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Abstract

The flame-out occurred during the ground slide for take-off. As a result of immediate
disassembly and inspection after failure, damages to blades and vanes were observed from the
stage IV of a compressor. In particular, all stator vanes of stages IV and V, five rotor blades
of stage V, and a rotor blade of stage VI were failed. In a fractured stator vane of stage IV,
a fatigue-fracture surface, which was originated from the tip, appeared. However, the origin of
fatigue cracking was not observed due to severe oxidation and wear. In the case of rotor blades
at stages V and VI, the fatigue cracking was initiated from the nick damage part. The same
nick damage was also observed in the stator vane of stage V , but fatigue cracking started from
the convex surface. Comparing the microstructures of sound and fractured products showed
that the convex surface of the fractured product had coarser grains compared to that of the

sound product. This indicates that the coarse grains led to premature failure by fatigue cracking.
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1. Introduction

A modern aviation gas turbine engine is an advanced technology complex consisting of
compressor, combustion chamber, turbine, nozzle, and other modules. Among them, a
compressor, which compresses a large amount of air and delivers it to a combustion chamber,
plays an important role in the operation reliability of a gas turbine engine [1, 2]. The axial-
compressor of the engine of a fixed-wing aircraft consists of a multi-stage rotor blades and
stator vanes. All components are exposed to an environment where fatigue cracking is prone
to occur due to a high level of repetitive stress generating during a high speed rotation for air
compression [3]. Accordingly, most of the defects in compressor components are caused by
high-cycle fatigue.

The fatigue failure of compressor components proceeds in an order of crack initiation, growth
and final fracture due to repeated stress concentration after initial damage. The initial damage
results from various factors [4-16], such as Foreign Object Damage (F.O.D), corrosion, friction,
and notched shape. Fatigue cracks caused by F.O.D can be easily inferred in some cases
because apparent damage from impact is observed at the crack initial site, and the chemical
composition of impact object can be confirmed at the damage site [5, 6]. The corrosion is
identified by the shape of a defect or corrosion products. Secondary cracks may occur around
the fracture surface of a component, which suffered severe corrosion [7-9]. The friction leaves
direct wear marks on the fracture surface, thermal damage caused by frictional heat, and friction
cracks [10]. A notched shape is formed on the surface of the component due to damages
generating during design or processing. A notch acts as a stress- concentrated site [11-13].
Because of the characteristic of each factor mentioned above, it is considered to be easy to
determine the cause of initial damage. However, in reality, it is difficult to identify an initial

damage due to the secondary damage occurring immediately after failure, in particular in the



case of a harsh operating environment.

Whereas the initial damage listed above are caused by external factors, fatigue properties of
a component may be deteriorated by internal defects of a material, such as precipitates,
inclusions, inhomogeneous grain size, etc. [14, 15]. The material defects are difficult to find,
and even if discovered, it is difficult to take measures to prevent failure.

In the present study, the cause of engine flame-out resulting from compressor failure during
take-off run was examined. The initial fracture occurred at the stage IV stator vane of a
compressor consisting of eight stages. Damage was observed at rotor blades and stator vanes
at stages from IV to VIII. To analyze the cause of engine failure, fractographic analysis was

performed. In particular, the microstructure of a stator vane, which was failed by the surface

damage generating from oxidation and abrasion, was deeply analyzed.

2. Experimental procedure

Damages were observed at all stages from the stage IV of a compressor to a combustion
chamber. Among them, vanes of the stage IV, blades and vanes of the stage V, and blades of
the stage VI were fractured and collected for examination. All fractured parts were cleaned

using ethanol and acetone before analysis.

Although the chemical composition analysis was not performed, production specifications
informed that the stator vane and the rotor blade were made of Inconel 718 and Ti-6Al-4V
alloy, respectively.

Specimens were taken from the damaged vanes of stages IV and V using a wire saw. For

comparison, several specimens were fabricated at the same stages of a sound (i.e. unfractured)
product. The microstructures of specimens were observed using an optical microscope (OM;

Nikon, MM-400) and a scanning electron microscope (SEM; HITACHI S-3700N) equipped
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with an electron back-scattered diffractometer (EBSD; EDAX-TSL, Digiview). Whereas
samples for optical observation were mechanically polished and etched with the Marble's
etchant, samples for SEM-EBSD observation were mechanically polished using a suspension
including 1 pm diamond particles, and then electrochemically polished using a mixed solution
of 90% glacial acetic acid (CH;COOH) and 10% perchloric acid (HC1O,) at 15 V for 1 min to
remove the damaged layer. The accelerating voltage, probe current, working distance, and step

size for SEM-EBSD operation were 20 kV, 15 nA, 15 mm, and 150 nm, respectively.

3. Result

3.1. Macroscopic observation

The engine failure occurred during take-off run. When the compressor was disassembled, it
was readily found that rotor blades at stages V-VIII were damaged (Fig. 1a). However, the
damage of stator vanes was difficult to be observed until the stator vane assembly in Fig. 1b
was disassembled. Finally, severe damages were found from stage IV (Figs. 2a and c) after
the dismantlement of the stator vane assembly. In particular, a vane at stage IV and a vane at
stage V, five blades at the stage V and a blade at the stage VI were fractured. Regarding the
stage IV, the trailing edge (TE) region of a vane was fractured with a size of ~5 mm x ~32 mm
(Fig. 2a), and the other vanes had only nick damages. The blades at stages V and VI were
fractured at different positions (Fig. 2b). Moreover, nick damages were observed in leading
edge (LE) and TE regions. As seen in Fig. 2c, the vane of the stage V was fractured at the

position of 13 mm away from the outer-platform part, and damages were observed in the TE

region. Damages were also observed in the TE region of the other vanes of the stage V.



3.2. Microscopic observation

3.2.1. Stator vane at stage IV
The fractography of the fractured vane at the stage IV was performed (Fig. 2a). Severe

oxidation and abrasion were observed throughout the fracture surface (Fig. 3a). No information
was obtained due to abrasion at the tip (Fig. 3b). At a location 6 mm away from the tip, fatigue
cracks started from each side of concave and convex parts (Fig. 3c); fatigue striations (yellow
arrows in Fig. 3c) were observed at some fractured surfaces. Moreover, overload fractured
surfaces were observed at the last stage of general fatigue cracking and the fractured surface
exhibited a dimple structure (Fig. 3d). This observation indicates that cracking started from the

tip and grew diagonally to the outer-platform and TE.

3.2.2. Rotor blade of stage V
Regarding the rotor blade at the stage V, nick damages were observed in LE and TE regions

(Fig. 4a). Clear fatigue striations were not observed on the fractured surface at the SEM images.
However, a beach mark which formed from LE towards TE, was observed at the OM images
(Fig. 4b). This is indicative of the occurrence of fatigue cracking. The damaged part of the LE
region exhibited a dimple structure, i.e., a trace of overload fracture (Fig. 4c). In addition, the
SEM-EDXS result (Fig. 4d) shows that the LE region of the blade possesses the same chemical
elements (Ni, Cr and Nb) with main chemical elements of the vane. This indicates that the
initial damage in LE was caused by vane fragment. That result was observed in five blades of

stage V and a blade of stage VI.

3.2.3. Stator vane of stage V

The vane of the stage V was completely fractured unlike the stator of stage IV, where a
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part of airfoil was fractured and nick damages were observed only at the trailing edge (Fig. 2c).

The Fig. 5 shows the fractured surface of the failed vane of the stage V. As shown in Fig. 5b,

the fatigue crack was initiated and propagated from the center of the convex surface, not from
the damaged part of TE (Red arrow in the fig. 5a). The direction of fatigue cracking was
determined by the formation of fatigue striations (Figs. 5c-e). The main chemical elements of

the blade, such as Ti, Al and V, were detected at the damaged part of the vane (Fig. 51).

3.2.4. Microstructural analysis of Stator vanes at stages IV and V
Except for the blades at stages V and VI, in which fatigue cracks caused by nick damages are

clearly observed, microstructures of the vanes at stages IV and V were observed. Compared

with the sound vane (i.e., unfractured vane) of stage IV, both fractured (Fig. 6a) and sound

(Fig. 6b) vanes revealed no significant differences in grain size and precipitate fraction (Fig.
7), which could affect fatigue cracking. Meanwhile, some defects were observed at the surface
of concave and tip near the fracture surface (blue circles in Figs. 6¢ and d). The cross-sectional
shape of the surface defect is similar to a typical shape of a corrosion pit. The oxygen was
detected near the defect by the SEM-EDXS analysis although the measured oxygen content
(~8 wt.%) is less than the oxygen content (> 15 wt.%) measured from corrosion pits in literature
[17, 18]. This is probably because the size of the defect observed in the present study was so
small that the chemical composition of a matrix or a resin near the defect was measured
together.

Fig. 8 exhibits microstructures of sound (Fig. 8a) and fractured (Fig. 8b) vanes of stage V.

Both vanes revealed a similar fraction of precipitates (Fig. 7), but different grain sizes. In
particular, the fractured vane possessed coarse grains in the convex surface. To evaluate the

distribution of grain size, SEM-EBSD observation was performed (Fig. 9). As a result, the
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grain size of the sound vane (Figs. 9a and b) was finer than that of the fractured vane (Figs. 9¢

and d).

4. Discussion
Based on the results mentioned above, it was realized that the flame-out of the gas turbine
engine stemmed mainly from internal object damage (I.O0.D) caused by the fracture of the stator

vane of stage IV. However, since the initiation point of fatigue cracking was completely

contaminated by wear and oxidation, it was difficult to elucidate the root cause of fracture.
Nevertheless, based on failure cases [7-9, 19-21], it can be deduced that the compressor vane
of the gas turbine engine might be fractured by corrosion. Corrosion is a typical cause of
damage occurring at various parts of aircraft, and can serve as a starting point for fatigue
cracking. In the present study, micro-corrosion (i.e., pitting) was also observed at the tip of the

vane of stage IV (Fig. 6). Another cause of fracture is dispersion of material strength. Even if

all materials undergo heat treatment and manufacture process under complete control, the
inhomogeneity of material properties may exist. Furthermore, mechanical properties may also
change depending on the environment that the material is exposed to [22].

Regarding the blades of stages V and VI, the damages of LE and TE were confirmed, and

the fatigue crack was propagated from the damaged part of LE (Fig. 4). The SEM-EDXS result
exhibited that the LE parts of blades were damaged by broken fragments of vanes. Accordingly,
it is considered that the damaged LE parts provided stress concentration sites and the origin of
fatigue cracking. Fatigue cracks, caused by stress concentration at the damaged part, are
frequently reported in many previous studies [5, 23].

Considering the stage and location of the compressor, the fracture of the stage V vane is

most likely due to the secondary damage caused by fragments of vanes of stage IV and blades
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of stage V. However, even if the vane of stage IV did not break, the possibility of engine
damage is thought to be high because the vane of stage V had fatigue cracks (Fig. 5). The

reason is that the initiation site of fatigue cracking was not the location where nick damage was
observed. The cause of the fatigue crack is considered to be due to coarse grains present in the
convex surface (Figs. 8 and 9). Abikchi et al. [24] reported that fatigue cracking started
primarily from coarse grains in Inconel 718 and experimentally showed that Inconel 718 with
coarse grains possessed the lower cycle for the start of fatigue cracking. The possibility of
fatigue cracking increases due to the low fraction of I'"" precipitates within coarse grains and
irregular distribution of slip bands [25]. In addition, Inconel 718 is known to follow the Hall-
Petch theory, where the strength increases with grain refinement [26]. In other words, fatigue
properties deteriorated due to coarse grain formation on convex surface of the vane. Meanwhile,

coarse grains on the surface form during heat treatment and manufacturing process [27, 28].

5. Conclusions

a. The cause of fatigue cracking in the stator vane of stage IV was not confirmed due to
the severe contamination of the crack origin. However, corrosion is considered to be
the cause of cracking due to the presence of corrosion pits observed on the surface of
airfoil.

b. The rotor blades of stages V and VI were failed by fatigue cracking that was initiated
at the damaged part. The chemical elements of the vane were detected at the damaged
part of rotor blades. This implies that the damages of rotor blades were caused by the
fragments of the vane.

c. The stator vane of stage V was failed by fatigue cracking, which was initiated at the

middle part of the convex surface, not the nick damage part. Compared with the sound
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vane, the fractured vane possessed coarser grains at the convex surface. It is deduced

that coarse grains are the main cause of fatigue cracking.
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Figure caption list

Fig. 1. Damaged compressor part of (a) rotor blade assembly and (b) stator vane assembly.

Fig. 2. Fractured and damaged components of (a) Stator vanes of stage IV, (b) rotor blades of

stages V and VI, and (c) stator vanes of stage V.

Fig. 3. (a) OM image of the entire fractured surface of a stator vane of stage IV. Magnified

SEM images of (b) tip, (c) middle and (d) outer-platform parts corresponding to red boxes in

(a). Yellow arrows indicate fatigue striations.

Fig. 4. Fractured surface of a rotor blade of stage V: OM images of (a) the entire fractured

surface and (b) the middle part corresponding to red boxes in (a). Dotted yellow lines in (b)
indicate the beach mark. (c) SEM image of the surface fractured by nick damage, and EDXS
patterns of (d) nick-damaged area (LE side).

Fig. 5. (a) SEM image of a fractured stator vane of stage V. (b) Magnified SEM image of

fractured surface corresponding to a red box in (a). (c-e¢) Magnified SEM images of fractured
surface corresponding to red boxes in (b). Yellow arrows indicate the direction of fatigue crack

propagation. (f) EDXS pattern of nick-damaged area on the fractured surface of the vane.

Fig. 6. OM images of (a) sound and (b) fractured stator vanes observed from a leading edge

direction. (c, d) OM images showing the vicinity of the tip of the fractured vane.

Fig. 7. The fractions of precipitates measured at fractured and sound vanes in the stage IV and

V.

Fig. 8 OM images of (a) sound and (b) fractured stator vanes observed from the tip direction.
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Fig. 9. (a, ¢c) EBSD image quality (IQ) maps and (b, d) distribution of grain size: (a, b) sound
and (c, d) fractured vanes. Blue lines are low-angle boundaries with misorientation angles of

3°-15°. Black lines are high-angle boundaries with misorientation angles exceeding 15°.
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Highlight

Failure analysis of a compressor for an aircraft gas turbine engine was conducted.
Corrosion pits were observed in fractured vanes at the stage IV of the compressor.
Coarse grains in the fractured vanes of stage V were observed through OM and EBSD.

Fatigue properties of vanes were degraded by coarse grains.

Fatigue cracks of blades were generated due to damages caused by vane fragments.
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