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Abstract: The microstructures of rapidly solidified laser clad layers of laser cladding of Inconel 617
with different nicke -aluminum premixed clad powders are discussed. The effect of different cladding
speeds on the microstructures of rapidly solidified laser clad layers is discussed too. The detailed
microstructural  results showed that different growth mechanisms are produced during rapid
solidification. These are planar, cellular, cellular/dendritic and dendritic.

I ntroduction

Rapid Solidification has attracted much
researchers interest in the field of science and
technology [1-3]. These interests are related to
many benefits as refined segregation, extend the
limits of solubility, formation of metastable
phase including amorphous phase [4,5]. Laser
surface processing that required surface melting
and specidly laser cladding is the most
important rapid solidification process that can
be applied by overlay one metal or aloy on
another with minimum controlled dilution [6].
The phase sdection, growth veocity, chemical
composition, long range order and
microstructure of a solidifying phase or phases
are functions of the local conditions at the
solid/liquid interface [7], i.e., the dependent and
independent variables of laser cladding process
influence these.

Le et a. [8] found that the microstructure
of clad layers of a laser clad TiN composite
coaing on AISI 1045 sted contains a y nicke
solid solution, TiN particles, and a fine eutectic
of y nickd and (Fe,Cr)23Cs in the interdendritic
regions. The bonding zone, which is about 6
umthick isay nicke growing from the bottom
of the molten pool with planar crysta
morphology. They aso found that partia
dissolution occurred at the edges of original
TiN particulates and their growth was
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independent of the fine dendrites which were
found during resolidification. While Niu and
Chang [9] found that the microstructura
evolution during laser cladding of gas-atomized
M2 tool steel on the mild sted substrate vary
from a cdlular or dendritic structure of 5 ferrite
and austenite to a matrix of martensite and
retained austenite.

The microstructural features of sted
containing 22%Cr, coated with Cr,O; by laser
processing were studied by Van den Burg and
De Hosson [10]. They pointed out that after
laser coating the Cr,O; powder has completdy
transformed to Fey3Cr,70,. Dispersed in the
coating are metallic particles with composition
FeCr and a bcc structure. Addition of Si to the
ceramic material, ether from the stedd matrix or
from the ceramic powder, results in a dendritic
solidification structure of CrsO, dendrites and a
Si-containing glassy phase. The dendrites are
oriented verticaly in the coating.

This work aimed to study the chacterization
of microstructures of laser cladding of Incone
617 with different premixed clad powders at
different conditions.

Experimental Work

A 2 KW continuous wave CO, laser was
used in this work. Incond 617 in the form of
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plate of thickness 6 mm with chemica
composition illustrated in Table 1 was used as a
substrate material. Incond 617 plate that laser
would clad has the dimensions of 75 x 40 x 5.5
mm. Before laser cladding took place, the
substrate material was shot blasted to increase
the roughness and then cleaned with alcohol to
remove any foreign maerials. The substrate
material  was mounted horizontally on a
hydraulically moved x-y table.

Table 1: Chemical compasition of Inconel 617.

Chemica Composition %

Fe Cr Mo Co Ti S Al Ni

125 217 89 124 045 006 0.73 541

The table was moved at different cladding
speeds of 1, 3.9, 5.3, 10, 13.3, 22 and 35 mnvs
and 1.65, 3.2, 4.5, 7.3, 8.1 and 11.2 mnvs for
premixed clad powder mixtures of Ni-10%Al
and Ni-30%Al respectively. The substrate
material that mounted horizontally was located
a a certain distance beneath the nozzle
determined from the caculated distance of the
focal length to obtain spot size of the laser beam
of 5 mm. The powder was thrown using copper
tube located 15 mm distance from the substrate
material with angle of 30" with the substrate.
The feeding rate of powder was fixed at 10
g/min for premixed dad powder mixture of Ni-
10%AI with constant power of 1.7 kW and 8.9
g/min for premixed dad powder mixture of Ni-
30%Al with constant power of 2 kW. The mode
structure that used in this work is TEMg,.

After laser cladding process took place,
transverse sections were taken. Etching was
made by swapping the polished specmen
surface with etching solution of 50V ol .%HNO;
and 50V ol .%HCI.

Results and Discussion

The typical transverse clad layers of laser
cladded Incond 617 with Ni-10%Al and Ni-
30%Al premixed clad powders areillustrated in
Figs.1 and 2 respectivey. The microstructure of
these clad layers indicates that there are three
distinct regions.
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Heai affected region (HAR)

Fig. 1. Macrostructure of clad layer of laser cladded
Inconel 617 with Ni-10%Al premixed clad powder
at cladding speed of 5.3 mnvs.

Hian affectod reghen (HAR)L 4

Fig. 22 Macrostructure of clad layer of laser cladded
Inconel 617 with Ni-30%Al premixed clad powder
at cladding speed of 4.5 mnvs.

These regions are dad region, hesat affected
region (HAR) and finally heat unaffected region
(substrate) which is not appeared in these
figures. In clad region, mixing between the
clad materid and substrate takes place. The
evaluation of this region is very important from
industrial application point of view. Laser
cladding is the process in which low substrate
distortion occurred compared to other laser
surface melting processes [11]. Therefore it is
very important to study this region. The heat
unaffected region do not enter as a substrate
alone to dad layer evaluation process but enter
into evd uation from the degree of mixing with
the clad layer, i.e. dilution percentage. Other
regions which are discussed dsewhere [12] and
not distinguished by the present work are
unmixed region and partially melted region.
Unmixed region is defined as the region of
substrate that melted but did not mix with the
clad layer material. This is because thereis no
enough time for mixing to take place between
clad layer and substrate. While in partiadly
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melted region, lower melting point phases mdt
while the remaining material remains solid.

Fig. 3 shows different microstructures
obtained in the clad layer of laser cladded
Incond 617 with Ni-10%Al premixed clad
powder at cladding speed of 3.9 mnvVs. These
changes in microstructure are determined from
the change in cooling rate G.R where G is
temperature gradient in °C/m and R is
solidification rate (in m/s) along the dad layer.
The substrate acts as a heat sink, therefore, the
cooling rate will be as high as possible in the
clad layer/substrate interface region and
decreases as depart from the clad layer/substrate
interface to the outer clad surface. From these
figures, different types of growth can be
observed. The volume fraction of each growth
region is different in each clad layer. These
growth  types are  plana, celular,
cellular/dendritic and dendritic.

Fig. 3. Microstructure of clad layer/substrate
interface region of laser cladded Inconel 617
substrate with Ni-10%Al premixed clad powder at
cladding speed of 3.9 mmy/s.

Planar growth occurs for dloys only under
low growth rate or high temperature gradient
[13]. The condition for a stable planar growth
may be given by the equation [14]:

G/IR>-m. C." (1-x)/x Dy @
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where m_ is slop of the liquidus, C." is liquid
concentration in  equilibrium  with  solid
concentration (Cs) a solid/liquid interface, x is
partition coefficient (Cs /C."), and Dy is thermal
diffusivity in the liquid (m?/s). Therefore, G/IR
is a very important parameter that determines
the morphology of solidification and hence the
occurrence of planar growth. As aresult of this,
G/R gives the limit of absolute stability (around
1 m/s solidification rate R) after which the
structure solidified in a diffusionless manner,
i.e., planar growth [15].

Cdlular/dendritic growth can be distingui-
shed from cellular growth as a result of the
length of the cell which is much larger than the
cell spacing. Furthermore, the cdl tip is sharp
as in the dendrite tip. In the region beow
celular/dendritic growth, dendritic growth is
built up. As shown in Fig.3, the dendrites that
present are primary with initial growth of
secondary dendrites but the main growth typeis
primary dendrites. Secondary dendrites form
because the agpproximatdy paraboloida
interface of the dendrite tip becomes unstable.
The driving force for the ingability is
congtitutional supercooling in the liquid just
back from the dendritetips [16].

The dendrites formation is related to rapid
cooling rate that occurred due to the substrate
that acts as a heat sink but this rapid cooling
rate is lower than that for celular growth.
While the highest cooling rate is needed for
planar growth. The breakdown of planar
interface into cdlular or dendritic structure
depends on the region of constitutiona
supercooling ahead of planar interface. If the
region of constitutional supercooling is large as
a result of low solidification rate, a dendritic
growth is dominant. On the other hand, if the
supercooled layer is thin, the growth of fully
developed dendrites is not possible because of
the limited depth of the supercooled layer into
which they can grow. Inthis case, the instability
of interface may result in the formation of
cdlular structure in which the cell walls are
defined as aregion of high solute concentration.
The mechanism of dendritic growth is rdated to
the formed nucleus at the planar interface which
has a number of equivalent crystallographic
directions dong which crystad growth may
occur. A considerable amount of latent heat is
evolved in the direction of crystal growth,
causing the temperature of the adjacent liquid to
rise. This temperature may exceed the freezing
temperature of the alloy, so that further growth
of the crystal in this direction will be stopped.
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In a perpendicular direction, the liquid region
will have a lower temperature, since there has
been no crystallization and consequently no
heat evolution. Therefore the crysta will grow
in the new direction until heat is dissipated from
the initial region of crystal growth. When the
temperature of this region drops to a sufficient
value below freezing point, the crystal will
assume its original direction of growth until
reaches other point, where agan the
temperature will rise and further growth of the
crystal will stop. Then again growth of the
crystals occurs in a direction perpendicular to
the origina direction of growth. This sequence
of processes leads finaly to the structure
characteristic of dendrites[17].

In Fig. 4, cdlular growth with dongated
cells before it converted to regular cells can be
seen dearly after planar growth region.

Fig. 4. Microstructure of clad layer/substrate
interface region of laser cladded Inconel 617
substrate with Ni-10%AIl premixed clad powder at
cladding speed of 5.3 mmy/s.

The size of cdls varies from region to other
region as a result of changes in cooling rate
aong the clad layer. The dongated cdls
gradualy segment as G/R is increased, also
becoming finally regular cells. Since regular
cells are obtained at high G/R regardless of
orientation, they are primarily a result of solute
diffusion [16]. In the central region of dad layer
(Fig. 5) mixed growth of cdlular and dendritic
can be observed. The dendrites that recognized

in the central region of clad layer accompany
with initid stage of secondary dendrites

formation.

Fig. 5: Microstructure of clad layer central region of
laser cladded Inconel 617 substrate with Ni-10%Al
premixed clad powder at cladding speed of 5.3
mnvs.

While cdlular growth can be shown only in
the region near the outer clad surface but with
different morphology and size (Fig. 6).
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Fig. 6: Microstructure of near external surface of
clad layer of laser cladded Inconel 617 substrate
with Ni-10%Al premixed clad powder at cladding
speed of 5.3 mnvs.

The same observations that related to
growth morphology can be shown clearly in
Fig. 7 in which planar growth is the dominant
mechanism of growth in the clad
layer/substrate] interface followed by cdlular
and dendritic growth.

In the central region of clad layer, the two
mechanisms of solidification, cdlular and
dendritic, remain the same. While cdlular
growth mainly takes place in the region near the
outer clad surface.
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Fig. 7: Microstructure of laser cladded Inconel 617
substrate with Ni-10%Al premixed clad powder at
cladding speed of 13.3 mm/s, (a) clad layer/substrate
interface region, (b) central region of clad layer, ()
near external surface of clad layer.

The microstructure of clad layers of laser
cladded Inconel 617 with Ni-30%Al premixed
clad powder (Figs. 8-10) do not differ highly
compared with the microstructure of clad layers
of Ni-10%Al premixed clad powder. A distinct
features that do not exist in previous Ni-10%Al
clad layers figures are the different stages of
growth that exist in the dad layers especially in
Figs. 8 and 9. In Fig. 8, dongated cdlular
structure with different growth direction is
developed but with supersaturated solid
solution.

The rgected solute from the solid solution
concentrates adong the dongated cdlular
structure boundaries. The second region is the
formation of precipitated solid solution with
distinct particles of NisAl in the matrix of solid
solution [18]. After this, large particles of NizAl
exist in the clad layers which act as a transition
region between precipitated solid solution and
dendritic growth region.

It is obvious that planar growth could not
occur inthe clad layer/substrate interface region
as the first stage of solidification instead of
elongated cdlular structure or any other type of
growth as recognized in the clad layers of
premixed clad powder of Ni-10%Al.

This can be explained on the basis that the
planar region is developed but because the
congtituents of solid solution gresater than its
ability to accommodate them, therefore, the
excess of solute rgects and precipitaes in
similar manner to second phase particles along
cell boundaries. It is clear from the comparison
of this region or any other region near the clad
layer/substrate interface that mixing between
molten of the clad layer and the substrate, i.e,
dilution percentage, plays a dominant role in
producing these distinct morphology of
mi crostructures in the regions of interface and
near interface. It can be observed that cells of
supersaturated solid solution have been taken
place in the clad layer of 3.2 mm/s dadding
speed as the first stage of solidification (Fig. 9).
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Fig. 8: Microstructure of clad
interface region of laser cladded Inconel 617
substrate with Ni-30%AIl premixed clad powder at
cladding speed of 1.65 mnvs.

layer/substrate

The reected solute can be recognized
around the cdl boundaries which form NisAl
intermetallic compound [18]. Dendritic growth
is the dominant mechanism of growth in the
region that followed supersaturated cells but the
size of dendrites is differ from region to other
region.

In Fig. 10 large region of dongated cdlular
structure can be recognized with excess of
solute that rgected adong its boundaries as
compared with other dad layers. In this clad
layer, primary and primary with secondary
dendrites can be seen clearly.
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Fig. 9: Microstructure of clad layer/substrate
interface region and clad layer central region of laser
cladded Incond 617 substrate with Ni-30%Al
premixed clad powder at cladding speed of 3.2
mnvs.

Fig. 10: Microstructure of clad layer/substrate
interface region of laser cladded Inconel 617 with
Ni-30%Al premixed clad powder a cladding speed
of 11.2 mm/s.

The increase of solute that reected along
dendrite boundaries as compared with € ongated
celular structure is clearly observed. This can
be related to the decrease in cooling rate which
permits excess of solute to be rejected and then
precipitate.
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Fig. 11 Microstructure of some microstructura
segregation that developed in some positions of clad
layer centra region of laser cladded Incone 617
substrate with Ni-30%Al premixed clad powder at
cladding speed of 7.3 mm/s.

Some segregation in  the chemical
composition can lead to produce featureless
microstructures as recognized in Fig. 11. This
may be related to segregation in the premixed
clad powder between auminum and nickel.
This segregation reflects the segregation in
chemical composition compared with the
chemical composition of other regions and
therefore reflect its effect on cooling rate

Conclusion

Laser dadding of Inconel 617 under the
effect of rapid solidification can produce
different regions. These are clad, heat affected
and heat unaffected regions. Different
mi crostructures are obtained depending on the
selected premixed clad powder mixture and
laser dadding independent variables. These
microstructures are characterized with growth
mechanism. These growth mechanisms are
planar, cdlular, cdlular/dendritic and dendritic
in which the mechanism of each growth is
different compared with other.
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