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Decreasing pores in a laser cladding layer
with pulsed current
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A pulsed current is introduced into the traditional coaxial laser cladding process to decrease the porosity
of the cladding layer. The magneto contraction force caused by pulsed current exerted on the molten pool
squeezes the gas out and compensates the shrinkage during molten pool solidification. As a result the
porosity of the cladding layer is decreased to an extremely low degree. Simultaneously, the grain of the
cladding layer is finer with the added supercooling degree with pulsed current. The microhardness of an
equiaxed zone in the cross section of a cladding layer also increases.
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Laser cladding is a burgeoning surface modification tech-
nology with properties such as low dilution, high bonding
strength and fine solidification structure This technol-
ogy can promote the surface hardness of a work piece
corrosion and wear resistance thus effectively prolonging
the service life[1] . Combined with the concept of three-
dimensional (3D) printing, laser cladding can also de-
velop into a new technology called laser cladding form-
ing (LCF). This technique can fabricate components with
complicated appearances, along with the widely applied
category of processing materials and high exibility. LCF
is also capable of realizing gradient function manufactur-
ing and has a die-less, near-net shape[2� 5] .

However, mechanical properties are typically weakened
by pores formed in the laser cladding layer because of
trapped gas and shrinkage[6;7]. Gas porosity usually oc-
curs because of a reduction in the solubility limit of gas
with decreasing temperature, such as in hydrogen nitro-
gen or involved gas[8] . Microporosity shrinkage results
from lack of feeding in the mushy zone, ie., the increase
in density associated with solidification cannot be com-
pensated entirely by uid ow [9] . Researchers have at-
tempted to decrease porosity in several ways. Chenet
al.[10] found that gas porosity can be decreased when ul-
trasonic vibration was introduced into the laser cladding
process. Under high-frequency vibration tiny bubbles can
gather to form a big bubble that can easily rise out of a
molten pool. Zhou et al.[11] used induction to stir the
molten pool to increase the probability of gas escape.
Most methods only decrease gas porosity and studies on
diminishing shrinkage porosity are rarely reported.

A new method that applies pulsed current into the
molten pool during the laser cladding process is proposed
in this letter to decrease shrinkage porosity. The scheme
of pulsed current-assisted laser cladding process is shown
in Fig. 1. Nakada et al.[9;12] believed that pulsed current
can generate a powerful contraction force when it ows
through liquid metal. The magneto contraction force
caused by the current can press the liquid to compen-
sate shrinkage rapidly, thus decreasing shrinkage poros-

ity. The force caused by pulsed current also squeezes the
gas out and compensates shrinkage rapidly, thus decreas-
ing gas porosity.

In the present experiment the Ni-based powder of
FGH95 was deposited on the substrate of the superal-
loy GH4169. The size of the powder was between 100
and 150 � m. The compositions of FGH95 and GH4169
are listed in Tables 1 and 2, respectively. In addition,
coaxial laser cladding was also used in the experiment.

A series of experiments was conducted with three sta-
tuses: cladding with pulsed current, cladding with direct

Fig. 1. Schematic of the pulsed current augmented laser
cladding process.

Table 1. Composition of FGH95 (wt.-%)

C Cr Ni Mo Al Ti Nb

0.04{0.09 12{14 Bal. 3.3{3.7 2.3{3.7 3.3{3.7 6 0:015

Cu Co Mn Si S P Fe

3.3{3.7 7{9 6 0:15 6 0:2 6 0:015 6 0:015 6 0:5

Table 2. Composition of GH4169 (wt.-%)

C Cr Ni Mo Al Ti Nb+Ta

6 0:08 17{21 50{55 2.8{3.3 0.2{0.8 0.65{1.55 4.75{5.5

Cu Co Mn Si S P Fe

6 0:10 6 1:0 6 0:35 6 0:35 6 0:015 6 0:015 Bal.
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Table 3. Parameters of the Coaxial Laser Cladding

Laser Type PRC{CO2 Laser

Laser Power (W) 1400

Laser Beam (mm) 3� 2 (rectangle)

Scanning Speed (mm/min) 200

Powder Feeder Speed (g/min) 21.4

Table 4. Samples with Related Current Parameters

Sample I II III

Current Type Current no direct pulsed

Value (A) Frequency { 11 11

(Hz) { { 2000

Duty Ratio (%) { { 20

current, and cladding without current. The process pa-
rameters are listed in Table 3. Accordingly, three typical
samples prepared with different current parameters are
shown in Table 4.

The microstructure characteristics of the cross sections
in the cladding layers were observed using a XJP-300 op-
tical microscope on the polished sections etched with a
mixture of 20-ml HNO 3 +1-ml HF. The microhardness of
the cross sections of all the samples was measured by an
HXP-1000TM microhardness tester with a load of 500 N
and a dwell time of 10 s.

In Fig. 2, the white and black dots in the cross sections
perpendicular to the scanning direction are all pores. Nu-
merous pores are observed in the cross sections, as shown
in Figs. 2(a) and (b). Many of these pores occur in the
upper part of the cladding layer. By contrast, few pores
are found in Fig. 2(c). Moreover, Fig. 2(d) shows that
distinct pores occurred in the cladding layer. The pores
may also have rounded boundaries, such as pore A. How-
ever, pore B has an irregular shape.

The round shape of pore A suggests that this pore
was formed as a result of gas evolution during the laser
cladding process[13] . Some gases functioning as powder
carriers probably rushed into the molten pool during the
laser cladding process. However, not all of the gases had
enough time to escape from the molten pool because the
solidification velocity was fast. The gases in the upper
part of the molten pool might have time to escape. Most
of the gases in the bottom half did not have enough time
to rise out of the molten pool. Hence a significant amount
of pores were bounded in the upper part of the cladding
layer, as shown in Fig. 2(a). Meanwhile, the irregular
boundary of pore B might have been caused by shrink-
age resulting from lack of feeding.

However the difference in sample I when sample III
was prepared is that pulsed current owed through the
molten pool. The carrier has a tendency to move to-
ward the center axis under the magnetic field generated
when the electric current ows through the conductor.
This process is called \magneto contraction". Liquids or
solids that are easily deformed may change their appear-
ances with the action of the magneto contraction force
the existence of which has been proven by Heet al.[11;14] .
Moreover He et al. found that the force generated by

pulsed current increased with the increase in current den-
sity.

Considering the skin effect of the pulsed current, most
carriers gather beyond the skin of the conductor. Other-
wise the relationship between current densityJ (x) and
distance to skin x is shown as

J (x) = Jsexp(� t=� ); (1)

where Js is the current density of the skin, and � repre-
sents the depth of the skin effect, which is a coefficient
of the resistance of the conductor and the frequency of
pulsed current. Even a minimal variation in x can make
J (x) distinct thus leading to different pressures.

As a result, the gas can be squeezed out under pres-
sure because the inner molten pool is liquid. The pores
caused by lack of shrinkage can be compensated swiftly
during solidification. Hence porosity can be eliminated
significantly, such as in sample III as shown in Fig. 2(c).

In the absence of the skin effect in sample II the mag-
neto contraction force generated by the direct current
may be feeble because of its weak electricity ow. The
schematic diagram of the electricity ow in samples II
and III is shown in Fig. 3. Thus, the ow driven by the
magneto contraction force with direct current may not
be as intense as that with pulsed current. The porosity
in sample II is not less than in sample I.

Fig. 2. Images of the sample cross sections.

Fig. 3. Schematic diagram of the electricity ow.
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Fig. 4. Grain features of the sample cladding layers.

The grain features of the cladding layers of the samples
are presented in Fig. 4. As shown in Fig. 4(a) the bond
zone nearly consists of dendrite growing perpendicular to
the interface of the substrate and bond zones. Most of
the cladding layers are made up of isometric crystals. As
shown in Fig. 4(d), sample III has smaller grains with
a more uniform distribution compared with sample II
which, in turn, has thicker grains than sample I. The pri-
mary dendrite arm spacing (PDAS) also decreased from
approximately 5 to 3.3 � m with pulsed current By con-
trast, under the inuence of direct current, the PDAS
was enhanced to approximately 6� m, which is larger
than that in sample I.

The dendrite growth orientation is against the heat ow
direction[15] . By contrast, the growth of the isometric is
along the heat ow direction. Given that the nucleation
in the bond zone was heterogeneous and the substrate
was colder than the molten pool during laser cladding,
the dendrite growth direction pointed toward the direc-
tion of the cladding layer. Inversely, a large amount of
homogeneous nucleation occurred in the molten pool for
supercooling. Therefore, the cladding layer during so-
lidification consists of the isometric with a trend toward
the substrate.

With the aid of pulsed current the cladding layer in
sample III consists of tinier isometrics than those in sam-
ple I. According to the Avrami equation, tinier grains can
be achieved with the increase in nucleation rate which is
significantly affected by the degree of supercooling �T .
In a conventional solidification process, the degree of su-
percooling is called � T which is closely related to the
cooling speed. Pulsed current can provide a beneficial
� Tp added to the degree of supercooling in conventional
solidification [16] . The inuence is described as

� Tp = kJ 2
0��r 2� V Tmc� 1; (2)

where k is a constant related with the spherical coor-
dinates � , J0 is the current density and before nucle-
ation; � = � 1 = � 1 � � 2

� 2
, � 1 is the conductivity of the nu-

cleus whereas� represents the conductivity of the parent
phase; � V is the volume of nucleation andr is the radius
of the sphere. In addition, Tm is the temperature of the
fusion point, and c represents specific heat capacity.

However the joule heat under the electric field is equal
to the inner heat source in the solidification system, thus
decreasing the cooling rate. The increase in temperature

caused by the joule heat is demonstrated as

� t = J 2
0 � e� p=�c; (3)

where � e is the electrical resistivity and � p is the current
pulse width; � represents the density of the molten pool
References[17] demonstrate that the increase in � p can
cause temperature rise, which is not conductive to nu-
cleation. Moreover, a short � p can avoid an unfavorable
situation.

Given that the cooling rate of conventional laser
cladding ranges from 103 to 104 K/s, and the melting
cooled from approximately 2000 (the temperature near
the edge of the molten pool) to 1500 K (melting point)
solidification time may last form 5 to 50 ms. Given that
the pulse cycle is 0.5 ms, pulsed current can act on the
solidification process for at least one cycle. When the
current is on a high level � Tp caused by pulsed current
can enhance the degree of supercooling. Simultaneously
the joule heat with an opposite effect on solidification
also exists. However, when the current is on a low level,
the previously generated joule heat is dispersed because
of the heat conduction. The time for the duty ratio is
only 20%. Therefore pulsed current promotes the nucle-
ation rate with respect to the entire cycle.

Nevertheless, given that� p can be regarded as a long
pulse width when sample II was processed, the joule
heat continuously increases the temperature. Thus, the
degree of supercooling probably declines. The grain in
sample II is not as small as that in sample I because of
the decrease in nucleation ratio.

The microhardness of the equiaxed zone in the cross
sections of the cladding layers in all samples has been
detected and the results are shown in Fig. 5.

With the same grain component, microhardness is in-
uenced by grain size and distribution. As demonstrated
in Fig. 5, microhardness is increased with pulsed current
hence the grain in sample III becomes more compact
than that in sample I. Microhardness can also be im-
proved to a certain extent because less pores appear in
sample III. Compared with pulsed current direct current
has an opposite role in the laser cladding layer. The
grain in sample II is not as intensive as that in sample I
because of the decrease in nucleation rate and the exis-
tence of numerous pores.

In conclusion, in this experiment pulsed current and
direct current are applied to a traditional coaxial laser
cladding separately. Porosity decreases to an extremely
low degree with the aid of pulsed current. The magneto
contraction force exerted on the molten pool squeezes the
gas out and compensates shrinkage swiftly. The magneto
contraction force could be enhanced to a certain extent
by the skin effect. Moreover, fine grain is observed
in the cladding layer of sample III with the increase in

Fig. 5. Microhardness values of the samples
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nucleation rate. With more compact grains and minimal
porosity, microhardness is elevated in the cladding layer
of sample III. However direct current is not beneficial
to decrease porosity during laser cladding because only
minimal current owed through the molten pool. Even
worse grain size increases because joule heat decreases
the degree of supercooling during solidification. The mi-
crohardness of the equiaxed zone in the cross section of
sample II is less than that in sample I because of the de-
crease in nucleation rate and the existence of numerous
pores.
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