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Abstract; Magnetic field was introduced in laser melting deposition to reduce the pores in workpieces. Finite 3-D

model of the coil-deposition layer-substrate was established. Simulation results show that the electromagnetic force

in deposition layer mainly concentrates in the projection area of the coil. Axial electromagnetic force shows repul-

sion in one cycle. The experimental results indicate that the magnetic field is beneficial for grain refinement, micro-

hardness increasement and decline of quantities and average sizes of pores.
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0 Introduction

Laser melting deposition (LMD) is a solid
free forming technology which can achieve rapid
near-net-shaping of high performance complicated
metallic components with full dense and without
using a mold™™*. However, due to its inherent
characteristic—"transient melting process”, mi-
crodefects, such as cracks and pores can be found
in deposition layers'”’. Thus, many methods,
such as process conditions control™, post pro-
cessing™ or the combination of both"™ have been
adopted to solve this problem. And in some ca-
ses, the product requirements can be met, even
exceed the corresponding standards made by hom-
ogeneous material ®*’,

Li et al.™ found that compared with the
conventional power laser beam, the inner stress
and cracks in deposition layer will reduce a little
when using pulsed laser beam to deposite Ni-base
superalloy. Scanning parameters and scanning
strategies also have significant influence on the
microstructure or inner stress distribution in the

[11]

workpiece'" . Qi et al. ') integrated shot peening
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into the forming process and found that the mi-
crostructure of deposition layer was refined to
some extent. Xie et al. "™ applied the pulse cur-
rent into the molten pool and pointed that the
magnetic force generated by the current can
squeeze the bubble in the molten pool, the experi-
ment proved that number of pores and size of
grain in workpiece were reduced.

Electromagnetic force, which has advantages
of non-contact, no pollution, high loading speed
and easy to automation control, is widely used in
the material processing field, such as electromag-

netic forming """

and metal welding. Previous
studies show that there are two main aspects for
the electromagnetic technology to control the
cracks: one is by refining the microstructure of
the metal, reducing the sensitivity of cracks and

L6177 The second is the transverse plastic

pores
elongation of the workpiece produced under the
action of electromagnetic force, which can reduce
the residual stress™®. Huang et al. " found that
the residual stress near the welded seam decreases
significantly, when introducing magnetic field

perpendicular to the direction of welded seam. Xu
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et al. ) adopted pulse electromagnetic force dur-
ing the process of welding aluminum sheet and
the hot cracking tendency was controlled.

A new method that introduces the electro-
magnetic field into the laser melting deposition
process is proposed in this paper, which is aimed
at decreasing the porosity, and improving the

quality and performance of forming parts.

1 Principle of LMD by Electromag-
netic Impact

The excitation device structure is shown in
Fig. 1.

The device is composed of a flat spiral coil
placed in the coaxial position with laser cladding
head. A variable magnetic field around space can
be created when injecting alternating current into
excitation coil during the process of LMD. The
changing magnetic field induces eddy currents in
the metal workpiece substrate. Eddy current in-
teracts with magnetic field to produce electromag-
netic force inside the metal. The synchronous

motion of the coil and cladding head can guarantee

online continuous operation.

Deposition laye

Substrate

100 200 (mm)

Fig.1 Schematic of LMD by electromagnetic impact

1.1 Derivation of induction current in deposition

layer

Fig. 2 shows the equivalent circuit diagram of
LMD by electromagnetic impact. The equivalent
resistance of coil is denoted as R,, while the dep-
osition layer is written as R,. Besides, E,, E,
represent self-induced electromotive force and
mutual induced electromotive force of deposition
layer, respectively. Alternating current passing
the exciting coil is recorded as, the induced cur-
rent in deposition layer represents current angular

frequency.

Coil

Deposition
layer

Fig. 2 Equivalent circuit diagram of LMD by electro-

magnetic impact

The voltage equation of the deposition layer
is

div i D

Riiy 4 Ly de de

where L, represents the equivalent inductance and
M mutual inductance between the coil and deposi-
tion layer.

Bring the current into the formula
RiIisinet +¢)+ol Iisin(al +¢+ 7 )=
— Mo Lysin(at + 7 ) 2
Solve Eq. (2) by phasor transformation

i =VZ LsinCat +¢) =2 Lisin(wt — (5 +a) )

(3)
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Thus, the magnitude of induced current is related
to the amplitude and frequency of excitation cur-
rent and mutual inductance between the coil and

deposition layer, and the impedance of the coil

VR*+«*L*. The phase of induced current lags

behind excitation current.

1.2 Derivation of magnetic induction intensity of

magnetic field induced by coil

To facilitate analysis and calculation, each
turn can be divided into N circular line currents
and the magnitude in each is i =i,/N. The whole
coil is equivalent to N Xn linear currents. i, repre-
sents the alternating current in real coil and n the

number of coil. Magnetic field generated by one
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single circle coil is derived as follows (Fig. 3).
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Fig. 3 Schematic of circular line current

Let a and I be the coil radius and the current
in the coil. Take any current element in the coil
as Idl. Obtained the magnetic induction on M

point by biot-savart’s law

ap —eddlxr D

dqr?

Let B,,B,, B.. B, be x-direction, y-direc-
tion, z-direction and radial component of magnetic
induction intensity. The magnitude of the mag-
netic induction intensity at any point in space is
independent to parameter ¢ due to the symmetry
of circular current. Besides, the magnetic field in
y-direction is offset. Therefore

B, =0 (5)
B, =B, (6)
Magnetic induction intensity of M point can

be integrated to obtain

2n

B, =B, =120 el —— g
. dra” 0 (1 4+ ZL} — %ﬂngx:OS@) ’
(7
. 2n 1 — ;isingpcosﬁ
Bo= v 2 £
o (1 = g singeost)

Egs. (7) and (8) can express the magnetic
induction intensity at any point in space generated
by circular current.

Quasi stationary electromagnetic field is gen-
erated due to low frequency of alternating current
in the coil. In other words, distribution of elec-
tromagnetic field changes synchronously with
current distribution and biot-savart’s law is still

applicable for this kind of magnetic field. So the

magnetic induction intensity of the M point is as

follows when line current is i =i,/N

B.(t) =B, (1) =21, £osintel) |

4Nra*
bcosgpcosl _dg (9
b*  2b . A\ 2
N <1 —+ e o 51n§ocosﬁ>
B.(t) =21, M .
4 Nra
" 1— isingocosﬁ
4 o 1o

2
1+ G- %singpco&?)
Radial and axial magnetic induction intensity

of the M point generated by all line currents can
be written as BT, (t) and BT.(2)

NXn

| BT, () |= > |B, (1) ] an
v

|BT.(0) |=>)|B.(») | (12)
i=1

1.3 Electromagnetic force of deposited layer

The induced electric field is a kind of vortex
field produced by the change of magnetic induc-
tion intensity and the power line is closed accord-
ing to the hypothesis of Maxwell eddy electric
field. Thickness of deposition layer could not be
too large to avoid holes between the cladding lay-
ers when depositing 316L with the LMD™®!Y,
Therefore, only the surface induced current needs
to be considered to simplify the calculation mod-
el.

Radial magnetic field interacts with eddy cur-
rent to generate axial electromagnetic force while
axial magnetic field interacts with eddy current to
generate radial electromagnetic force according to
the basic theory of electromagnetic field. The axi-
al electromagnetic force in any one current loop
on deposition layer is as follows

dF.(t) =4,dl, X BT, (¢) (13>

Let /, be the current loop, the axial electro-

magnetic force acts on whole current loop is as

follows

(14)
Put i, , and BT, into Eq. (14)
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Excitation current in the coil and the induced
current in deposition layer are shown in Fig. 4 ac-
cording to the equations mentioned above. The
induced current is in reverse direction to that of
excitation current in the phase between (0,7/2+
) and (x,3%/2+a) while in the same direction
between (/2 +a,x) and (3n/2+a,2x). When
the current is in opposite direction, the coil and
deposition layer’s are equivalent to two homopo-
lar magnets for repulsion. When in the same di-

rection, they are shown as the suction force.

Fig. 4 Waveform of excitation current and induced cur-

rent in deposition layer

From the analysis above, it can be concluded
that the electromagnetic force is affected by rela-
tive permeability of deposition layer, the coil
number, excitation current, inductance, resist-
ance and shape of deposition layer, the mutual in-
ductance between the coil and the deposition lay-

er, etc.

2 Establishment of Finite Element

3-D solid modeling method is established in
this paper. Using a stainless steel substrate, the
deposition layer is located in the center of the
substrate. Experimental data under the present
condition of laboratory gives a reference to set the
parameters of width and height of deposition lay-
er. To simplify the analysis, the plane spiral coil
is expressed by a hollow cylinder as the turn

number can be set in Ansoft. There must be a

certain height between the coil and the substrate
when considering the deposition layer’ s height
and the spatter in the molten pool. The height is
set to be 3 mm. Table 1 shows some important
parameters of the system. To simplify the calcu-
lation, some assumptions are made: Uniform dis-
tribution of current density in the coil. Permea-
bility and conductivity of materials are isotropic.
Temperature effect is not taken into account in
this analysis process.

Alternating current in the coil is:i=+2 1, *
sin(2nft) (I, represents the effective value of cur-
rent and f the frequency of current).

Table 1 Simulation parameters of system

Project Value
Height of the coil/mm 9
Outer diameter of the coil/mm 62
Inner diameter of the coil/mm 15
Turn number of the coil 33
Gap between coil and substrate/mm 3
Length of substrate/mm 300
Width of substrate/mm 200
Height of substrate/mm 5
Length of deposition layer/mm 150
Width of deposition layer/mm 3
Height of deposition layer/mm 1

3 Simulation and Analysis Results

The simulation results indicated that electro-
magnetic force was mainly located in projection of
the coil (Fig. 5).

100 200 (mm)

Fig. 5 Electromagnetic force density of the substrate

and deposition layer



706 Transactions of Nanjing University of Aeronautics and Astronautics

Vol. 35

In general, the yield strength of the material
will be reduced under high temperature. Hence
the high temperature zone solidified or just solidi-
fied behind the molten pool is the ideal area to use
electromagnetic force. So the analysis will focus
on the spatial distribution characteristics of elec-
tromagnetic force when it reaches to peak.

The electromagnetic force distribution in
cross section of deposition layer at the peak time
is shown in Fig. 6 and the distribution in the
whole is shown in Fig. 7. Figs. 6 and 7 depict that
the electromagnetic force has the influence of radial

extrusion and axial impact on deposition layer.

Coil

Deposition layer

Substrate

Fig. 6 Electromagnetic force vector distribution in cross
section of deposition layer at the peak time of

force

Deposition
layer

20 40 (mm)

Fig. 7 Electromagnetic force vector distribution of the

deposition layer at the peak time of force

In order to in-depth study the axial electro-
magnetic force distribution, the axial electromag-
netic force in different depths of the deposition
layer (surface, middle, and bottom of layer) is
extracted. The results are shown in Fig. 8. The
axial electromagnetic force density is larger in
center of coil radius and decreases to both ends.
In detail, the center is almost zero. For different
depths of layer, the position characteristics as
well as numerical values of electromagnetic force
are similar, which indicates that axial electromag-
netic force distributes uniformly along the depth

of deposition layer.
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g. 8 Distribution of axial electromagnetic force

at different depths of the deposition layer

4 Experiment
4.1 Experimental materials

The substrate was 316L stainless steel and
was machined into 500 mm X 500 mm X 10 mm
samples. Table 2 shows its chemical composi-
tion. The surfaces of the samples were derusted,
unoiled, polished and cleaned for several times
with absolute ethylalcohol and acetone to remove
the oxide layer and dirt, then dried for using. I-
ron-based alloy powder of F]J3 was selected as it
matched with the parameters performance of
316L. Table 3 showed its chemical composition
and the standard granularity of it is 100 pm to
150 um. The metal powder was put into the dr-
ying box at 160 °C for one hour and then cooled to
room temperature. Finally, it was put into the
synchronous powder feeder.

Table 2 Chemical composition of 316L stainless steel

(mass fraction) %

Fe Cr Ti Al Mo Nb C Ni
18.4 19.7 1.04 0.64 3.0 5.17 0.33 Bal

Table 3 Chemical composition of FJ3 iron-based alloy pow-

der (mass fraction) %

Fe Cr Ni Si Mo C
Bal 16.51 3.99 0.99 1.75 0.19

4.2 Experimental method

The experiment was completed with
TRUMPF TruDisk12003 lasers with the highest
power of 12 kW and KUKA60HA high-precision

six-axis robot. The parameters of laser processing

can be adjusted. Changing the excitation currents
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and keeping other process parameters constant to
study the electromagnetic field effect. The pa-
rameters were set as follows: Laser power of
2 500 W, scanning speed of 10 mm/s, defocusing
amount of 16 mm, powder delivery amount of
10 g/min, spot diameter of 6 mm. The mode was
synchronous powder feeding and the molten pool
was protected by argon. The excitation coil was
fixed with cladding head coaxially with self-made
fixture, the alternating current whose effective
value was adjustable (0, 400 and 800 A) passed
the coil. Therefore, the magnetic field intensity
was adjustable. The deposited sample was placed
in the bottom of cladding head, and the scan
length was 70 mm.

After depositing, the metallographic speci-
men was cut perpendicular to the laser scanning
direction with linear cutting machine. The speci-
men was inlayed, grinded and polished, then cor-
roded with the aqua regia (the volume ratio of ni-
tric acid and hydrochloric acid of solution was 1 :
3). Microstructures of deposition layers were an-
alyzed with Shanghai CaiKangDMM-1000C metal-
lographic microscope. Microhardness distribution
of the section of the deposition layer was meas-
ured by ZHVST-1000D microhardness tester,
loading of 0. 98 N, loading time of 10 s.

4.3 Experimental results and analyses

The microstructures of deposition layers at
the same laser process parameters are shown in
Fig. 9. It can be seen that the bottom of deposi-
tion layer is mainly columnar crystal while the
middle and upper part is dendrite, small equiaxed
grains. Its organization has obvious rapid solidifi-
cation characteristics and the microstructure is
grown from the bottom to the top of the deposi-
tion layer. The primary dendrite arm spacing
(PDAS) decreased from 5 pm to 3. 2 pm with
electromagnetic field, which was measured with
“Area Method” by metallographic microscope®*.
Electromagnetic force inhibited the growth of
dendrite and even broke it'**), Dendrite developed
very well in Fig. 9 (a) while in Fig. 9(c) it was

small and more uniform. There were fewer well-

developed dendrites in Fig. 9 (¢) than that in
Fig. 9(b), it can be explained that the greater e-
lectromagnetic force was generated to break down
the dendrites.

In Fig. 9, the black dots in the cross sections
of deposition layers are all pores. It can be seen
from the figures that the application of electro-
magnetic field is beneficial to decrease porosity as
well as the pore size. The analysis considers that
the electromagnetic force in the surface of deposi-
tion layer can extrude and impact the better plas-
ticity metal. The impact effect can squeeze the
gas out from the high temperature workpiece. As

a result the porosity can be eliminated *".

25um

(a) Without magnetic field (400 X)

25um

(b) Excitation current 400 A (400 X

25um

(c) Excitation current 800 A (400X )

Fig. 9  Microstructure of deposition layer at different

excitation current

Fig. 10 shows the microhardness distribution
in cross section of deposition layer.

As demonstrated in Fig. 10, the microhard-
ness increases with the distance from the bonding
zone. This is due to the rapid solidification char-
acteristics of LMD, the microstructure at the bot-
tom of the deposition layer is coarser. Besides the

average microhardness of deposition layer in-
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creased after the introduction of magnetic field.
In detail, the average microhardness of deposition
layer was 1. 06 times (350 HV when the current
was 400 A) and 1. 1 times (369 HV when the
current was 800 A) compared with that of made
by conventional process(329 HV). It can be in-
terpreted that mechanical properties of the mate-
rial are significantly related to the microstructure

of the material, fine microstructure can improve

the mechanical properties of the material. This
conforms to the Hall-Petch relationship”?*’.
—-I=0A
——=400 A
370 ——[=800 A
>
2 360}
2 350} /
Q
g 3401
'§ 330F
Q
s 320}

310 . . . . . . )
00 0.1 02 03 04 05 0.6 0.7
Distance from the bond zone / mm

Fig. 10 Sectional microhardness curves of deposition

layer at different excitation current

5 Conclusions

Electromagnetic force mainly concentrates on
the projection of coil according to simulation re-
sults. The distribution is consistent with previous
experimental results®™, Electromagnetic force of
deposition layer is mainly axial electromagnetic
force which shows repulsion in one cycle. Within
a certain thickness of deposition layer, the axial
electromagnetic force distributes evenly along the
depth direction. The experimental results show
that application of alternating magnetic field can
reduce pores and refine the grain in deposition

layer during the process of LMD.
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