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ABSTRACT

Through experimental observation and auxiliary numerical simulation, this investigation studies the different types of grain refinement of
5754 aluminum alloy laser beam welding by applying a transverse oscillating magnetic field. Scanning electron microscope results have
proved that the application of a magnetic field can reduce the average crystal branch width and increase its number. The interaction
between the induced eddy current generated by the Seebeck effect and the applied external magnetic field produces a Lorentz force, which is
important for the increase in the number of crystal branches. Based on the theory of dendrite fragmentation and the magnetic field-induced :
branches increment, the grain size reduction caused by the magnetic field is studied. Furthermore, the effects of the magnetic field are ana-
lyzed by combining a phase field method model and simulations of nucleation and grain growth. The grain distribution and average grain
size after welding verify the reliability of the model. In addition, the introduction of a magnetic field can increase the number of periodic
three-dimensional solidification patterns. In the intersection of two periods of solidification patterns, the metal can be re-melted and then
re-solidified, which prevents the grains, that have been solidified and formed previously, from further growth and generates some small cel-
lular grains in the new fusion line. The magnetic field increases the building frequency of these solidification structures and thus promotes
this kind of grain refinement.
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1. INTRODUCTION Particularly, the molten pool will inevitably experience high tem-
peratures, causing the grains to become coarse because the grain

beam welding (LBW), which is widely employed in industries, such boundary. mobility is contrf)l.led- by temperature. At high tempera-
as aerospace, shipbuilding, automobiles, and pressure vessels.' tures, grain boundary mobility is high, and grains are coarsened,”
Good penetration capacity, high attainable welding speed, limited reducing the mechanical properties and service performance of the
heat-affected zone, and low welding distortion are key advantages joint. The grain structure of a weld has a high influence on the
of LBW. However, LBW still meets several challenges, including  strength and ductility of the joint’ and on the susceptibility of
porosity, molten pool collapses, humping defects in high-speed the weld to the formation of hot cracks.” Small grains will lead to
welding, heterogeneous mixing with filler wire, and insufficient fine many grain boundaries. Therefore, the mechanical load that may
grains, making it difficult to realize the benefits mentioned above. have occurred during the material curing process is dispersed,

One of the most promising metal joining technologies is laser
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which reduces the hot cracking risk." A large number of grain
boundaries will also increase the strength of the material.”

Many laser welding modification procedures have been devel-
oped to obtain better grain distribution, refine the grains, and
increase the mechanical properties of joints, such as oscillation
laser welding” and pulsed laser welding.” Among them, electromag-
netic stirring LBW (EMS-LBW) is considered one of the most
promising optimization processes for LBW.

There have been studies indicating that a magnetic field has
many benefits for LBW, including preventing root collapse’ and
improving weld morphology.” It can also stir the molten pool, pro-
moting material flow’ and stabilizing the keyhole to reduce poros-
ity.'” Additionally, it can promote the uniform distribution of
added elements,'" improve plasma distribution,'” enhance surface
roughness,”” and improve the distribution of residual stress after
welding.'* Moreover, the magnetic field can refine grains and opti-
mize their distribution,'””*" which ultimately enhances the
mechanical properties and usability of the joint.

Chen et al.”” found that the prior-austenite grain size in the
weld with an external magnetic field is more than two times smaller
than those in the conventional LBW. In the results of Li et al,'® den-
drites and cellular crystals near the weld center disappeared, and the
grain size was refined. The experiments of Hu et al.'” also show that
the microstructure transforms from bulky banded and spherical
structures to fine blocky and granular structures in the fusion zone,
which leads to grain refinement. In the process of Xu et al,'® the
electromagnetic field refines the grains and reduces the width of the
columnar grain region to a certain extent. However, the magnetic
field made the austenitic grains in the columnar grain zone refine,
but these kinds of grains in the central region coarsen and even grow
discontinuously in the interface zone."” The grain refinement was
also observed by Meng et al.”” in the upper part of the weld, while
the grain became coarse in the lower part of the weld. They believe
that the obvious reduction of grain size in the upper part of the weld
is caused by dendrite fragmentation.

However, for various kinds of grains or grains in diverse
zones, the role of magnetic field refinement in laser welding may
be distinct. Also, the varied magnetic field parameters have differ-
ent effects on microstructure evolution in LBW. It is necessary to
classify and study magnetic field-induced grain refinement in
detail.

In this work, the effect of a transverse alternating current mag-
netic field on the grain refinement of 5754 aluminum alloy laser
beam welding was observed and investigated. The refinement effect
of a magnetic field on crystal branches was studied by a scanning
electron microscope (SEM) and analyzed by combining the
Seebeck effect. Built upon the theory of dendrite fragmentation, the
reduction of equiaxed grain size caused by the magnetic field is
studied. Based on the phase field method (PFM) and nucleation
theory, the nucleation and grain growth of equiaxed crystals are
simulated, and the reliability of the model is verified by the average
grain size after welding. The role of the magnetic field in the nucle-
ation and grain growth of equiaxed crystals is studied. The distribu-
tion of grains in different directions on a larger area was then
observed by a microscope, and it was found that the introduction
of a magnetic field could increase the number of periodic solidifica-
tion patterns, thus further refining the grains.

ARTICLE pubs.aip.org/lia/jla

TABLE I. Physical parameters used in the experiment and simulation.

Parameters Values

Focal length 350 mm

Spot diameter 0.56 mm
Wavelength 1070 nm

Laser power 4kwW

Welding speed 3 m/min

Magnet poles position 2 mm above the workpiece
Magnet poles spacing 15 mm

Magnet frequency 3300 Hz

Max RMS magnetic flux density 300 mT

Il. EXPERIMENT

Bead-on-plate LBW was carried out on the AA5754 alumi-
num alloy plate with a dimension of 300 x 100 x 10 mm?. The rel-
evant parameters of IPG YLR 20000 and in-house electromagnetic
equipment as well as welding parameters are listed in Table I.

After welding, the grain distributions at the top surface and
the longitudinal cross sections at the weld centerline were etched
for 30 s using 20% tetrafluoroboric acid in water at 30V, 25 °C, and
observed with a microscope. The longitudinal cross sections were
then electropolished with Struers A2 reagent for 12 s at 39V, 20 °C.
The small equiaxed grains close to the fusion line were observed
using the electron backscatter diffraction (EBSD) technology, and
the crystal branch distribution was obtained using the SEM tech-
nology. However, these measurement methods are applied to the
welded joints. Although some methods have been developed for
real-time observation, they are not suitable for the welding process.
To analyze the processing more deeply, it is necessary to combine
it with simulation methods.

lll. MODELING METHODOLOGY

For further study about the fragmentation-induced grain
refinement of equiaxed grain, a simple PFM model was set up to
analyze this dynamic process of equiaxed grain.

The model is a two-dimensional model of 512 x 512 (grid ce]ls)2 )
and the unit length dx = dy = 0.293um, that is, 150 x 150 um?.
The time step is 1 us. The thermal cycle used in the PFM model is
obtained by the macro computational fluid dynamics model,” and it
is fitted as a quadratic function with time. Equation (1) is used to
update the temperature with time in PFM calculation. Here, only the
temperature change with time is considered, and the initial tempera-
ture is the liquidus temperature of 910 K,

T =910 — 3491t + 10978, (1)

where £ is the time.

Every grain can be regarded as a field, if the order parameter
n, =L itis within the grain with number p, if n, =0, it is outside
the grain p, and if Oltn, < 1, it is at the boundary of the grain p.
When the order parameter of each field at a certain position is 0,
the position is the liquid phase, and the initial condition is the
liquid phase everywhere.
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For conventional LBW, the relationship between nucleation
density increment and supercooling can be described by the con-
tinuous nucleation model proposed by Thévoz et al.,”

dn Himax o 1<AT—ATN)2 @)
dAT) ~ arar,) P 2\ AT, :

where AT =T;—T is the supercooling degree, iy
=6 x 10" m3? is the maximum nucleation density, and ATy
= 5.0K and AT, = 0.5K are the average and standard deviation of
the supercooling degree, respectively.”’

When a magnetic field is applied, as shown in Fig. 1, for an
equiaxed crystal with nucleation and growth, there are four
primary dendrites and several secondary dendrites on eight sides.
Assuming that three secondary dendrites on each side are indepen-
dent enough, one crystal nucleus will produce at most 28 new
crystal nuclei when dendrites are fragmented. Considering there are
more branches with a magnetic field, the ratio between the
branches number in unit length with and without magnetic field
got from experiment results in the result and discussion part
(Fig. 2) was also introduced (14/9), and a fragmentation number
coefficient n; can be driven,

nbzl’é(4+8><3). (3)

The relationship between the nucleation density increments of
the newly formed crystal nucleus and the supercooling degree,
when fragmentation occurs, can be expressed as follows:

_ 2
_% (ATATATN) } ' @

By integrating Eq. (2) or Eq. (4) and accumulating them in
grids, the nucleation rates under different conditions can be

dn MpNmax

dAT)  VaraTy) "

secondary

Breaking dendrites
points

primary
dendrites

(a) (b)

FIG. 1. The schematic diagram of dendrite fragmentation of (a) primary den-
drites and (b) secondary dendrites for equiaxed crystal.

ARTICLE pubs.aip.org/lia/jla
obtained,
AT+6(AT) g,
P, = V. S(AT), 5
o e )
where AT’ represents the variable of subcooling degree.

Furthermore, the nucleation probability P, can be obtained, where
Veen is the cell volume. Since the model here is two-dimensional, it
is assumed that the thickness direction is also a cell thickness.

For conventional LBW, a random number of 0-1 is given to
the grid at each time step. When the random number is greater
than P, the grid with a radius of 2dx is set as a new crystal nucleus
with a field number of 1-36 in the liquid.

For the case with a magnetic field, considering that dendrite
fragmentation will only occur when the initially formed crystal
nuclei have branches, it is assumed that the nucleation rate is calcu-
lated by Eq. (2) before 1.5 ms and the new nuclear with a radius of
2dx in the liquid, and after 1.5 ms, it is calculated by Eq. (4) with a
radius of 7dx in the liquid or at the boundary of the existed grains.
The size of the nucleus formed by fragmentation is estimated by
the dendrite morphology of a binary alloy solidification PFM
model growth starts from a nucleus.

In addition to nucleation, grains will also grow. For simplicity,
the phase field method was used, without considering the crystal
branches caused by anisotropy. The variation of phase field order
parameters with time can be obtained by the following equation:**

n _

w;
3 n 3 ¢ 2
n L|—Am, + A, + Ky, g - (Vmp)"|, (6)

9#p Mg

where 7, is the phase field order parameter corresponding to grain

p; t is the time; and L is the interface mobility, which is described :
by Eq. (7);" A, = 1.4 x 10° is the coefficient of the constructed

double-well potential function; K; = 2.9 x 107 s7! is the parameter
related to the grain boundary action range; 7, is the order parame-
ter with the number of other grains except for the p; W7 is the
square of the interface characteristic length; 7 is the characteristic

WZ
relaxation time; and the value of T¢ is2.57 x 1077 m?/s,

7 M, Qp
L=—— ——,
86 1 exp( Rl) @

where § = 1.2um is the interface thickness, My = 0.811 94 m*K/J
g bt Vb —dac W is the fitted parameter, Q, = 89 375 J/mol is the activation
energy,” and R = 8.314Jmol ' K™! is the gas constant.

The simulated time is 50 ms. At that time, the temperature
reaches 763 K. Since the subsequent grain growth is relatively slow,
it can be ignored.

According to the nucleation and growth of the phase field, a
simple phase field model can be established, which only includes
nucleation and grain growth.

IV. RESULT AND DISCUSSION

The crystal branches of the equiaxed crystal near the fusion
line at the bottom of the molten pool were scanned by SEM, as
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FIG. 2. The crystal branch distribution (a) without a magnetic field and (b) with
a magnetic field.

shown in Fig. 2, and the schematic diagram of the scanning posi-
tion is shown in Fig. 3. The average branch width is 2.22 um/
branch without a magnetic field, while it is 1.42 um/branch with a
magnetic field. After the magnetic field is applied, the number of
branches increases (36%), which leads to the competition and
mutual inhibition of branches; thus, the branch widths decrease.

The electromagnetic field will generate two kinds of Lorentz
force. One comes from the interaction between the magnetic field
with the current generated from conductive liquid metal flows in a
magnetic field. Due to the temperature gradient at the solidification
interface of the molten pool, there will be an electric field at the
solidification interface under the action of the magnetic field
according to the Seebeck effect. When the generated electric field
interacts with the applied magnetic field, another kind named
thermal electromagnetic Lorentz force is produced, which is stron-
ger than the former one near the solidification interface.”” The
thermal electromagnetic Lorentz force will affect the flow and then
the concentration and free energy distribution, thus further pro-
moting the formation of branches.

The refinement of crystal branches makes the substructure
inside the grain finer, which is beneficial for improving the
mechanical properties of the joint. At the same time, it also

Workpiece

Fusion line

Scanning area of |

SEM/EBSD Fusion line

FIG. 3. The schematic diagram of the scanning position of SEM/EBSD.
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FIG. 4. The grains distribution near the fusion line at the longitudinal cross
section at the weld centerline (a) without the magnetic field and (b) with the
magnetic field.

provides more opportunities for dendrite fragmentation. In the
study of Al-Cu alloy by Cao et al,”’ the promotion of magnetic
field on branching in dendrite area was also found. The promotion
of a magnetic field on branching is different in different alloys and
different grain regions; in general, a magnetic field will promote
branching.

The EBSD results of the longitudinal cross sections near the
bottom fusion line are shown in Fig. 4, and the schematic diagram
of the scanning position is shown in Fig. 3. To calculate the average
grain size, one needs the number of grains in the selected area. The
average grain area is equal to the area size divided by the number of
counted grains. By assuming that the grain is a circle, the average
grain size, which is the diameter of the circle, can be calculated
accordingly. The average grain size is 29.5um without a magnetic

field, while it is 23.9 um with a magnetic field. After the magnetic i
field is applied, the average grain size decreases. The grain size is ¢

reduced by 19%. For the grain refinement when the magnetic field is
applied, the extra nucleation rate caused by dendrite fragmentation
is considered the main reason.”” To study the influence of magnetic
field on grain size and fragmentation-induced grain refinement, the
results of the PEM model are needed.

The calculation results of several characteristic time points
during nucleation and at the end of the calculation are extracted
and analyzed. Figure 5 shows the distribution of the sum of the
phase field order parameters that vary with time without a mag-
netic field. If the sum of the phase field order parameters is 1, it
means solid and 0 means liquid. When the supercooling reaches a
certain level, crystal nuclei are generated one after another, as
shown in Fig. 5(a). Owing to the different appearance times, some
crystal nuclei have grown up and some are very small. When the
temperature continues to drop, there will no new crystal nucleus
exists [Fig. 5(b)]. However, due to the influence of boundary migra-
tion, the crystal nucleus growth and the liquid phase will gradually
disappear, and no new crystal nucleus will be produced during the
grain growth process. When two grains grow until they encounter
each other, they will compete again themselves [Figs. 5(b)-5(e)]
until the liquid phase disappears [Figs. 5(e) and 5(f)].

The grain evolution after applying the magnetic field is shown
in Fig. 6. In the initial stage, crystal nuclei are also generated and
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FIG. 5. The grains distribution varies

with time in the solidification stage ¢
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FIG. 6. The grains distribution varies with time in the solidification stage with a
magnetic field. (a) 1.5, (b) 2.0, (c) 2.4, (d) 2.5, (e) 2.6, (f) 2.7, (g) 2.8, (h) 2.9,
(i) 3.0, and (j) 3.1 ms.
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grow up due to undercooling [Figs. 6(a) and 6(b)]. When the grain
grows to a certain extent, the crystal nucleus generated by dendrite
fragmentation calculated by Eq. (4) begins to appear [Fig. 6(c)].
These grains may have just separated from the original grains and,
thus, it can be assumed that the grains are set at the boundary of
the existing grains, or they may have fallen off, so it can make
another assumption that the grains are set to appear in the liquid
area [Figs. 6(c)-6(h)]. When the liquid disappears, there is no dif-
ference in the Seebeck coefficient, so there will be no thermal
current at the grain boundary, no thermoelectric Lorentz force and
dendrite fragmentation, and no crystal nucleus generated by frag-
mentation [Figs. 6(h)-6(j)]. Interestingly, the time required for
complete solidification is a few tenths milliseconds earlier than that
without a magnetic field, which is caused by the continuous growth
of the crystal nucleus produced by fragmentation. The fracture
surface produces two opposite migrations of the grain boundary,
which did not exist before, thus promoting the solidification.

The end of solidification does not mean the end of grain
growth. At higher temperatures, the grain boundary mobility is still
relatively large, so there will be competitive growth between adja-
cent grains, thus the grain size will further increase, as shown in
Fig. 7. This figure shows the grains grow to (a) 10, (b) 2, (c) 30, (d)
40, and (e) 50 ms. Column (1) is the case where no magnetic field
is applied, and column (2) shows the case when a magnetic field is
applied. Compared with column (1), although the temperature
change and the grain boundary mobility of column (2) are the
same, there are many small grains in column (2), which leads to
more intense competition, thus more grains disappear during the
competition. However, additional crystal nuclei are produced when
the magnetic field is applied, so the number of crystal grains is still
higher, and the size is still smaller at the end of the calculation. At
50 ms, as shown in Fig. 7(e), the calculated average grain sizes are

28.6 and 22.6 um, which are very close to the experimental results ;
in Fig. 4 (29.5 and 23.9 um); thus, the reliability of the model can ¢

be verified and the error does not exceed 6%. Obviously, with
increasing time the difference between cases with and without mag-
netic field is getting smaller because many small grains are more
likely to disappear by competition or be swallowed up by each
other, so the change in this stage is relatively large.

In addition to the refinements induced by the increase and
fragmentation of branches, a special situation that will also reduce
the average size of grains has been found, that is, the periodic pat-
terns of solidification of the molten pool.

The heat and force of the molten pool are unstable, and the
backward hot fluid increases at a certain moment, which makes
some dendrites that have been formed before melt again. This phe-
nomenon can limit the size of these long dendrites. When the heat
and force are a little smaller, fine cellular crystals and long den-
drites will grow from the newly formed solid-liquid interface. In
the region where the two periods are staggered, the dendrites or
equiaxed crystals, that are already growing, will melt and then sol-
idify again.”® On the one hand, the long dendrites are fused, which
limits the grain size. On the other hand, there are fine grains that
are more beneficial to mechanical properties than the dendrites at
each newly formed solidification interface.

This periodic solidification forms ripples that are reflected on
the top surface,”” so the top surface is a good object to be observed.
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FIG. 7. The grains distribution varies with time after the solidification stage (1)
without a magnetic field and (2) with a magnetic field. (a) 10, (b) 20, (c) 30, (d) FIG. 8. The grains distribution at the top surface (a) without a magnetic field
40, and (e) 50 ms. and (b) with a magnetic field.
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FIG. 9. The grains distribution in the longitudinal section at the weld centerline
(a) without a magnetic field and (b) with a magnetic field.

As shown in Fig. 8, the grain distribution on the top surface
without and with magnetic field, and the number of periodic solidi-
fication patterns in the same size area is counted and marked with
yellow dotted lines. When the magnetic field is not applied, it is 6,
but after the magnetic field is applied, it is 10. The magnetic field
intensifies the grain refinement caused by periodic solidification.
The electromagnetic Lorentz force circulates at the frequency of the
magnetic field, which promotes the periodic change of molten pool
oscillation, and then promotes the periodic solidification pattern.

ARTICLE pubs.aip.org/lia/jla

The grain distributions in the longitudinal section at the weld
centerline are also observed, as shown in Fig. 9, where the periodic
solidification patterns are marked with white dotted lines. The
number of cycles is 3 when no magnetic field is applied compared
to 9 after the application of a magnetic field. The application of the
magnetic field enhances the grain refinement by intensifying peri-
odic solidification patterns.

This periodic solidification pattern seems related to ripples,
and the influence of a magnetic field on the top surface waveform
of gas tungsten arc weld was measured by Jeng et al.”’ The mag-
netic field makes the ripples on the top surface more and finer.

V. CONCLUSIONS

The crystal branches refinement, equiaxed crystal grain refine-
ment, and increment of grain refinement with periodic solidifica-
tion patterns in laser beam welding caused by the magnetic field
were observed using the microscope, SEM, and EBSD techniques.
A PFM model was built to help to analyze the equiaxed crystal
grain refinement.

1. The crystal branches of the equiaxed crystal near the fusion line
at the bottom of the molten pool are scanned by SEM. After the
magnetic field is applied, the number of crystal branches
increases, and the branch widths decrease. The electric field gen-
erated by the Seebeck effect interacts with the applied magnetic
field, and then the Lorentz force is produced, which promotes
the formation of branches.

2. The EBSD results near the fusion line are analyzed. After the
magnetic field is applied, the average grain size decreases.

3. Based on the phase field method and the nucleation rate consid-
ering the dendrites fragmentation, a phase field model was built
and analyzed. The dendrite fragmentations bring extra nuclei
after undercooling nucleation until solidification is over, leading
to a smaller grain size when the magnetic field is applied.

4. The increment of the periodic solidification pattern by magnetic
field was observed. This kind of periodic solidification pattern
can fuse and limit the growth of long dendrites and produce
more newly formed solidification interfaces with fine grains.

The assistance of magnetic field promotes the refinement of
grain (19%) and subgrain (36%) structure in laser welding joints,
which improves the quality of laser welding, especially the thick
plate, and its application in aerospace, shipbuilding, automobile,
pressure vessel, and other manufacturing industries.
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