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Abstract. The study is devoted to a perspective diagnostic method, which makes it possible to deal with dia-
gnostic tasks — the acoustic non-destructive inspection method based on acoustic emission (AE) signal parameter ana-
lysis. The practical use of this method is related to the interpretation of diagnostic measurement data. The parameters
of acoustic emission (AE) signals were measured during bench tests of the tail boom structure and fin, as well as the
joint areas of the fin, tail boom, and fuselage of the helicopter (joint area No.1 and No.19, frames of the tail boom and
fuselage respectively).The analysis of fatigue damage kinetics was carried out in several stages for groups of bolts and
for characteristic structure loading intervals. Bolt fracture was predicted at least 26 to 44 flight hours before the actual
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collapse. Using the AE parameters, the micro crack origin intervals identified when the bolt bearing capacity after the

occurrence of the damage reached 96%.

Keywords: acoustic emission, helicopter structure, fatigue defects, bolts, fractographic research.

1. Introduction

Aviation structure failures are mostly related to fatigue
damage accumulation and fatigue crack development
(Lingelli 2009; Shanyavskiy 2003). Therefore, one of the
most important issues in assessing fatigue is the develop-
ment of scientifically based methods for fatigue damage
evaluation and longevity calculation of structural ele-
ments in variable voltage conditions. Using such meth-
ods, it is possible to choose the optimum shape and size
of the design at the design stage and to control the real
process of damage accumulation in structures during
exploitation.

Regarding structure load-bearing capacity, when a
large part of its resource construction material is being
operated with defects, but the exploitation time is de-
termined by defect development time until its critical di-
mensions, methods that make possible to detect the de-
fects at an early stage and to predict the resources of the
remaining structure with cracks become actual.

A perspective diagnostic method which makes
it possible to deal with such a task type is the acoustic
non-destructive inspection method based on acoustic
emission (AE) signal parameter analysis (Urbahs et al.
2012, 2015). The practical use of this method is related to
the interpretation of the diagnostic measurement data.

2. Helicopter bench test and the experiment
methodology

A helicopter test bench (Fig.1) was used to develop a
defect localization methodology for helicopter structure
fatigue damage technical diagnostics. The controlled
structures and parts for the test object were:

1. Helicopter tail boom;

2. Helicopter keel.

Fig. 1. Applied distribution load on the keel of a real structure
(view against flight direction from the left side)

Load values in the fatigue test program were set
based on stress-strain state measurements of a helicopter
sample during flight trials (Aviatest 2014). The load is
applied at the rotor bush - P P[" P, at the fastening
points of stabilizator — P, , and at the keel - pk .

The  frequencies of applied
frest 20,017 —0,1Hz (T =10 - 60 sec).

A visual inspection of the object was carried out
after every 400 to 1000 loading cycles. In the tail boom
and keel, the most critical points from the fatigue
strength point of view are the following areas:

a) joint of tail boom and central fuselage part

(Fig. 2);

b) tail boom frames No. 1 and No. 2 (from the in-

side and outside);

c) area between tail boom frames No. 1 and No. 3;

d) joint of tail boom and keel.
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Fig. 2. Joint of tail boom and central fuselage part

According to resource estimation using the
Palmgren-Mainer rule (Paramonov 2009), taking into
account the factor of spoilage, in linear summation hy-
pothesis My =2, we obtain that 48 load cycles under the
test conditions have to be carried out to obtain a one-
hour flight resource.

Acoustic emission R150 type sensors were installed
on the skin of the tail boom and the keel from the out-
side (Fig. 3).
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Fig. 3. Location of AE sensors on the tail boom and keel
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3. General information on the test results

The parameters of acoustic emission (AE) signals were
measured (Vallen 2006) during bench tests of the tail
boom structure and fin as well as the joint areas of the
fin, the tail boom and fuselage of the helicopter (joint
area No.1 and No. 19, frames of the tail boom and fu-
selage respectively).

The tests revealed the following defects, the
propagation of which was being monitored with the help
of the AE method from the moment they appeared, up
to their crucial growth, and/or up to the failure of the
structural components (Fig. 4):

— fracture of bolts No. 18-1, No. 19-1 and crack
detection in the material of bolt No. 21, in 23022
load cycles;

— fracture of bolts No. 18-2 and No. 19-2, in 51000
load cycles;

— fracture of bolt No. 14 and crack detection in the
material of bolt No. 13, in 69603 load cycles;

— fracture of bolt No. 15, in 78601 load cycles;

— fracture of bolt No. 19-3, in 80615 load cycles;

— fracture of bolt No. 18-3, in 98175 load cycles.
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Fig. 4. Joint bolts of tail boom frame No. 1 and fuselage in the
flight direction (cross sections are depicted in Fig. 5)
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Fig. 5. Cross sections of tail boom frame No.1 in joints

4. Overall evaluation of the informational content of
AE signal diagnostic parameters
On the basis of the analysis of AE parameters recorded
in the process of testing, the following was revealed. The
AE signal amplitude recorded for all channels quantit-
atively reflects the process of failure. The value of the
amplitude depends on the point of the AE sensor in-
stallation, including its orientation relative to the source
of AE signal and distance to the source. The energy of
AE signals is also an informative parameter for the
diagnostics of large structures. This parameter quant-
itatively reflects the stages of the process of accelerated
crack growth in the material of helicopter structural
components. Due to a significant influence of mechan-
ical noises during the tests, the total AE is informative
only in the case of additional filtration. This process is
rather time consuming and requires the development
and application of a special program for the processing
of recorded signals.

The analysis of fatigue damage kinetics was carried
out in several stages: for groups of bolts and for charac-
teristic structure loading intervals.

Stage 1. Range of load cycle numbers: 1 — 48000 cycles
The analysis was carried out for the cases of crack initi-
ation and propagation up to the complete failure of bolts
No. 19-1, No. 18-1, No. 19-2, No. 18-2 as well as for the
case of crack initiation and propagation in the material
of bolt No. 21 (the bolt did not fracture).

The results of the AE data analysis in the range of 1
to 9812 serve as evidence of the processes of crack ini-
tiation in the material of helicopter structural compon-
ents, for example, a crack in bolt No. 19-1 initiated in
900...1100 load cycles, when the amplitude of AE signals
increased up to 85 dB for the first time during the tests.
Additionally, sequential signals with the specified amp-
litude were recorded, which is indicative of the initiation
of several nuclei at the micro-level (Fig. 6). Then, in the
interval of 2200...3500 cycles, the changes in the AE sig-
nal amplitude and intensity pointed to the subsequent
discrete growth of the crack.

The behaviour of total AE signals also confirmed
fatigue crack initiation in 900-1100 load cycles (Fig. 7).
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Fig. 6. Time dependent behaviour of amplitude of AE signals
recorded in the interval of 1-9812 load cycles
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Fig. 7. Time dependent behaviour of total AE signals recorded
in the interval of 1-9812 load cycles

During subsequent tests in the intervals from 3500
3700 to 4200-4600 cycles, an accelerated growth of the
fatigue crack was detected (presumably, bolt No. 19-1).
Subsequently, the crack was propagating discretely — re-
tarded growth was followed by accelerated propagation.

Critical dimensions that were reached by the crack
at the moment bolts No. 19-1 and No. 18-1 fractured
were detected by all AE sensors, which reflects the cor-
responding change of total AE signals (Fig. 8).
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Fig. 8. Time dependent behaviour of total AE signals recorded
in the interval of 9812-48000 load cycles

At the moment of failure, some increased amplitude
signals — in a range from 85 to 100 dB, on channels 4,
5 and 6 respectively, were recorded. Similar results were
subsequently received for bolts No. 19-2 and No. 18-2
installed instead of the failed bolts No. 19-1 and No.
18-1 (in 48000 load cycles) (Fig. 9).
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Fig. 9. Time dependent behaviour of amplitude of AE signals
recorded in the interval of 9812-48000 load cycles
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The intensity of AE signals in this particular case
also quantitatively characterizes the stages of accelerated
crack growth in the material of bolts No. 19-1, 19-2, 18-
1, and 18-2 (Fig. 10).
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Fig. 10. Time dependent behaviour of intensity of AE signals
recorded in the interval of 9812-48000 load cycles

Stage 2. Range of load cycle numbers: 51000-108958
cycles

The analysis was carried out for the cases of crack ini-
tiation and propagation up to the complete fracture of
bolts No. 14, No. 15, No. 19-3, No. 18-3 as well as for
the case of crack initiation and propagation in the ma-
terial of bolt No. 13 (the bolt did not fracture).

At this point, it is possible to confirm the informa-
tional content of the AE signal amplitude, which quant-
itatively reflects the presence of the stages of crack
propagation in the material of helicopter structural
components. For example, the amplitudes of AE signals
emerging due to the critical growth of the crack along
with the fracture of bolt No. 14 were 60-63 dB, as recor-
ded on channel 2, and 65-68 dB, as recorded on channel
1 (Fig. 11). The amplitudes of AE signals initiated by the
propagating crack in the material of bolt No. 19-3 reach
80-83 dB on channel 2 and 70 dB for the case of record-
ing on channel 1.
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Fig. 11. Time dependent behaviour of amplitude of AE signals
recorded in the interval of 51000-108958 cycles

The energy of AE signals also quantitatively reflects
the process of fracture and serves as one of the criteria
for evaluating fatigue damage in the material of bolts.
The highest energy was detected at the moment of frac-
ture of bolt No. 19-3 on channel 2 (Fig. 12).
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Fig. 12. Time dependent behaviour of energy of AE signals
recorded in the interval of 51000-108958 cycles

The expanded time curve of the AE signal energy
shows the moments of fracture of all bolts for both chan-
nels of the AE device (Fig. 13). It was also found that
energy characterizes the accelerated growth of cracks in
the bolt material.
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Fig. 13. Time dependent expanded energy curve of AE signals
recorded in the interval of 51000-108958 cycles

The total energy parameter is also informative in
terms of evaluating damage by using the AE method.

It should be noted that the AE signal intensity also
quite reliably reflects the kinetics of fatigue damage and
can be used as a diagnostic parameter for the evaluation
of the helicopter structure damageability during bench
tests.

The total AE signals depend considerably on the ac-
cepted discrimination threshold. and, in addition to that,
their processing, as specified above, requires the devel-
opment of a special algorithm and a program.

5. General characteristics of the results of a
fractographic analysis of bolt material surfaces

On the basis of the fractographic analysis that we carried
out, it was found that the propagation of fractures in the
bolt material is characterized by the formation of low-
cycle fatigue damage mesolines, the distance between
which increases in a general case, which characterizes
the acceleration of the crack growth rate as the crack
length increases (fatigue damage areas). In all cases, the
fracture has a multinuclear nature (Fig. 14). The material
of bolts contains inclusions (Fig. 15).

At the same time the failure of bolts has a complex

nature due to the influence of additional factors:

— cracks initiate and grow simultaneously in several
bolts, leading to the redistribution of load among
them during the tests, which is reflected in the
mechanism of crack propagation;

— after periodic retightening of bolts during the tests
(some bolts were retightened up to three times),

the redistribution of stresses causes changes in
the nature of fatigue mesoline propagation -
their obvious transition from a small to a larger
size along with the propagation of damage was
not observed.
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Fig. 14. Nucleus area
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Fig. 15. Inclusion
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6. Conclusions

The helicopter fuselage and tail boom joint bolt fatigue
damage diagnostics with fault localization were per-
formed during bench tests based on AE method. Bolt
fracture was predicted to at least 26 to 44 flight hours
before the actual destruction. The micro crack origin
intervals were identified using AE parameters and the
bolt bearing capacity after the occurrence of the dam-
age reached 96% Fractographic analysis of fatigue relief
confirmed the AE measurement results.
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