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First-stage turbine blades made of different grades of Ni-base superalloys and environmen-
tally protected by the same Cr-modified aluminide coating are examined after exposure to
the same service conditions in an electric power plant. Emphasis is placed upon micro-
structural changes, which can degrade the blade performance. Various electron-optical
techniques are used to characterize the microstructures of unused and used blades. Three
types of microstructural changes, which can lead to intergranular creep failure, are identi-
fied. These changes include: (i) coarsening, agglomeration, and rafting of the strengthening
c0-phase, (ii) formation of c0-denuded zones alongside grain boundaries, and (iii) precipita-
tion of intermetallic compounds. However, fatigue failure is also observed particularly in
cases where higher than normal temperature is encountered. Although the same micro-
structural changes are found to occur in the blades included in the study, the respective
kinetics appear to be influenced by at least two parameters: (i) exact superalloy composi-
tion and (ii) actual operating temperature. It is concluded that the life expectancy of blades
used in such applications can be realized by appropriate selection of superalloy composi-
tion and adherence to design specifications.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

To meet the increasing demand for electric power and simultaneously conserve energy and maintain cleaner environ-
ment, designers are always motivated to operate industrial gas turbine engines at higher temperatures to achieve higher
efficiency and more power output [1]. However, this goal is limited by the heat resistance of material systems used in
the turbine section where the temperature reaches its maximum value during engine operation. Therefore, gas turbine
design presents an example of a material-driven technology.

Due to the combination of high stresses and temperature encountered in the turbine section, mechanical strength includ-
ing tensile, creep, and fatigue is the primary requirement, which is mostly satisfied by the superalloys [2–4]. However,
because of the inadequate environmental resistance of bare superalloys, the surface integrity of the blades is maintained
by protective coatings such as Cr-modified aluminides, Pt-aluminides, and overlays of the MCrAlY-type (M stands for Ni
or Ni + Co) [5–7].
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Qualitatively, the microstructural features of Ni-base superalloys prior to service are rather similar [4]. Each alloy consists
of a fine dispersion of the strengthening c0-phase based upon the Ni3Al composition (ordered cubic L12 superlattice) in a
matrix of c-phase (Ni-rich solid-solution) with face-centered cubic structure (fcc) containing relatively large carbide parti-
cles of the MC-type (M stands for metal such as W, Mo, Ti, Ta or a combination of these depending upon the exact chemical
composition of the superalloy). Most of the c0-phase, which assumes a cubical morphology is made to precipitate by a stan-
dard aging heat treatment defined for each alloy. However, additional c0 with finer size and nearly spherical morphology is
precipitated during cooling from the aging temperature and therefore, it is commonly referred to as cooling c0 [4]. A distinc-
tive feature of the cubical particles of c0-phase is that they maintain high coherency with the matrix c-phase. Therefore, the
associated coherency strain provides an important source of strengthening. Additional strengthening is also provided by the
cooling c0-phase particularly at lower temperatures [8].

According to design specifications, the life expectancy of turbine blades used in industrial applications ranges from 35,000
to 100,000 h depending upon the engine type, operating conditions, and material systems selected for the application [7].
Although every effort is made to eliminate or minimize the incidents of unscheduled shutdowns and reduce maintenance
costs, various types of damage leading to premature failure can still occur due to the combined effects of high temperatures,
mechanical stresses and environmental conditions, e.g., [8–15]. In the meantime, because of the initial high material and
processing costs, refurbishing of used blades is a common practice to re-qualify damaged blades for service. Various repair
techniques have been devised particularly those based upon advanced welding technology [16–18].

Since the superalloys are complex multi-component alloy systems, their initial microstructures prior to service exist in
state of metastable equilibrium. Subsequent exposure at elevated temperatures during service can lead to significant
changes in microstructure, which can have detrimental effects on properties. Therefore, there has been an increasing interest
in developing heat treatment schedules capable of restoring most of the initial microstructural features and properties
[19,20]. It is then important to develop an in-depth understanding of the types of microstructural changes and associated
degradation modes under actual service conditions [20]. Toward that objective, the present study has been undertaken to
emphasize the important role of detailed microstructural characterization in identifying the various degradation modes of
turbine blades exposed to service conditions.

2. Materials and experimental methods

First-stage turbine blades made of Udimet� alloys 520, 720, and 710 are included in the study (�Udimet is a registered
trademarks of Special Metals Corporation group of companies). Table 1 shows their nominal chemical compositions as well
as the compositions of the respective alloy heats included in the study as measured by inductively coupled plasma atomic-
energy spectroscopy. All blades were coated with the same Cr-modified aluminide. The damaged blades were removed from
different engines of the same model operating under the same conditions as per the design specifications listed in Table 2.
For comparative purposes, samples of unused blades were also included in the study.

To reveal the grain structure of the superalloys, specimens were etched in a solution consisting of 80% hydrochloric acid
by volume and 20% by volume of 15 mol% chromic acid. Various techniques used to characterize the microstructure included
scanning electron microscopy (SEM) combined with energy dispersive X-ray spectroscopy, X-ray diffraction and analytical
electron microscopy operating in the transmission and scanning transmission modes (TEM/STEM) combined with energy
dispersive spectroscopy. Specimens for SEM were examined at 20 keV in the as-polished and etched conditions. Whenever
applicable, oxidized fracture surfaces were descaled in HCl prior to SEM examination. X-ray diffraction experiments were
carried out on polished specimens using Cu Ka radiation. Thin-foils for TEM/STEM were prepared by the jet polishing
technique in a solution consisting of 30% nitric acid and 70% methanol by volume. All foils were examined at 200 keV.
Table 1
Chemical compositions in wt.%; nominal (measured).

Element Udimet 520 Udimet 720** Udimet 710

Ni Balance (56.86) Balance (58.07) Balance (57.54)
Co 11–14 (13.70) 14.5–15.5 (14.97) 13–17 (15.12)
Cr 18–20 (19.32) 15.5–16.5 (15.10) 16–20 (18.87)
Al 1.8–2.3 (2.08) 2.25–2.75 (2.66) 2–3 (2.74)
Ti 2.9–3.25 (3.12) 4.75–5.25 (4.86) 4–6 (4.79)
Mo 2–4 (3.74) 2.75–3.25 (3.07) 2–4 (3.38)
W 0.8–1.2 (1.18) 1–1.5 (1.23) 1–2 (1.56)
Si – – –
Mn – – –
Fe – – –
Zr – 0.025–0.05 (0.04) –
B 0.004–0.01 (ND) 0.01–0.02 (ND) 0.02* (ND)
C 0.02–0.06 (ND) 0.01–0.02 (ND) 0.07* (ND)

ND: not determined.
* Maximum.

** Low-Cr version.



Table 2
Blades history (all blades are coated with the same Cr-aluminide).

Blade alloy Nominal temperature (�C) Fuel Life (h) Condition

Udimet 520 800 Distillate oil 8100 Open crack
Udimet 720 800 Distillate oil 74,461 Fracture
Udimet 710 800 Distillate oil 1445 Fracture
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3. Results and discussions

3.1. Microstructures of unused blades

Fig. 1 summarizes characteristic microstructural features of unused blade made of alloy 520. The gross grain structure is
shown in the backscattered electron image of Fig. 1a. Primary MC carbide particles within the matrix phase and at grain
boundaries are indicated by the arrows. A secondary electron SEM image illustrating the morphology of the c0-phase is
shown in Fig. 1b. The cubical c0 particles precipitated by the aging heat treatment are observed to have a size ranging from
about 0.5 to 1 lm. As can be seen from Fig. 1c, the finer cooling c0 particles have a spherical morphology. Fig. 1d is a repre-
sentative energy dispersive X-ray spectrum illustrating the elemental composition of the MC carbide observed in Fig. 1a. As
can be seen, the composition of appears to be consistent with a carbide of the type (Ti0.8Mo0.2)C [4].

Typical microstructural features of unused blade made of alloy 720 are shown in Fig. 2. The cubical c0-phase is shown in
the bright-field STEM image of Fig. 2a with a size mostly less than 1 lm. A h001ifcc microdiffraction pattern derived from the
particle marked (x) is shown in the inset. Characteristic reflections of the L12 superlattice are observed at {100}, {110} and
all equivalent positions. Similar to the case of alloy 520, the primary MC carbide shown in Fig. 2b and c appears to be of the
type (Ti0.8Mo0.2)C, however, it contains a small concentration of Zr as observed from the spectrum of Fig. 2d. As shown in
Table 1, alloy 720 contains some Zr in contrast with alloy 520, which is Zr-free. Consistent with the composition of alloy
710 (Table 1), the primary MC carbide is found to be similar to that in alloy 520. A secondary electron SEM image illustrating
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Fig. 1. Characteristic microstructure of unused blade made of alloy 520. (a) Backscattered electron image of the gross microstructural features; MC carbide
particles are indicated by the arrows. (b) Secondary electron SEM image showing the microstructure of the cubical c0-phase. (c) A magnified image showing
the cooling c0 as indicated by the arrows. (d) Energy dispersive spectrum illustrating the elemental composition of the MC carbide observed in (a).



Fig. 2. Characteristic microstructure of unused blade made of alloy 720. (a) Bright-field STEM image of the cubical c0-phase; the arrows point at the cooling
c0 and the inset is a microdiffraction pattern derived from the particle marked (x) in h001ifcc orientation. (b) And (c) are secondary electron SEM images
showing MC carbide particles in the matrix and at a grain boundary respectively. (d) Energy dispersive spectrum illustrating the elemental composition of
the carbide observed in (b) and (c).
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the morphology of c0-phase in the blade made of alloy 710 is shown in Fig. 3. It is observed that the c0 structure is rather
coarser than that in the blades made of alloys 520 and 710. Also, the respective morphology is not quite cubical, which
can be related to the relatively large particle size.

It is evident from the above results that among the three types of blades included in the study, the c0-phase in the blade
made of alloy 720 is observed to have the finest structure followed by the blades made of alloys 520 and 710 in order of
Fig. 3. Secondary electron SEM image illustrating the microstructure of the cubical and cooling c0 in unused blade made of alloy 710.
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coarser structures as demonstrated in Figs. 1–3. Also, alloy 720 is distinguished by its relatively lower Cr content and the
presence of small concentration of Zr. These differences are found to be reflected on service performance as demonstrated
later.

As an example, Fig. 4 summarizes typical microstructural features of the Cr-modified aluminide coating on the unused
blade made of alloy 520. It is observed from the backscattered SEM image of Fig. 4a that the coating consists of two distinct
zones followed by an interdiffusion zone (IDZ). The predominant constituent of zone I is a-Cr (body-centered cubic (bcc);
a = 0.2885 nm) containing islands of b-phase based upon the NiAl composition (cubic B2-type superlattice;
a = 0.2887 nm) as can be concluded from the X-ray diffraction of Fig. 4b and energy dispersive spectra of Fig. 4c and d. Since
the lattice constants of a-Cr and b-NiAl are quite similar and because the disordered structure of b-NiAl is bcc, the charac-
teristic reflections of the bcc structure of a-Cr coincide with the fundamental reflections of the ordered b-NiAl (Fig. 4b).

3.2. Macroscopic features of damaged blades

Due to the continuing demand for higher power, it is always required to use higher firing temperature. This results in
higher blade surface temperature as well as higher temperature gradients. Therefore, the blades become more susceptible
to degradation by creep, and fatigue, and oxidation [20]. However, higher than normal temperatures can also result from
blockage of blade cooling passages by dust particles due to defective filters.

Photographs illustrating the extent of damage sustained by each blade are shown in Fig. 5. Except for a relatively thicker
oxide layer on the fracture surface of the blade made of alloy 710, there has been no macroscopic evidence for corrosion
attack suggesting that the damage sustained by the three blades is mostly of mechanical nature.

As illustrated in Fig. 5a and Table 2, the blade made of alloy 520 has developed an open crack at the leading edge after
about 8100 h of operation. However, there has been no evidence for macroscopic deformation. It is observed from Fig. 5a that
the crack has propagated along two distinct directions. At the edge of the blade, the crack has propagated along a direction
oriented at about 45� to the direction of maximum tensile stress, which is typical of mode III fracture (shear or slant fracture)
leading to the formation of a shear lip. Propagation is then observed to change into a direction normal to the direction of
maximum tensile stress typifying mode I fracture (flat fracture). It is well known that slant fracture occurs in thin plates
under plane stress condition and flat fracture occurs in thick plates under plane strain condition. Therefore, crack
Fig. 4. An example derived from unused blade made of alloy 520 to illustrate the characteristic microstructural features of Cr-modified aluminide coating.
(a) Backscattered SEM image along a cross-section of the coating and into the substrate. (b) X-ray diffraction pattern derived from the coating surface. (c)
Energy dispersive spectrum illustrating the elemental composition of a-Cr in the outer coating layer (regions marked 1 in (a)). (d) Energy dispersive
spectrum illustrating the elemental composition of b-phase (regions marked 2 in (a)).



Fig. 5. Photographs illustrating the general appearance of used blades. (a) Blade of alloy 520 containing an open crack. (b) Fractured blade of alloy 720. (c)
Fractured blade of alloy 710.
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propagation by mixed mode I/III corresponds to a plate of intermediate thickness and can be produced by a combination of
tension and torsion [21,22]. Such a change in crack propagation mode can result from variation in the stress distribution at
the crack tip as well as the microscopic processes responsible for the fracture [23,24].

Fig. 5b shows the blade made of alloy 720, which has completely fractured by mixed mode I/III after 74,461 h of opera-
tion. Also in this case, there has been no evidence for noticeable macroscopic deformation. Another case of complete fracture
is shown in Fig. 5c for the blade made of alloy 710. In this case, complete fracture has occurred after about 1844 h of oper-
ation. However, as observed in Fig. 5c, the blade has undergone extensive macroscopic deformation, which is indicative of
higher than normal temperature.

A clue to the microscopic processes leading to the fractures observed in Fig. 5 is provided by microstructural character-
ization of the exposed fracture surfaces as described below. It is important to note here that any final fracture results from an
overloading condition, however, crack propagation can occur by various mechanisms. Eventually, the load-bearing cross-
section of the component is reduced to the extent corresponding to an overloading condition leading to final separation
similar to the case of a conventional tensile test. Therefore, in order to reconstruct the microscopic sequence of events
leading to fracture, it is important to have the entire fracture surface available for characterization.
3.3. Fracture behavior

Fig. 6 shows secondary electron SEM images illustrating the characteristic morphologies of the surfaces exposed by the
crack of Fig. 5a (alloy 520). Fracture by microvoid coalescence is observed in the shear lip near the edge of the blade as illus-
trated in Fig. 6a. Although Fig. 6b shows that fracture in the flat region has occurred by intergranular separation, microvoid
coalescence is observed at separated grain facets as illustrated in the inset similar to that observed in systems containing
alloy-depleted zones alongside grain boundaries [25]. However, as further discussed later, intergranular separation can be
aided by precipitation of secondary phases and microvoids at grain boundaries can also result from creep deformation. In
addition to the macroscopic crack observed in the blade of Fig. 5a, secondary cracks are observed along cross-sections of
the coating and into the superalloy substrate as illustrated in the example of Fig. 6c. It is observed that the crack has
propagated in a straight path through the Cr-modified aluminide coating and to some extent through the superalloy



Fig. 6. Secondary SEM images illustrating the morphology of surfaces exposed by the open crack in Fig. 5a and secondary cracks. (a) Fracture by microvoid
coalescence in the slant section (mode III). (b) Intergranular fracture in the flat section with microvoid coalescence in separated grain facets (mode I). (c)
Secondary crack along the coating and into the superalloy substrate.
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substrate and then assumed a zig-zag path indicative of propagation along grain boundaries. Crack propagation in straight
path of coated superalloys is known to result from thermal fatigue [26]. It is noted here that the resistance to fatigue failure is
known to be reduced by creep damage [27]. Cracks such as those shown in Fig. 6c can lead to spallation of the protective
coating and provide an easy path for grain boundary oxidation as shown later. Also, it is noted from Fig. 6c that in compar-
ison with the as-deposited condition (Fig. 4a) zones I and II of the coating have become indistinguishable, which can result
from significant interdiffusion.

Qualitatively, the fracture behavior of the blade shown in Fig. 5b (alloy 720) is found to be similar to that of the blade
shown in Fig. 5a except that there has been no evidence for visible fatigue cracks. As illustrated in the secondary electron
SEM image of Fig. 7a, fracture in the shear lips has occurred by microvoid coalescence. Fig. 7b shows that fracture in the
central flat region has occurred by an intergranular mechanism. Furthermore, intergranular cracks are observed along
cross-sections of the blade as shown in the example of Fig. 7c. However, the respective blade lives (Table 2) indicate that
crack propagation has occurred at a much slower rate in comparison with the blade made of alloy 520. Although this differ-
ence in behavior may be related to higher than normal temperature in the case of alloy 520, the characteristic composition of
alloy 720 may have been a contributing factor as explained later.

The surface exposed by fracture of the blade shown in Fig. 5c (alloy 710) is found to be rather heavily oxidized as shown in
Fig. 8a. However, some important features of the fracture surface could be revealed after descaling. Striations characteristic
of fatigue failure are observed near the blade edge as shown in the example of Fig. 8b. However, as shown in the image of
Fig. 8c, there is an indication of intergranular separation. This is confirmed by the observation of secondary intergranular
cracks along cross-sections of the blade as shown in the example of Fig. 8d. As noted earlier, higher than normal temperature
results in high temperature gradient enhancing thermal fatigue.

Since the useful life of the blade shown in Fig. 5b (alloy 720) lies within the life expectancy range, its failure is not con-
sidered to be premature. This can serve as a useful guide in planning a strategy to minimize the incidents of premature fail-
ure. As demonstrated below, the fracture behavior observed in Figs. 6–8 is correlated with changes in the initial
microstructural features during exposure to service conditions.
3.4. Changes in morphology of the c0-phase

Although in many cases, there can be no macroscopic evidence for overheating and/or deformation of turbine blades,
microstructural characterization can provide very useful information by noting the changes in morphology of c0-phase (size,
shape and distribution). Microstructural characterization of the blades shown in Fig. 5 has revealed two major types of
changes in the morphology of c0-phase, which can degrade blade performance during service, namely: (i) coarsening,
agglomeration and formation of rafts in the matrix c-phase, and (ii) formation of c0-denuded zones alongside grain
boundaries due to precipitation of the Cr-rich M23C6 carbide. Examples of each type are given below.



Fig. 7. Secondary SEM images illustrating the morphology of surface exposed by fracture of the blade in Fig. 5b and secondary cracks. (a) Microvoid
coalescence in the slant section (mode I). (b) Intergranular fracture in the flat region (mode I). (c) Secondary intergranular crack along a cross-section of the
superalloy substrate.

Fig. 8. Secondary SEM images illustrating the morphology of the surface exposed by fracture of the blade in Fig. 5c and secondary cracks. (a) Surface
morphology prior to descaling. (b) Striations characteristic of fatigue fracture. (c) Intergranular fracture. (d) Secondary intergranular crack along a cross-
section of the superalloy substrate.
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3.4.1. Coarsening, agglomeration, and rafting of c0-phase
According to the well known Ostwald ripening process, the c0-microstructure in unused blade such as that shown in

Fig. 1b is thermodynamically metastable. During exposure at elevated temperatures, larger particles tend to spontaneously
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grow at the expense of smaller particles in order to reduce the surface energy of the system [28–30]. Fig. 9a shows a second-
ary electron SEM image illustrating the morphology of c0-phase near the crack in the blade of Fig. 5a. It is observed that the
microstructure becomes coarser in comparison with that of unused blade (Fig. 1b) leading to regions relatively free of
c0-phase and loss of the initial cubical morphology. As a result, coherency with the c-phase is lost, which degrades the
mechanical strength. Therefore, it becomes easier for dislocations to penetrate the c0 particles as shown in the bright-field
TEM image of Fig. 9b.

For the blades shown in Fig. 5b and c, the c0-phase is observed to exhibit rafting morphology, which results from agglom-
eration and subsequent directional elongation of c0 particles under the influence of the stresses generated by the high gas
pressure [4]. Examples are given in Fig. 10. Rafting is known to occur at high temperatures in excess of about 0.8 Tm (Tm
is the melting point in degrees K) or with prolonged exposure at lower temperatures [4]. Therefore, it is most likely that raf-
ting in the blade of Fig. 5b has resulted from prolonged exposure at the operating temperature. In contrast, it is more likely
that higher than normal temperature is the cause of rafting in the blade of Fig. 5c. This indicates that the temperature has
exceeded 1000 �C which appears to be consistent with the macroscopic deformation observed in Fig. 5c and the oxidized
fracture surface of Fig. 8a.

The above observations indicate that the blade made of alloy 520 has been subjected to moderately higher than normal
temperature. However, it is evident that excessively higher than normal temperature is encountered in the case of the blade
made of alloy 710. In contrast, the observed life of the blade made of alloy 720 demonstrates that the design specifications
have been strictly followed during service. However, as noted earlier, it is also possible that the characteristic composition of
alloy 720 has been a contributing factor. It is shown later, that this may be related to its relatively lower Cr content and the
presence of a small concentration of Zr as shown in Table 1.

3.4.2. Precipitation of M23C6 carbide and formation of c0-denuded zones alongside grain boundaries
Zones free of c0-phase near the grain boundaries are observed in the three blades shown in Fig. 5. Although a number of

models have been advanced to explain the mechanism responsible for formation of c0-denuded zones, the zones observed in
the present study are found to be consist with the model based upon localized Cr depletion due to grain boundary
precipitation of the Cr-rich M23C6 carbide, which increases the solubility of Al and Ni in the c-phase [4,31–34]. It is well
Fig. 9. Microstructure of c0 phase in the used blade of alloy 520. (a) Secondary electron SEM image of coarsened c0 particles in the matrix c-phase. (b)
Bright-field TEM image of a sheared c0 particle.

Fig. 10. Secondary electron SEM images illustrating rafting of c0-phase in used blades of alloys 720 (a) and 710 (b).



Fig. 11. Discontinuous grain boundary precipitation of Cr-rich M23C6 carbide in used blade of alloy 520. (a) Secondary electron SEM image illustrating
lamellar carbide structure at a grain boundary. (b) Bright-field TEM image illustrating the lamellar carbide structure; the inset is a characteristic
microdiffraction pattern of the carbide in h�332ifcc orientation. (c) Energy dispersive spectrum derived from region 1 in (a). (d) Energy dispersive spectrum
derived from region 2 in (a).
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known that primary MC carbide such as that shown in Fig. 1a is thermodynamically metastable and tends to decompose into
the more stable M23C6 carbide during exposure at elevated temperature [4].

At relatively low temperatures where precipitation of M23C6 carbide is more controlled by short-circuit diffusion along
grain boundaries, the reaction occurs by a discontinuous mechanism resulting in characteristic lamellar or cellular morphol-
ogy [35] such as that shown in the secondary electron SEM image of Fig. 11a, which is derived from a region away from the
crack in the blade of Fig. 5a. As can be seen, the lamellar structure is distinguished from the matrix phase by being free of c0

particles. Fig. 11b shows a bright-field STEM image of the lamellar grain boundary structure and corresponding microdiffrac-
tion pattern of the cubic carbide phase with fcc structure in h�332ifcc orientation. It is typical of M23C6 carbide to have a
lattice constant about three-times that of the c-phase and therefore, it produces characteristic reflections at every one-third
position of the c-phase reflections [36] as observed in Fig. 11b. The energy dispersive spectra of Fig. 11c and d illustrate the
elemental compositions of the regions marked 1 and 2 in Fig. 11a respectively. As can be seen, the elemental composition of
region 1 is consistent with that of c-phase, and the composition of region 2 is consistent with that of the carbide phase. Also,
it is observed that the lamellar grain boundary structure is free of c0 particles and that the lamellar regions of c-phase are
depleted in Cr. It is well known that a lamellar structure such as that shown in Fig. 11a is detrimental to creep-rupture life
and ductility [31–35,37]. Furthermore, the Cr-depleted regions become susceptible to high oxidation rate.

For the blades shown in Fig. 5b and c, the M23C6 carbide is observed to have the morphology of a continuous grain bound-
ary layer as shown in the backscattered SEM images of Fig. 12a and b and corresponding energy dispersive spectra. This
observation indicates that the reaction has been more controlled by volume diffusion and therefore, it has occurred at a rel-
atively higher temperature in comparison with the case shown in Fig. 11. Voids within the carbide precipitate at the grain
boundaries can also be observed from Fig. 12a and b. Fig. 12c is an example derived from the blade of Fig. 5c to illustrate the
c0-denuded zone as viewed on the finer scale of TEM. The M23C6 carbide at the grain boundary and c0-phase in the matrix are
indicated by their characteristic microdiffraction patterns in h112ifcc and h001ifcc orientations respectively. Similar to the
case of lamellar structure described above (Fig. 11), c0-denuded zones such as those shown in Fig. 12 can have detrimental
effects on mechanical strength [37].

It is evident from the above results that the stability of MC-type carbides toward decomposition into M23C6 carbide and
the associated formation of c0-denuded zones alongside grain boundaries can play an important role in limiting the useful
life of turbine blades. As can be seen from Table 1, alloy 720 contains a small concentration of Zr, in contrast with the Zr-free



Fig. 12. Formation of c0-denuded zones alongside grain boundaries containing continuous layers of M23C6 carbide in used blades made of alloys 720 and
710; grain boundary voids are indicated by the arrows. (a) Secondary electron SEM image and corresponding energy dispersive spectrum derived from the
carbide phase in the blade made of alloy 720. (b) Secondary electron SEM image and corresponding elemental composition derived from the carbide phase
in the blade made of alloy 710. (c) An example derived from the used blade 710 to illustrate the c0-denuded zone as observed on the scale of TEM (bright-
field TEM image and corresponding microdiffraction patterns of the M23C6 carbide and c0-phase in h112ifcc and h001ifcc orientations respectively).
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alloys 710 and 700. Also, it is observed from Fig. 3 that the MC carbide in alloy 720 contains some Zr. Since MC carbides are
ranked as TaC, HfC, NbC, ZrC, TiC, WC, and MoC in order of decreasing stability [38,39], the MC carbide in alloy 720 is
expected to have higher thermal stability in comparison with the carbides in alloys 710 and 700. Therefore, it is expected
that decomposition of the MC carbide in alloy 720 proceeds with slower kinetics in comparison with alloys 520. Other ben-
eficial effects of Zr are described later.

3.5. Creep damage and grain boundary oxidation

All three blades are found to sustain creep damage as reflected by the characteristic grain boundary cracks and cavitation.
Fig. 13 shows an example derived from the blade of Fig. 5a. The secondary electron SEM image of Fig. 13a shows two modes
for initiating intergranular creep failure: (i) wedge crack at a triple point, and (ii) cavities along the boundaries, which can
form by coalescence of small voids. Fig. 13b shows the same region as viewed at higher magnification. Various studies have
shown that grain boundary sliding plays an important role in forming the wedge cracks [40–44]. Also, some studies have
shown that there is a link between the wedge cracks and cavities [40,42,43]. According to these studies, the wedge cracks
result from accelerated linking of growing cavities by grain boundary sliding in the triple point region of stress concentra-
tion. Also, it has been shown that intergranular creep fracture can occur by coalescence of closely-spaced voids on grain
boundaries oriented normal to the applied stress [40], which corresponds to mode I fracture. In this case, voids are observed
at separated grain facts of the fracture surface [43] similar to that shown in Fig. 6b. This mode of creep fracture typically
occurs at temperatures below about 0.75 Tm [44]. It has also been suggested that grain boundary precipitates including car-
bides and intermetallic phases can act as preferred sites for nucleation of voids [14,15,40] as demonstrated in Fig. 12a and b
for the case of M23C6 carbide. Moreover, highly localized deformation in the soft c0-denuded zones alongside grain bound-
aries can lead to formation of voids at the grain boundaries [37,40].

Fig. 14 shows an example derived from the blade of Fig. 5c to illustrate grain boundary oxidation induced by cracks pro-
duced by creep deformation. The secondary electron SEM images of Fig. 14a and b shows the respective oxide morphology as
viewed at different magnifications. Fig. 14c is an energy dispersive spectrum derived from the region marked (x) in Fig. 14b.
It is evident that the elemental composition of the oxide is consistent with that of Cr2O3. This type of internal oxidation is
commonly referred to as stress-assisted intergranular oxidation [45].



Fig. 13. Backscattered electron SEM images illustrating creep damage in used blade made of alloy 520. (a) Wedge crack at a triple point and cavities at grain
boundaries. (b) Same region as viewed at higher magnification.

Fig. 14. Intergranular oxidation alongside cracks produced by fatigue/creep in used blade of alloy 710. (a) Low-magnification secondary electron SEM image
illustrating the oxide layer alongside the crack. (b) Higher magnification image showing the oxide morphology. (c) Energy dispersive spectrum illustrating
the elemental composition of the oxide.
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3.6. Precipitation of intermetallic compounds

Because of their characteristic layered structures, intermetallic compounds precipitated in superalloys are usually
referred to as topologically close-packed phases. Examples include the r- and g-phases among others. These phases
are well known to have detrimental effect on mechanical strength of the superalloy due to their extreme hardness and
brittleness, e.g., [2,3,46,47]. In contrast with alloys 710 and 700, the low-Cr version of alloy 720 is characterized by high
thermal stability and mechanical strength up to a temperature of about 925 �C [48–50]. This is reflected by the resistance



Fig. 15. Precipitation of intermetallic compounds in used blade made of alloy 520. (a) Low-magnification backscattered image showing continuous layers of
grain boundary precipitates and matrix precipitates with platelet-type morphology. (b) High magnification image showing two phases at the grain
boundaries. (c) Energy dispersive spectrum illustrating the elemental composition of the precipitates marked 1 at the grain boundaries and matrix phase in
(b). (d) Energy dispersive spectrum illustrating the elemental composition of the grain boundary precipitates marked 2 in (b).

Fig. 16. Bright-field STEM image, corresponding microdiffraction pattern in [0001]hcp, and energy dispersive spectrum illustrating a precipitate particle of
g-phase (Ni3Ti) in the blade made of alloy 720.
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of the alloy to precipitation of detrimental intermetallic compounds particularly the r-phase as well as the relatively high
solvus temperature of the c0-phase due to the lower Cr content [47,48]. Another factor contributing to the high perfor-
mance of the alloy is the presence of a small concentration of Zr. It is well known that small additions of Zr to Ni-base
superalloys can significantly improve their resistance to both creep and fatigue [51,52]. Although the corresponding effects
on microstructure are not well established, there is an indication that Zr tends to segregate at grain boundaries and



Fig. 17. Precipitation of r-phase in the blade made of alloy 710. (a) Bright-field TEM image of grain boundary precipitates. (b) Microdiffraction patterns and
energy dispersive spectrum derived from the particle marked 1 in (a). (c) Microdiffraction pattern and energy dispersive spectrum derived from the particle
marked 2 in (a).
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improve their cohesive strength and also reduces the susceptibility to precipitation of topologically close-packed phases
such as the Laves phase and r-phase [53].

Precipitates of both the r- and g-phases have been identified in the blade made of alloy 520 as summarized in Fig. 15.
Backscattered electron images illustrating intermetallic precipitates at grain boundaries and in the matrix phase are shown
in Fig. 15a and b. Also, a continuous grain boundary crack is observed to extend through the coating. Corresponding energy
dispersive spectra illustrating the elemental compositions of the precipitates are shown in Fig. 15c and d suggesting the pres-
ence of both r-phase of the type (Ni + Co)–Cr–(Mo + W) and g-phase based upon the Ni3Ti composition.

Also, g-phase has been identified by TEM/STEM analysis in the blade made of alloy 720 as shown in the example of
Fig. 16. An g-phase particle suspended from the edge of a thin-foil is shown in the bright-field TEM image. The correspond-
ing microdiffraction diffraction pattern in [0001]hcp orientation is consistent with the hexagonal DO24-type structure of
g-phase (a = b = 0.25 nm, c = 0.83 nm). Also, the corresponding energy dispersive shows that the elemental composition is
consistent with that of Ni3Ti. Fine striations observed in the Ni3Ti particle are interpreted as stacking faults and fine twins.
Evidently, precipitation of g-phase in the blade made of alloy 720 has occurred with sluggish kinetics.

An example illustrating a mixture of M23C6 carbide and r-phase at a grain boundary in the blade made of alloy 710 is
shown in the bright-field TEM image of Fig. 17a. Fig. 17b shows two microdiffraction patterns derived from the particle
of r-phase in [001] and [0�11] tetragonal orientations and corresponding energy dispersive spectrum illustrating its ele-
mental composition. Fig. 17c shows a microdiffraction pattern in h111ifcc orientation and corresponding energy dispersive
spectrum consist with those of M23C6 carbide. It is known that pre-precipitation of the Cr-rich M23C6 carbide can act as a
nucleus for precipitation of the Cr-rich sigma phase [47], which can explain the link between the two particles observed
in Fig. 17a.
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4. Conclusion

It is concluded from this study that selected turbine blades used in power generation and made of different Ni-base
superalloys are susceptible to similar microstructural changes, which can degrade their performance leading to intergranular
creep failure. In addition to creep failure, the blades can also become susceptible to fatigue failure particularly in those cases
where higher than normal temperature is encountered during service. Detrimental changes in microstructure include coars-
ening, agglomeration, and rafting of the c0-phase, formation of c0-denuded zones alongside grain boundaries, and precipita-
tion of intermetallic compounds particularly r- and g-phases. However, the kinetics of these changes can vary from one case
to another depending upon the exact operating temperature and superalloy composition used in the application. The results
show that the life expectancy of the blades can be realized by appropriate material selection and adherence to design
specifications.
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