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Introduction

Welding of single crystal and directionally solidified
nickel base superalloys is gaining increasing importance
because of the need for repair welding and rebuilding of
failed and eroded components. The microstructure in the
weld fusion zone and heat-affected-zone (HAZ) that
result from rapid temperature excursions control the
weldability and the service performance of the welded
components. Therefore, recent work has concentrated an
the weldability issues' and microstructure development
in single-crystal welds.?  These studies have shown
complex interactions between weld pool shape,
crystallographic parameters, solidification features and
solid-state phase transformations and microstructure
evolution. In general, the weld microstructure evolution
sequence involves formation of y dendrite from liquid and
epitaxial solidification of y grains in the HAZ adjacent
to fusion line, formation of eutectics along the dendritic
boundaries, and precipitation of Y phases within the ¥
dendrites. The present study pertains to the
precipitation of the y* phase and elemental partitioning
between v and Yy phase.

Precipitation of y° phase in nickel base
superalloys involves homogeneous nucleation and growth.
However, the precipitation during rapid continuous weld
cooling may lead to nucleation at large undercoolings,
non-equilibrium partitioning and interfacial segregation
between y and ¥ phases. This work reviews the fine-
scale y-y* partitioning characteristics in PWA-1480 and
CMSX-4 single crystal welds measured by atom probe
field-ion microscopy.** Moreover, the precipitation of ¥
under continuous cooling conditions were investigated in
CM247DS alloy using a thermo-mechanical simulator.
The above work will aid in understanding the
microstructure development and its effect on the
weldability and properties.

Experimentation

Alloys: Single crystal PWA-1480 and CMSX-4 alloys and
directionally  solidified @ CM247DS alloys  were
investigated in this work. The compositions are given in

Table 1. The alloys were examined in the as-cast
condition.

Table. 1 Composition of alloys studied in wt.%.
Alloy Al Cr Ti Co Ta W Ni

PWA-1480 5.0 100 15 50 120 40 Bal
CMSX-4 55 65 10 70 70 65 Bal
CM247DS 55 80 0.8 90 32 95 Bal

2.9 wt.% Re is also present in CMSX-4 alloys.

Welding Procedure: Autogenous full-penetration electron
beam welds were made on 2-3 mm thick discs extracted
from cast single crystals of PWA-1480 alloy. The welding
parameters were as follows: accelerating voltage, 100-125
kV; welding current, 7.5 to 10 mA; and welding speed, 4.2
x 107 m s’ The preheat temperature was 500 °C.
Autogenous full-penetration pulsed-laser welds were
made on 2-3 mm thick sheets of CMSX-4 alloy machined
from single crystals. There was no preheating before
welding. The welding parameters were as follows:
average laser power ~ 400 W, laser pulse rate 40 s, and
welding speed: 2.1 X 10° and 1.27 X 10? m s™.

Characterization: Detailed microstructural analysis was
performed using optical and electron microscopy
techniques. In addition, an atom probe field-ion
microscope was used to characterize.the partitioning at
the y-y" interfaces in the as-welded condition. The
samples were imaged at a temperature range of 50 to 60 K
and analyzed with a residual neon gas pressure of 3 x 107
Pa and a pulse fraction of 20% in the atom probe.
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Controlled Phase Transformation Study: The
precipitation kinetics of ¥y in the CM247DS alloy was
studied-using Gleeble Thermo-mechanical Simulator. In
this investigation, rod samples (6.3 mm diameter) were
machined from the castings. These samples were
solutionized at 1300 °C for 5 minutes and were cooled at
different rates (1, 10 and 75 °Cs™). The relative radius
changes of samples during cooling were measured with a
dilatometer. For comparison, pure nickel samples were
also investigated.

Thermodynamic and Kinetic Calculations:
Thermodynamic  calculations on the  elemental
partitioning of the nickel base superalloys were

performed with ThermoCalc.’® Equilibrium conditions
were computed using the Ni-Database, a thermodynamic
database for calculation of phase equilibria in multi-
component alloys.® The effect of Ta and W are not
considered in the calculations. Growth of ¥* phase in ¥y
phase was calculated for the Ni- 20 at.% Al - 5at.% Cr
alloy system with diffusion controlled growth software
(DicTra).” Since the diffusion controlled growth software
does not have the data on diffusivity of elements in y”
phase, the diffusion in the Yy~ phase is not considered.
Therefore, the calculations consider only diffusion of Cr,
Al, and Ni in the ¥ phase. The calculations considered 1,
10, and 75 °Cs? cooling rates. In these calculations, the
spacing between two Y~ precipitates was taken as 2 pm.
Note that the spacing will be different for different
number densities of y* precipitates and this will be
considered in the future work.

Results and Discussion

PWA-1480 Electron Beam Welds: Optical microscopy of
welds indicated a dendritic solidification. Transmission
electron microscopy (Fig. 1) revealed large y* phase
interlaced with 7y phase along the inter-dendritic
boundary. Their morphology suggests that this is the
product of eutectic decomposition of liquid during the
final stages of solidification (L -> ¥y + v°). The
microstructure also revealed cuboidal Yy’ precipitates
within the core of the vy dendrites. The size of these
precipitates varied from 0.05 to 0.5 pm.

The formation of eutectic y* due to solidification
partitioning, as well as the precipitation of y* was
supported by thermodynamic calculations with
ThermoCalc software.” Thermodynamic calculations also
indicated that the partitioning characteristics between vy
and Yy~ phases vary as a function of growth temperature
(Fig. 2)2 Therefore, it is important to measure the
partitioning characteristics experimentally.

The atom probe field-ion microscope was used to
measure the partitioning between y and y* phases. A
field-ion image of a y-y” interface is shown in Fig. 3 (a).
Typical concentration profiles of Cr and Al are shown in

Fig. 3 (b). Other elemental concentration profiles can be
found elsewhere.’

o Eutecticy”

Dendritic
Boundary

EutecticY
Fig. 1. Transmission electron micrograph of PWA-1480

electron beam weld. The inset is the electron diffraction
showing the presence of L1, ordered ¥ phase.
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Fig. 2. Calculated equilibrium concentration of Cr and Al
in yand Y phases over the 700-1349 K temperature range
for a nickel base superalloy (Ni - 5 wt.% Al - 10.0 wt.% Cr
- 1.5 wt.% Ti - 5.0 wt.% Co).

The compositions of Y and ¥ were found to be similar to
the values measured from base-metal.” The composition
profile showed the absence of segregation at the interface
and also suggested that the concentration gradients
within Y and " phases were not significant. This showed
that in spite of continuous cooling conditions, the
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decomposition of Y to Y appears to have occurred in a
fashion similar to that after standard heat treatments.
This must be attributed to relatively slow cooling in the
electron beam welds. In this context, one needs to consider
the precipitation kinetics of y* during continuous cooling
conditions, which will be dealt with in a later section.
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Fig. 3 (a) Field-ion micrograph of y/Y interface in a
PWA-1480 electron beam weld. (b) APFIM concentration
profile of aluminum and chromium within y or y" phases

CMSX-4 Pulsed Laser Welds: Optical microstructure of
welds indicated a very fine cellular dendritic structure.
Moreover, the transmission electron micrographs (Fig. 4)
revealed negligible amounts of eutectic y-y* along the
dendritic boundaries. Thermodynamic calculations
indicated that CMSX-4 alloys also should exhibit
eutectic ¥° formation. The absence of eutectic y° was
attributed to rapid weld cooling conditions in the weld.
The absence of eutectic Y° phase may have significant
effect on weldability. The diffusion controlled growth

calculations supported the hypothesis that rapid weld
cooling may lead to solidification without the formation
of eutectic v."

The most interesting observation was the presence
of y* precipitates within the dendrites and that they
were finer (10 to 50 nm) than the Yy precipitates found in
PWA-1480 EB welds. The shapes of these precipitates
were found to be irregular in comparison to regular
cuboidal shaped ones in the base metal. It is speculated
that the size and morphology could be related to
nucleation wunder rapid cooling conditions and

nonequilibrium elemental partitioning between y and v~
phases, respectively, as discussed below.

Fig. 4 Transmission electron micrograph of CMSX-4 weld
zone. Negligible amounts of eutectic y” were observed.

The elemental partitioning in these welds was
measured using atom probe field ion microscopy (FIM).
The FIM image of the -y interface is shown in Fig. 5 (a).
The atom probe composition profile across the interface is
shown in Fig. 5 (b). The concentration prefiles showed
extensive gradients of aluminum and chromium
concentration in ¥ phase and the composition of the Y and
Y phases were different from that of the base metal. In
addition, the lattice misfit of Y and ¥, based on the
measured interface concentrations, was found to be
positive compared to a negative value for that of the
base metal.* This may lead to lattice, strains that in turn
may induce changes in the y” precipitate morphology.

In the results presented above, an important
observation was the difference in size of the ¥’
precipitates within the y dendrites. In PWA-1480 welds,
coarse Y* precipitates were observed compared to finer y”
phase in CMSX-4 pulsed laser welds. This difference in

Babu et. al. 3.of 6




the size may be related to the difference in nucleation
conditions in the solid state during weld cooling. The
nucleation rates are related to undercooling and the
chemical driving force for nucleation. Preliminary
calculations indicated that the difference in chemical
composition between PWA-1480 and CMSX-4 might not
lead to large differences in the driving force for
nucleation at a given temperature. However, rapid weld
cooling in the case of CMSX-4 pulsed laser welds may
lead to nucleation at large undercoolings, in comparison to
small undercoolings for electron beam welds.”

Cr, Al (at.%)

4] 20 40 60 80 100
Distance (nm) (b)

Fig. 5 (a) Field-ion micrograph of y-Y interface in a
CMSX-4 pulsed laser beam weld. (b) APFIM concentration
profiles of aluminum and chromium showing large
concentration gradients within the ¥ phase.

CM247DS Controlled Phase Transformation Study: To
avoid ambiguity in relating the nucleation rate to either
the chemical composition difference or the cooling rate
difference, controlled phase transformation experiments
at different cooling rates were performed on a CM247DS
alloy, whose composition is similar to that of CMSX-4.
The differential thermal analysis (Fig. 6) an

CM247DS alloy showed the Yy solvus temperature range

to be 1018 to 1279 °C.* The solvus temperature region was

‘It is important to note that EB welds were made with
preheat of 500 °C to avoid weld cracking. This high
preheat temperature will lead to slow weld cooling rates.

identified from the slope change in the differential
thermal analysis curve. Therefore, CM247DS samples
were solutionized at 1300 °C for 5 minutes. After the
solutionizing treatment, the samples were cooled under
controlled conditions. The relative radius change of the
samples was monitored continuously using dilatometry.

15 =

w—ewne Heating § .
..... Cooling I
10 - [
N »
v 0
F) 1
: 1
5~ ot ‘t_ NP,
---------------- seens” A
e
e - .
< "
1]
=
h
10+ ¥" solvus ¥ solvus
start end
5 T T T T T T 1
400 600 800 1000 1200 1400 1600

Temperature, °C

Fig. 6 Differential thermal analysis results from
CM247DS material during heating and cooling.
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Fig. 7 Measured relative radius change with temperature
of CM247DS material for different cooling rates.

In general, the dilatometry measurements are
sensitive to volume change and the coefficient of thermal
expansion changes due to phase transformations.” The
results from CM247DS alloys and pure nickel samples
(Fig. 7) show distinct differences in relative radius
change with temperature for three different cooling
rates, which was not observed in the pure nickel. This
change may be related to the y" nucleation and growth
kinetics. However, quantitative evaluation of
dilatometry changes in terms of volume fraction of ¥ is
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beyond the scope of the present paper. The change in the
Y precipitation kinetics needs to be supported by
microstructural characterization.

Fig. 8 Transmission electron micrograph of CM247DS
material cooled at () 1 °Cs™, the inset shows the electron
diffraction pattern indicating the presence of L1, ordered
v phases in the microstructure; (b) 10 °Cs™ and (c) 75 °Cs™
after solutionizing at 1300 °C for 5 min.

controlled growth calculations using DicTra.

Transmission electron micrographs (Fig. 8) show
that the number density of y* phase is higher in the
samples cooled at 10 and 75 °Cs™ compared to 1 °Cs™. The
results suggest that nucleation of y* phase occurred at
large undercoolings and therefore large nucleation rates.
This, in turn, leads to an increased number density of ¥y~
precipitates. This result is in agreement with the
microstructure in PWA-1480 and CMSX-4 welds.
However, further work is necessary to consider the
coarsening kinetics.

Thermodynamic and Kinetic Calculations

The measured partitioning characteristics in welds
suggest that the diffusional redistribution of elements
between y and Y’ is affected by the weld cooling rate. The
above hypothesis was evaluated with diffusion
In these
calculations the nucleation conditions are not considered.
The y” was allowed to form at the boundary of y phase at
a temperature where it was stable.
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Fig. 9. Calculated concentration profiles across the y and

Y" phase regions at the end of simulation for different
cooling rates. (2) aluminum, (b) chromium.
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The calculated concentration profiles of Al and Cr
in the yand y" phase for three different cooling rates are
compared in Fig. 9 (a) & (b) respectively. At all cooling
rates examined, the y” phase exhibited concentration
gradients because the calculations did not consider
diffusion in the y" phase. This is not consistent with the
experimentally measured concentration profiles.

However, the concentration profiles within the y
phase were similar to those measured by the atom probe.
For cooling rate of 1 °Cs?, no significant concentration
gradient was calculated. Calculations for 10 °Cs™ showed
a small concentration gradient within the 7y phase.
However, with calculations for 75 °Cs?, large Cr and Al
concentration gradients were calculated in Y phase. The
calculations indicated that these concentration gradients
develop at higher temperatures and are frozen-in by
rapid cooling. The above result is quite consistent with
the observed elemental partitioning in CMSX-4 and
PWA-1480 welds.  Note that for applying the
calculations to the real PWA-1480 and CMSX-4 welds,
one needs to consider the multicomponent partitioning and
diffusion in the y* phase.

Summary and Conclusions

Microstructure development and elemental partitioning
between Y and ¥ were measured in PWA-1480 electron
beam welds and CMSX-4 pulsed-laser welds.

In PWA-1480 EB welds, eutectic y° phases were
observed along the dendritic boundaries. The elemental
partitioning between Y and y* was found to be similar to
that in PWA-1480 base metal.

In CMS5X-4 pulsed laser welds, negligible eutectic
Y was observed. In addition, fine and irregularly shaped
Y precipitates were observed. The elemental
partitioning between Y and Y was found to be different
from that measured in the base metal Large
concentration gradients were observed in the y phase.

The y* precipitation kinetics in CM247DS alloy
was measured using dilatometry and showed differences
with different cooling rates. =~ The microstructural
investigations showed that at large undercoolings the
number density of ¥* precipitates increased and led to a
finer size. This supports the microstructure development
observations in PWA-1480 and CMSX-4 welds.

Thermodynamic and kinetic calculations for the
Ni-Al-Cr alloy system showed that as the cooling rate
increases, the Yy~ growth leads to large concentration
gradients in the v phase. The calculations agree with
the atom probe results from PWA-1480 and CMSX-4
welds.
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