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Abstract Directionally solidified nickel-based superalloy
GTD-111 was repaired using pulsed Nd:YAG laser powder
deposition (PLPD). A test matrix was created and tested to
link deposit and defect formation to process parameters.
Epitaxial solidification of the deposit was achieved. The
grain size was uniform throughout multiple layers of
deposit and appeared to be of cellular dendritic morphol-
ogy. The crack formation is associated with the “stray”
grains, which seem to be controlled by the geometry and
overlap of the deposits. The formation of stray grains
tended to be suppressed in deposits with shallow and wide
profiles with smooth toe transitions into previous beads.
Geometric discontinuity and formation of stray grains were
found to contribute significantly to the formation of
microfissures at the weld toes. Multiple pulses were found
to remelt and heal the microfissures in the previous spot
deposit. With optimized process parameters, crack-free,
multiple-layered, deposits were achieved for tip repair (top-
down orientation) of GTD-111 blades with René 80 and
IN625 filler metals.
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Introduction

Laser powder deposition is finding more successful appli-
cations in repair of directionally solidified (DS) and single-
crystal superalloy blades. A persistent technical challenge is
how to prevent the formation of stray grains and solidifica-
tion microfissures [1-3]. It has now been established that
stray grains—the grains whose growth orientations are sig-
nificantly different from the matrix growth direction that
result in large-angle grain boundaries—enhance hot crack-
ing susceptibility in the deposit. The factors for stray grain
formation are thought to be related with the crystal nucle-
ation and growth conditions [4—6]. However, because of the
small scale of laser deposit and fast transient processes
during deposition, no direct experimental observation on
conditions for stray grain formation has been made. Since
solidification cracking in the deposit is governed by shrink-
age thermal stresses and stray grains associated with tem-
perature gradient, it was assumed that numerical simulations
of the dynamic thermal field would provide insight into the
conditions for stray grain formation, and subsequently hot
cracking as influenced by the process parameters.

The objective of this article is to understand the relation of
deposit geometry variations resulted from process parame-
ters, including the deposit overlapping as an independent
parameter, with deposition defects, such as stray grains and
microfissures, resulted from transient thermal field. The
distribution of temperature gradient along deposit bound-
aries, especially at critical positions (e.g., weld toes), are
analyzed and explained. For the purposes of cracking pre-
vention and deposition quality improvement, the predicted
temperature gradient distributions have been correlated with
the thermal stress concentration, and the stray grain forma-
tion to study the cracking tendency in multi-bead deposition
format. The tendency of cracking occurrence is discussed
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based on its relation with thermal stress concentration and
stray grain formation, which are determined by the temper-
ature gradient field.

Experimental Procedure

A square wave pulsing Nd: YAG laser with arrangements to
deliver the power through fiber optical cables to the work
piece was used as the heat source. The average power
maximum output is 50 W with a peak pulse power of
5 kW. The optical head used in the studies had a focal
length of 100 mm. A combination inert gas shield cup and
powder injection nozzle was designed and attached to the
lens for enhanced argon shielding and injection of the
powder into the weld pool. The powder injection nozzle
was set to an angle of 45° with an orifice opening of
1.5 mm, with a set back of 8§ mm. A powder feeder was
used for injecting the powder into the liquid pool. The flow
rate of the powder feeder (g/s) was calibrated against the
rotation speed of the feeding disk (rpm). The samples were
prepared by wet-abrasive and wire EDM cutting from a
fully annealed, DS, GTD-111 turbine blade. The samples
were ground to remove material affected by the cutting
process, polished with 180-grit paper, and cleaned with
acetone prior to the deposition.

The repair deposition of the tip of GTD-111 turbine
blades does not require as much strength as the other dis-
cussed defects and can be repaired using either René 80 or
IN625 material. René 80 is the closest matching filler
material to GTD-111 that is commercially available. The
chemical compositions for GTD-111, René 80, and IN625
can be seen in Table 1. René 80 exhibits higher strength
than IN625, but IN625 is more ductile and corrosion
resistant, which could make IN625 better for tip refur-
bishment. The powder size used for deposition was
125-325 pm. The powder output was held constant at
3 rpm, with an equivalent flow rate of 20 g/m. The pres-
sure of the argon that carried the powder to the melt pool
was held at a constant 35 psi. The travel direction of the
laser and powder was similar to that of gas tungsten arc
welding, where the powder was leading the laser. The
powder was injected into the melt pool directly from the
nozzle. The process efficiency required a laser spot size of
I mm to improve the capture percentage of the powder
being injected into the melt pool.

Microstructural characterization of the samples was
carried out by cross-sectioning the samples on a wet
abrasive saw. Following sectioning, the samples were
mounted and polished up to 1200 grit. Samples were then
diamond polished 0.1 pm and etched using Marble’s
regent. The samples were inspected and photographed
using a metallurgical microscope.

Table 1 Chemical composition (wt.%) of test alloys

Element GTD-111 PRAXAIR PRAXAIR
Nil38 (René 80) NI625 (IN625)

Al 2.8-3.2 2.80 0.2

B 0.01-0.02 0.01

C 0.08-0.12 0.18

Co 9.0-10.0 9.66 0.1

Cr 13.7-14.3 14.09 22.0

Cu 0.05

Fe 0.05 2.5

Hf 0.02-0.08 0.10

Mg 0.001

Mn 0.10 0.3

Mo 1.3-1.7 4.03 9.0

N 0.0049

Nb 0.05

(0] 0.01

P 0.005

S 0.0017

Se 0.005

Si 0.10 0.2

Ta 2.5-3.1 0.10 3.6

Ti 4.8-5.1 4.83 0.2

\Y 0.05

W 3541 391

Zr 0.02-0.08 0.06

Ni Balance Balance Balance

Results

A typical single-bead René 80 deposit shows a fine ripple
pattern on the surface, due to the pulsing of the laser, with
spatter randomly stuck onto the surface, as seen in Fig. 1.
The spatter consisted of partially melted powders from the
nozzle coming into contact with the laser column, and from
the expulsion of molten metal from the weld pool due to
the collapsing of the plasma plume. The spatter was mostly
superficial and easily removed, while those that remained
were melted by subsequent layers. The remelted spatter
could not be detected in the microstructure and was con-
sidered not to interfere with the process. Figure 2 shows an
example of a two-layer deposit of IN625 powder on GTD-
111 top-down orientation for tip repair. After grinding off
the surface roughness, dye-penetrant tests were conducted,
and the deposit was found to be defect-free, without any
pre- or post-deposition heating.

Figure 3 shows a microstructure of a deposit—substrate
interface. Metallurgical bonding is obtained. The micro-
structure shows a minimal heat-affected zone (HAZ) in the
substrate, in which the gamma prime and bulky carbides
appear to retain their original as-cast morphology. The
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Fig. 1 A single-track pulsed-laser deposit of René 80 powder on
GTD 111 material

Fig. 2 Two-layer laser deposit of IN625 powder on GTD-111 top-
down orientation for tip repair

substrate also provided the retained M,3;Cq carbides
observed in the deposits. The time spent above the sub-
strate melting temperature was not sufficient for the car-
bides to melt or dissolve into solution. It is hypothesized
that the substrate material surrounding the carbide becomes
liquid while the carbide remains solid. The high solidifi-
cation rate does not allow the carbides to go into solution
but instead retain their morphology and position in the
substrate upon re-solidification. The distribution of car-
bides in the deposits does not extend far beyond the fusion
interface and never past the original base metal boundary,
suggesting that they do not migrate during the laser pro-
cessing. The lack of carbide migration would also suggest
that there was limited mixing during the liquid state of the
process. The lack of mixing was also shown by the
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Fig. 3 Microstructure of the deposit—substrate interface. Metallurgi-
cal bonding is obtained. The PLPD process has a minimal HAZ in the
substrate, in which the gamma prime and bulky carbides retain their
original morphology

Fig. 4 The directionality of the deposit can be seen through multiple
pulses and layers

retaining of the unmixed zones in which the substrate was
not given ample time to mix with the molten pool. Similar
to the unmixed zone, the retention of the M,3Cq carbides
did not lead to the nucleation of stray grains in the first
layer of the deposit. In multilayer deposition, continued
directional growth of the dendrites can be obtained, as
shown in Fig. 4.

The directionality of the deposits could be interrupted by
formation of stray grains, grains that do not have the same
orientation as the surrounding matrix. Stray grains were
observed in every layer of some samples, with most stray
grains confined to the second or higher layers. The for-
mation of stray grains in the first layer was rare, and these
grains tended to form around the toes of overlapping beads.
In subsequent layers, the formation of stray grains was
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observed at the toes of overlapping beads as well. The
flat-bottomed, thin-layered deposition was either free of or
contained a smaller number of stray grains. Therefore, the
shape and the deposition sequence of the deposit were
identified as the key factors controlling the formation of
stray grains.

Although stray grains did not necessarily lead to
microfissuring, fissuring was always associated with a stray
grain in this study. While no macroscale cracks (arbitrarily
defined as cracks longer than 1 mm) were observed in the
deposits, microfissures (difficult to see without magnifica-
tion) shorter than 0.5 mm have been observed in most of
the tested multilayer deposits. In Fig. 5, microfissures in
the second layers of the deposit are found to be exposed to
the surface, but not to extend down into the first layer. The
arrow in the figure points to the fusion boundary. In the
substrate material below the fusion boundary, the dark
features are carbides and porosity in the base metal. In the
deposit above the fusion boundary, the dark spherical
features are porosity in the deposit. After etching, the
microfissures are found to be associated with dark-etching
stray grain structures, and almost all fissures tend to orig-
inate from the toe of a previous deposit bead. The three
toes shown in Fig. 6 all have stray grains and microfissures.
Although a positive identification of stray grains requires
orientation imaging microscopy (IOM), previous studies,
such as Anderson et.al. [7], have shown that the dark-
etching grains coincide with strain grains identified via
OIM. This is not surprising, because under a given etching
condition for optical metallography, cross-sectioned stray
grains would expose a crystal plane other than the matrix
crystal plane to the etching reagent. Different planar
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Fig. 5 Cross-sectional view of the microfissures in René 80 depos-
ited top-down to GTD-111 tip. More microfissures seem to form in
the top layer in this as-polished view. Arrow indicates the location of
the fusion boundary between the deposit and the substrate

densities between the exposed stray grain and the matrix
would result in a contrast after etching.

There is plenty of evidence to support the generalization
that a weld toe is the preferred location for heterogeneous
grain nucleation and growth in DS superalloys, which leads
to the formation of “stray grains”. Figure 7 shows one
example of the collocation of stray grains and weld toe. In
this top-down view of a two-layer René 80 deposit on
GTD-111 tip repair, the stray grains tend to form along the
weld toe line where two deposit beads intersect. The
microfissures almost exclusively form along the grain
boundaries of these stray grains. The association of
microfissuring with the weld toe is not surprising, because

s

Fig. 6 The same field shown in Fig. 5, etched to show the relative
location of microfissures to deposit microstructure. The microfissure
(A), located in the first layer, has been partially remelted and healed
by the overlapping pulse. Microfissures in the top layer formed from
the weld toes (indicated by letter 7) of the underneath deposits, and
are associated with dark-etched stray grains

Fig. 7 Top-down view of a two-layer René 80 deposit on GTD-111
tip repair. The stray grains tend to form along the weld toe line where
two deposit beads meet
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the geometric discontinuity at the weld toe may provide a
local stress concentration. If other conditions are the same,
higher stressed regions will most likely become the
weakest link for cracks to form during weld cooling. In the
present case, a major factor that sensitizes the micro-
structure for cracking is associated with the stray grains.
The misalignment between the stray grain and the sur-
rounding matrix means the grain boundaries of the stray
grain will be large-angle grain boundaries. These large-angle
boundaries tend to attract more elemental segregation at
high temperatures, and are much weaker than the inter-
dendritic small-angle boundaries within the surrounding
matrix [8, 9]. These characteristics of the stray grain
boundaries will make hot-cracking more likely for a given
thermal stress condition.

In addition to significantly decreasing the crack ten-
dency by minimizing the heat input, pulsed laser deposition
has another beneficial effect in controlling the propagation
of microfissures. Figure 8 shows a top-down view of a
René 80 deposit. The ripple marks outline each individual
pulse deposit. This micrograph shows how two microfis-
sures were healed by the fourth pulse counting from the
right. The dark regions associated with the fissures are stray
grains that etched darker than the surrounding material. A
likely mechanism for the healing is remelting, which is
supported by the fact that not only the fissure but also stray
grains are cut short. The depth of a microfissure is not
deeper than the weld pool also indicates that the cracking
type is clearly a solidification hot cracking.

Results also show the effect of bead spacing or over-
lapping on stray grain and microfissure formation. The
effect of overlapping was first noticed in the single bead
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Fig. 8 Top-down view of microfissures restricted by the subsequent
pulse. The microfissures formed along the large-angle grain boundary
between the dark-etched grain and the substrate of the deposit. The
ripple lines produced by multiple pulses are apparent. Note the
microfissure is melted by the pulse marked by the dashed line
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experiments with the percentage of overlap of each pulse.
It was observed that there were a maximum and minimum
range in which the overlapping should reside, otherwise
defects were noticed. The spacing between beads that
was used for the experiments were 0.5, 0.75, 1.0, and
1.25 mm. Both IN625 and René 80 powder types were
used in the overlap pattern study. Using the same shape of
deposition, 0.75 mm overlap was found to be crack-free,
while all other overlap values produced stray grains and
microfissures.

Discussion

The results discussed above indicate that the formation of
stray grains and microfissures is not random, but rather is
governed by the transient thermal and stress fields. Since
the deposition size is too small for experimental measure-
ments of the variations in temperature and thermal strains
during deposition, a three-dimensional coupled-field ther-
momechanical model was developed to provide additional
information about the material during solidification. This
model, recently published elsewhere [10], includes process
parameters on overlapping and bead geometry, to simulate
the multi-bead PLPD process applied to DS Ni-based tur-
bine blade repair, using the ANSYS® code and element
re-activation technology. The simulated transient temper-
ature gradient and thermal stress results are summarized in
Fig. 9. The tendency of stray grain formation can be
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Fig. 9 The numerical model predicted that the upper left quadrant
(that contains points P10, P11, and P20) is the most likely region to
form microfissures, where thermal gradient is low to promote stray
grain, and thermal stresses are high to enhance crack opening (based
on [7])
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Fig. 10 Model predicted effect of cross-sectional area of deposit for
a given width (a) and effect of deposit width for a given cross-
sectional area on thermal gradient of deposits (b). Wider and thinner
deposits promote higher thermal gradient, and suppress stray grain
formation

estimated by the temperature gradient, G. A greater G leads
to a smaller volume fraction of equiaxed dendrites, and
therefore prevents the formation of the stray grains for a
given bead shape [11]. In Fig. 9, the numerical model
predicted that the upper left quadrant is the most likely
region to form microfissures, where thermal gradient is low
to promote stray grain, and thermal stresses are high to
enhance crack opening. This theoretical prediction was
verified by experimental temperature measurements and
microfissure observations [10].

It was observed in this study that flat-bottomed, thin
deposits are less likely to form stray grains; the thermo-
mechanical model provides a theoretical explanation. For a
given deposit width, a smaller, flat-bottomed, cross-sec-
tional area will produce a much greater thermal gradient,
which suppresses the stray grains in the deposit (Fig. 10a).
Similarly, for a given cross-sectional area, a wider and

Cross-sectional ovelapping (%)

Fig. 11 Correlating model analysis of temperature gradient near
Point 2 (the weld toe location defined in the inset). For the deposit
width of this study (0.83-1.12 mm), 25% overlap gives the highest
thermal gradient or lowest tendency for stray grain formation

shallower bead width will produce a much greater thermal
gradient, which suppresses the stray grains in the deposit
(Fig. 10b).

The effect of deposition pattern and sequence, bead
geometry, and overlapping can be similarly understood.
The model predicts that for the deposit width (1.12 mm) in
this study, the thermal gradient at the weld toe location
(Point 2 in Fig. 11) is the highest at 25% overlap. This high
thermal gradient should prevent stray grain formation, and
therefore the deposit should be crack-free. Other overlap
conditions have lower thermal gradients, and therefore the
deposits may see stray grains and microfissures. This pre-
diction is verified by the experimental observations. In
Fig. 12, the 25% transverse overlap is shown to have
produced a crack-free deposit, while other overlap values
have produced stray grains and microfissures in the
deposits.

Conclusions

Geometric discontinuity and formation of stray grains were
found to contribute significantly to the formation of
microfissures at the deposit toes. Bead geometry variations
are influenced by laser deposition process parameters. If
other conditions are kept the same, smaller deposition
cross-sectional area increases crack resistance, at the cost
of decreasing the process efficiency. For a given deposition
cross-sectional area, a wider bead is suggested to improve
the deposition quality by adjusting process parameters. In
multi-bead, multi-layer deposition, the bead overlapping
should be cautiously selected due to its effect on temper-
ature gradient. There exists an optimum overlapping
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Fig. 12 The different
percentage of overlap can be
seen in the picture grid. The
major defects are seen in the 75,
50, and 10% overlap, while 25%
overlap is crack-free and stray-
grain free
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percentage that reduces the temperature gradient at bead
boundaries, which enhances stray grain formation. For the
test conditions reported in this article, that optimum over-
lap is near 25%. With optimized processes parameters,
crack-free, multiple-layer, deposits were achieved for tip
repair (top-down orientation) of GTD-111 buckets with
René 80 and IN625 filler metals.
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