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Effect of Electromagnetic Stirring on Weld Solidification

Structure of Aluminum Alloys (Report I)f

—Investigation on GTA Weld Metal of Thin Sheet—

Fukuhisa MATSUDA*, Hiroji NAKAGAWA**, Kazuhiro NAKATA*** and Ritsu AYANI****

Abstract

In order to make clear the mechanism of grain refinement of weld metal structure by means of stirring of molten metal,
GTA bead-on-plate welding without filler metal was performed for thin sheet of aluminum alloy using an electromagnetic
stirring process. Then, the effect of the intensity and the frequency of magnetic field, welding speed and welding current on
weld solidification structure were investigated. Moreover the contributions of the magnetic stirring to extinction of the
porosity and the feathery crystal and to homogeneity of composition were investigated.

Main conclusions obtained are as follows; (1) Alternate magnetic field is effective on grain refinement. There is the
optimum frequency for grain refinement and the optimum frequency is nealy proportional to welding speed. (2) The strong
magnetic field is effective to grain refinement, but there is an upper limit owing to formation of a burnt-through bead. (3)
The grain refinement is remarkable in the welding condition where the welding speed is low and the whole weld metal is
almost composed of columnar crystals. Therefore, at a high welding speed where equiaxed crystal zone is formed in the
weld center, the effect of the magnetic field is little. (4) The magnetic stirring is effective to eliminate the formation of
feathery crystal and porosities. (5) The magnetic stirring is effective to homoginize the composition of the weld metal.

1. Introduction

It is very important to improve the weld solidifica-
tion structure for the welding of some aluminum
alloys, because the mechanical properties strongly
depend on the solidification structure in weld metal
of aluminum alloys except natural age-hardenable
alloys. In addition, it is well known that the im-
provement of the weld solidification structure is also
effective to reduce the formation of solidification crack-
ing and porosities.

As the method for improvement of weld solidifica-
tion structure, several methods have been proposed
and attempted, so for. The addition of alloying ele-
ment in welding electrode such as Titanium(Ti) and/or
Boron(B) is one of the effective methods, but excess
addition of these alloys deteriorates the toughness of
the weld metal? or in case of some welding methods as
GTA, it is difficult to add these alloying elements.
Moreover, as another effective mothods, some processes
have been investigated such as mechanical?.® and

electromagnetic stirrings*~” and ultrasonic vibration
®.9 of molten metal during weld solidification.
Among these processes, it is considered that the elec-
tromagnetic stirring is one of the most effective methods
for the improvement of the weld solidification structure
and applications of the electromagnetic stirring to the
welding process have been already attemptedo-13.,
Nevertheless, as well as the mechanism of grain refine-
ment during weld solidification, the effects of the in-
tensity and the frequency of the magnetic field and
the welding condition have not been clear.

Therefore, in this investigation a GTA bead-on-
plate welding without a filler metal has been performed
for thin sheets of aluminum alloys using the electro-
magnetic stirring. Then, the effects of the intensity
and the frequency of the magnetic field, welding speed
and welding current on the weld solidification structure
have been investigated. Moreover some considera-
tions have been discussed on the mechanism of grain
refinement in weld metal during solidification. In
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Table 1 Chemical composition of materials used

Mate- Sheet Chemical composition (wt %)
rial Code thickness - -
(mm) Cu Si Fe Mn Mg Zn Cr Ti Zr B
1050 (A) 4 <0.01|0.08 0.25 | <0.01 | <0.01 | <0.01 |<0.01 0.02 | — |<0.01
1100 (B) 2 0.01 10.14]0.52 | <0.01 |<0.01 0.01 |<0.01 |<0.01 | — |<0.001
2017 (C) 4 3.8010.27|0.23 0.45 0.56 0.02 |<0.01 0.01 | — |<0.01
2024 (D) 2 3.6510.7110.30 0.69 0.70 0.31 0.05 0.03 | — |<0.001
5052 (B) 2 <0.01 10.08 | 0.26 0.01 2.54 | <0.01 0.18 0.04 | — | <0.001
i F) ” 0.02 [0.08 | 0.21 0.02 2.76 | <0.01 0.33 |<0.01 | — [<0.01
5083 (G) 2 <0.01 {0.09 |0.25 0.62 4.38 0.01 0.09 0.04 | — —
i (H) ” 0.03 |0.11 |0.24 0.48 4.32 0.02 0.13 0.02 | — <0.01
i @ 4 <0.01 10.07 {0.17 0.61 4.78 0.02 0.23 |<0.01 | — |<0.01
” (J) 2 ” ” ” ” ” ” ” ” ” ”
TNO1  (K) 2.5 0.08 |0.08 |0.25 0.35 1.26 4.77 0.20 0.10 |0.16|<0.001
addition, the effects of the electromagnetic stirring on
the formation of the feathery crystal and porosities
and also the homogeneity of composition of the weld =
metal have been investigated. [Tungsten electrode
+ Magnetic lines of force
. . ATJ&\AA%A//sr
2. Materials Used and Experimental Procedure w.:sd l /,’ e \\\
. |
.1 aterials used puddle il SR
=M A A AN —
The materials used are commercially pure 1050 and 3N V7T LN H<3=F= S
T4 ¥ o e S e
1100, Aluminum-Copper (Al-Cu) 2017 and 2024, ? ;—-—- "1~ ~——] .:',{2':
Aluminum-Magnusuim (Al-Mg) 5052 and 5083 and Welding
Aluminum-Zinc-Magnesium (Al-Zn-Mg) 7NO1 alloys. current
Chemical compositions of these materials used are (Side view)
shown in Table 1, the thickness of which are mostly
2 mm, and in 1050, 2017, 5083 (I) and 7NO1 (K), are A Weld puddle
4 or 2.5 mm.
In order to investigate the difference in the grain
refinement in the same type of alloy whose composi- Stirring Welding
tions are little different within the range allowed by '°'°: ______________ current

JIS (Japan Industrial Standard), two or three types
of 5052 or 5083 were used, respectively. In addition,
5083 (1) has same compositions of 5083 (J), which was
rolled from 4 to 2 mm in thickness so as to examine the
effect of the thickness of the specimen on the grain
refinement. The dimension of the testing specimen
used is 150 mm in length and 100 mm in width.

2.2 Experimental procedure

2.2.1 Electromagnetic stirring apparatus

The schematic illustration for the principle of electro-
magnetic stirring in this investigation is shown in Fig.
1. In Fig. 1, it is considered that welding current
spreads radially from an arc into molten pool (see
top view) and passes through it to the direction almost
parallel to a sheet surface (see side view). When the
magnetic field is applied to the molten pocl at the
direction perpendicular to the sheet surface during
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(Top view)

Fig. 1 Illustration of principle of electromagnetic stirring

welding, a molten metal in the weld puddle is turned
round by Lorentz force induced by the interaction of
welding current and magnetic field as shown in Fig. 1.
Therefore, if an alternate magnetic field is applied,
the flow direction of molten metal is periodically
changed and then the effect of stirring of molten metal
on the improvement of solidification structure will be
expected.

The schematic illustration of the arrangement of
magnetic coil, welding torch and specimen is shown
in Fig. 2. An electromagnetic stirring apparatus
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Magnetic fixture ji
Carriage coil " i
§
§ © )
o
B \e>
[=
2 ©
¢
=
(Top view)
/Welding torch
Specimen| %estraint jig

Carriage Asbestus

MSg'netic coil (Side view)

Fig. 2 Arrangement of magnetic coil, welding torch and
specimen

consists of a magnetic coil with a ferrous core in
center, which was fixed in line with the center of weld-
ing torch but under the welding specimen. The speci-
men can be moved in the preliminary setting speed by
an autmatic carriage. This arrangement essentially
produces a vertical field in the arc and weld zone as
shown in Fig. 1. As a power source for the coil, an
alternate square wave generator has been used, which
can induce a continuous variation of the intensity and
the frequency of the magnetic field up to 800 G and
from 0.1 to 100 Hz, respectively.
2.2.2 Welding method

GTA (DCRP) bead-on-plate welding without the
filler metal has been carried out with a distance of
2 mm between the electrode and the specimen. Pure
Ar gas was usually used for shielding and a Ar+H,
mixing gas with 29, H: gas was also used in order to
examine the formation of the porosity. A flow rate
of the shielding gas was 18 liters/min in each case.
The welding speed was changed from 65 to 1000
mm/min and the optimum welding current for each
specimen was selected such that a full-penetrated weld
bead whose width of both sides were kept almost 8
mm could be obtained under the given welding speed.
In such a full-penetrated weld bead, solidification
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phenomena such as the growth mode of columnar
crystals are considered to be two-dimensional. These
welding conditions are listed in Table 2(a). Moreo-
ver, the welding conditions shown in Table 2(b) were

Table 2 Welding conditions

Sheet Welding Welding Bead
thickness speed current width
(mm) (mm/min) (A) (mm)
65 40 8
130 50 v
2 250 70 v
500 120 ”
1000 180 .
a A
250 90 ’
2.5 { 500 150 ”
1000 225 ”
4 130 100 ”
2 { 130 40~ 70 T~17
b 250 50~100 ”
4 130 80~160 v

also used in order to examine the effect of welding
current on the grain refinement.
2.2.3 Sham experiment for electromagnetic stirring by
using mercury bath

In order to obtain the quantitative recognition about
the flow pattern in the weld puddle induced by the
electromagnetic stirring, the following experiment
has been carried out. At first, the mercury bathes
with three different shapes were maked as a model of
the weld puddle as shown in Fig. 3. A side wall of

(0] A:B
Tungsten electrode

Side wall

Mercury

¢
8

@
p—40
i\
©

Fig. 3 Shape and dimension of mercury bath

the mercury bath is made of the steel and-a bottom of
it is made of the plastic.

The surface of the mercury bath was covered with
25% HCI water solution for the protection of the
mercury from the oxidation and the fine particles of
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SiC was floated on the surface of the mercury bath in
order to make clear the flow pattern. Then the
magnetic coil was set under the mercury bath and a
tungsten electrode (3 mm dia.) was immersed into it.
For the observation of the flow pattern, a direct current
was passed through the mercury bath from the tung-
sten electrode to the steel side wall with the alternate
magnetic field.

3. Experimental Result and Discussion

3.1 Effect of electromagnetic stirring on grain refine-
ment

3.1.1 Effect of location of electric ground

Transactions of JWRI

Vol. 7, No. 1 1978

The distribution of welding current in the weld
puddle is considered to be affected by the ground
position, so that the ground position will affect
indirectly on the grain refinement because the degree
of the electromagnetic stirring is proportional to the
current density.

Figure 4 shows a variation of the macrostructure in
the weld metal of 5052 (E) against the ground position.
In this case, the intensity and the frequency of the
magnetic field were set to the optimum values men-
tioned in the latter. In Fig. 4, marks of A, B, C, D and
E mean the arrangement of the ground position as
shown in the schematic diagram. In the case of mark

E t
e
Welding directjon

ACet D +-»B8C

D

—
2mm

Fig. 4 Effect of ground position on grain refinement. material ;
5052(E), welding speed V=250 mm/min, welding
current =70 A, magnetic field ; 300G, frequency; 10 Hz
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A a ground position was set at the end of the speci-
men near the arc start, in C the ground was set in
both sides of the specimen and in D the ground was
set at the shaded portion in both sides of the specimen.
As regards to the cases of A, B and C, the grains
are remarkably refined throughout the weld bead,
but in the cases of D and E, they are refined only in
the area near fusion boundaries in the weld bead.

It is considered that the magnetic stirring is more
effective in the case of A than B because the magnetic
stirring of the molten metal near a solidification front
seems to be the most effective to the grain refinement
hence in the case of A, the current density at this
solidification front of the weld puddle is the largest
in all cases. However the experimental results were
contrary to the authors expectations.

Judging from these results, it seems that the differ-

ence in the electric conductivity between liquid and
solid, the dependence of electric conductivity against
temperature, the temperature distribution around the
arc and the dimension of the specimen also affect on
the current distribution in the weld puddle besides the
ground position.

1t has been made clear in the above that the ground
position largely affected on the grain refinement.
Therefore, the ground position was set as well as the
case of A in the latter section in this investigation.
3.1.2 Effect of frequency of magnetic field

The macrostructure of the weld metal of 5052 (E)
is shown in Fig. 5 where the frequency of the magnetic
field was varied to 20 Hz under the constant magnetic
field of 300 G. For the unstirred condition the macro-
structure consists of the epitaxially grown columnar
crystals near fusion boundaries, slender columnar

Welding direction >

Unstirred

10H2Z —
2mm

2Hz

20Hz

Fig. 5 Effect of frequency of magnetic field on grain refine-
ment. material; 5052(E), V=250 mm/min, I=70 A,

300G
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Welding direction——

2Hz 3006

Weld center

10Hz 300G

Fig. 6 Effect of frequency of magnetic field on growth period
of columnar crystal in weld center. material; 5052(E),

V=250 mm/min, I=70 A, 300G

crystals, that is stray crystals!®-!® in the next middle
zones and a little amount of the equiaxed crystals in
the central zone of the weld bead.

In the case of 2 Hz, individual stray crystal is de-
creased in its length in comparison with that unstirred
but the grain refinement is not so remarkable. When
the frequency of the magnetic field is increased to 10
Hz, the macrostructure is remarkably refined through-
out the weld bead. In the case of 20 Hz, however,
macrostructure is almost same as well as those un-
stirred. From these results, it is apparent that there
is an optimum in the frequency of the magnetic field
for the grain refinement.

Figure 6 shows the microstructure in the weld
center along welding direction with the frequencies of
2, 5 and 10 Hz under the same welding condition and
the intensity of 300 G as in Fig. 5. Each pair of bold
line in the top and bottom of photograph indicated
each ripple line where the polarity of the magnetic
field was altered. In Fig. 6, in the case of 2 Hz,
columnar crystals were periodically altered their di-

rections of growth on the ripple line. The length of
the columnar crystal was almost corresponded to the
distance between ripple lines. Next, in the case of 5
Hz, the zigzag growth of the columnar crystal was
also observed but the length of it became shorter as
the distance of ripple line did due to higher frequency.
Thus, the grain refinement was the most remarkable
in the case of 10 Hz when the distance of ripple line
is nearly equal to the width of the columnar crystal,
so the solidification structure looks like complete
equiaxed crystal in the whole weld bead.

The zigzag growth of the columnar crystal observed
in 2 and 5 Hz is due to the formation of new columnar
crystals, namely new stray crystal, at the ripple line

.and not due to the periodical change of the growth

direction of <{100>> in individual columnar crystal in
every half period of the alternate magnetic field*****,
Moreover, the more careful observation for the for-
mation of the new crystal at the ripple line has been
carried out and its result is shown in Fig. 7. A pair
of bold line in Fig. 7 indicates a ripple line. In Fig.

##xkx As for the material possessing low susceptibility for the grain refinement such as 1050, it was observed as
shown in Fig. 14 that individual columnar crystal was changed its growth direction at every ripple line.
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Fig. 7 Occurrence of new crystals at ripple site. material;
5052(E), V=250 mm/min, I=70 A, 400G, 2 Hz

7, many new crystals were originated on a ripple line
and then several crystals of those were grown fore-
ward (upwards of Fig. 7). On the contrary, most of
the columnar crystals reached to this ripple line were
suppressed their growth by those new initiated crystals.
From these results, it is considered that an alternate
change of the flow direction of the molten metal is
effective to the grain refinement.

Next, the effect of an unidirectional flow of the
molten metal to the grain refinement was investigated
by using a constant polarity of the magnetic field.
As a result, the grain refinement has not been observed
in all of the materials used except 7NO1, which is very
susceptible for the grain refinement. For an example,
in Fig. 8 of 5052 (E), the columnar crystals didn’t be

Welding |
direction 3

Fig. 8 Effect of steady magnetic field on grain refinement,
material; 5052(E), V=250 mm/min, [=70 A, 400G
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refined but only grown to a opposite direction of the
flow of molten metal even in a strong intensity of the
magnetic field as 400 G. This also suggests an im-
portance of the alternate magnetic field for the grain
refinement.

Moreover, if the grain refinement is achieved by the
mechanism that the length of the columnar crystal is
corresponded to a half period of the alternate magnetic
field as shown in Fig. 6, the optimum frequency of
the alternate magnetic field is considered to be pro-
portional to welding speed since the distance where
the columnar crystal can grow in a half period of the
alternate magnetic field is proportional to the welding
speed. The relation between the welding speed and
the optimum frequency is shown in Fig. 9, where
macrostructures are shown for various frequencies in
the welding speeds of 65, 130 and 250 mm/min. The
intensity of the magnetic field is a constant value of
700 G in the welding speeds of 65 and 130 mm/min,
of 300 G in that of 250 mm/min. These intensities of
the magnetic field were the maximum values respective-
ly to form a stable weld bead because much intensity
forms a burnt-through weld bead. In Fig. 9, the
optimum frequency for the remarkable grain refine-
ment throughout the weld bead is 2, 5 and 10 Hz in
the welding speeds of 65, 130 and 250 mm/min, re-
spectively. Consequently, the optimum frequency is
almost proportional to welding speed.

On the other hand, in the case of high welding
speed, the optimum frequency could not be found out
because the equiaxed crystal was formed near the
weld center even in the unstirred weld bead. There-
fore, there is no obvious effect for the grain refine-
ment bythe magnetic stirring operation in the weld
metal of high welding speed.

3.1.3 Effect of intensity of magnetic field

The variation of the macrostructures in the weld
bead of 5052 (E) is shown in Fig. 10 for various in-
tensities of the magnetic field with 10 Hz of frequency.
At first, in the case of 100 G, the structures in the
weld metal were remarkably refined near fusion
boundaries but not so remarkable near the weld
center. Next, increasing the intensity to 300 G, the
structures were completely refined all over the weld
bead. In excess intensity more than 300 G, however,
the weld bead was burnt-through.

Consequently, the strong magnetic field is effective
to the grain refinement, but there is an upper limit
owing to the formation of the burnt-through weld
bead. This upper limit became lowered in the slow
welding speed and/or the high welding current.

3.1.4 Effect of welding speed
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10

(Hz)

Frequency

7006
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300G

——
2mm

5052(E)
Bead width=8mm

130

Welding speed

250
(mm/min)

Fig. 9 Dependence of optimum frequency of magnetic field

on welding speed. material; 5052 (E)

The macrostructures in the weld metal with and
without magnetic field are shown in Fig. 11 for the
welding speeds of 250, 500 and 1000 mm/min. The
intensity of the magnetic field was decided so that the
product of the welding current and the intensity of
the magnetic field was equal to 21,000 because Lorenz
force is considered to be equal in each welding speed.
The frequency was a constant value of 10 Hz.

At the welding speed of 250 mm/min, the grain re-
finement is remarkable as previously mentioned. On
the other hand, in the welding speeds of 500 and
1000 mm/min, without stirring, the equiaxed crystals
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were formed in the weld center zone because of in-
creasing the constitutional supercooling'® and then,
even when the maximum intensity of the magnetic
field was induced, there was no remarkable difference
in the macrostructures in comparision with those
unstirred, though the grain refinement was observed
at ripple lines only near fusion boundaries.
Consequently, it is apparent that the high welding
speed decreases the effect of the magnetic field on the
grain refinement. This will be due to the teardrop
shape of the weld puddle where the molten metal
becomes difficult to flow near the solidification front.
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Welding direction ——=

Unstirred

10Hz 1006

10Hz 300G

2mm

Fig. 10 Effect of intensity of magnetic field on grain refine-
ment. material; 5052(E), V=250 mm/min, [=70 A,
10 Hz

3.1.5 Effect of welding current

An increase in welding current is effective to grain
refinement, but there is a limit ih maximum owing to
the formation of the burnt-through bead. Figure 12
shows the effect of the welding current and magnetic
field on the grain refinement in the weld metal of 5052
(E) under the constant of the welding speed of 250
mm/min and the frequency of 10 Hz. In Fig. 12 the
parameter Y in percent represents the relative position
in the weld bead which indicates the fusion boundary
and the center of weld bead for 0 (%) and 100 (%),
respectively. In this figure the value of Y also means
that the grain refinement is fully acheived in the range
from fusion boundary to the location of Y.

In Fig. 12, in the lower welding current and/or the
weak magnetic field, the Y was smaller than 509
and the grain refinement was not sufficient. On the
other hand, in the higher welding current and/or the
strong magnetic field the burnt-through bead was
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formed. Thus, in the middle of those ranges, the
grains were apparently refined. Especially, in the
range shaded by the double hatchings, the grains
were remarkably refined all over the weld bead, though
the range was very narrow.

As regards to the weld solidification structure shown
in Fig. 12, when the welding current was more than
77 amp, the equiaxed crystal zone was formed near
the weld center. On the contrary, when the welding
current was less than 77 amp, the structure almost
consisted of the columnar crystal. Therefore, the
effective range for the grain refinement is restricted to
that where the equiaxed crystal zone is not formed
without electromagnetic stirring. Moreover, the con-
dition whree the grain refinement is acheived all over
the weld bead can be obtained by the combination of
the maximum welding current where the equiaxed
crystal zone is not formed and the maximum intensity
of the magnetic field where the burnt-through weld
bead is not formed.

As for Lorentz force, if the product of the welding
current and the intensity of the magnetic field is a
constant value, the degree of the grain refinement is
considered to be equal. Therefore, each boundary
curve in Fig. 12 should be essentially drown as a hy-
perbolic curve but they didn’t so. The reason in the
above is considered that the variation in welding cur-
rent causes the difference in the factors which may be
affected to the formation in the melt, such as, the
shape and the mass of the weld puddle, the morphology
of the cellular dendrite, the temperature distribution
on the solidification interface and also arc force and
magnetic field due to the welding current itself.

3.1.6 Effect of specimen thickness

When the welding current is increased in the two-
dimentional weld bead so that the current density in
an unit thickness become equal even in different plate
thickness, the the refinement of the grains will be con-
sidered to be same for each other. Therefore the dif-
ference in the grain refinement has been investigated
in the same welding current by using 5083 (I) and 5083
(J), the thickness of which are 4 and 2 mm, respec-
tively, but the compositions of them are the same in
actual.

The macrostructures are shown in Fig. 13 where
the welding current in 5083 (I) is two times as large
as in 5083 (J) but the welding speed and the intensity
of the magnetic field are the same, that is, 130 mm/min
and 700 G, respectively. From comparing Fig. 13
(a) with (b), even in same magnetic field, the grain
refinement was completely acheived all over the weld
bead in 4 mm thick sheet but was only observed near
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Fig. 11 Effect of welding speed on grain refinement. material;
5052(E), 10 Hz
5052 (E). 2mmt v =250 mm/imin

Frequency ; 10Hz

the fusion boundaries in 2 mm thick sheet. As a

- ~Y=0% . - s
( :i__w_’.)___-y,,oo result, even if the current density in an unit thickness
700 ~¥=0 is the same in each other, the degree of the grain

refinement is not always the same when the thickness

600}
P Burnt-through bead of specimen is different. In the above case, it seems
o o Y =100% that the magnetic field which is induced by the arc
E,,oo- and/or the welding current itself may affect the motion
gaoo— v<50°% of the molten metal during welding.
3.1.7 Effect of Material compositions
200 The effect of the magnetic stirring has largely de-

Columnar crystal

100k Insuffcient beadG.DM-&lu.d <L pended on compositions of material. For a example,
penetration A a the macrostructure of 7NO1 (K) consists of large

ol )— i 1 i 1 1 i 1 . .. .
0% 50 60 70 80 90 100 110 120 columnar crystals under unstirred condition but it is

Weiding current (A) ) ) remarkably refined by the magnetic stirring even with
Fig. 12 Composite effect of welding current and intensity of

magnetic field on grain refinement. material; S052(E), an unidirectional magne'tlc field. Therefore the opti-
V=250 mm/min, 10 Hz (Number in percent as Y mum zone of the welding parameters and the mag-
shows the range of equiaxed zone in the weld metal) netic field which is effective for the grain refinement is

120
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(a)IOHz 7006

SRS

(e)Unstirred
4 mmt —
5083(1) Zmm
v=130mm/min
[=100A

(121

(b)10Hz 700G

(d)SHz 700G

: b
(f) Unstirred

2mmt

5083(J)
v=130mm/min
I=50A

Fig. 13 Effect of sheet thickness on grain refinement. material;

5083(I) and 5083(J)

wider in 7NO1 (K). On the contrary, 1050 (A), 1100
(B), 2017 (C) and 2024 (D) are less susceptible for
the grain refinement as shown in Fig. 14 which shows
the macrostructures in the weld center of 1100 (B)
and 2024 (D). The welding condition was the equal
to the one where the structure of 5052 (E) were fully
refined throughout the weld bead. In Fig. 14,

Only the zigzag growth mode of the columnar crystal
is observed and the nucleation of the stray crystal
at the ripple lines, as obsreved in Fig. 6, is rare. More-
over, the structures of the weld metals of 1050 (A)
and 1100 (B) could not be refined in any condition in
this investigation, but those of 2017 (C) and 2024 (D)

121

could be refined only in the welding speed slower than
130 mm/min.

Meanwhile, a large difference has been observed on
the degree of the grain refinement even in the same
type of aluminum alloy, such as 5052 or 5083 whose
compositions are both satisfied in the JIS Standard.
As examples, Fig. 15 shows the comparision of the
macrostructure of 5052 (E) with that of 5052 (F) in
the same welding and magnetic field condition. The
structure of 5052 (E) was remarkably refined by elec-
tromagnetic stirring but that of 5052 (F) was rarely
refined except near the fusion boundaries. As for
the structure without stirring, a number of the small
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(a)

Welding direction

(b) —

200u

Fig. 14 Effect of electromagnetic stirring on grain refinement
of 1100(B) and 2024(D). V=250 mm/min, I=70 A,
10 Hz, 300G (a) 1100(B) (b) 2024(D)

5052 (E)

Unstirred
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stray crystals are formed and the equiaxed crystals
are also partly seen in the weld center in case of 5052
(E). On the contrary, in 5052 (F), the stray crystals
were much wider and longer in the weld metal than
those in 5052 (E) and the equiaxed crystals were
rarely observed in the center. In addition, as regards
to 5083 (G) and 5083 (H), the same phenomenon
was obsreved, that is, 5083 (H) whose structure con-
sisted of a number of stray crystals was much sus-
ceptible for the grain refinement than 5083 (G). The
difference in the structure in the above is well explained
by the content of Ti which is well known as a grain
refinement element. 5052 (E) and 5083 (G) have
more Ti content of 0.049 than 5052 (F) and 5083
(H).

The materials used in this experiment were arranged
as follows in order of the susceptibility of the grain
refinement: 7NO01 (K)>5052 (E)=5083 (G)>5052
(F)=5083 (H)==2017 (C)=2024 (D)>1100 (B)=1050
(A). It is generally considered that the alloy which
has the wide solidification range is more susceptible
for the grain refinement even if the grain refinement
by the electromagnetic stirring is due to the fragmenta-
tion of the arms of the cellular dendrite or the nuclea-
tion owing to an increase of the constitutional super-
cooling. As for the nominal solidification range'”:!®

5052 (F)

Unstirred

10Hz 300G
Fig. 15

10Hz 300G

Difference in grain refinement between materials of

same designation in JIS. material; 5052(E) and 5052 (F), V=250 mm/min, I=70 A
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(a) Unstirred [=50A

(c) Stirred I=5'0A‘ 5Hz 700G

(123)

(b) Stirred

[=50A 0.1Hz 700G

(d) Stirred I=50A 0.Hz 700G

Fig. 16 Surface flow pattern in mercury bath

are about 10°C for 1100 and 1050, about 60°C for
5052 and 5083, about 130°C for 2017 and 2024 and
about 30°C for 7NO1. Therefore, the susceptibility
of the grain refinement is not well expained by the
width of solidification range. Another factors due to
the difference in a alloy system, such as the difference
in the micro morphology of the cellular dendrite during
solidification also seems to affect to the susceptibility
of the grain refinement. Moreover, from the experi-
mental results in Fig. 15 and in 7NO1, it is considered
that the grain refining element such as Ti or Zr im-
proves the susceptibility of the grain refinement of
7NO1, 5052 (E) and 5083 (J). Further investigation
will be continued in future.
3.1.8 Sham experiment for electromagnetic stirring by
using mercury bath

A sham experiment by using a mercury bath has
been carried out in order to qualitatively make clear
the flow pattern of the weld puddle. Fig. 16 shows
the flow patterns of mercury with and without elec-
tromagnetic stirring. The exposure time of filming
was decided to be equal to the half cycle of the fre-
quency of the magnetic field so as to observe the
flow pattern during the half cycle of the frequency.

In Fig. 16(a) without electromagnetic stirring, the
movement of mercury was not observed. In Fig. 16
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(b) stirred with the magnetic field of 0.1 Hz and 700
G, mercury was remarkably turned. However with
an increasing the frequency from 0.1 to 5 Hz, the
flow has been no more observed and it has only
slightly been vibrated as shown in Fig. 16(c). More-
over, in Fig. 16(d) where the shape of the mercury
bath is imitated to the teardrop of the weld puddle in
high welding speed, the flow near the trainling end of
the weld puddle is little, though the condition of the
magnetic field is equal to that in Fig. 16(b). From
these results, it is considered that the effects of the
factors mentioned in 3.1 on the grain refinement have
been qualitatively expained, though the physical con-
tents of the molten aluminum alloys are different from
those of mercury.

3.2 Effect of electromagnetic stirring on formation of
porosity

As an another effect of the electromagnetic stirring,
it is well known that the porosities are decreased in
their amount by the electromangetic stirring!®.
Therefore, the most effective condition of the electro-
magnetic stirring for elimination of porosities has been
also examined. The bead-on-plate welding by the
GTA has been carried out with a mixing gas of Ar—+
2%Hs: as a shielding gas for 5083 (I).
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QWelding direction

rWeld metal —

Unstirred

(a)

0.5Hz 300G

(b)

4L0Hz 300G

(c)

2mm

Fig. 17 Effect of electromagnetic stirring on porosity. material;
5083(1), V=130 mm/min, =100 A

In Fig. 17, the distributions of the porosities are
shown for example in the transverse cross section and
also in the parallel surface to the plate surface without
and with the electromagnetic stirrings of 0.5 and 40
Hz for 300 G. As a result, without the stirring, a
large amount of the porosities were formed. With
the stirring induced by the magretic field of 0.5 Hz
and 300 G, the amount of them were remarkably
decreased, but in case of 40 Hz and 300 G, the effect
of electromagnetic stirring was little. In order to
quantitatively evaluate the effect of the frequency of
the magnetic field, the area fraction of porosities has
been measured on a bead surface after elimination
about 300 # in thickness from a weld top surface
because the distribution of the porosities was not
always uniform in the weld bead, and then the number
of cross points in the porosities was measured by
using an optical microscope with an eyepiece with 400
points of an intersection mesh. The results are shown
in Fig. 18 where the vertical axis indicates an average
area fractions of the porosities measured near the fusion
boundaries, the weld center and middle part between
them. In Fig. 18, it is apparent that the amount of
the porosities is the least in the frequnecies from 0.5
to 5 Hz. However, the effect of the electromagnetic
stirring becomes less effective in the case more than 10
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5083(1) , 4 mmt
V=130mm/min , I =100 A
Shielding gas : Ar+ 2°%H>
Magnetic field : 300G
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Fig. 18 Relation between frequency of magnetic field and area
fraction of porosities
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Hz. In addition, as regards to the intensity of the
magnetic field, the intensity from 300 to 500 G seems
to be the most effective to decrease the amount of

porosities as shown in Fig. 19.

5083 (1) 4Lmmt
v=130 mm/min, 1=100A
Shielding gas ; Ar+ 2%H:

Frequency (Hz) Marks
0.5 —O0—
5 -y

Area fraction of porosities (%)

1 1 | 1 i L
0 100 200 300 400 S00 600
Magnetic field (G)

0

700

Fig. 19 Relation between intensity of magnetic field and area
fraction of porosities

3.3 Effect of electromagnetic stirring on formation of
feathery crystal

Since a feathery crystal, which is frequently formed
in the weld metal of aluminum alloy, lowers the elon-
gation of the weld joint, the formation of the feathery
crystal should be avoided. However, it is well known
for some aluminum alloys that it is difficult to avoid
in the weld center the formation of the feathery crystal
using conventional GTA welding process. Therefore,
the electromagnetic stirring is considered to be an
effective method to avoid the formation of it.

A typical example for the effect of the electromag-
netic stirring is shown in Fig. 20 as a combination
photograph which shows the change in the structure
at a ripple line when the magnetic field is applied.
The feathery crystal was growing from left side of it
in the weld center, but its growth was completely
stopped on the ripple line where the magnetic field
was applied. In addition, the relation between the
frequency or the intensity of the magnetic field and
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Welding direction

O

Fig. 20 Extinction of feathery crysatl by application of
electromagnetic stirring. material; 7N01(K), V=250
mm/min, I=90A, 5 Hz, 300G

400 0°%h
E 300 / 0~20%%
% 200 20 ~50
E 100 /A/AVA 50 ~100°%
g o
0 2 S5 10 15 20 30 40

Frequency (Hz)

Fig. 21 Composite effect of frequency and intensity of mag-
netic field on formation of feathery crystal. material;
5052(E), V=250 mm/min, I=70A

the formation of the feathery crystal is quantitatively
shown in Fig. 21 for 5052 (E). In Fig. 21, the ratio
in percent of the length of the feathery crystal to that
of the weld bead is shown as the density of hatching.
As regards to the effect of the frequency in a constant
intensity of 100 G, the feathery crystal has been de-
creased to 20 to 509 with an unidirectional magnetic
field, though there was the ratio of 50 to 1009, with-
out magnetic field. Moreover, with 2 to 15 Hz, it
has been remarkably decreased to O to 209, but it
has been again increased to 20 to 509, with 15 to 40
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Hz. Consequently, it is considered that there is an
optimum range in frequency to avoid the formation
of the feathery crystal as well as the grain refinement.
Moreover, the formation of the feathry crystal was
also completely eliminated by the magnetic field whose
intensity was more than 200 G except 40 Hz. This

optimum range was much wider than that for the grain
refinement.

3.4 Effect of electromagnetic stirring on homogeneity
of compositions in weld metal

A homogeneity of the compositions in the weld
metal will be also expectable as an another effect of
the electromagnetic stirring. Fig. 22 and 23 show
the typical examples of its effect on a distribution of
copper concentration in a butt welded joint between

I A
Ly oeke
o

A w2024

Weld metal —-——-H )
Unstirred

LN
H

Bt

‘ . ! IBEEIN

Hweld metal-
2Hz 3006

X-ray intensity of Cuke  X-ray intensity of Cu Ka

Fig. 22 Effect of electromagnetic stirring on copper distri-
bution in transverse direction to weld line. material;
1100(B) and 2024(D), V=250 mm/min, 1=70 A
3 '
: t] i
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Bl : .
B’. - + . N ]
e b Ay
A o e gy b 424 ‘L'
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Fig. 23 Effect of electromagnetic stirring on copper distri-
bution along weld center. material; 1100(B) and

2024(D), V=250 mm/min, [=70 A
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1100 (B) and 2024 (D) examined by EPMA. In Fig.
22, where distribution of the copper concentration per-
pendicular to welding direction is shown, the distribu-
tion of it undulated in the weld metal without the
magnetic stirring as shown in Fig. 22(a) but became
considerably uniform by the electromagnetic stirring
in the condition of 2 Hz and 300 G as shown in Fig.
22(b). Next, Fig. 23 shows the distribution along the
welding direction in the weld center. From Fig. 23(a),
without electromagnetic stirring, it has also the undula-
tion pattern which is mainly due to the ripple segrega-
tion. On the contrary, it considerably became uniform
with magnetic field of 2 Hz and 300 G. Moreover, as
the results of the additional examinations with chang-
ing the frequency and intensity of the magnetic field,
it has been cleared that the homogeneity of the copper
concentration was accomplished in the wide range of
the magnetic field condition.

4. Conclusions

The main conclusions obtained in this investigation
for the effect of the electromagnetic stirring in the
GTA welding of aluminum alloy sheet are as follows;
(1) There is an optimum frequency in alternate mag-
netic field for the performation of the grain refinement.
The optimum frequency is nealy proportional to the
welding speed.

(2) The intense magnetic field is effective to the grain
refinement, but there is an upper limit for thin sheet
owing to the formation of a burnt-through bead.

(3) The grain refinement is remarkable in the welding
condition where the structure in the weld metal is al-
most composed of the columnar crystal without the
magnetic field. Therefore, at a high welding speed
where the equiaxed crystal zone is formed in the weld
center, the effect of the magnetic field is little.

(4) The location of electric ground affect on the
degree of the grain refinement and was effective when
it was located at the specimen behind and/or forward
the weld puddle.

(5) As an observation of the microstructure, the
grain refinement has been performed when the grow-
ing length of the columnar crystal along the weld
center was almost identical to the distance correspond-
ing to the width of the columnar crystal during a half
cycle of the alternate magnetic field. This is the
reason why the optimum frequency is proportional to
the welding speed.

(6) The effect of the grain refinement is largely de-
pended on compositions of materials. 7NO1 was the
most susceptible to the grain refinement. One each
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type of 5052 or 5083 in which weld metal a number
of small stray crystals were formed without magnetic
field was considerably susceptible, but another one in
which weld metal the large columnar crystals were
formed was considerably difficult to the refinement.
The difference between them is considered to be the
difference in their Ti content.

(7) 2017 and 2024 were a little difficult to the grain
refinement. 1100 and 1050 were impossible to be
refined in this investigation.

(8) The magnetic stirring is effective to reduce the
formation of porosities, but there is an optimum con-
dition for the frequency and the intensity of the mag-
netic field. The excess intensity and/or frequency of
the magnetic field decreases its effect.

(9) The magnetic stirring is effective to eliminate the
formation of the feathery crystal. There is also op-
timum condition for the frequency and the intensity
of the magnetic field, but the range of the optimum
is wider than that of the grain refinement.

(10) The magnetic stirring is effective to homogenize
the composition in the weld metal.
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