
overheat melt in the center moves toward the border. During moment at the grain from the electromagnetic force differ-
this process, low frequency electromagnetic field not only ence petween the part near the centerline and the part far

makes the element distribution and temperature field morefom the centerline. This is helpful for liquid compensat-
uniform but also reduces the sump depth. As shovign6, ing. So, the forced electromagnetic convection accelerates
the sump depth by LFEC is about 85 mm, while the sUmMp tne jiquid compensating, which resultin the linear contraction
depth by the conventional DC process is about 125 mm. Prior peginning later than in the conventional DC process. Hence,
research shows that the deeper the liquid sump is, the greatefhe effectual crystallization interval becomes narrower,
the internal stress will b22]. The LFEC process decreases yhjch result in less linear contraction and lower internal

Distance from center(mm)

the sump depth, so it can reduce the internal stress. stress.
In general, the more uniform temperature gradientand ele-
4.1.4. Effect of LFEC on the microstructures ments distribution, lower sump depth, more uniform and finer

In general, the microstructure of the LFEC ingots is much mijcrostructures and less linear contraction act collectively to
finer than the coarse microstructure of DC ingots. In the latter |ower the internal stress in ingots processed by LFEC. This
case, some grains are even visible with the naked eye. in turn eliminates cracks in the LFEC ingots.

Fig. 7ashows a dendritic microstructure near the surface of
a DC ingot. Casting under an electromagnetic field of 25Hz 4.2, Effect of LFEC on the crack resistance of the alloy
and 150 A, however, the microstructure near the ingots’ sur-
face is dominated by fine, uniform grains, as showrigq 7d. 4.2.1. Refining effect of LFEC on microstructures
Fig. 7o and e show the microstructures at the 1/2-radius area  As shown inFig. 7, the microstructures of LFEC ingots
of the DC and LFEC ingots, respectively. It can be seen that are more uniform than that of conventional DC ingots, and
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Fig. 7. Microstructures of DC and LFEC ingots: (a and d) edge (3 mm from surface); (b and e) 1/2 radius; (c and f) center; (a—c) DC; (d—f) LFEC.
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Fig. 8. The grain boundary state of LFEC and conventional DC casting ingots: (a) DC ingot border, (b) DC ingot center, (c) LFEC ingot border and (d) LF
ingot center.

LFEC ingots have finer grain sizes near the ingot centers.ingotsis less than that of DC ingots. The measurements of our
The finer microstructure would be expected to improve high micrographs showed that the area fraction of eutectic struc-
temperature and room temperature mechanical properties andure was 10% at the center and near the surface of the DC
hot tearing resistand@3]. ingots, but only 8% at both locations in LFEC ingots. The
Based on the liquid film theory, the thinner the liquid film micrographs also showed that the constituent size of these
becomes, the higher the strength of the alloy. Refining grainsphases is smaller in LEFC ingots than in DC ingots, which
increases the total surface area of grains, which results inwould be expected to reduce crack initiation. In summary,
thinner liquid films, so the high temperature (near the solidus) our findings show that LFEC decreased the grain size, con-
strength and plasticity of LFEC ingots is higher than that of stituent size, and area fraction of grain boundary eutectics.
conventional DC ingots. Hence the ingot would have stronger These changes would be expected to reduce crack initiation,
crack resistance. decrease liquid film volume, and improve high temperature
The room temperature as-cast mechanical properties wereplasticity and strength, all of which should improve the crack
examined. The results are listed Tiable 3 It is obvious resistance.
that both the strength and the elongation of LFEC ingots are
higher than those of DC ingots, which helps to improve crack

resistance. 5. Conclusions

4.2.2. Effect of LFEC on the grain boundary structure The results of these LFEC and conventional DC casting
In high strength aluminum alloys, the phases in the grain experiments lead to the following conclusions:

boundaries are eutectic with a low melting point. Their influ-

ence on cracking is dependent of their amount and distribu-

tion. Brittle, coarse, low-melting phases at grain boundaries -

act to initiate cracks, so the effect of LFEC on the grain @ Underlowfrequency electromagnetic f|eld,t.he'tem'per§1-

boundary structure is importaiftig. 8shows that the eutectic ture gradient in the melt and the elements distribution in

structure in both the bord€ig. 8 and centefFig. 8d of LFEC the ingot are more uniform; the sump depthis _Iower; a_md
the microstructures have more uniform, spherical grains,

which should make the internal stress lower than that of
conventional DC process ingots.
(3) The LFEC process decreases the grain size, constituent
size, and area fraction of grain boundary eutectics, which
Conventional DC 213 0.2 is helpful for thinning the liquid film and improving high
LFEC 265 1.67 temperature plasticity and strength. These factors are

(1) During semi-continuous casting, the low frequency elec-
tromagnetic field eliminated cracks in ingots.

Table 3
As-cast mechanical property of the alloy

UTS (MPa) Elongation (%)

EC
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expected to provide improved crack resistance in LFEC [8] z. Xianshu, J. Junze, Acta Metall. Sin. 31 (11) (1995) 228-230 (in

ingots vis-a-vis conventional DC ingots.
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