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Abstract

The microstructure of cast polycrystalline nickel base superalloy, GTD-111, operated for long-term
services were investigated by SEM after different re-heat-treatment conditions. It was found that the exposed
specimen after long-term service could be recovered in some extent by re-solution treatment followed by
two-step aging treatment. The obtained dispersed precipitation of gamma prime particles was more uniform
than those of the long-term exposed microstructure. The results showed that the couple of the lower
(1125°C) and/or higher (1175°C) solution annealing temperatures resulted in less total volume fraction of
coarse gamma prime precipitates and less homogeneous distribution in microstructure than the medium
(1150°C) one. Furthermore, the increase of inserted primary aging temperatures (925°C and 1055°C)
resulted in an increase of gamma prime particle size, especially of coarse gamma prime particles. The choice
of re-heat treatment conditions with solutioning at 1150°C for 2 hours followed by primary aging at 1055°C
for 1 hour and secondary aging at 845°C for 24 hours was the most effective when comparing to other re-
heat treatment conditions in this study to optimize microstructure. Concerning the hardness test results, the
hardness properties depended on the total volume fraction of gamma prime precipitated phase in case of
specimens after solutioning and/or primary aging. However, in case of specimens after secondary aging, the
hardness behavior trends to vary with the volume fraction of very fine gamma prime precipitated phase.

Keywords : Superalloy GTD-111, Microstructural Refurbishment, Re-heat-Treatment, Hardness,
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Introduction
The GTD-111 is a y’ precipitation-strengthened

The Nickel base superalloy GTD-111 was
designed in the 1970s and in service sincel1980s in
high power industrial gas turbines as the first
stages blades. The alloy substituted the previous
material, IN-738 LC in high power gas turbines
operating at higher temperatures due to its
excellent high temperature properties. The alloyed
refractory elements such as Mo, W, Ta, Cr and Co
help to protect the local hot corrosion. The alloy
is a modification of Rene 80 and In-738 LC."”

nickel base superalloy which widely used as
turbine blades in hot sections of gas turbine
engines due to its outstanding creep strength
properties at high temperature as well as excellent
hot corrosion resistance. GTD-111 contains a
substantial amount of Al and Ti together more than
6 wt%, which provides precipitation strengthening
of ordered L1, intermetallic Ni; (Al Ti) y* phase.
The size distribution and the morphology of y’
precipitate are affected by applied aging
temperature.
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However, to continue safe service it requires
a repair process providing the re-establishment of
the initial properties supporting the idea of
refurbishment of the long-term used and exposed
parts for the economic reasons. The heat-treatment
processes for nickel-base superalloys continue to
change in order to optimize for numerous
mechanical and physical properties.*” This makes
allows the selection of heat treatment parameters
increasingly challenging. The heat treatment
processes for precipitation-strengthened nickel
base superalloys are sophisticated even though
they have been developed for some decades
ago. The heat-treatment of nickel-base superalloys
can involve solution cycles, stabilizing cycles,
and aging cycles. Each thermal cycle was
developed and designed for very specific
metallurgical structure operation and control. Since
mechanical properties are related to the micro-
structures. Therefore, many previous research
works'*"® have been carried out to investigate
these relationships of microstructure-mechanical
properties.

Materials and Experimental Procedures

The cast nickel base superalloy in this
study was GTD-111, with the following
composition (wt%) 13.5%Cr, 9.5%Co, 4.75%Ti,
3.3%Al, 3.8%W, 1.53%Mo, 2.7%Ta, 0.09%C,
0.23%Fe, and 0.01%B and balance nickel. The
rectangular plates about 1 cm” were cut from the
most severe degraded zone of turbine blades. The
plates were performed under different heat
treatment conditions including solution treatment,
primary and secondary precipitate aging treatments
in vacuum furnace according to the experimental
heat-treatment details given in Table 1. The heat-
treated plates were cross-sectioned in order to
study microstructure comparing to those of parallel
grinded and polished surface of turbine blades. All
sectioned samples were polished using standard
metallographic techniques and were subsequently
etched in Marble etchant, which its chemical
composition is as follows 10 g. CuSQy4, 50 ml HCI,
and 50 ml H,O. The microstructures of heat-treated
samples were observed by a scanning electron
microscope with a secondary electron mode
and Image Analyzer. Finally, the hardness tests
were carried out in all heat-treated samples.

Table 1. Heat treatment conditions applied to long term
exposed GTD-111

No. Solution Primary Secondary
Treatment precipitate aging precipitate aging

1= 1125°C/2 hrs - 845°C/24 hrs.
. (AC) (AC)

2 1125°C/2 hrs | 925°C/1 hr. (AC) 845°C/24 hrs.
.(AC) (AC)

3 1125°C/2 hrs | 1055°C/1 hr. (AC) 845°C/24 hrs.
.(AC) (AC)

4 1150°C/2 hrs - 845°C/24 hrs.
.(AC) (AC)

5 1150°C/2 hrs | 925°C/1 hr. (AC) 845°C/24 hrs.
. (AC) (AC)

6 1150°C/2 hrs | 1055°C/1 hr. (AC) 845°C/24 hrs.
.(AC) (AC)

7 1175°C/2 hrs - 845°C/24 hrs.
. (AC) (AC)

8 1175°C/2 hrs | 925°C/1 hr. (AC) 845°C/24 hrs.
.(AC) (AC)

9 1175°C/2 hrs | 1055°C/1 hr. (AC) 845°C/24 hrs.
. (AC) (AC)

* Standard Heat-Treatment condition
Experimental Results and Discussion:

The microstructure of as-received alloy

Optical micrographs, obtained from the
transverse sections at about mid blade height
of the airfoil, are shown in Figure 1. The
microstructure of as-cast alloy generally consists of
extensive precipitation of an ordered L12 ¥y’
intermetallic phase within a dendrite core and in
the interdendritic region. Carbides / carbonitrides
predominantly of MC type, borides, sulphur-
carbides and y-y’ eutectic which form during
component solidification are found in smaller
volume fractions locating along the interdendritic
region as well."® Microsegregation during ingot
solidification causes the formation of non-
equilibrium y- y’eutectic. The chromium carbide
(M23Cs) and agglomerated gamma prime particles
can be seen. Coalescence of the primary gamma
prime particles, as a result of long-term service,
seems to occur resulting in larger and rounded
particles. It was also reported that eutectic gamma
prime islands as well as elongated gamma prime
partials were observed as well in the work""'®"
This is most probably due to the slow cooling rates.
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Figure 1. SEM micrographs of as-received micro-
structure after long-term service showing the

il

coalescence of y’ particles, areas of y-y’
eutectic and grain boundary carbides

The degree of degradation, as evaluated by
the gamma prime particle size, increases with
exposed time and service temperature. The primary
gamma prime particle size varied from 1.0 to 1.4
micron, as reported by."” In this study, however,
the coarse gamma prime particle size was about 1.2
micron. The airfoil microstructure shows
significant degradation in service. The primary
gamma prime particles have been spheroidized
and secondary gamma prime coarsened in the
airfoil samples. This type of microstructure is
theoretically expected to have low efficiency to
hinder dislocation movements during loading at
high temperatures resulting in lower creep
resistance. In order to re-new the properties of the
alloy, it is needed to recover microstructure to the
same and/or similar to the original one by simple
re-heat-treatment processes.

The microstructure of heat-treated alloy
According to the previous works.!' 22V
repeating the standard heat treatment sequence
does not work well. The structure and properties
were not fully recovered by this refurbishment
treatment applied to these GTD-111 blades. It is
reported that the microstructure was only partially
recovered by such simple re-heat treatment.
However, when re-heat treatment conditions,
according to No.l (standard heat treatment), was
applied to long-term exposed specimen in this
study, the more homogeneous microstructure
consisting of uniform distribution of gamma prime
precipitates was obtained. The size of y’ precipitate
particles is uniform and similar in size and shape
but the volume fraction of gamma prime particles
is less than that of after serviced one, Figure 2.
According to the heat treatment of program No.2.

(Figure 3), it was observed that the
morphology is very similar to that of the standard
heat-treated one, which consists of bimodal
morphology. Primary precipitate aging at 925°C
for 1 hour resulted in an early precipitation of very
fine gamma prime 7y’ particles, which its total
volume fraction is higher than that of the
microstructure according to program No.l. After
secondary precipitate aging, elements needed to
form vy’ precipitate would diffuse more into the
former gamma prime precipitates causing the
coarsening of these very fine precipitates during
secondary aging. However, most of coarse
irregular v’ particles did not further grow up during
secondary aging at 845°C. Such kind of micro-
structure could probably provide good rupture
and/or creep resistance to some degree. As it is
already well known that creep strength of alloys by
vy’ precipitation is a function of y’ particle size. It
can be concluded that a temperature of 925°C as
primary aging produced more uniform and coarser
of very fine rounded-y’ particles.

Figure 2. SEM micrographs of microstructures after
standard heat-treatment at 1125°C/2hr.(AC)
and 845°C / 24 hr. (AC); Condition No. 1

Figure 3. SEM micrographs of microstructures after
heat-treatment at 1125°C/ 2hr. (AC),950°C
/1 hr. (AC), and 845°C / 24 hr. (AC);
Condition No. 2
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In Figure 4, the microstructures after heat
treatment according to program No.3 show the
more uniform dispersion of both coarse and very
fine gamma prime precipitates. The microstructure
is similar to that of sample No. 2 in Figure 3. The
coarse gamma precipitates are in rounded or cubic
shape at the proper size. The lower total volume
fraction of ¢y’-phase after secondary aging
comparing to the heat-treated microstructure of
programs No. 1 and 2, which provided a higher
amount of both primary and secondary precipitated
particles, which were aged at 925°C. The ¢y’
particles produced in the secondary aging treatment
is good for rupture life according to the previous
works.*? Especially, under creep conditions, the
stable particles would become rafting or coarsening
slowly resulting in a longer lifetime. Double aging
treatment is not only used commonly to control the
size distribution of y’ particles but also to control
the grain boundary morphology of carbides.

Figure 4. SEM micrographs of microstructures after
heat-treatment at 1125°C / 2hr. (AC),
1055°C/1 hr. (AC), and 845°C/24 hr.
(AC); Condition No. 3

Figure 5 shows the heat - treated micro-
structure according to program No. 4 with higher
solutioning temperature at 1150°C. The effect of
this higher solutioning temperature was obviously
strong on final microstructure comparing to the
microstructure of program No. 1. The obtained
microstructure consists of lower volume fraction of
coarse gamma prime particles. The very fine y’
particles were also observed. It can be noted that
the higher temperature of solutioning leads to
more solutioning of residual coarse gamma prime

particles resulting in the smaller size and lower
density of coarse y’ particles.

Figure 5. SEM micrographs of microstructures after
heat-treatment at 1150°C/ 2hr. (AC), and
845°C/ 24 hr. (AC); Condition No. 4

Figures 6 and 7 shows the effect of
primary aging inserted between solutioning and
secondary aging, on final microstructures.
The inserted primary aging provided the additional
precipitation of very fine gamma prime particles.
The high temperature of primary aging resulted
in higher volume fraction of gamma prime
precipitated of both coarse and very fine vy’
particles as Figures 6 and 7 (right) show. The
obtained heat-treated microstructure according to
program No. 6 might be the most proper one for
both creep and tensile strengths due to its uniform
distribution of both coarse and very fine ¥’
particles with the highest volume fraction when
compared to the heat-treated microstructure of
other programs.

]
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Figure 6. SEM micrographs of microstructures after
heat-treatment at 1150°C/ 2hr. (AC), 925°C/
1 hr. (AC), and 845°C / 24hr. (AC) ;
Condition No. 5
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Figure 7. SEM micrographs of microstructures after
heat-treatment at 1150°C/ 2hr. (AC), 1055°C
/1 hr. (AC), and 845°C / 24hr. (AC);
Condition No. 6

Figures 8-10 show the effect of the highest
solutioning temperature on final microstructures.
This highest solutioning temperature provided the
microstructure with the most solutioning of
residual coarse y’ phase particles resulting in very
low volume fraction of coarse y’ precipitated
particles. The inserted primary aging did not
influence on the size, distribution and volume
fraction of coarse y’ particles but do greatly on the
very fine one.

Figure 8. SEM micrographs of microstructures after
heat-treatment at 1175°C/ 2hr. (AC) and
845°C/ 24 hr. (AC); Condition No. 7

Figure 9. SEM micrographs of microstructures after
heat-treatment at 1175°C/ 2hr. (AC), 925°C/
1 hr. (AC), and 845°C/ 24 hr. (AC),
Condition No. 8

Figure 10. SEM micrographs of microstructures after
heat-treatment at 1175°C/ 2hr. (AC), 1055°C/ 1 hr.
(AC), and 845°C/ 24 hr. (AC); Condition No. 9

Hardness Tests

The summary of the obtained results
concerning the particle size and volume fraction
for all reheat-treatment conditions are illustrated
Figures 11-14. The Figure 11 shows the effect of
gamma prime particles size on the hardness
property of specimens under each heat treatment
condition before final aging. It is clearly seen that
the size of very fine gamma prime particles has no
significant effect on hardness properties. However,
in contrast, the size reduction of coarse gamma
prime particles (resulting in an increase of volume
fraction of very fine gamma prime precipitation) is
probably related to the increase of hardness. The
minimum hardness that was obtained from the heat
treatment is as follows : solutioning at 1125°C for
2 hr. and primary aging at 1055°C for 1 hr., which
microstructure consists of many coarse gamma
prime particles and low content of very fine
gamma prime particles. The maximum hardness is
obtained from the heat treatment consisting of the
highest solutioning temperature in this study. This
heat treatment condition is as follows : solutioning
at 1175°C for 2 hr. and primary aging at 1055°C
for 1 hr. providing the very high content of very
fine gamma prime particles and low fraction of
coarse gamma prime particles. Figure 12 shows
that the hardness increases with the volume
fraction of very fine gamma prime particles and
total volume fraction of gamma prime particles of
heat-treated specimens before final aging.
However, the hardness is more related to the
volume fraction of very fine gamma prime
particles rather than to the latter. Furthermore, the
increase of volume fraction of more precipitated
very fine gamma prime particles is also reasonably
linked to the decrease of volume fraction of
precipitated coarse gamma prime particles. Figures
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13 and 14 show the approximated trends that the
hardness slightly increases as the slow increasing
of particle size and volume fraction of all
specimens after final aging.
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Figure 11. The relationship between size of gamma
prime particles and hardness in each heat
treatment condition before final aging
(From minimum to maximum hardness)
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Figure 13. The relationship between size of gamma
prime particles and hardness in each heat
treatment condition after final aging (From
minimum to maximum hardness)
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Conclusion

1. After various reheat treatment conditions,
the microstructures according to the program No.6
seems to be the optimized microstructures for
mechanical properties at elevated temperatures due
to its maximum volume fraction.
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2. The higher temperature of solutioning
provided the greater solutioning of coarse Y’
particles in smaller size. However, the increase of
inserted primary aging temperature resulted in an
increase of gamma prime particle size.

3. To re-precipitate the gamma prime, it is
necessary to solution the elements that needed to
precipitate later. Therefore, it is very important to
have enough elements (Al. Ti, Ta and Nb) in
matrix for next precipitation.

References

(1) Sajjadi, S. A., et al., 2002. Mater. Sci. Eng.
A325 : 484-489.

(2) Zrik, J., Semenak, J., Wangyao, P.,
V., Hornak, P. 2003. The Analysis of Low
Cycle Fatigue Behaviour in a Nickel Based
Superalloy. J. Met. Mater. Miner. 12(2)
: 33 -40.

(3) Zrnik, J., Jencus, P., Lukas, P., Hornak, P.,
Wangyao, P. 2004. Stress Evolution in
Nickel Based Single Crystal Superalloy
Subjected to Thermal Cycling. J. Met.
Mater. Miner. 13(2) : 25 —31.

(4) Wangyao, P., Zrik, J., Nisaratanaporn, E.,
Vrchovinsky, V., Hornak, P. 2004. The
Study of Isothermal and Anisothermal
Deformation Behaviors of Wrought
Polycrystalline Nickel Based Superalloy, J.
Met. Mater. Miner. 13(2) : 55 — 63.

(5) Zrnik, J., Strunz, P., Vrchovinsky, V.,
Muransky, O., Hornak, P., Wiedenmann,
A. 2004. Creep deformation and
microstructural examination of a prior
thermally exposed nickel base superalloy.
Key Eng. Mater.
274-276 : 925-930.

(6) Jencus, P., Zrnik, J., Lukas, P., Hornak, P.
2004. Thermal fatigue aspects in nickel
base single crystal superalloy. Acta
Metallurgica Slovaca. 10 : 487 — 493,

(7) Zrnik, J., Strunz, P., Vrchovinsky, V.,
Muransky, O., Hornak, P., Wiedenmann,
A. 2004. Evaluation of structure stability in

thermally exposed nickel base superalloy.
Acta Metallurgica Slovaca. 10 : 448 — 453,

(8) Zrnik, J., Semenak, J., Hornak, P.,
Vrchovinsky, V. 2004. Lifetime
behaviours of the wrought nickel base
superalloy subjected to low cyclic fatigue
with holds times. Kovové Materialy —
Metallic Materials, prijaté do tlace. 15 :
12.

(9) Zmik, J., Hornak, P., Pinke, P., Zitflansky, M.
1996. Creep Fatigue Characteristics of
Single Crystal Nickel Base Superalloy
CMSX 3. Metals Alloys Technologies.
(Kovine  zlitine  technologije),  3-4,
Ljubljana, Slovenia. : 179—183.

(10) Zrik, J., Wang, J. A., Yu, Y., Peijing, L.,
Hornak, P. 1997. Influence of cycling
frequency on cycling creep characteristics of
nickel base single crystal superalloy. Mater.
Sci. Eng. A234-236 : 884—888.

(11) Wangyao, P., Nisaratanaporn, E., Zrnik, J.,
Vrchovinsky, V., Hornak, P. 1997. High
Temperature properties of wrought nickel
base superalloy in creep — fatigue condi-
tions. J. Met. Mater. Miner. 7(1) : 1-12.

(12) Zmik, J., Wangyao, P., Vrchovinsky, V.,
Hornak, P., Mamuzi¢, L 1997.
Deformation behavior of Wrought Nickel
Base Superalloy in Conditions of
Thermomechanical Fatigue. Metalurgija
(Metallurgy) 36(4) : 225-228.

(13) Zrnik, J., Hunady, J., Hornak, P. 2002. Nickel
Based Single Crystal Superalloy CM 186 —
potential Material for Blades of Stationary
Gas Turbine. Metalurgija (Metallurgy).
41(3) : 232.

(14) Zrmik, J., Strunz, P., Hornak, P., Vrchovinsky,
V., Wiedenmann 2002. Microstructural
changes in long-time thermally exposed
Ni-base superalloy studied by SANS. 4ppl.
Phys. A74 : S1155-S1157

(15) Hoffelner, W., Kny, E., Stickler, R., and
McCall, W. J. Z. 1979. Werktoff'. 10 : 84



62
WANGYAO, P. et al.

(16) Ojo, O. A., Richards, N. L., and Chaturvedi
M. C.2004. Scripta MATERIALIA. 50
641-646.

(17) Sawaminathan, V. P., Cheruvu, N. S., Klien,
J. M. and Robinson, W. M. 1998. The
American  Society of  Mechanical
Engineers (ASME), June.

(18) Daleo, J. A., Ellison, H. A. and Boone, D.H.
2002. J.  Eng. Gas Turbines Power.
(July) 124 :571-579.

(19) Wangyao, P., Korah, T., Harnvirojkul, T.,
Saengkiettiyut, K., Homkrajaim V.,
2004.
J. Met. Mater. Miner. 14(1) : 49-54.

(20) Wangyao, P., et al., 2005. Acta Metallurgica
Slovaca. 11 : 25-35.

(21) Donachie, M. J, 1984. Superalloys Source
Book. ASM,

(22) Donachie, M. J. and Donachie S. J. 2002.
SUPERALLOYS: A Technical Guide.
2nd ed. ASM International.



The Relationship Between Reheat-Treatment and Hardness Behaviour
of Cast Nickel Superalloy, GYD-111

63



