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REAL-TIME RESONANT INSPECTION FOR
ADDITIVE MANUFACTURING

BACKGROUND

[0001] The present invention relates generally to additive
manufacturing, and more particularly the methods and sys-
tems for fabricating gas turbine engine workpieces via
additive manufacturing.

[0002] Gas turbine engines are internal combustion
engines with upstream compressors and downstream tur-
bines fluidly connected through a combustor. Gas turbines
operate according to the Brayton cycle, extracting energy
from high-pressure, high-temperature airflow downstream
of the combustor, where fuel 1s 1njected into pressurized
airtlow from the compressor, and 1gnited. Many gas turbine
engine components guide airtlow, either as a working fluid
of the engine, or for cooling. Blades and vanes, for instance,
are airfoill components with smooth outer surfaces config-
ured to guide working fluid for compression (1n a compres-
sOr) or energy extraction (in a turbine).

[0003] Additive manufacturing 1s increasingly used to
fabricate gas turbine engine workpieces such as blades,
vanes, and air seals. Tolerances for these parts are often very
fine. Detective parts that fail to meet design specifications
can sometimes be reworked or repaired, but must often be
discarded, at significant cost.

SUMMARY

[0004] In one embodiment, the present invention relates to
a method of additive manufacturing. The method comprises
determining a first resonant frequency of an untlawed ret-
erence workpiece at a first partial stage of completion,
fabricating a production workpiece to the first partial stage
of completion via additive manufacture, sensing a second
resonant frequency of the production workpiece in-situ at
the first partial stage of completion, during the fabrication,
analyzing the workpiece for flaws based on comparison of
the first and second resonant frequencies, and providing an
output 1indicative of production workpiece condition, based
on the analysis

[0005] In another embodiment, the present invention
relates to an additive manufacturing system comprising an
additive manufacturing tool, a sensor, and a controller. The
additive manufacturing tool 1s disposed to construct a work-
piece via iterative layer deposition. The sensor 1s disposed to
determine a resonant frequency of the workpiece 1n-situ at
the additive manufacturing tool, during fabrication. The
controller 1s configured to terminate manufacture of the
workpiece if the resonant frequency differs substantially
from a reference frequency.

BRIEF DESCRIPTION OF THE DRAWINGS

[0006] FIG. 1 1s a schematic block diagram of an embodi-
ment of an additive manufacturing system.

[0007] FIG. 2 1s a method flowchart of an embodiment of
a method of additive manufacturing using the system of FIG.
1

[0008] While the above-identified figures set forth
embodiments of the present disclosure, other embodiments
are also contemplated, as noted in the discussion. In all
cases, this disclosure presents the imvention by way of
representation and not limitation. It should be understood
that numerous other modifications and embodiments can be
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devised by those skilled in the art, which fall within the
scope and spirit of the principles of the mvention. The
figures may not be drawn to scale, and applications and
embodiments of the present invention may include features
and components not specifically shown 1n the drawings.

DETAILED DESCRIPTION

[0009] In a variety of applications including gas turbine
engine part additive manufacturing, workpieces can develop
defects during fabrication. To limit waste, the present inven-
tion allows additive manufacturing workpieces to be
ispected mn-situ during production, in real time. In this way,
flawed workpieces can be i1dentified and discarded or set
aside for repair immediately, at a partial stage of production.
Thus, the present invention avoids devoting additional mate-
rial and production time to defective workpieces.

[0010] FIG. 1 1s a schematic diagram of additive manu-
facturing system 10, which comprises additive manufactur-
ing tool 12 and controller 14. Additive manufacturing tool
12 comprises pulverant material reservoir 16, pulverant
dispensers 18, laser guide 20, platform 22 for workpiece 24,
and sensor 26. Controller 14 comprises reference database
28 and processor 30. Workpiece 24 1s compared to reference
workpiece 24', as described in greater detail below.

[0011] Additive manufacturing system 10 1s a system for
the fabrication of workpieces such as gas turbine engine
blades, vanes, and air seals via iterative deposition of layers
of pulverant material. In the depicted embodiment, additive
manufacturing tool 12 1s a direct metal laser sintering
(DMLS) system. Persons skilled in the art, however, will
recognize that the present system and method can utilize
alternatively use other additive manufacturing techniques.

[0012] Pulverant material reservoir 16 of additive manu-
facturing tool 12 can be any container suitable for holding
pulverant material suitable for use 1 additive manufactur-
ing, such as fine powders of conductors or isulators. For
example, this pulverant material can be superalloy powder,
or ceramics powder. Pulverant material dispensers 18 can be
opened or closed to selectively restrict flow of pulverant
maternal to workpiece 24 on platiorm 22. Laser guide 20 1s
a laser emitter or focusing element that directs a laser to
solten, melt or sinter pulverant material deposited by pul-
verant material dispensers 18. Additive manufacturing tool
12 builds workpiece 24 layer-by-layer by iteratively depos-
iting and sintering pulverant atop platform 22. Platform 22
can, for instance, be a mobile platform configured to posi-
tion a working region of workpiece 24 beneath laser guide
20. Alternatively, laser guide 20 and/or additive manufac-
turing tool 12 as a whole can be a movable or directable
device capable of adjusting this working region relative to a
stationary embodiment of platform 22.

[0013] Although additive manufacturing tool 12 1s
depicted as a DMLS system, a variety of other additive
manufacturing tools can alternatively be used, including
laser additive manufacturing (LAM) tools (e.g. laser engi-
neered net shaping (LENS), laser powder deposition (LPD),
or selective laser sintering (SLS) apparatus) or electron
beam machining tools (e.g. electron beam melting (EBM) or
clectron beam wire (EBW) apparatus). In some embodi-
ments, additive manufacturing tool 12 can incorporate a
plurality of additive manufacturing tools 22 (of similar or
differing configurations) that operate sequentially or in par-
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allel. All embodiments of additive manufacturing system 10
build workpiece 24 layer-by-layer atop additive manufac-
turing platform 22.

[0014] Controller 14 1s a logic-capable device that man-
ages additive manufacturing of workpiece 24, e.g. by con-
trolling the movement platform 22 or pulverant dispensers
18, directing laser guide 20, and metering pulverant material
supplied from pulverant material reservoir 16. Controller 14
can, for instance, be a microprocessor incorporated into
additive manufacturing tool 12, or a separate user worksta-
tion or control computer situated elsewhere. Controller 14
can, for istance, be programmed with a part design describ-
ing workpiece 24 in three dimensions. Alternatively, con-
troller 14 can specily the steps to fabricating workpiece 24
and machining workpiece 24 without including a full design
of the finished gas turbine component. Although controller
14 1s depicted as a single unitary component, some embodi-
ments of additive manufacturing system 10 can use more
than one controller 14. In particular, some embodiments of
additive manufacturing system 10 can include a plurality of
(c.g. parallel) additive manufacturing tools 12, each with
associated controller 14.

[0015] Controller 14 receives frequency signals from sen-
sor 26 reflecting the resonant frequency of workpiece 24 at
increasing stages of 1ts fabrication. Sensor 26 1s a resonant
frequency sensor directly or indirectly abutting and directly
or indirectly physically contacting workpiece 24. Sensor 26
can, for example, be an active sensor disposed to “ping”
workpiece 24 and sense resonant frequency from resulting
vibration. Sensor 26 can sense resonant frequency periodi-
cally, or i response to signal requests from controller 14.
Sensor 14 provides controller 14 with real-time values of the
resonant frequency of workpiece 24, during fabrication. As
described 1n greater detail below with respect to method 100
of FIG. 2, controller 14 comprises reference database 28 and
processor 30. Reference database 28 stores an archive of
reference resonant frequencies corresponding to optimal
(1.e. untlawed) states of reference workpiece 24', at the
various stages of 1ts fabrication. Processor 30 analyzes
workpiece 24 for flaws 1n real time during its fabrication by
comparing sensed resonant frequencies from sensor 26 to
corresponding reference Irequencies from reference data-
base 28. If corresponding sensed and reference frequencies
at a given stage of completion differ by more than a
threshold value (e.g. 10%), processor 30 provides an output
indicating that workpiece 1s flawed. Controller 14 can then
command that (flawed) workpiece 24 be discarded or set
aside for repair, so as to not waste further material and
assembly time on an unusable part.

[0016] FIG. 2 1s a method flowchart illustrating method
100, one possible embodiment of a method of operation for
additive manufacturing system 10. Method 100 1s a real-
time resonant frequency inspection method whereby the
resonant frequency of workpiece 24 i1s checked against
reference Irequency values corresponding an unflawed
workpiece at successive stages ol fabrication, as described
above with respect to FIG. 1.

[0017] First, reference database 28 1s populated with ret-
erence frequencies. (Step S1). These reference frequencies
can be determined 1n a variety of ways. In one embodiment,
reference 1requencies corresponding to each stage of
completion of workpiece 24 are determined by fabricating a
physical reference workpiece 24' to that stage of completion,
independently verifying that reference workpiece 24' 1is
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unflawed (e.g. by physical testing, inspection, or 1maging),
and sensing its reference frequency. In another embodiment,
reference Irequencies corresponding to each stage of
completion of workpiece 24 are determined by fabricating a
complete physical reference workpiece 24', independently
veritying that reference workpiece 24' 1s untlawed, and
successively machining away material from reference work-
piece 24" until the reference workpiece 24' 1s reduced to each
partial stage of completion. At each stage of completion, the
resonant frequency ol reference workpiece 24' 1s sensed to
populate reference database 28. In yet another embodiment,
reference 1requencies corresponding to each stage of
completion of workpiece 24 are determined by computing
resonant frequencies of a simulated reference workpiece 24",
¢.g. using a computer model. For greater precision, any of
these methods can be repeated to produce a range or average
value of optimal or acceptable workpiece resonant frequen-
cies, at each stage of completion. In some cases, two or more
methods can be used to independently produce reference
frequencies that are compared to ensure reliability.

[0018] Once reference database 28 has been populated
with reference frequencies using any or all of the methods
described above, additive manufacture tool 12 can begin
fabrication of workpiece 24. Additive manufacture tool 12
tabricates workpiece 24 up to a reference point correspond-
ing to a stage ol completion for which reference database 28
holds a corresponding reference frequency. (Step S2). This
reference point can, for example, be a step 1n a digital map
describing the fabrication process of workpiece 24, a num-
ber of layers deposited, or a thickness or size of workpiece
24 fabricated thus-far or another suitable step, parameter, or
characteristic. Sensor 26 senses a resonant frequency of
workpiece 24 at this stage of completion, and transmits the
sensed Irequency to controller 14. (Step S3). Processor 30
compares the sensed frequency to a corresponding reference
frequency stored in reference database 28. (Step S4). If the
sensed frequency fails to match the corresponding reference
frequency, controller 14 provides an output indicating that
workpiece 24 1s flawed, and mstructs additive manufactur-
ing tool 12 to terminate fabrication and discard or set aside
the tflawed workpiece. (Step S3). If the sensed frequency
talls within an acceptable range of the corresponding refer-
ence Irequency (e.g. £10%), processor 30 determines
whether fabrication of workpiece 24 1s complete. (Step S6).
If not, fabrication continues from Step S2. When workpiece
24 1s complete, method 100 terminates, and additive manu-
facturing system 10 releases complete, unflawed workpiece
24. (Step S7). When fabrication terminates due to comple-
tion or flaw detection, additive manufacturing system 10 can
reset, beginning fabrication ol a new workpiece (Step S2).
Step S1 need not be repeated for each new workpiece.

[0019] Additive manufacturing system 10 and method 100

allow for waste to be reduced or minimized while fabricat-
ing workpiece 24. Rather than spending additional manu-
facturing time depositing further layers of pulverant material
on a flawed workpiece, method 100 allows additive manu-
facturing system 10 to recognize flaws and prematurely
terminate production of the tlawed workpiece, thereby pre-
venting waste. Additive manufacturing system 10 and
method 100 also serve as additional quality control checks,
ensuring that workpieces 24 meet design specifications.
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Discussion of Possible Embodiments

[0020] The following are non-exclusive descriptions of
possible embodiments of the present invention.

[0021] A method of additive manufacturing comprises:
determining a {irst resonant irequency of an unflawed ret-
crence workpiece at a first partial stage of completion;
tabricating a production workpiece to the first partial stage
of completion via additive manufacture; sensing a second
resonant frequency of the production workpiece in-situ at
the first partial stage of completion, during the fabricating;
analyzing the workpiece for flaws based on comparison of
the first and second resonant frequencies; and providing an
output indicative of production workpiece condition, based
on the analysis.

[0022] The method of the preceding paragraph can option-
ally include, additionally and/or alternatively, any one or
more of the following features, configurations and/or addi-
tional components:

[0023] A further embodiment of the foregoing method,
turther comprising prematurely terminating fabrication of
the production in response to substantial deviation of the
second resonant frequency from the first resonant frequency.
[0024] A further embodiment of the foregoing method,
wherein the first resonant frequency diflers substantially
from the second resonant frequency 1f the first and second
resonant frequencies differ by 10% or more.

[0025] A further embodiment of the foregoing method,
wherein determining the first resonant frequency comprises
sensing the resonant frequency of a workpiece indepen-
dently verified as unflawed, at the first partial stage of
completion

[0026] A further embodiment of the foregoing method,
wherein determining the first resonant frequency comprises:
completely fabricating the unflawed reference workpiece;
machining away material from the unflawed reference work-
piece until the unflawed reference workpiece 1s reduced to
the first partial stage of completion; and acoustically sensing,
a resonant frequency of the untlawed reference workpiece.
[0027] A further embodiment of the foregoing method,
wherein determining the first resonant frequency comprises
simulating the unflawed reference workpiece, and comput-
ing a resonant frequency of the simulated unflawed refer-
ence workpiece.

[0028] A further embodiment of the foregoing method,
turther comprising: determining at least a third resonant
frequency of the unflawed reference workpiece at a second
partial stage of completion distinct from the first stage of
completion; sensing at least a fourth resonant frequency of
the production workpiece 1n-situ at the second partial stage
of completion; and analyzing the workpiece for tlaws based
on comparison ol at least the third and fourth resonant
frequencies.

[0029] An additive manufacturing system comprises: an
additive manufacturing tool disposed to construct a work-
piece via iterative layer deposition; a sensor disposed to
determine a resonant frequency of the workpiece 1n-situ at
the additive manufacturing tool, during fabrication; and a
controller configured to terminate manufacture of the work-
piece 1f the resonant frequency diflers substantially from a
reference frequency.

[0030] The additive manufacturing system of the preced-
ing paragraph can optionally include, additionally and/or
alternatively, any one or more of the following features,
configurations and/or additional components:
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[0031] A further embodiment of the foregoing additive
manufacturing system, wherein the additive manufacturing
tool comprises an electron beam machining apparatus.
[0032] A further embodiment of the foregoing additive
manufacturing system, wherein the additive manufacturing
tool comprises a direct metal laser sintering apparatus.
[0033] A further embodiment of the foregoing additive
manufacturing system, wherein the sensor 1s disposed to
periodically determine the resonant frequency at multiple
stages of completion of the workpiece, and the controller 1s
configured to terminate manufacture of the workpiece 1t at
any time the resonant frequency differs substantially from a
corresponding reference frequency.

[0034] A further embodiment of the foregoing additive
manufacturing system, wherein the controller comprises a
processor and a database containing a plurality of reference
frequencies.

[0035] A further embodiment of the foregoing additive
manufacturing system, wherein the sensor 1s an active
sensor disposed to both induce and sense vibration in the
workpiece.

[0036] While the invention has been described with ret-
erence to an exemplary embodiment(s), 1t will be understood
by those skilled 1n the art that various changes may be made
and equivalents may be substituted for elements thereof
without departing from the scope of the invention. In addi-
tion, many modifications may be made to adapt a particular
situation or material to the teachings of the invention with-
out departing from the essential scope thereof. Therefore, 1t
1s intended that the invention not be limited to the particular
embodiment(s) disclosed, but that the invention will include
all embodiments falling within the scope of the appended
claims.

1. A method of additive manufacturing comprises:

determining a {irst resonant frequency of an unflawed

reference workpiece at a first partial stage of comple-
tion;
fabricating a production workpiece to the first partial
stage ol completion via additive manufacture;

sensing a second resonant frequency of the production
workpiece 1n-situ at the first partial stage of comple-
tion, during the fabricating;

analyzing the workpiece for flaws based on comparison of

the first and second resonant frequencies; and
providing an output indicative of production workpiece
condition, based on the analysis.

2. The method of claim 1, further comprising:

prematurely terminating fabrication of the production 1n

response to substantial deviation of the second resonant
frequency from the first resonant frequency.

3. The method of claim 2, wherein the first resonant
frequency differs substantially from the second resonant
frequency 1f the first and second resonant frequencies differ
by 10% or more.

4. The method of claim 1, wherein determining the first
resonant frequency comprises sensing the resonant Ire-
quency of a workpiece independently verified as unflawed,
at the first partial stage of completion

5. The method of claim 1, wherein determining the first
resonant frequency comprises:

completely fabricating the unflawed reference workpiece;

machining away material from the unflawed reference
workpiece until the unflawed reference workpiece 1s
reduced to the first partial stage of completion; and
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acoustically sensing a resonant frequency of the unflawed
reference workpiece.

6. The method of claim 1, wherein determining the first
resonant frequency comprises simulating the unflawed ret-
erence workpiece, and computing a resonant frequency of
the simulated unflawed reference workpiece.

7. The method of claim 1, further comprising;:

determining at least a third resonant frequency of the
unflawed reference workpiece at a second partial stage
of completion distinct from the first stage of comple-
tion;

sensing at least a fourth resonant frequency of the pro-
duction workpiece in-situ at the second partial stage of
completion; and

analyzing the workpiece for flaws based on comparison of
at least the third and fourth resonant frequencies.

8. An additive manufacturing system comprises:

an additive manufacturing tool disposed to construct a
workpiece via iterative layer deposition;

a sensor disposed to determine a resonant frequency of the

workpiece 1n-situ at the additive manufacturing tool,
during fabrication; and
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a controller configured to terminate manufacture of the
workpiece i the resonant frequency diflers substan-
tially from a reference frequency.

9. The additive manufacturing system of claim 8, wherein
the additive manufacturing tool comprises an electron beam
machining apparatus

10. The additive manufacturing system of claim 8,
wherein the additive manufacturing tool comprises a direct
metal laser sintering apparatus.

11. The additive manufacturing system of claim 8,
wherein the sensor 1s disposed to periodically determine the
resonant frequency at multiple stages of completion of the
workpiece, and the controller 1s configured to terminate
manufacture of the workpiece 1f at any time the resonant
frequency differs substantially from a corresponding refer-
ence frequency.

12. The additive manufacturing system of claim 8,
wherein the controller comprises a processor and a database
containing a plurality of reference frequencies.

13. The additive manufacturing system of claim 8,
wherein the sensor i1s an active sensor disposed to both

induce and sense vibration in the workpiece.
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