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Description
TECHNICAL FIELD

[0001] The disclosed embodiments generally relate to
non-destructive evaluation (NDE) methods. More partic-
ularly, the disclosed embodiments relate to NDE meth-
ods for the evaluation of aerospace components.

BACKGROUND

[0002] Non-Destructive Evaluation (NDE) methods re-
fer to a class of methods that can be used to inspect
objects for defects. NDE methods are often used to in-
spect materials for defects, such as structural anomalies,
inclusions, cracks, etc. However, many conventional
NDE methods often provide incomplete or otherwise in-
adequate inspections. This is especially true in aero-
space components, where manufacturing integrity and
lifecycle monitoring are critical to the safe and effective
operation of such components.

[0003] US2007/034009 discloses a method for moni-
toring damage to a structure having an actuator and a
sensor, which includes exciting the actuator across a pre-
determined frequency range to excite the structure,
measuring a vibrational characteristic of the structure
across the predetermined frequency range in response
to the excitation of the actuator using the sensor, calcu-
lating a transfer function for the actuator and the sensor
using the measured vibrational characteristic, determin-
ing a change in the vibrational characteristic across the
predetermined frequency range using the transfer func-
tion, and analyzing the determined change in the vibra-
tional characteristic across the predetermined frequency
range to facilitate determining whether the structure is
damaged.

[0004] It would therefore be desirable to provide NDE
methods for use with aerospace components that may
be used to monitor manufacturing processes and to mon-
itor the components during their lifecycle. Furthermore,
other desirable features and characteristics of the
present invention will become apparent from the subse-
quent detailed description of the invention and the ap-
pended claims, taken in conjunction with the accompa-
nying drawings and this background of the invention.

BRIEF SUMMARY

[0005] The presentinvention provides a method as de-
fined in claim 1. The method may include the features of
any one or more of dependent claims 2 to 6. The dis-
closed embodiments relate to non-destructive evaluation
(NDE) methods for evaluating an aerospace component.
In one embodiment, a method for non-destructive eval-
uation of an aerospace component includes identifying
a region of interest on the aerospace component, posi-
tioning a plurality of sensors in the region of interest, in-
ducing a vibration in the region of interest using the plu-
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rality of sensors and receiving a resonance frequency
spectra using the plurality of sensors, and comparing the
received resonance frequency spectra against a refer-
ence spectra to determine the presence of an anomaly
in the region of interest.

[0006] In another embodiment, a method for non-de-
structive evaluation of an aerospace componentincludes
inducing avibration in a region of interest using a plurality
of sensors and receiving a resonance frequency spectra
using the plurality of sensors and comparing the received
resonance frequency spectra against a reference spec-
tra to determine the presence of an anomaly in the region
of interest.

[0007] This summary is provided to introduce a selec-
tion of concepts in a simplified form that are further de-
scribed below in the detailed description. This summary
is not intended to identify key features or essential fea-
tures of the claimed subject matter, nor is it intended to
be used as an aid in determining the scope of the claimed
subject matter.

BRIEF DESCRIPTION OF THE DRAWINGS

[0008] The present invention will hereinafter be de-
scribed in conjunction with the following drawing figures,
wherein like numerals denote like elements, and wherein:

FIG. 1 illustrates a conceptual testing acoustic sen-
sor arrangement on a region of interest in accord-
ance with an embodiment of the present disclosure;
FIG. 2is a flowchart of an exemplary method for non-
destructive evaluation (NDE) of aerospace compo-
nents in accordance with the present disclosure;
FIGS. 3 and 4 illustrate exemplary resonance spec-
tra as may be acquired using the methods of the
present disclosure;

FIG. 5 is a flowchart of an exemplary NDE process;
FIG. 6 is an exemplary resonance spectra as may
be acquired performing the stepsillustrated in FIG. 5;
FIG. 7 illustrates a frequency shift as may be en-
countered using certain NDE techniques described
herein; and

FIG. 8 is yet another exemplary flowchart of an NDE
process.

DETAILED DESCRIPTION

[0009] The following detailed description is merely ex-
emplary in nature and is not intended to limit the invention
orthe application and uses of the invention. As used here-
in, the word "exemplary" means "serving as an example,
instance, or illustration." Any embodiment described
herein as "exemplary" is not necessarily to be construed
as preferred or advantageous over other embodiments.
Furthermore, there is no intention to be bound by any
theory presented in the preceding background or the fol-
lowing detailed description.
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Overview of the Disclosed Embodiments

[0010] The disclosed embodiments generally relate to
non-destructive evaluation (NDE) methods. More partic-
ularly, the disclosed embodiments relate to NDE meth-
ods for the evaluation of aerospace components. In a
first aspect of the present disclosure, embodiments will
be described that use NDE methods to monitor the man-
ufacturing process of aerospace components. In partic-
ular, the described methods may be effectively employed
to determine the presence of anomalies in such compo-
nents, or to determine the existence of variation among
manufactured lots of such components, for example from
different suppliers or from different manufacturing ma-
chinery. In a second aspect of the present disclosure,
embodiments will be described that use NDE methods
to monitor aerospace components during their lifecycle.
In particular, the described methods may be effective em-
ployed to determine the presence of cracks or other
weaknesses that may develop in such components dur-
ing the course of their use. The advantage attendant by
the use of the novel methods described herein will be-
come apparent based on the following description of
each.

NDE Methods Employed in the Disclosed Embodiments

[0011] The embodiments described herein are based
on the fundamental principle of physics that a hard ele-
ment will resonate at a specific frequency. As such, ithas
been discovered thatitis possible to use specialized sen-
sors in various configurations and combinations with oth-
ersensing devices, forexample an optical interferometer,
as will be described in greater detail below, for studying
various aerospace components. Further, it has been
shown that the structural integrity of the aerospace com-
ponents is preferably studied by examining it under vi-
bratory loads. As such, the present disclosure describes
a non-destructive test method to evaluate each specific
area using induced vibration within the aerospace com-
ponents and to provide information related to local as
well as bulk changes in microstructure and structural in-
tegrity.

[0012] Embodiments of the present disclosure are fur-
ther based on the principle that an aerospace compo-
nents with, for example, tight joints, nominal dimensions,
acceptable microstructure, and elastic properties will
show a markedly different response to induced vibration
than aerospace components with loose joints and differ-
entalloying and heat treatment in which internal damping
and additional resonances are present. Lack of tight
joints, widening dimensions between joined compo-
nents, cracks or other defects in microstructure, and in-
elastic properties or brittleness are all indicative of an
assembly that could be prone to failure. It is thus an object
of the present disclosure to identify such assemblies us-
ing non-destructive evaluation techniques.

[0013] In accordance with the present disclosure, a
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plurality of acoustic sensors are brought into contact with
the region of interest (ROI) on the aerospace compo-
nents to be tested. A first of the plurality of acoustic sen-
sors subjects the aerospace components to external si-
nusoidal waves varying in frequency by the frequency
sending/receiving processor 120. At least two other
acoustic sensors of the plurality of acoustic sensors re-
ceive different vibrational response modes as the signals
pass through the aerospace components and are re-
ceived by the at least two receiving sensors. FIG. 1 con-
ceptually depicts this arrangement, using one driving
acousticsensor 111 to induce a vibration using sinusoidal
waves into the region of interest, illustrated as object 100
(e.g., an exemplary aerospace component), and two re-
ceiving acoustic sensors 112, 113 to receive the vibra-
tional response modes after passing through the object
100.

[0014] As such, the aerospace component 100 is sub-
jected to mechanical vibrations at different frequencies
via acoustic sensors that convert electric sinusoidal
waves into mechanical waves. The modes and frequency
of vibrations in a part depends on its geometry, mechan-
ical rigidity, elastic properties, alloying, heat treatment,
and microstructure as shown below in equation 1. Res-
onant frequencies are determined by dimensions and
material properties of joined component, accordingly to
the following widely-known formula: f, ~ SQRT(k/m)
Equation 1; where f, = resonant frequency; k = stiffness
(elastic properties e.g., Young’s Modulus); and m = mass
(volumetric dimensions, density). Structural defect
strength reduction may be caused by degraded material
properties, changes in metallographic microstructure, or
dimensional variation e.g., a crack reduces stiffness and
lowers the resonant frequency, which can be observed
on the output signal. Further, the driving frequency ap-
plied to the object depends on the mass and geometry
of the object. In general, objects with relatively higher
mass are driven with relatively lower frequencies than
relatively lower mass objects.

[0015] Other waveforms are possible. For example, in
an embodiment, inducing a vibration includes inducing a
sinusoidal wave of vibration frequencies. In another em-
bodiment, receiving a resonance frequency includes re-
ceiving surface acoustic waves. In yet another embodi-
ment, receiving a resonance frequency includes receiv-
ing longitudinal waves. In a further embodiment, receiv-
ing a resonance frequency includes receiving shear
waves.

[0016] Inanembodiment, the plurality of acoustic sen-
sors is deployed on a region of interest for non-destruc-
tive evaluation as a phased array of acoustic sensors. In
one example, the phased array of acoustic sensors is
used for both driving and receiving vibrations/frequen-
cies. In another example, the phased array of acoustic
sensors is used for driving the vibration in the region of
interest and optical sensors, such as an optical interfer-
ometer, are used for receiving the resonance frequencies
as they pass through the region of interest. The present
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disclosure should not be read as limited to any particular
number of sensors in the phased array, nor limited to any
particular wave mode resonance frequency with regard
to the function of such acoustic sensors.

[0017] In an alternative embodiment, sensors can be
provided as optical sensors. For example, the sensors
can be provided as optical interferometers. Using optics,
the sensors are similarly able to determine the resonance
frequencies in the object (e.g., an aerospace component.
The various modes of waves as noted about are receiv-
able using optical sensors in the same manner as noted
above.

[0018] As part of this testing, software algorithms are
used to characterize the spectral differences, such as
"Q", Bandwidth (BW), Peak frequency, center frequency,
and 3dB and 6dB BW between known accepted parts
and rejected components. These differences are used
to "train" the system to screen hardware based on these
acceptable and unacceptable spectra. In this way, parts
can be set up for automated inspection.

[0019] In principle, a variety of acoustic sensing tech-
nologies may be employed to detect defects in compo-
nents, according to the methods and techniques de-
scribed above. In one approach, as noted above, the use
of acoustic sensors for both the driver and receiver units
may be employed. In another approach, the use of acous-
tic sensors for the driver, and optical sensors for the re-
ceivers is employed. In a further approach ultrasonic sen-
sors may be employed, as will be discussed in greater
detail below. In yet another fourth approach, non-linear
acoustics may be employed, as willbe discussed in great-
er detail below. Regardless of the approach employed,
the method of FIG. 2 (as will be discussed in greater
detail below) illustrates the techniques necessary to per-
form NDE.

[0020] Regarding the use of ultrasonic sensors, em-
bodiments of the present disclosure may employ either
or both of conventional ultrasonics and phased array ul-
trasonics. As is known in the art, conventional ultrasonic
transducers for NDE commonly include either a single
active element that both generates and receives high fre-
quency sound waves, or two paired elements, one for
transmitting and one for receiving (T/R). In alternative
embodiments, phased array probes, on the other hand,
typically consist of a transducer assembly with from 16
to as many as 256 small individual elements that can
each be pulsed separately. These may be arranged in a
strip (linear array), a ring (annular array), a circular matrix
(circular array), or a more complex shape.

[0021] Transducer frequencies are most commonly in
the range from 2 MHz to 20 MHz. A phased array system
will also include a computer-based instrument that is ca-
pable of driving the multi-element probe, receiving and
digitizing the returning echoes, and plotting that echo in-
formation in various standard formats. A phased array
system utilizes the wave physics principle of phasing,
varying the time between a series of outgoing ultrasonic
pulses in such a way that the individual wave fronts gen-
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erated by each element in the array combine with each
other to add or cancel energy in predictable ways that
effectively steer and shape the sound beam. This is ac-
complished by pulsing the individual probe elements at
slightly different times. Frequently the elements will be
pulsed in groups of 4 to 32 in order to improve effective
sensitivity by increasing aperture, which reduces un-
wanted beam spreading and enables sharper focusing.
[0022] Software known as a focal law calculator estab-
lishes specific delay times for firing each group of ele-
ments in order to generate the desired beam shape, tak-
ing into account probe and wedge characteristics as well
as the geometry and acoustical properties of the test ma-
terial. The programmed pulsing sequence selected by
the instrument’s operating software then launches a
number of individual wave fronts in the test material.
These wave fronts in turn combine constructively and
destructively into a single primary wave front that travels
through the test material and reflects off cracks, porosity,
discontinuities, back walls, and other material bounda-
ries like any conventional ultrasonic wave. The beam can
be dynamically steered through various angles, focal dis-
tances, and focal spot sizes in such a way that a single
probe assembly is capable of examining the test material
across a range of different perspectives. This beam
steering happens very quickly, so that a scan from mul-
tiple angles or with multiple focal depths can be per-
formed in a small fraction of a second.

[0023] The returning echoes are received by the vari-
ous elements or groups of elements and time-shifted as
necessary to compensate for varying wedge delays and
then summed. For example, a "C-Scan" is a two dimen-
sional presentation of data displayed as a top or planar
view of a test piece, similar in its graphic perspective to
an x-ray image, where color represents the gated signal
amplitude at each point in the test piece mapped to its
x-y position. With conventional instruments, the single-
element transducer must be moved in an x-y raster scan
pattern over the test piece. With phased array systems,
the probe is typically moved physically along one axis
while the beam electronically scans along the other. En-
coders will normally be used whenever precise geomet-
rical correspondence of the scan image to the part must
be maintained, although un-encoded manual scans can
also provide useful information in many cases.

[0024] As noted above in accordance with yet a further
alternate embodiment, non-linear acoustics may be em-
ployed in any of the testing schemes described herein
(in addition to the standard acoustics and ultrasonics not-
ed above). In this embodiment, scanning the region of
interest may be accomplished using a non-linear ultra-
sonic driver and using several receivers for receiving sev-
eral multiple harmonics for analyzing structural integrity,
and producing a scan image thereby. For non-linear
acoustics, additional frequencies are generated by any
external discontinuities presentin the structure. The NDE
approach disclosed herein is based on ASTM E2534 as
well as known literature on non-linear acoustics. In an
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exemplary implementation thereof, a tone burst narrow
band is used for vibration and a wideband receiver is
used for recording output.

[0025] Withregard to any of the above-discussed NDE
approaches, an exemplary method 200 for non-destruc-
tive evaluation of aerospace components is illustrated as
aflowchartin FIG. 2. The method 200 begins with a step
of defining parameters based on part type and geometry.
As will be appreciated, aerospace components are man-
ufactured in many different shapes and sizes. As such,
the method includes a step of defining parameters step
201 such as the region of interest, number of acoustic,
ultrasonic, or optical sensors to be used, and types of
wave forms (modes) to evaluate.

[0026] The exemplary method 200 continues with re-
specttostep202. Atstep 202, spectra are acquired under
the varying setups or parameters defined in step 201. In
order to acquire a sufficient sample size of spectra, a
plurality of both acceptable aerospace components (i.e.,
aerospace components with no known defects or anom-
alies) and unacceptable aerospace components (i.e.,
aerospace components with known defects or anoma-
lies) are provided. Each of these aerospace components
is then tested using each of the setups defined by the
previous determined parameters. The result is a number
of resonance spectra that can be subjected to further
analysis.

[0027] As such, the exemplary method 200 continues
at step 203 with studying the features in the acquired
spectra for both acceptable and unacceptable aerospace
components. Here, the differences will be noted between
parts that are known to be acceptable and parts that are
known to be unacceptable. Differences between the
spectra of any given part will become apparent to the
skilled artisan upon visual or computerized inspection.
This comparison, step 204 of method 200, is preferably
performed using computerized inspection for both cost
and accuracy considerations. Various software pro-
grams known in the art may be employed to analyze the
spectra, make comparisons, and determine the differ-
ences found between the spectra of acceptable parts and
the spectra of unacceptable parts.

[0028] With reference now to step 205 of method 200,
one or more criteria are established for making future
determinations as to whether an aerospace components
will be considered acceptable or unacceptable. The cri-
teria are based on the observed difference in spectra
between the known acceptable and unacceptable aero-
space components. For example, one criterion may be
established as the presence or absence of a certain de-
fined peak on the spectra. If the peak is present, then the
aerospace component passes this criterion. If the peak
is not present, then the aerospace component does not
pass this criterion, and is rejected.

[0029] Finally, with reference to step 206 of method
200, sensor testing spectral data can be continuously
gathered as more aerospace components are tested in
the course of performing the present method. The addi-
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tional data provided can be used to update and refine
the criteria, if needed. It is expected that the foregoing
method will be suitable for use in connection with the
particular NDE implementations as will be described in
greater detail below. In particular, it is expected that the
foregoing method will be useful during manufacturing
quality inspections and comparisons, as well as during
life cycle testing and monitoring.

NDE to Identify Manufacturing Variations and Defects

[0030] Manufacturing critical aerospace components,
for example engine parts such as cooled turbine nozzles
and blades requires short, reliable product development
cycle. Often the products cycle end up being longer than
originally planned. This is due in part to unexpected ob-
stacles present in the manufacturing processes. The in-
trinsic manufacturing problems range from poor manu-
facturing process control (MPC) to cost-prohibitive, long
lead-times for tooling. The problem associated with cost-
prohibitive and time-consuming tooling can be mitigated
using innovative, lean manufacturing practices such as
direct laser metal sintering (DLMS) methods. This will
result in reduced product cycle time.

[0031] However, problems associated with manufac-
turing process control can still adversely affect the prod-
uct delivery on schedules. Several factors including en-
vironment, measurements, human, machines, materials,
and methods influence the manufacturing processes
that, in turn, result in aerospace components with struc-
tural anomalies, poor dimensional tolerance, and varia-
tions in metallographic microstructure. Therefore, the
need exists for some means for monitoring manufactur-
ing process control. Monitoring not only the quality of the
product, but also that of the process, will not only avoid
both materials waste and long delay, but it will improve
product development cycle time, reduce cost, and en-
hance quality.

[0032] Among several NDE methods that have tradi-
tionally been used for monitoring MPC include Fluores-
cent Penetrant Inspection (FPI), Magnetic Testing (MT),
Ultrasonic Testing (UT), Eddy current testing (ET), and
XRay testing (RT). Each of these NDE methods has cer-
tain inherent advantages and disadvantages. For exam-
ple, RT and UT are suited for both volumetric and sub-
surface inspections, and FPI, MT, and ET are mostly suit-
ed for subsurface and surface inspections in parts. New
emerging NDE methods, including acoustic sensors,
Flash Thermography, Thermoacoustic Imaging (TA1)
and Laser Shearography offer excellent alternatives. In
particular, acoustic sensors testing can be used for mon-
itoring manufacturing process control (MPC), evaluating
Structural Integrity Assessment (SIA), and inspecting
quality in variety of aerospace components, such as
DMLS turbine stators, turbine blades, and hybrid bear-
ings.

[0033] In an exemplary embodiment, representative
acoustic sensor data (i.e., spectra) are depicted in FIGS.
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3 and 4. The digital spectra data for DMLS blades show
the presence of variations in a lot as well as variations
between lots. The spectral difference between these two
lots is known to be the result of a variation in porosity
percentage between the lots. The lot #2 with five blades
had lower porosity than the blades in Lot #1 (FIG. 4). It
is therefore evident that DLMS blades built under similar
manufacturing practices varied significantly, demonstrat-
ing the capability of acoustic sensor methods for moni-
toring manufacturing processes.

[0034] Embodiments of the present disclosure will fa-
cilitate revealing the existence of problems associated
with manufacturing processes in the early stages of such
manufacturing processes. For example, one can use
acoustic sensors in early stage following the stress re-
lieve cycle during an exemplary DMLS process flow for
studying any changes in the structure in a part as a result
of stress relief. Depending on the needs, acoustic sen-
sors may also be used for studying the effect of different
operations at various stages in DMLS component man-
ufacturing processes.

[0035] FIG.5 shows anexemplary process flow where-
in acoustic sensors and other NDE methods can be used
for DMLS blade manufacturing process monitoring. It
should be appreciated that the depicted process flow is
exemplary among many possible process flows, and is
provided to give an indication of the versatility of using
NDE methods during the manufacturing process to mon-
itor process quality. As shown therein, NDE methods can
be employed before or after nearly every phase (steps
503-509, inclusive) in the manufacturing process, once
the aerospace component is initially formed.

[0036] Embodiments of the present disclosure deploy
acoustic sensors at various stages that are critical in the
manufacturing processes control. For example, in order
to study whether the HIP processes has successfully
eliminated porosity in a part, acoustic sensors are used
following HIP processes (FIG. 5). Similarly, acoustic sen-
sors may also be employed following solutioning and ag-
ing processes to study the redistribution of Gamma and
Gamma Prime in DMLS components fabricated with nick-
el base superalloy materials. In other embodiments, a
similar approach may be applied for each stage deemed
important for studying the structure-property relationship
in the DMLS components.

[0037] The applications of acoustic sensors are fast,
inexpensive, clean, and easy-to-use. The entire process
takes normally less than a minute after the setup is fully
validated, and it requires no chemical or any other envi-
ronmental related issues. The normal process involves
several steps: 1) Fixture for coupling the part to sensors,
2) decide the stage for deploying acoustic sensors, 3)
defining frequency range of interests; 4) acquiring data,
5) analyzing the digital signatures, and 6) conclude and
recommend. As such, reference is made in particular to
the exemplary method outline above with regard to FIG.
2. In conjunction therewith, FIG. 6 shows a typical exam-
ple of the acoustic sensors digital signatures fora DMLS
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turbine blade.

[0038] Unlike any other existing NDE methods, acous-
tic sensors possess several unique features that differ-
entiate them from the existing NDE methods. For exam-
ple, acoustic sensor results directly correlate to the struc-
tural integrity of the component. In comparison, current
technologies highlight defects or indications of defects
that could possibly affect the structural integrity of the
component. Acoustic sensors require no interpretation
by the operator and thus function as excellent screening
tools. Prior art techniques require significant interpreta-
tion of test results by skilled personnel. Acoustic sensors
do not require operator interpretation for the pass/fail de-
termination, when employed in accordance with the
methods described herein. Acoustic sensors test the en-
tire component; it is a complete component evaluation.
In comparison, most NDE technologies only test a spe-
cific portion of the component and can miss defects in
un-inspected areas. Acoustic sensor testing takes only
minutes with little or no part preparation and no hazard-
ous waste. Current testing methods can require signifi-
cant preparation and may require the use of chemicals
or radiation. Furthermore, acoustic sensors have minimal
waste stream.

[0039] In an exemplary testing implementation, the
setup includes acoustic sensors, a computer for driving
sensors, and receivers and computer for data analysis.
As such, reference is made to FIG. 1, discussed above.
The entire spectrum for an exemplary aerospace com-
ponent is shown in FIG. 6. In order to fully evaluate a
MPC or a component, there is need for NDE methods
for continuous process monitoring. This can be achieved
using acoustic sensors and thereby acquiring acoustic
signatures at different stages at various stages as shown
in FIG. 5. Using acoustic NDE methods, in an exemplary
test, the difference between two lots is evident in the
acoustic sensors data. With reference back to FIGS. 3
and 4, the data indicate that the acoustic sensor digital
signatures have the capability to study the effect of po-
rosity differences in components. As such, and by way
of example, these NDE methods present a suitable
means to study the effectiveness of HIP processes in
manufacturing processes.

NDE to Monitor Life Cycle

[0040] The life span of an aerospace component is de-
fined by three criteria/ principles: 1) Retirement For
Cause (RFC): these parts are not subjected to any sched-
uled inspection but are inspected during the engine tear
down and have no upper limit until part is retired due to
obvious defects. 2) Damaged Tolerance Design (DTL):
this is based on the crack growth and is subject to sched-
uled inspections. And 3) Hard Life; this is typically based
on Low Cycle Fatigue (LCF) and is retired after the hard
life no matter whether the partappears acceptable or not.
[0041] Parts from the RFC and DTL categories are in-
spected at a defined interval, wherein each part is taken
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apart from the assembly followed by a set of NDE and
other inspections. Most of these inspections have limited
successes, as they are best suited only for detecting sur-
face and subsurface anomalies and suffer from being
subjective and time-consuming. In addition, these in-
spections often are not suited for volumetric inspections
due to practicality involved. Consequently, parts belong-
ing to the RFC and DTL groups are not 100% inspected
during scheduled maintenance inspections.

[0042] Embodiments of the present disclosure employ
an array of acoustic sensors, together with software and
hardware, for studying local and global structural chang-
es, including anomalies. The acoustic sensor based tech-
niques described herein offer an innovative solution that
is faster and cheaper than prior art methods and is envi-
ronmentally friendly in nature. Embodiments of the de-
scribed methods require no hazardous chemicals or ra-
diation, and little to no part cleaning is necessary. They
differ significantly from the existing NDE approaches and
philosophy. The existing NDE methods emphasize more
on the detection of cracks than the acoustic sensor meth-
od described herein. The latter is suited for monitoring
any structural changes taking place as a whole. For ex-
ample, existing NDE methods are unable to detect cu-
mulative fatigue and damage preceding the onset of any
catastrophic failure, whereas acoustic sensor methods
have been discovered to demonstrate this capability.
[0043] For example, reference is now made to FIG. 7.
FIG. 7 shows the changes in digital signatures in a cast
wheel during a "Spin Pit" test. As shown therein, there is
a relative shift in the digital signature as determined by
acoustic sensor testing. This relative shift is indicative of
cumulative fatigue occurring in the component.

[0044] Embodiments of the present disclosure employ
an array of acoustic sensors, along with novel algorithms,
and offer a unique approach for monitoring product struc-
tural integrity at various product development cycles in
a component, from manufacturing to retirement. The dis-
closed method provides for a whole inspection of each
component to study variation between components as a
tool for monitoring Manufacturing Process Control (MPC)
as well as "cradle-to-grave" inspection in a part to study
changes in the part over its entire life. These inspection
data can be stored in digital signature, providing a data
base for different parts in a lot or for a part over a period
of time.

[0045] Incontrasttothe existing NDE methods, where-
in emphasis has been heavily placed to detect surface
and subsurface anomalies, the disclosed acoustic sen-
sor method will capture all changes in a part since the
last inspection. These changes include microstructure
(phase structure, grain size, hardness, and stiffness),
density, initiation of new cracks and growth of the existing
cracks, heat affected zones, and dimensional changes
due to harsh operating environment. The methods as-
sess changes in structural integrity preceding the onset
of any fatigue and catastrophic failure well before that of
any existing prior art NDE methods, and as noted above
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with regard to FIG. 7.

[0046] As noted, prior art NDE methods detect anom-
alies only after cracks have grown beyond a certain de-
tectable size. Therefore, the presently described method
offers several unique and novel features that are not
presentin prior art inspection methods. Further, the pres-
ently described method differs significantly from any oth-
er method known in the art in that it may employ an array
of sensors optimally configured towards detecting both
critical areas/region of interests (ROIs) and areas that
are currently non-inspectable.

[0047] The methods described herein can be used at
various stages in the life cycle of an aerospace compo-
nent, starting from manufacturing to inspecting quality to
monitoring changes during maintenance, repair, and
overall (MRO). As noted above in the previous section,
in the early stage of manufacturing, these methods pro-
vide an excellent tool to study the manufacturing process
control (MPC) wherein fingerprints via digital signatures
from different parts will help for monitoring the MPC. The
present invention replaces current sequential methods
with a parallel approach, thereby eliminating any delay
in providing feedback to the processes. For example, with
reference to FIG. 8, the presently described methods are
suitable for use in inspections during manufacturing
(801), accelerated testing (802), and maintenance in-
spections (803). Each testing phase generates a digital
signature, as noted in FIG. 7 and 810 of FIG. 8. There-
after, such data can be tracked over the lifetime of the
component (811).

[0048] As such, disclosed herein are methods for non-
destructive evaluation of aerospace components. Em-
bodiments of the subject matter described herein allow
for a wide range of applications in the areas of life as-
sessment in an aerospace component, manufacturing
process monitoring, and quality inspection and reliability.
Manufacturing introduced anomalies can be quickly ob-
served and unacceptable components rejected. Further,
the sensors employed herein are capable of monitoring
structural integrity between components fabricated un-
der varying manufacturing conditions as well as returned
from the field.

[0049] While at least one exemplary embodiment has
been presented in the foregoing detailed description of
the invention, it should be appreciated that a vast number
of variations exist. It should also be appreciated that the
exemplary embodiment or exemplary embodiments are
only examples, and are not intended to limit the scope,
applicability, or configuration of the invention in any way.
Rather, the foregoing detailed description will provide
those skilled in the art with a convenient road map for
implementing an exemplary embodiment of the inven-
tion. It is being understood that various changes may be
made in the function and arrangement of elements de-
scribed in an exemplary embodiment without departing
from the scope of the invention as set forth in the ap-
pended claims.
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Claims

A method for non-destructive evaluation of an aero-
space component that is formed using direct metal
laser sintering, DMLS, comprising:

forming (501) the aerospace component using
a DMLS manufacturing process;

stress relieving (502) the aerospace component
after forming the aerospace component using
the DMLS manufacturing process;

aluminide encapsulating (504) the aerospace
component after stress relieving the aerospace
component;

hot isostatic pressing (505) the aerospace com-
ponent after aluminide encapsulating the aero-
space component, wherein hot isostatic press-
ing the aerospace component eliminates poros-
ity in the aerospace component;

after hot isostatic pressing the aerospace com-
ponent, identifying a region of interest on the
aerospace component;

after identifying the region of interest, position-
ing a plurality of acoustic sensors (111, 112,
113) in the region of interest;

after positioning the plurality of acoustic sen-
sors, inducing a vibration in the region of interest
using the plurality of sensors and receiving a
resonance frequency spectra using the plurality
of sensors;

comparing the received resonance frequency
spectra against a reference spectra to deter-
mine whether the hotisostatic pressing has suc-
cessfully eliminated porosity in the aerospace
component, wherein the step of comparing com-
prises identifying a frequency of a peak in the
received resonance frequency spectra;

if the step of comparing indicates that hot iso-
static pressing has not successfully eliminated
porosity in the aerospace component, then re-
jecting the aerospace component;

if the step of comparing indicates that hot iso-
static pressing has successfully eliminated po-
rosity in the aerospace component, then: solu-
tioning (508) the aerospace component and
ageing (507) the aerospace component.

The method of claim 1, wherein inducing a vibration
comprises inducing a sinusoidal wave of vibration
frequencies.

The method of claim 1, wherein receiving a reso-
nance frequency comprises receiving surface
acoustic waves.

The method of claim 1, wherein receiving a reso-
nance frequency comprises receiving longitudinal
waves.
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5.

The method of claim 1, wherein receiving a reso-
nance frequency comprises receiving shear waves.

The method of claim 1, further comprising inducing
a vibration in the region of interest of a reference
aerospace component using the plurality of acoustic
sensors and receiving a resonance frequency spec-
tra using the plurality of acoustic sensors to produce
the reference spectra.

Patentanspriiche

1.

Verfahren zur zerstérungsfreien Prifung einer Luft-
fahrtkomponente, die unter Verwendung von Direkt-
metalllasersintern, DMLS, gebildet wird, das Folgen-
des umfasst:

Bilden (501) der Luftfahrtkomponente unter Ver-
wendung eines DMLS-Herstellungsvorgangs;
Abbauen (502) von Spannungen in der Luft-
fahrtkomponente nach dem Bilden der Luftfahrt-
komponente unter Verwendung des DMLS-Her-
stellungsvorgangs;

Einkapseln (504) der Luftfahrtkomponente in
Aluminid nach dem Spannungsabbau der Luft-
fahrtkomponente;

isostatisches HeiRpressen (505) der Luftfahrt-
komponente nach dem Einkapseln der Luftfahrt-
komponentein Aluminid, wobei das isostatische
HeilRpressen der Luftfahrtkomponente eine Po-
rositat der Luftfahrtkomponente beseitigt;
Identifizieren eines Bereichs von Interesse der
Luftfahrtkomponente nach dem isostatischen
HeilRpressen der Luftfahrtkomponente;
Positionieren mehrerer Schallsensoren (111,
112, 113) im Bereich von Interesse nach dem
Identifizieren eines Bereichs von Interesse der
Luftfahrtkomponente;

Erzeugen von Schwingungen im Bereich von In-
teresse unter Verwendung der mehreren Sen-
soren und Aufnehmen eines Resonanzfre-
quenzspektrums unter Verwendung der mehre-
ren Sensoren nach dem Positionieren mehrerer
Schallsensoren im Bereich von Interesse;
Vergleichen des aufgenommenen Resonanz-
frequenzspektrums mit einem Bezugsspekt-
rum, um zu bestimmen, ob das isostatische
HeilRpressen eine Porositat in der Luftfahrkom-
ponente erfolgreich beseitigt hat, wobei der
Schritt des Vergleichens das Identifizieren einer
Frequenz eines Spitzenwertes im aufgenom-
menen Resonanzfrequenzspektrum umfasst;
Zurickweisen der Luftfahrtkomponente, wenn
der Schritt des Vergleichens anzeigt, dass das
isostatische HeilRpressen eine Porositat in der
Luftfahrkomponente nicht erfolgreich beseitigt
hat; und
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Lésen (508) der Luftfahrtkomponente und Altern
(507) der Luftfahrtkomponente, wenn der Schritt
des Vergleichens anzeigt, dass das isostatische
HeilRpressen eine Porositat in der Luftfahrkom-
ponente erfolgreich beseitigt hat.

Verfahren nach Anspruch 1, wobei das Erzeugen
von Schwingungen das Erzeugen einer Sinuswelle
von Schwingungsfrequenzen enthalt.

Verfahren nach Anspruch 1, wobei das Aufnehmen
einer Resonanzfrequenz das Aufnehmen Oberfla-
chenschallwellen umfasst.

Verfahren nach Anspruch 1, wobei das Aufnehmen
einer Resonanzfrequenz das Aufnehmen von Lon-
gitudinalwellen umfasst.

Verfahren nach Anspruch 1, wobei das Aufnehmen
einer Resonanzfrequenz das Aufnehmen von
Scherwellen umfasst.

Verfahren nach Anspruch 1, das ferner ein Erzeugen
von Schwingungen im Bereich von Interesse einer
Bezugsluftfahrtkomponente unter Verwendung der
mehreren Schallsensoren und das Aufnehmen ei-
nes Resonanzfrequenzspektrums unter Verwen-
dung der mehreren Schallsensoren, um das Be-
zugsspektrum zu erstellen, umfasst.

Revendications

Procédé d’évaluation non destructive d'un compo-
sant aérospatial qui est formé par frittage laser direct
de métal, DMLS, comprenant :

la formation (501) du composant aérospatial au
moyen d’'un procédé de fabrication DMLS ;

la relaxation des contraintes (502) du compo-
sant aérospatial aprés la formation du compo-
sant aérospatial au moyen du procédé de fabri-
cation DMLS ;

I'encapsulation dans de I'aluminiure (504) du
composant aérospatial aprés la relaxation des
contraintes du composant aérospatial ;

le pressage isostatique a chaud (505) du com-
posant aérospatial aprés I'encapsulation dans
de l'aluminiure du composant aérospatial, le
pressage isostatique a chaud du composant aé-
rospatial supprimant la porosité dans le compo-
sant aérospatial ;

apres le pressage isostatique a chaud du com-
posant aérospatial, I'identification d’'une région
d’intérét sur le composant aérospatial ;

apres l'identification de la région d’intérét, le po-
sitionnement d’'une pluralité de capteurs acous-
tiques (111, 112, 113) dans la région d’intérét ;
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aprées le positionnement de la pluralité de cap-
teurs acoustiques, l'induction d’'une vibration
dans la région d’intérét au moyen de la pluralité
de capteurs et la réception d’'un spectre de fré-
quences de résonance au moyen de la pluralité
de capteurs ;

la comparaison du spectre de fréquences de ré-
sonance regu a un spectre de référence pour
déterminer si le pressage isostatique a chaud a
réussi a supprimer la porosité dans le compo-
sant aérospatial, I'étape de comparaison com-
prenant I'identification d’'une fréquence d’un pic
dans le spectre de fréquences de résonance
regu ;

si I'étape de comparaison indique que le pres-
sage isostatique a chaud n’a pas réussi a sup-
primer la porosité dans le composant aérospa-
tial, alors le rejet du composant aérospatial ;

si I'étape de comparaison indique que le pres-
sage isostatique a chaud a réussi a supprimer
la porosité dans le composant aérospatial,
alors : la mise en solution (508) du composant
aérospatial et le vieillissement (507) du compo-
sant aérospatial.

Procédé de la revendication 1, dans lequel I'induc-
tion d’une vibration comprend I'induction d’'une onde
sinusoidale de fréquences de vibration.

Procédé de la revendication 1, dans lequel la récep-
tion d’une fréquence de résonance comprend la ré-
ception d’ondes acoustiques de surface.

Procédé de la revendication 1, dans lequel la récep-
tion d’'une fréquence de résonance comprend la ré-
ception d’'ondes longitudinales.

Procédé de la revendication 1, dans lequel la récep-
tion d’une fréquence de résonance comprend la ré-
ception d’'ondes de cisaillement.

Procédeé de larevendication 1, comprenant en outre
induction d’'une vibration dans la région d’'intérét
d’'un composant aérospatial de référence au moyen
delapluralité de capteurs acoustiques etlaréception
d’un spectre de fréquences de résonance au moyen
de lapluralité de capteurs acoustiques pour produire
le spectre de référence.
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