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Abstract GTD-111 directionally solidified superalloy

was repaired by the Nd:YAG laser based laser-

engineered net shaping (LENS) process. Selection of

process parameters are discussed against the formation

of deposits and occurrence of defects. Formation of

microfissures, porosity, lack of fusion, and stray crystals

in the deposit zone was studied. It was identified that

formation of stray crystals in the directionally solidified

alloy could be due to two types of sources: the shape of

the melt pool, and the existence of second-phase

particles at the melt pool fusion boundary.

Introduction

GTD-111 is a c ¢ strengthened Ni-based superalloy that

is widely used as the bucket material in land-based

turbine systems. This alloy has a directionally solidified

(DS) microstructure formed in the < 100 > crystallo-

graphic direction. This cast material was developed in

the 1970’s and introduced in the 1980’s as an alterna-

tive to the buckets commonly made of IN738LC [1].

GTD-111 was an improvement made to GE’s super-

alloy René 80. This material increased the creep

rupture advantage over IN738LC by 20 �C. The

material is proprietary and its nominal composition is

listed in Table 1. Much of the strength of the material

comes from its high volume of gamma prime (c¢)
precipitation. The properties of this DS microstructure

allow the alloy to withstand higher temperatures,

improve creep rupture life, higher impact strength,

greater thermal fatigue resistance, and better corrosion

resistance.

The precipitation strengthening mechanisms and

large directional dendritic microstructure that give

GTD-111 the desirable high temperature properties

also make it difficult to repair. All current repair

specifications require material to be added to the

bucket to have similar properties found in the base

material. The repaired material must withstand

extreme temperatures, vibration and thermal stresses,

impact damage from foreign objects, and tip rub [2].

The method of application must be able to achieve

appropriate cohesion of the filler material to the

original base material without sacrificing the integrity

of the base structure.

Of the repair methods available, the LENS (Laser

Engineered Net Shaping) system was selected for its

potential for turbine bucket repair. LENS is a new

rapid prototyping technology that has been used in

industry for repairs, fabrication of new materials, and

development of tooling. Excellent examples of

research into produce innovative metal matrix com-

posites can be found in works by Liu and DuPont [3, 4].

LENS’s ability to control material deposition and

minimize heat input makes it a desirable method for

turbine bucket repair. This paper reports a study that

investigated the effect of LENS process parameters on

the formation of René 80 deposition on a GTD-111

substrate. The resultant deposits will be characterized,

and the defects encountered in the LENS process will

be discussed.
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Experimental procedures

The LENS system employs a 500W Nd:YAG laser to

heat a stream of powder at a precise location while in

an argon environment. It differs from other rapid

prototyping methods in that it takes the material in

powder form and creates a final, usable product in one

stage. It has a four-port powder feeder system that

injects powder via pressurized argon into the laser

beam which is focused near the surface of the

substrate. The laser melts the powder and achieves a

metallurgical bond of the powder and the substrate at

the point of convergence of powder flow.

The René 80 powder was chosen as the filler

materials, because it is the only commercially available

powder alloy with almost the same composition of

GTD-111. The chemical composition for the filler

powder is shown in Table 1. The test coupons were cut

perpendicularly to the bucket axis (the < 100 > direc-

tion) from a GTD-111 turbine bucket that had not

experienced service, had not received a surface coat-

ing, and was in an annealed state. The material was cut

using wire EDM and a liquid-cooled sectioning saw to

minimize heat damage to the microstructure. The

deposition surface was prepared by sanding with #600

sand paper and cleaned with acetone. The LENS

deposit was placed on the (100) plane of the GTD-111

test coupon. The deposit zone was designed to be a

6.35 · 9.65 mm rectangle and approximately six

passes high (about 0.25 mm thick for each pass).

Height and shape of each deposit sample were varied

as a result of adjustment in energy input and powder

feed rate.

Deposition parameters, including the hatch line

distance, laser scan rate, powder feed rate, and laser

power levels, were screened for a stable deposition

process. The parameters that were varied during the

actual experiments are laser scan speed and the laser

power level. The oxygen level in the glove box was

5–10 ppm. The laser energy input was taken from the

amperage indicator on the 500W Nd:YAG laser. No

pre-heat or post-deposition heat treatment of the

deposited samples was employed. The sequence for a

deposition layer consisted of a pass that outlines the

shape of the deposit zone. The internal of the outlined

deposit zone was then filled with passes. A test coupon

is shown in Fig. 1 with the deposit areas each produced

with a different combination of process parameters.

The deposited coupons were cut for characterization

with wire EDM. All samples were mounted and

prepared according to standard metallographic proce-

dures. The Marble’s regent was used for etching the

samples. The samples were analyzed using a ZEISS

Axiovert 100A metallurgical microscope with a PAX-

cam FW-24 camera and PAX-It imaging software.

Results and discussion

Characterization of the deposits

Strong metallurgical bonding has been achieved

between the deposit zone and the substrate. An

example of deposit zone in the as-polished condition

Fig. 1 A GTD-111 test coupon showing the deposit areas

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

Element GTD-111 PARXAIR Ni138
(René-80)

Al 2.8–3.2 2.80
B 0.01–0.02 0.01
C 0.08–0.12 0.18
Co 9.0–10.0 9.66
Cr 13.7–14.3 14.09
Cu – 0.05
Fe – 0.05
Hf 0.02–0.08 0.10
Mg – 0.001
Mn – 0.10
Mo 1.3–1.7 4.03
N – 0.0049
Nb – 0.05
O – 0.01
P – 0.005
S – 0.0017
Se – 0.005
Si – 0.10
Ta 2.5–3.1 0.10
Ti 4.8–5.1 4.83
V – 0.05
W 3.5–4.1 3.91
Zr 0.02–0.08 0.06
Ni Balance Balance

123

J Mater Sci (2006) 41:7886–7893 7887



(Fig. 2) exhibits no boundary between the deposit and

the substrate. The lower portion of the photomicro-

graph shows the substrate with bigger carbide particles;

the upper portion of the photomicrograph shows the

deposit layer with finer carbide particles.

After etching, directional dendritic structure in the

substrate GTD-111 was revealed (Fig. 3). The refined

dendritic structure in the René 80 deposit zone shows

an epitaxial growth parallel with the GTD-111 sub-

strate dendritic direction. The epitaxial growth also

verifies the nature of bonding at the interface to be

metallurgical. With proper deposition parameters, it

was able to produce continued directional growth in

the deposit zone over several layers. Figure 4 shows

such an example, in which the directional dendritic

growth has continued for four layers in the deposit.

The epitaxial growth occurred not only at the interface

between the first layer deposit and the substrate GTD-

111, it also occurred at the interfaces between the

subsequent layers. In Fig. 5, such continuous growth is

clearly visible. The bottom layer shows a cellular

dendritic structure and the top layer shows a columnar

dendritic structure. Therefore, as subsequent layers

were deposited, the solidification substructure seems to

have changed from cellular to cellular dendritic and

columnar dendritic.

The change in solidification substructure can be

explained using the welding solidification theory [5].

The ratio of the temperature gradient, G, to the growth

rate, R, in G/R, governs the mode of solidification. A

lower G/R ratio favors dendritic substructure; a higher

G/R favors cellular substructure. In the deposits, upper

layers have a lower temperature gradient G compared

with the first layer, therefore, a transition occurred

from cellular to a cellular dendritic substructure in

multi-layered deposits. Compared with the dendritic

size of the GTD-111 base metal, the primary dendrite

size in the deposit zone is approximately 100 times

smaller. The fine dendrite arm spacing in the deposit

can be approximately described by the relation

k ¼ aðTs=GRÞn where a is constant and Ts is the non-

equilibrium temperature range of solidification and n is

the exponent close to 0.5 [6]. Laser deposition process

has a characteristic high GR value. Therefore, the

Fig. 3 Microstructure near the deposit–substrate interface show-
ing epitaxial directional growth of dendrites in the deposit zone

Fig. 2 Microstructure of an as-polished sample showing differ-
ent sized carbide particles across the deposit–substrate interface,
which is indicated by the dashed-line

Fig. 4 Growth of multilayer directional dendritic structure in the
deposit. The lower part of the photomicrograph is the GTD-111
substrate
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dendrite arm spacing has decreased significantly from

the original cast alloy.

Defects in the deposit

Several forms of defects were observed in the deposit

zone. The most common defect is the porosity, which

can take the form of spherical hole with a diameter of

approximately 80 lm (Fig. 6), or take the form of

cavity with irregular shapes about 400 lm in size

(Fig. 7). The formation of spherical porosity must have

occurred before and/or during the solidification of the

molten pool, because formation of a spherical gas

bubble requires a surrounding liquid. Since the glove

box for the LENS process had a high vacuum back-

filled with argon, the origins of the gases should be

from the filler powder or the base metal. By baking the

filler powder immediately before depositing, the ten-

dency for spherical porosity formation has been

significantly decreased. Another way to control the

formation of spherical porosity is by increasing the

heat input for laser deposition. A decreased solidifica-

tion rate increases the chances for gaseous phase to

migrate to the atmosphere before the molten pool

solidifies.

The irregular shaped cavity shown in Fig. 7 is

believed to be due to the lack of fusion between filler

powder particles. To prevent this type of porosity from

happening, it requires a coordinated adjustment of

powder feed rate and laser power level. Complete

fusion of feeding powder particles can be achieved and

this type of cavity can be eliminated through optimized

powder feeding rate and laser energy.

Another related lack of fusion defect occurred at the

first-layer deposit and the GTD-111 substrate interface

(Fig. 8). This defect can be avoided by adjusting the

laser power and powder feed rate, in addition to

adjusting the hatch line distance (the amount of

overlap between laser deposition passes).

The microfissure is another form of defects observed

in the deposit. An example of microfissure is shown in

Fig. 9. The typical microfissures are about 200 lm long,

and tend to form along the grain boundaries. Because of

this association of microfissuring with the grain bound-

ary, the tendency for fissuring seems to increase with the

formation of ‘‘stray’’ grains, i.e., grains growing along

directions other than the < 100 > direction of theFig. 6 A spherical porosity in the deposit

Fig. 7 Irregular shaped cavity in the deposit due to lack of fusion
of feeding powder particles

Fig. 5 Higher magnification of Fig. 4. The first layer appears to
be of cellular dendritic morphology; subsequent layers become
progressively more columnar dendritic
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substrate. Since the stray grains tend to form more

frequently in the third layer and subsequent layers,

these microfissures are more frequently observed in the

upper layers of the deposit. However, microfissures can

also occur, although much less frequently, at the lower

layers of the deposit. Figure 10 shows an example of

fissuring in the first layer. This fissure is associated with a

grain boundary of the base metal GTD-111.

Processing parameters were found to affect the

microfissure tendency. Figure 11 shows the effect of

laser power and scan speed on the number of fissures in

the deposited zone. The number of fissures was

determined metallographically at 175 · magnification

on the entire cross-section of a mounted sample. Other

conditions kept the same, increasing the laser power

has the effect of increasing micofissure tendency. While

increasing the scan speed has the effect of decreasing

the microfissure tendency. The mechanism through

which the process parameters affect the fissuring

tendency involves creation of thermal stresses and

creation of unfavorable microstructure and thus prop-

erties. The microstructure evidence seems to indicate

the role of stray grains in enhancing microfissuring.

The formation of stray grains, as discussed later, is also

dependent on the thermal conditions of the deposition,

and therefore directly related with the laser processing

parameters.

The characteristics of the microfissures seem to

belong to those of hot cracking commonly seen in

superalloy weld metals. When the ductility of the alloy

is not enough to withstand the thermal stresses,

fissuring may occur. Additionally, the lower melting

Fig. 9 A microfissure formed along a ‘‘stray’’ grain boundary

Fig. 8 Lack of fusion at the deposit and substrate interface Fig. 10 A microfissure formed as an extension of the grain
boundary in the base metal and extends along the inter-dendritic
interface in the deposit
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point components such as boron and silicon were

rejected into the liquid in front of solid–liquid surface

and result in low melting phase forming at grain

boundaries and inter-dendritic region in last solidifica-

tion areas. This effect decreases the ductility of the

grain boundaries. An effective method to prevent the

strain related hot cracking is to apply sufficient

preheat. In addition, a properly specified post weld

heat treatment (PWHT) will relieve the residual

stresses and avoid delayed cracking.

Stray grains formation

It is desirable to preserve the direction of dendrite in

the base GTD-111 alloy in the deposits. However, the

mis-orientated grains known as stray grains were

observed in the deposits. Such stray grains will form

large-angle grain boundaries with adjacent grains,

which impair the mechanical properties of deposit

and lead to microfissuring. Stray grains observed in the

deposits can be classified into two types: (1) Type

1—stray grains caused by change of heat transfer

condition (melt pool shape), growing at 90� relative to

preferred < 100 > direction, (2) Type 2—stray grains

caused by local disruptions due to second-phase

particles, growing at random directions.

Figure 12 shows a deposit zone containing Type 1

stray grains. The stray grains tend to form at the sides

of the weld pool where there is a change of curvature

of the fusion line (as indicated by A in Fig. 12). The

shape of molten pool seems to have a direct influence

on the formation of stray crystals. Similar observations

had been made in numerous studies by others, e.g.,

in [7]. The weld solidification theory has a generally

accepted explanation for this observation. It is believed

that the direction of crystal growth in the molten pool

depends on two main factors: the preferred crystallo-

graphic orientation of the growing crystal, and direc-

tion of heat flux [6]. If the direction of heat dissipation

is opposite to the preferred growth direction for a

dendrite (< 100 > for cubic crystals), a higher growth

rate allows the dendrite to dominate the solid/liquid

morphology and out grow competing dendrites.

From an experimentally measured weld pool geom-

etry, Liu and DuPont [8] developed a mathematical

model to predict the crystal growth and microstructure

development in laser surface-melted superalloy single

crystals. The weld pool was effectively approximated

by a double-ellipsoid, with a being the angle between

the substrate surface and the tangent of the weld fusion

line in the transverse cross-section (Fig. 13). Liu and

DuPont calculated and verified experimentally that if a
angle is less than 45�, no stray crystals will form in the

solidified deposit. Measurement results from this study

also confirmed the 45� seems to be the critical angle for

stray grain formation for directionally solidified alloy

(Fig. 14). The angle b as defined in Fig. 13 is the angle

between the normal vector to the fusion line and the z

axis. The relation between b and a angles are as

follows: for a given weld pool, angle b is always less

than angle a, with the maximum b equal to a. This can

be mathematically verified from the equation that

describes the ellipsoid in the y–z plane (Fig. 13):

y2

B2
þ ðz�DÞ2

ðhþDÞ2
¼ 1

The angle b equals to arctanðdz
dyÞ , where

dz

dy
¼ � y

B2

ðhþDÞ
ffiffiffiffiffiffiffiffiffiffiffiffiffi

1� y2

B2

q

Fig. 12 A deposit zone with stray grains (indicated by A)
formed along directions 90� from the substrate < 100 > dendritic
direction

Fig. 13 Schematic of cross-section of deposit represented as part
of an elliptical curve. a refers to the angle between the fusion line
and the top surface, b refers to the angle between the normal of
fusion line curve and the vertical axis (< 100 > growth direction
of the substrate material)
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It follows that for any y value less than w (1/2 of the

width of the melt pool B), b is always less than a. The

occurrence of Type 1 stray grains in this study can be

characterized by the b angle. If b is smaller than the

critical value of 45�, directional solidification along z

direction will occur, otherwise stray crystals will form

at 90� to z axis.

Type 2 stray grains in the laser processed direction-

ally solidified superalloy is associated with second-

phase particles in the substrate alloy. A typical example

is shown in Fig. 15. Compared with Type 1, Type 2 stray

grains form at a localized disruption to the otherwise

smooth fusion boundary. Although the b angle for the

fusion boundary does not satisfy the condition for stray

grain growth, a small cusp along the fusion boundary

formed due to dissolution and liquation of the second-

phase particle promotes formation of stray grains. The

non-equilibrium particle dissolution produces a sup-

pression of melting points around the dissolving particle

[9]. This suppression of melting points is believed to

result in the formation of cusps along the fusion

boundary of the weld pool. Since Type 2 stray grains

are associated with dispersed second-phase particles,

they should not form if second-phase particles are not

present near the fusion boundary. An experimental

verification was conducted by continued polishing and

tracking the appearance of stray grains. Microhardness

indentations were made near the stray gains for tracking

the field of views. The depth of sample surface moved

was calculated using the fixed 136� included angle for

the diamond indenter and by measuring the hardness

indentation diameter before and after polishing. An

example is shown in Fig. 16, which shows the same field

of view as shown in Fig. 15 but after a 5-micron thick

layer had been removed. There are no stray grains, nor

second-phase particles at the previous stray grain site.

The mechanisms of stray grain formation have been

recently studied by some researchers. Park et al. [10]

believed that stray grain formation was sensitive to

crystallographic orientation of growing dendrites as

well as processing conditions. The processing condi-

tions influence the constitutional super-cooling at the

solidification front. Sajjadi et al. [11] postulated that the

misorientations may have resulted from the thermo-

mechanical stresses formed during the c’ precipitation

at temperatures slightly below the solidus temperature

Fig. 15 A stray grain (indicated by the arrow) grown from a cusp
associated with a second-phase particle on a grain boundary in
the GDT-111 substrate

Fig. 16 Same location as shown in Fig. 15, after removing about
5 lm by polishing. No stray grain is found

Fig. 14 Relationship between the b angle and the occurrence of
stray grains in the deposit. 45� seems to be the critical b angle for
formation of stray grains
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of the alloy. Gaumann et al. [12] proposed that any

unmelted powder particles in the deposit may have

provided the new nucleation sites for the stray grains.

Based on the results of this study, we believe Park

et al’s and Liu and DuPont’s proposed mechanisms are

more appropriate for explaining stray grain formation

in laser deposited directionally solidified superalloys.

Conclusions

René 80 has been successfully deposited on GTD-111

superalloy substrate by the laser-engineered net shap-

ing process. Microstructural analysis shows a metallur-

gical bonding has been achieved between the deposit

and the substrate. With optimized process parameters,

a multi-layered, directionally solidified microstructure

can be achieved in the laser deposit. The resultant

microstructure was considerably smaller than the

substrate. Defects in the deposits, including porosity,

microfissuring, and formation of stray grains, were

observed and the causes and prevention methods were

discussed. Two types of stray grains were identified in

the deposits. The formation of Type 1 stray grains is

believed to be dependent on the overall weld pool

shape as determined by the process parameters. The

formation of Type 2 stray grains is believed to be

associated with the second-phase particles in the

substrate that are near the fusion boundary.
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