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Abstract

The Ni-base superalloy GTD-111 is widely used in manufacturing of the first stage blades of high power land-based gas
turbines. In spite of its important role in increasing the performance of gas turbines, due to high temperature capability, there are
little data on the microstructure, deformation mechanisms and mechanical properties of the alloy. The aim of present paper is to
determine in details these properties. Microstructural characteristics of the alloy were assessed by means of optical, scanning and
transmission electron microscopy. The tensile behaviour of GTD-111 has been studied in the temperature range 25–900 °C. The
results showed abnormal variations in tensile properties with increasing temperature. TEM observations confirmed that these
behaviours were affected by the �� properties and a change in the mechanism of deformation of GTD-111 at high temperatures.
From creep test results, Larson–Miller and Monkman–Grant plots were produced which are used for life prediction. It was also
observed that several creep deformation mechanisms operate at various combinations of temperature and stress. © 2002
Published by Elsevier Science B.V.
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1. Introduction

The Ni-base superalloy GTD-111 was designed in the
1970s and employed in the 1980s in high power indus-
trial gas turbines as the first stage blades. Because of its
excellent high temperature properties, the alloy was
substituted for the previous material, IN738LC, in high
power gas turbines operating at higher temperatures.
The alloy contains refractory elements such as Mo, W,
Ta, Cr and Co to prevent local hot corrosion. It is
claimed that the creep strength of GTD-111 is about
20 °C higher than that of IN738LC [1]. Gaudenzi et al.
[2] studied oxidation and hot corrosion resistance of
both alloys and showed that the corrosion resistance of
GTD-111 is the same as that of IN738LC. Also, Daleo
et al. [3] reported some technical data for GTD-111.

The alloy is a modification of René 80 and IN738LC.
Because of the similarity in composition, microstructure

and application between GTD-111 and IN738LC, their
properties are compared in this paper. Generally, there
are few papers on the Ni-base GTD-111 and for a
complete description of the material properties and
evaluation of its stability in service condition, more
data on the alloy are required. The aim of this investi-
gation is to specify and determine some of the proper-
ties of GTD-111. For this reason, some creep-life
prediction techniques for these alloys such as Larson–
Miller parameter, the Monkman–Grant relationship
and its modification are examined. Also, because of
extreme conditions during the operation of gas turbine
blades, high temperature tensile and creep behaviour
are of great interest to investigators and manufacturers
and the present study considers them.

2. Experimental procedure

The chemical composition of the Ni-base superalloy
GTD-111 was determined by X-ray fluorescence, opti-
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cal emission spectroscopy and atomic absorption. All
specimens used in the present study were machined out
of an investment cast blade made from GTD-111 super-
alloy subjected to the standard heat treatment. It
should be mentioned that the standard heat treatment
of this alloy is performed by the manufacturer and
there is no any published data on specifications of the
heat treatment cycle. More than 30 constant stress
creep tests were carried out according to ASTM E139
[4] at temperatures ranging from 760 to 981 °C and
stress range of 152–586 MPa. Room and high tempera-
ture tensile tests at a constant strain rate of 10−4 s−1

were performed on 42 specimens according to ASTM
E8 and E21 [5,6]. The temperature was measured with
two thermocouples placed on the specimen gage length.
The temperature variation of the furnaces during creep
and tensile tests was about �1 °C. Metallographic
examination was made on as heat-treated and fractured
specimens by means of optical, scanning and transmis-
sion electron microscopes. Total �� weight percent was
obtained using the electrolytic extraction technique [7]
and the primary �� volume percent, which is with a
good approximation equal to the weight percent, was
measured using TEM and SEM micrographs and sur-
face fraction method by image analyzer.

To prepare TEM samples, disks were cut from the
gauge length of the specimens deformed at different
conditions normal to the loading axis. They were
thinned using ion milling machine and electrochemical
polishing with a double jet polisher using an electrolyte
of 7% perchloric acid and 93% acetic acid at −2 °C.
Microstructures were examined in Leitz optical micro-
scope at 1600× , Philips scanning electron microscope
at 35 KV and Philips scanning-transmission electron
microscope (STEM) at 200 KV.

3. Results and discussion

3.1. Chemical composition

The alloy consists of carbide-forming, ��-forming and
refractory elements. The roles of the alloying elements
in Ni-base superalloys have been discussed in several
papers [8–12]. The chemical composition of the super-
alloy GTD-111, in weight percent, is given in Table 1.
For the purpose of comparison the chemical composi-

tion of IN738LC is also included. GTD-111 benefits
from a good combination of refractory elements and is,
therefore, superior in high-temperature properties in
comparison with other Ni-base superalloys.

3.2. Microstructure

GTD-111 has a multi-phase microstructure consist-
ing of � matrix, bimodal �� precipitates, �–�� eutectics,
carbides and a small amount of deleterious phases such
as: �, �, � and Laves. The �� phase is a superlattice
possessing the L12-type structure with a nominal com-
position of Ni3(Al,Ti). The primary �� cuboids with
average edge length of 0.8 �m are produced during
solidification under 1200 °C. The secondary ��
spheroids of average 0.1 �m diameter are produced
during aging after partial solution treatment. The total
�� volume fraction was determined to be more than
60%, using a chemical extraction method. Therefore,
the total volume fraction of �� in GTD-111 is about
15–20% higher than IN738LC. It is worth noting that
the total �� fraction in IN738LC is about 45%.

Carbides are distributed at grain boundaries and
uniformly within the grains. Chemical analysis of car-
bides identifies the carbides formed within grains as
mainly MC type carbides, in which M is substituted for
Ti, W and Ta. The carbides observed at grain
boundaries are M23C6 type carbides, in which M is
substituted for Cr and Mo. Inside some of the carbides
dark spots can be seen. Chemical analysis showed that
they are oxides, nitrides or carbonitride particles, which
act as nucleation sites for carbides. The serrated grain
boundaries prevent grain boundary sliding and enhance
creep strength.

The �–�� eutectics are distributed at dendrite
boundaries, often near micropores, showing that they
are formed during the last stages of solidification. The
eutectic size varied from 30 to 135 �m and the volume
percent was determined to be from 0.15 to 6%, depend-
ing on the specimen position in the blade.

The blade used for producing GTD-111 specimen
was hipped, however, because of its large size and
weight, which was about 13kg. Some micropores with
various sizes were observed. These solidification defects,
which are common in cast parts, affect mainly ductility
scatter.

Table 1
Chemical compositions of GTD-111 and IN738LC superalloys (in wt.%)

BNi Cr Co Ti W Al Ta Mo Fe C

3.8 3.3 2.7 1.53 0.23 0.094.75 0.01GTD-111 Bal. 13.5 9.5
2.6 0.01IN738LC 0.110.101.701.73.4Bal. 16.0 8.3 3.38
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Fig. 1. Tensile properties of GTD-111 superalloy at different temper-
atures.

mens spend a large portion of their lives in the tertiary
stage. Using the data obtained from stress-rupture tests
constructed at different conditions, several diagrams
can be obtained. They are used for creep life prediction
of the material operating at high temperatures in which
creep is the dominant mode of deformation. The Lar-
son–Miller plot is one method which is accepted as a
reliable technique for life prediction so long as the alloy
microstructure is stable during prolonged exposure at
high temperature [15–18]. Fig. 2 shows the Larson–
Miller plot of GTD-111 as compared with that of
IN738LC reported by Castillo et al. [15]. In construc-
tion of such plot the Larson–Miller parameter P was
described as:

P=T×10−3 (C+ log tr)

where T is temperature in Kelvin or Rankine and C is
a constant assumed to be 20. The figure clearly indi-
cates that the stress rupture strength of GTD-111 ex-
ceeds that of IN738LC.

The study of GTD-111 microstructure in creep-de-
formed specimens under high temperature and stress
for various times using TEM and SEM showed that the
microstructure is stable. Also, to confirm the mi-
crostructural stability of the superalloy, a plot showing
relationship between time to the onset of tertiary creep,
tt, and time to rupture, tr, was constructed from the
creep results. It has been reported that for materials
which are structurally stable during creep, the ratio
(tr/tt) is about 1.5 and for materials which show struc-
tural instability, such as over aging and �� particle
coarsening, during creep the value is higher [19–22].
The ratio for GTD-111 is determined to be 1.76
whereas in the case of IN738LC a ratio of 2.2 has been
observed [23]. Comparison of these results confirms
that GTD-111 structure is more stable than that of
IN738LC.

Thus the Larson–Miller technique should be suit-
able, with good approximation, for predicting the creep
life of GTD-111 by extrapolating the data obtained
from high stress–high temperature stress-rupture tests.

Monkman and Grant [24] proposed a relationship
between steady state creep rate (�� s) and rupture life (tr)
to analyse data obtained from high temperature–high
stress uniaxial stress-rupture tests as follows:

tr�� sm=C

where m and C are material constants. If for a given
material the constants are determined, the rupture time
can be predicted just by measuring the steady state
creep rate. This relationship is graphically represented
in Fig. 3 for GTD-111. For the purpose of comparison,
on this figure the data for IN738LC from another
source [16] are superimposed. In this prediction tech-
nique the fracture mode, creep deformation mechanism
and the failure strain are not considered. Koul et al.

Fig. 2. Larson–Miller parameter diagram for GTD-111 and IN38LC
superalloys.

3.3. Mechanical properties

The tensile properties of the alloy in standard heat
treatment condition are shown in Fig. 1. Compared
with the data reported by Bettge et al. [13] for superal-
loy IN738LC both alloys show variations in properties
with temperature. The variation depends on different
deformation mechanisms operating at each temperature
[13,14]. The results indicate that the yield strength of
GTD-111 exceeds that of IN738LC over the tempera-
ture range from 25 to 900 °C. On the contrary, the
tensile ductility of GTD-111 is lower than that of
IN738LC mainly for two reasons: (1) the volume per-
cent of the refractory elements in GTD-111 is higher;
(2) �� precipitate volume fraction in GTD-111 is about
20% higher.

The creep curves of GTD-111, similar to that of most
Ni-base superalloys, show three distinctive regions at
temperatures ranging from 760 to 981 °C. The speci-
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Fig. 3. Steady-state creep rate as a function of rupture time of
GTD-111 and IN738LC.

[16] in an investigation on creep life predictions in
IN738LC (new and serviced materials) claimed that the
Monkman–Grant relationship is unable to distinguish
degenerative effects caused during service because, in
the case of complex alloys, stress rupture data exhibit a
wide scatter band. For this reason they proposed a
modification for the equation which isolates the tertiary
stage creep life and creep strain from creep data. The
modified Monkman–Grant equation is written as:

tt=k�� sm

in which tt is time to the tertiary creep and m and k are
material constants. Fig. 4 shows tt, the sum of primary
and secondary creep lives (tp+ ts), as a function of the
steady state creep rate, �� s, in log–log scale for GTD-
111. Also, for comparison with IN738LC the data
reported by Castillo et al. [15] are superimposed on the
plot.

3.4. Deformation mechanisms

The superalloy GTD-111 is strengthened by two
main strengthening mechanisms: solid solution harden-
ing and precipitation hardening. Elements such as: W,
Mo, Ta, Ti and Cr are the most potent solid solution
strengtheners. Ni, Ti and Al, are �� formers and to-
gether with significant amounts of Mo and W
strengthen the alloy through a precipitation hardening
mechanism. Some factors such as: coherency strains at
�–�� interface, elastic moduli difference between �� and
� matrix, lattice mismatch, long range ordering of ��
and anti-phase boundary (APB), produced during the
movement of dislocations through �� particles,
strengthen the Ni base superalloys via the precipitation
hardening mechanism [12,25,26].

In the standard heat treatment condition the mi-
crostructure exhibits a low dislocation density at �–��
interfaces. After creep deformation at 982 °C/152 MPa
the �–�� interface contains dense concentrations of
dislocations with few, if any, dislocations inside the
particles. The �� particles are also tending to become
rounded. However, there is no evidence for cutting or
deformation of the �� particles. The dislocation configu-
rations in the grains, which are the representatives of
dislocation climb processes, are illustrated in Fig. 5 for
GTD-111 specimens creep-tested at medium stresses. It
is clearly shown that dislocations migrate mainly within
the � matrix in creep processes and many dislocation
networks, after climbing over �� particles, exist at �–��
interfaces. There is no evidence that dislocations cut
through �� particles. This figure also shows a homoge-
neous distribution of low-density dislocations within
the matrix phase, network formation at the �–�� inter-
faces with little or no dislocations in the �� particles.

Therefore, at medium stresses the dislocations are
unable to cut through or bow between the particles.

Fig. 4. Time to tertiary creep versus minimum creep rate in GTD-111
and IN738LC.

Fig. 5. TEM microstructure of GTD-111, creep-deformed in steady
state region in 982 °C/152 MPa, showing dislocation climb mecha-
nism.
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Fig. 6. TEM microstructure of GTD-111, creep-deformed in steady
state region in 760 °C/586 MPa, showing stacking fault formation.

indicated that the deformation mechanisms operating
at each region are the main factors for the behaviour.
The microstructural observations of creep-deformed
specimens identified different mechanisms of interaction
between dislocations and �� precipitates in GTD-111.
The occurrence of a given mechanism depends on the
test conditions of temperature and stress. A shear
mechanism involving stacking fault and anti-phase
boundary coupled dislocation pair formation in the ��
precipitates occurs at high stresses. Dislocation climb
over �� precipitates and diffusional creep through grain
boundaries are the other mechanisms operating at
lower stresses.

The mechanical properties study demonstrated the
superiority of GTD-111 over IN738LC. In addition, it
was indicated that GTD-111 is microstructurally more
stable. These properties make GTD-111 more reliable
for use at high temperatures.
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