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Abstract

The macroscopic and microscopic characteristics as well as the proposed mechanisms of Type I (high-temperature)
and Type II (low-temperature) hot corrosion are reviewed. Two case histories of gas turbine blade failures are pre-
sented. Different practical approaches to minimize hot corrosion are described. © 2002 Elsevier Science Ltd. All rights
reserved.
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1. Introduction

Advances in material development and cooling schemes will lead to increased operation temperatures of
new-generation gas turbine engines. The combination of such high temperatures with an aircraft environ-
ment that contains contaminants such as sodium, sulfur, vanadium, and various halides requires special
attention to the phenomenon of hot corrosion. This form of corrosion, unlike oxidation, can consume the
material at an unpredictably rapid rate. Consequently, the load-carrying ability of the component is
reduced, leading eventually to its catastrophic failure. The inability to either totally prevent hot corrosion
or at least detect it at an early stage has resulted in several aircraft accidents, leading to loss of life and/or
destruction of engines. Several papers have already reviewed the characteristics and mechanisms of hot
corrosion as well as the different approaches to combat it (see, for example, Refs. [1-6]).

At the beginning of the 1990s, a project was initiated at the Israel Air Force (IAF) aimed towards
increasing the awareness of the maintenance teams to the problem of hot corrosion and developing tech-
nical instructions to prevent it. Consequently, failures due to hot corrosion have been minimized, in spite
of the relatively aggressive marine environment to which Israeli aircraft are exposed. The objective of this
paper is threefold: (1) to review the macroscopic and microscopic characteristics as well as the proposed
mechanisms of hot corrosion; (2) to summarize the practical approaches to prevent hot corrosion; and (3)
to present case histories of gas turbine blade failures due to hot corrosion.
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2. The gas turbine engine

Before dealing specifically with hot corrosion-related issues, it is appropriate to give a brief description of
the system of interest in this work — the gas turbine engine. A more detailed description of this system and
its components can be found elsewhere (e.g. in Refs. [7-13]).

Gas turbine engines, also known as jet engines, power most modern civilian and military aircraft. Fig. 1
shows a section of such an engine. The inlet (also known as intake), not shown in this figure, directs outside
air into the engine. At the exit of the inlet is the compressor (marked as « in Fig. 1). In order to produce
thrust, it is essential to compress the air before fuel is added. In an axial-flow compressor, such as the one
shown in Fig. 1, the air flows in the direction of the shaft axis through alternate rows of stationary and
rotating blades, called stators and rotors, respectively. Modern axial-flow compressors can increase the
pressure 24 times in 15 stages, with each set of stators and rotors making up a stage [12]. The compressors
in most modern engines are divided into low-pressure and high-pressure sections which run off two differ-
ent shafts. In the combustor, or burner (b in Fig. 1), the compressed air is mixed with fuel and burned. Fuel
is introduced through an array of spray nozzles that atomize it. An electric igniter is used to begin com-
bustion. The combustor adds heat energy to the air stream and raises its temperature (up to about 1930°C),
a process which is accompanied by a slight decrease in pressure (~1-2%) [11]. For best performance, the
combustion temperature should be the maximum obtainable from the complete combustion of the oxygen
and the fuel. However, turbine inlet temperatures currently cannot exceed about 1100°C because of
materials limits [12]. Hence, only part of the compressed air is burned in the combustor; the remainder is
used to cool the turbine.

Leaving the combustor, the hot exhaust is passed through the turbine (c in Fig. 1), in which the gases are
partially expanded through alternate stator and rotor rows. Depending on the engine type, the turbine may
consist of one or several stages. Like the compressor, the turbine is divided into low-pressure and high-
pressure sections, the latter being closer to the combustor. The turbine provides the power to turn the
compressor, to which it is connected via a central shaft, as well as the power for the fuel pump, generator,
and other accessories. From thermodynamics, the turbine work per mass airflow is equal to the change in
the specific enthalpy of the flow from the entrance to the exit of the turbine. This change is related to the
temperatures at these points. The temperature at the entrance to the turbine can be as high as 1650°C [13],
considerably above the melting point of the material from which the blades are made. Therefore, to keep
the turbine blades from melting, both complex cooling schemes and coatings are often used.

The gases, leaving the turbine at an intermediate pressure, are finally accelerated through a nozzle (not
shown in Fig. 1) to reach the desired high jet-exit velocity. Because the exit velocity is greater than the free
stream velocity, thrust is produced. The amount of thrust generated depends on the rate of mass flow
through the engine and the leaving jet velocity, according to Newton’s Second Law. Thus, the gas is

Fig. 1. Section of a gas turbine engine.
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accelerated to the rear, and the engine (as well as the aircraft) is accelerated in the opposite direction
according to Newton’s Third Law.

With regard to hot corrosion, several local operating conditions in the engine are important. First,
superalloys at turbines serve most time under an oxidizing environment. However, during ignition, a local
reducing environment may form due to incomplete burning of fuel. Such a reducing atmosphere can
damage the protective surface oxide layer, especially in the presence of contaminants such as Na,SO,.
Second, hot corrosion is more frequently observed in the low-pressure turbine (LPT) than in the high-
pressure turbine (HPT). This is because at the lower temperatures involved in LPT, corrosive contaminants
are more likely to accumulate on the surface in significant amounts and/or for a greater percentage of time.
Third, hot corrosion is usually greatest at the hottest point on the pressure (concave) surface of the turbine
blade; at about midway along the length of the blade, and a short distance back from the leading edge [2].

3. Hot corrosion — definition

Hot corrosion may be defined as accelerated corrosion, resulting from the presence of salt contaminants such
as Na,SOy, NaCl, and V,0j5 that combine to form molten deposits, which damage the protective surface oxides.

4. Characteristics of hot corrosion

Hot corrosion is often divided into two forms of attack: Type I (or high-temperature hot corrosion), and
Type II (or low-temperature hot corrosion). Various parameters may affect the development of these two
forms, including alloy composition and thermomechanical condition, contaminant composition and flux
rate, temperature and temperature cycles, gas composition and velocity, and erosion processes.

4.1. Type I hot corrosion (HTHC)

This form of hot corrosion is observed mainly within the temperature range 850-950°C [3,14]. HTHC
starts with the condensation of fused alkali metal salts on the surface of the component. A cycle of sub-
sequent chemical reactions takes place, initially attacking the protective oxide film and progressing to deplete
the chromium element from the substrate material. With chromium depletion, oxidation of the base material
accelerates and porous scale begins to form. The dominant salt in HTHC is Na,SOy4 due to its high thermo-
dynamic stability. The most significant source of sodium is marine atmosphere (sea salts contain Na,SO,4 and
NacCl), but it can also be found in industrial atmospheric pollutants and in volcanic discharges, as well as in
the fuel. During combustion, sodium sulfate can form from sodium and sulfur, the latter being present in the
fuel. Other impurities either in the fuel or in the air, such as vanadium, phosphorus, lead and chlorides, can
combine with sodium sulfate to form a mixture of salts with a lower melting temperature, thus broadening
the range of attack. For example, the melting point of Na,SO, (884°C) can be lowered by the addition of
NadCl, as an eutectic is formed with a melting point of about 620°C [3]. Furthermore, in combustion gases,
NadCl itself will react with sulfur oxide and oxygen, forming Na,SO, via the following reaction [15,16]:

2NaCl + SO, + 0, — Na,SO, + Cl (1)

The presence of sodium chloride removes the incubation period, which otherwise is typical of HTHC [2,3].
Potassium sulfate (K,SOy4) behaves similarly to sodium sulfate with regard to HTHC. Therefore, the defi-
nition of alkalis in the fuel or in the air often sums up the content of sodium and the content of potassium
[14].
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Vanadium is an unavoidable contaminant in certain liquid fuels. When vanadium-containing deposits
cover components exposed to high temperatures, accelerated hot corrosion occurs. Extremely aggressive
liquid phases of vanadium may form at temperatures as low as 535°C, depending on the ratio between Na
and V [3]. In addition to their own relatively low melting point, the vanadium compounds markedly
increase the solubility of the oxide when mixed with Na,SOy4 [17].

HTHC can generally be divided into four progressive stages from initial onset to failure [18]:

1. In stage 1, slight roughening of the surface caused by some growth and localized breakdown of the
oxide scale layer is evident. At this stage, neither chromium depletion in the substrate layer nor loss of
mechanical integrity are observed.

2. In stage 2, the roughness of the surface is more marked as oxide layer breakdown continues. While
chromium depletion commences at this stage, mechanical integrity is still not affected.

3. In stage 3, oxidation of the base material has penetrated to significant depth, with obvious build-up of
scale. At this stage, mechanical integrity should be considered as jeopardized and the blades removed
from service. Progression to stage 4 will accelerate with or without the continued presence of sodium.

4. In stage 4, catastrophic attack occurs. The attack penetrates deeply into the blade while forming a
large ‘blister’ of scale. Failure is likely at this stage due to loss of structural material.

The macroscopic appearance of HTHC is characterized in many cases by severe peeling of the metal and
by significant color changes (greenish tone, resulting from the formation of NiO) in the area of accelerated
attack. Microscopically, the morphology of Type I is characterized by a sulfidation and depletion region
beneath the porous, nonprotective, scale. The reaction products frequently exhibit oxide precipitates dis-
persed in the salt film [1].

4.2. Type II hot corrosion (LTHC)

This form of hot corrosion is observed mainly within the temperature range 650-800°C [2,3,19]. LTHC
forms typical pitting, resulting from the formation of mixtures of Na,SO4 and CoSO,4 with low melting
temperatures (the melting temperature of the Na,SO4—CoSOy eutectic is 540°C). CoSOy itself is a corrosion
product of a reaction between the surfaces of blades made of cobalt-based alloys and SO; from the com-
bustion gas. Similarly, the formation of Na,SO4—NiSO, eutectics has been suggested for nickel-based
superalloys. Thus, a high partial pressure of SO5 in the gasecous phase is required for the LTHC reactions
to occur, in contrary to HTHC [14]. The localized nature of attack is related to localized failure of the scale
as a result of local chloride attack, thermal cycling, or erosion. For example, salt may be trapped locally in
crevices produced by scale cracking. Such deposits could be retained and allow local changes in salt com-
position to occur [3]. As opposed to Type I hot corrosion, in Type II neither incubation period nor
microscopic sulfidation and chromium depletion are generally observed [3,20].

5. Mechanisms of hot corrosion

Several mechanisms have been suggested to explain the process of hot corrosion [1,2,21-26]. In this sec-
tion, only a very brief summary will be presented. The initiation of HTHC is often attributed to failure of
the protective oxide layer, which allows the molten salt to access directly the substrate metal. This failure
may result from erosion, thermal stresses, erosion—corrosion, chemical reactions, etc. The mechanisms
proposed for the HTHC propagation stage are the sulfidation—oxidation mechanism and the salt fluxing
mechanisms [2]. The salt fluxing mechanism was originally proposed by Goebel and Pettit [21,22].
According to this model, the protection efficiency of the surface oxide layer might be lost as a result of
fluxing of this layer in the molten salt. The fluxing can be caused either by combination of oxides with O~
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to form anions (i.e. ‘basic fluxing’), or by decomposition of oxides into the corresponding cations and O?~
(i.e. ‘acidic fluxing’). Acidic fluxing takes place when the O>~ activity in the molten salt is markedly low-
ered; it leads to a much more severe oxidation compared to basic fluxing. As opposed to basic fluxing,
acidic fluxing can be self-sustaining, since the displacement of the salt from stoichiometry does not become
progressively more difficult as the reaction proceeds [2]. In general, hot corrosion of superalloys with high
contents of aluminum and chromium (e.g. IN 738LC [27]) is often reported to occur according to the basic
fluxing mechanism. On the other hand, hot corrosion of alloys with high contents of tungsten, molyb-
denum and vanadium is often reported to follow the acidic fluxing mechanism.

Rapp et al. measured the oxide solubilities in molten Na,SO4 as a function of the acidity of the salt.
Based on these measurements, it was suggested [23] that a negative gradient of the solubility of the pro-
tective oxide in the salt film at the oxide/salt interface should lead to oxide dissolution at this interface and
to precipitation of a non-protective oxide away from the interface, where the solubility is lower. Fluxing
arises in this case only because of the local variation of sodium oxide activity and/or oxygen partial
pressure across the salt film; no sulfide-forming reaction is necessary. This mechanism can explain a self-
sustaining process of dissolution of the protective oxide to maintain an accelerated corrosion rate [2].

The effect of vanadium on HTHC has been explained by different researchers. Bornstein et al. [28] and
Goebel et al. [26] suggested that a self-sustained acidic dissolution of the protective Cr,O5; or Al,O3 scales
could occur when the salt film contains vanadium, because V,Os is a strongly acidic oxide. Zhang and
Rapp [29] suggested that every oxide should form an acidic solute with much higher solubility in the
presence of vanadate, which should contribute to the more rapid attack of oxides by mixed sulfate—
vanadate melts than by a pure sulfate melt.

A common model for the occurrence of LTHC was suggested by Luthra [30]. According to this model,
LTHC follows two stages: (1) formation of liquid sodium—cobalt sulfate on the surface; and (2) propaga-
tion of attack via migration of SOz and cobalt inward and outward, respectively, through the liquid salt.
Shih et al. [31] suggested sulfidation as the mechanism of LTHC in nickel-based alloys.

6. Laboratory testing techniques

Different tests have been developed to determine the resistance of alloys against hot corrosion. These
include the crucible, electrochemical, accelerated oxidation, burner-rig, and pressurized burner-rig tests
[25]. Most conditions in a gas turbine can be accurately simulated in a low-velocity burner-rig, with the
exception of gas velocity and pressure [32]. Simmons et al. [33], however, suggested that hot corrosion is an
electrochemical process in which the molten salt acts as an electrolyte. Since then, electrochemical tests
have been widely used, either to measure hot corrosion rates or to study reaction mechanisms [1,6,34-39].

7. Prevention approaches

Several approaches have been employed to control hot corrosion of gas turbine components. These
approaches include proper selection of structural alloys, application of coatings, washing of hot parts, air
filtering, and control of both fuel cleanliness and composition.
7.1. Alloy selection

The resistance of superalloys (and other materials) against hot corrosion is directly related to the

chemical composition of the alloy and its thermomechanical history. Unfortunately, many alloying elements
have an adverse effect on the mechanical properties of the superalloy at high temperatures and on its
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resistance to hot corrosion. For example, elements such as tungsten, vanadium and molybdenum are
excellent in improving the mechanical properties, but their presence makes the alloy highly susceptible to
hot corrosion [2,25]. Therefore, a tradeoff in material selection is often made, and protective coatings are
chosen as a major means to provide hot corrosion resistance (see Section 7.2).

Chromium is the most effective alloying element for improving the hot corrosion resistance of super-
alloys [40]. In order to attain good resistance to HTHC, a minimum of 15 wt.% Cr is often required in
nickel-based alloys, and a minimum of 25 wt.% Cr in cobalt-based superalloys [2]. IN 713C, IN 100 [2] and
CM 247LC [6] represent the alloys where this criterion is not fulfilled; therefore, they are very susceptible to
HTHC. On the other hand, IN 738LC and X-40 have been used to manufacture both stators and rotors
[2,41]. The chemical composition of these alloys is given in Table 1. The positive effect of chromium on the
HTHC resistance is usually attributed to the reaction of Cr,O; to stabilize the melt chemistry (e.g. by
forming a stable Na,CrOy solute), thus preventing dissolution/reprecipitation of the protective oxide scale
[26,28,42]. One should note, however, that high content of chromium would lead to the formation of TCP
phases, which decrease the strength and ductility of the alloy at high temperatures [25].

The effect of other alloying elements on the hot corrosion resistance of superalloys has been reported as
well. Cerium, lanthanum, zirconium, yttrium, and scandium significantly increase the resistance as they
improve the adhesion between the alloy and the protective oxide [25]. Silicon, platinum, and hafnium have
all been shown to have beneficial effects, at least on LTHC resistance. Titanium, aluminum, and niobium
were found [27] to increase the hot corrosion resistance.

Cobalt-based superalloys are, in general, more resistant to HTHC than nickel-based superalloys. This
may result from the higher melting temperature of Co—Co4S; eutectic (877°C) in comparison to Ni—Ni3S,
eutectic (645°C). In addition, the diffusivity of sulfur in cobalt alloys is approximately 100 times lower than
in nickel alloys [25]. Cobalt-based superalloys, however, are more susceptible to LTHC than nickel-based
alloys.

The microstructure of the alloy is another important factor. Secondary phases might lead to an acceler-
ated attack, either along phase boundaries or by selective attack of one phase. In particular, it is important
to avoid coarse refractory metal carbides [2].

7.2. Protective coatings

This is the preferred approach, even when relatively hot corrosion-resistant base alloys are used. The
numerous variants of high-temperature coatings that are in use today may be categorized into three generic
types: diffusion, overlay, and thermal barrier coatings.

Diffusion coatings are formed by the surface enrichment of an alloy with either aluminum, chromium, or
silicon. Aluminide coatings that have been specified for engine service include PWA70 and MDC3V (fab-
ricated by pack chromized), PWAG62 (two-step pack chromized and pack aluminized), TEW LDC2 and
Chromalloy RT22 (Pt-electroplated coating and pack aluminized), Elbar Elcoat 360 (Ti/Si slurry

Table 1

Nominal compositions (wt.%) of superalloys discussed in this paper

Alloy Ni Co Cr Ti Al Mo W Ta Hf Zr C B v Nb Fe Mn Si
CM 247LC Bal. 9.2 81 07 56 05 85 320 1.4 0015 005 0015 - - - - -
IN 100 Bal. 150 10.0 5.0 55 3.0 — — - 0.060 0.18 0.010 1.0 - - - -
IN 713C Bal. - 125 08 60 42 - .75 - 0.100 0.12 0.012 - 09 - - -
IN 738LC Bal. 85 160 34 34 1.7 26 170 - 0.050 0.11 0.011 - 09 - - -
MAR-M200 Bal. 10.0 90 20 50 - 125 - - 0.050 0.15 0.015 - 1.0 1.0 - -

X-40 10.0 Bal. 220 — - - 75 - - - 0.50 - - - 1.5 05 05
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diffusion), etc. [19]. The addition of platinum to aluminide coatings has been found to increase the
resistance against cyclic oxidation at high temperatures (>1000°C) due to formation of a more adherent
protective alumina layer and delay of the formation of spinel during oxidation exposure [5,43].

Overlay coatings are a family of corrosion-resistant alloys specifically designed for high-temperature
surface protection. They are often referred to as M—Cr—Al-Y coatings, where M is the alloy base metal
(typically nickel, cobalt, or a combination of these two). The high-chromium low-aluminum M-Cr—Al-Y
coatings typically resist LTHC attack, while lower chromium and higher aluminum contents are typically
required for HTHC resistance. Recently, other oxygen-active alloying elements have also been added to
these coatings. For example, PWA286 is a patented overlay by Pratt & Whitney containing Ni, Co, Cr, Al,
Hf, Si, and Y. These more complex alloy systems are often known as M-Cr-Al-X or M-Cr-Al-X-Y
coatings, where X denotes elements other than yttrium. Typical commercial overlay coatings include Co—
23Cr-12A1-0.5Y, Co-32Ni-21Cr-8Al-0.5Y, and PWA270 [5,19,44].

Thermal barrier coatings (TBCs) are designed to insulate the substrate from the heat of the gas flow.
They are a composite coating system consisted of an outer ceramic coating (usually stabilized zirconia)
overlaid on an oxidation-resistant bond coat. The bond coat is typically an M—Cr—Al-Y overlay coating or
a diffusion aluminide coating [5,19]. One should note that the application of TBCs in gas turbines that
serve under sea atmosphere and in diesel engines is very limited because yttria (Y,0O3), magnesia (MgO)
and calcia (Ca0), the commonly used stabilizers for zirconia-based TBCs, react with sulfur, sodium and
vanadium contaminants [45,46]. Yet, the life of such coatings may be extended by post-laser treatment [45].

Recently, a smart coating that is resistant to both HTHC and LTHC was developed. This smart coating
is a functionally graded overlayer coating produced using a combination of plasma-spray and diffusion
techniques. It contains a high-chromium-enriched region midway through the coating, which limits LTHC
pitting attack, and is overcoated with a B-aluminide-rich zone to provide high-temperature oxidation
resistance and resistance to HTHC. The smart coating was reported to match the performance of the best
HTHC-resistant RT22 coating (a platinum aluminide) and LTHC-resistant Sermetal 1515 diffusion coat-
ings (a triple-cycle silicon aluminide treatment) [19].

Nowadays, there is a growing interest in using intermetallic compounds to manufacture blades for gas
turbine engines. Hence, the application of protective coatings on such materials has been studied as well.
Vacuum arc deposited Ni-Cr—Al-Y-Si was found [47] to provide NizAl-based IC-6 cast alloy with an
effective protection against oxidation and hot corrosion. Ti—-Al-Cr coatings were reported [47,48] to pro-
vide good protection to y-TiAl base alloys. An enamel coating was also found [49] to be very effective in
protecting TiAl-based alloys against hot corrosion attack.

7.3. Washing of hot components

A proven approach to minimize hot corrosion is deluge motoring washes using plain water [2,18]. This
allows for dissolving and carrying away salts and other contaminants, thus preventing the initiation of hot
corrosion. Specific washing procedures are usually covered in detail in the relevant maintenance manual for
the engine model concerned. Washing may be required either before each flight or up to once a month,
depending on the estimation of the severity of the corrosion environment. An alternative method of
establishing wash frequency has been to monitor blade condition using a borescope inspection program,
adjusting the wash schedule according to the inspection results [18].

7.4. Air filtering
A limiting level of 0.008 ppm (by weight) has been suggested for the content of Na in the air, below

which hot corrosion will not exist. Therefore, secondary protection against hot corrosion may be attained
by installation of high-efficiency air filters [2,44].
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7.5. Fuel cleanliness and composition

Fuel cleanliness affects the initiation and propagation of hot corrosion attack. Hence, the content of the
alkali metal, vanadium, and sulfur in the fuel should be carefully controlled [2]. Sometimes, the maximal
content of impurities allowed in the fuel is defined as 0.2-0.6 ppm (Na+K), 0.5 ppm V, and 1% S. How-
ever, these limits may change if a coating is applied on the blade and/or inhibitors are added to the fuel [50].

Often, additives are added to the fuel; additions of Mg, Cr, Ca, and Ba decrease the corrosion rate [2]. If
high levels of vanadium are to be used in the fuel, its effect can be combated by MgO additions. The effect
of magnesia is to react preferentially with vanadium pentoxide (V,0s) to form Mg;V,0g vandates with
higher melting temperature [3]. Zinc, added by means of protective coatings or anodes in the fuel tank, is
effective in reducing LTHC attack. In the absence of excess NaCl, zinc decreases the solubility of the pro-
tective metal oxides in the salt and the electrochemical potential of the corrosion reaction. In the presence
of excess NaCl, zinc (rather than other metals from the protective oxide layer) reacts easily with the
chloride ion; simultaneously, it serves as a mean of transferring the chloride to the salt-gas interface, where
it is transformed to chlorine gas via sulfitation reaction [51].

8. Case histories
In this section, two case histories of turbine blade failures due to hot corrosion are presented.
8.1. Case history #1

Two stage I blades from a PT6 engine were inspected in the lab. Loss of material at the top of the blade,
distortion — mainly about midway along the length of the blade, and color changes on the concave sur-
face, were visually observed. Longitudinal cross-section was prepared about 6.4 mm (0.25 inch) from the
trailing edge, as common for certain over-temperature inspections. Fig. 2a shows the typical macro-
structure about midway along the length of the blade. Porous scales and ‘spikes’ are evident. Bright gray
particles are evident beneath the inner scale layer. Using SEM/EDS analysis, these particles were found to
be sulfide precipitates. The chemical composition of the base alloy was in accordance with MAR-M200
(see Table 1), which is relatively susceptible to hot corrosion. No cracks typical of creep were observed.
After chemical etching (Fig. 2b), no evidence of microstructural changes along the blade was identified.
Hence, an over-temperature event could be eliminated as well. The bright layer around the ‘spikes’ was
found (SEM/EDS) to be enriched with aluminum and tungsten and depleted from nickel and cobalt.
Traces of chlorine, sulfur and potassium were found in the scale. Based on the aforementioned observa-
tions, it was concluded that the blades suffered from hot corrosion attack. Thus, all stage I blades in this
engine were replaced, and washing operations were re-examined.

8.2. Case history #2

A severely damaged turbine blade was inspected in the lab. Macroscopic inspection indicated the loss of
a large piece of blade near the leading edge, at about 1.7 cm from the top of the blade (Fig. 3a). A long
crack, about 4.6 mm in length, was found to propagate from this region into the material (Fig. 3b). The
crack was then opened at the lab. Inspection of the fracture surface under an SEM (i.e. fractography)
revealed fatigue striations, propagating from the leading edge of the blade. Striation analysis indicated the
occurrence of high-cycle low-stress fatigue. A transverse metallographic cross-section was prepared
through the origin of the crack, perpendicular to the fracture surface, and inspected under an optical
microscope. A relatively advanced hot corrosion attack was observed (Fig. 3c), with oxidation penetrating
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Fig. 2. Optical micrographs indicating hot corrosion in stage I turbine blades from a PT6 engine, (a) before and (b) after chemical
etching.
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Fig. 3. (a) Macroscopic view of a turbine blade, indicating the loss of a large piece of material near the leading edge; (b) a crack
propagating into the remainder material; (c) optical micrograph indicating advanced hot corrosion attack; and (d) a secondary crack
propagating from the scale into the base material, in parallel to the main fracture surface.
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Fig. 3 (continued)

deeply into the blade (up to about 0.8 mm). This high penetration depth, combined with large blisters and
eddies within the scale, indicate that the hot corrosion had already progressed to Stage 4 (see Section 4). In
addition, a secondary crack was found to propagate from the scale into the base material, in parallel to the
main fracture surface (Fig. 3d). A similar crack could ultimately propagate to catastrophic failure under
fatigue mechanism. SEM/EDS analysis identified the blade material as cast IN 713C, known for its sus-
ceptibility to hot corrosion (see Section 7.1).
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Based on the aforementioned observations, it was concluded that the blade failed as a result of crack
propagation under low stresses of vibrations. The origin of the fatigue crack was a preliminary crack (or
flaw), formed as a result of advanced hot corrosion attack. Thus, the recommendations of this investiga-
tion included replacement of all turbine blades and re-examination of all washing and monitoring
operations.

9. Conclusions

1. Hot corrosion is a failure mechanism of great concern in gas turbine engines. The hot corrosion
process must be either totally prevented or detected at an early stage to avoid catastrophic failure.

2. Based on different characteristics and mechanisms, it is possible to distinguish between high-tem-
perature hot corrosion (HTHC, or Type I hot corrosion) and low-temperature hot corrosion (LTHC,
or Type II hot corrosion).

3. The ultimate failure of turbine blades may result from a combination of hot corrosion and another
failure mechanism (e.g. fatigue).

4. Application of a proper combination of preventive approaches should lead, in practice, to a sig-
nificant decrease in the number of failures due to hot corrosion.
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