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ABSTRACT

ORNL collaborated with MISTRAS Group, Inc. to investigate acoustic emission (AE) as a
structural health monitoring (SHM) method for large-scale additive manufacturing (AM). Large-scale
AM is being adapted as method of producing large structures in a short lead time and cost-effective
way. With the growing advancement in AM techniques and application, machine monitoring and part
qualification is highly needed. There has been leading research focused on the manufacturing, feedstock
material but minimum research on the SHM, defect detection, and nondestructive evaluation (NDE) for
AM. Scanning large structure using conventional nondestructive testing (NDT) techniques, such as
ultrasound or X-ray, and searching for potential defects can be very time consuming, challenging and
cost prohibitive. AE is a passive technique that can be used to monitor and locate defect progression in
large structure by distributing group of sensors around the part. This project utilized AE technique and
system manufactured/designed by MISTRAS Group to monitor large-scale AM equipment (i.e. Big
Area Additive Manufacturing (BAAM) system located at the Oak Ridge National Laboratory —
Manufacturing Demonstration Facility (ORNL-MDF) and the printed parts it produces. The AE
system provided valuable insight on defect development/progression during and post-printing process.

1. ACOUSTIC EMISSION MONITORING ADDITIVE MANUFACTURING

MISTRAS Group is a leading "one source" multinational provider of integrated technology-
enabled asset protection solutions, helping to maximize the safety and operational uptime for
civilization’s most critical industrial and civil assets. MISTRAS has ~5,400 employees across 115
locations worldwide, targeting key markets including oil & gas, aerospace, power, infrastructure, and
manufacturing. Their consolidated sales nets to $270M USD.

In this technical collaboration work, three main investigations were accomplished: (1)
understanding acoustic properties of common print material, (2) evaluating background noise of the
AM system extruder and the gantry system, (3) perform sensor selection and sensor placement analysis,
and (4) AE monitoring of crack development and verifying defect. The acoustic properties of the print
material confirm AE can capture defect events with minimum attenuation. Evaluation of the waveforms
and frequency response identifies which range of filters are necessary to eliminate the background noise
for each print process. This work establishes the foundation for scaling up and validating the
implementation of SHM-AE system for the large additive platform.

1.1 BACKGROUND

AM is a growing advanced manufacturing method that enables efficient fabrication for complex
geometries by performing a layer-by-layer construction. The AM process still battles the control of
defects including warpage, layer separation, internal voids, and cracking [1]. With large print volumes
that can exceeds 1000 kg per part, detecting anomalies and discontinuities early on during the print
process can reflect on corrective actions or stopping of inevitable print failure at early stages leading to
significant saving on lead time, materials, and operation cost.

There are multiple applications which validate the implementation for the large-scale additive
manufacturing, but the research in quality assurance is still in its early stages of research. There have
been multiple NDE efforts for metal AM [2] [3] [4] and polymer AM [2] [5] [6] with most of the work
performed on small scale (i.e. < 0.5 m?) systems. There has been some NDE techniques that were used
to investigate large-scale polymer AM [7, 8]. All examples display the ability for defect detection, but
each NDE technique has their own limitation. As an example, infrared (IR) thermography must have
the print within the field-of-view of the IR camera in order to monitor the print process. Ultrasound
inspection is demonstrated as a post-process technique by detecting defects when the print is already
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completed. A combination of different NDE techniques can lead to optimal detection of internal
anomalies, residual warpage, interlayer separation and microcracking. There is a need for an in-situ
monitoring technique that can detect printing anomalies before ultimate failure and allows for taking
preventative action.

AE is a passive NDE technique by monitoring stress-related events caused by defects/anomalies
such as crack nucleation and propagation within a structure [9] [10]. AE is a very well developed NDE
method with ASTM standards [11] and ASME Code Section V, Articles 11 and 12 [12] developed for
a wide range of applications. A common method of using AE is SHM for major assets including bridges
[13], generators [14], wind turbine [15] [16], boilers and pipelines [17] [18]. The method is also used
for material characterization including fatigue testing [19], impact detection [20] and fiber fracture
within reinforced composites [21]. For Metal AM, AE has been utilized for in-situ monitoring [22]. AE
has been adapted to monitor small scale polymer AM for health monitoring including filament feed
breakage/slippage and process failure diagnosis [23] [24]. To the best of the author’s knowledge, no
research to adapt AE to large-scale polymer AM has been performed.

This work investigates the key fundamentals to utilize AE as a SHM technique for large-scale
polymer and composites AM parts. This research investigates the AE signal attenuation for AM print
materials and corresponding surface roughness, and the background noise signatures during normal
operation for the extruder and gantry systems. The AE-based SHM system developed is expected to
significantly improve the reliability and quality of large-scale AM processes. By providing early
detection of defects and continuous monitoring of equipment health, this system will help minimize
downtime, reduce material waste, and optimize production costs, ultimately leading to more robust and
dependable large-scale additive manufacturing operations.

1.2 TECHNICAL RESULTS
1.2.1 Acoustic properties of AM composite materials

The materials used in this work were printed using the BAAM system at the ORNL-MDF. The
BAAM equipment is a large-scale extrusion deposition AM system with a 6.1 m long, 2.4 m wide, and
1.8 m tall (20 ft x 8 ft x 6 ft) build envelope and extruder that is capable of deposition rates up to 50
kg/hr (110 Ib/hr). Two different common polymers used within large-scale AM systems were
investigated; an ABS reinforced with 20% fiber-weight-fraction carbon fiber (ABS/CF) and 50/50
polysulfone-polyethersulfone blend (PSU-PESU) reinforced with 25% fiber-weight-fraction CF (PSU-
PESU/CF). ABS/CF is the most common and widely used material for large-scale AM for room
temperature/low temperature applications (<100°C) [25], where PSU-PESU/CF is commonly used for
high-temperature applications and has low flammability features [26]. Figure 1 shows the hexagon
dimensions and the experimental procedures used for the AE attenuation study. The hexagon is a 431.8
mm (17 in) in length side-to-side and has a height of 254 mm (10 in) with a single wall thickness of
15.8 mm (0.625 in).
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Figure 1: Schematic for the printed hexagon manufactured using the BAAM system showing sample
dimension, printing orientation and coordinates and attenuation study setup with PLB excitation in
the 0° direction, 90° direction, and perimeter direction directions to the sensor group placement

The AE testing was performed using a MISTRAS Group, Inc. Micro-II Digital AE system with
selection of sensors listed in Table 1 and associated preamplifiers. A wide selection of sensors is used
in this research to provide a wide range of monitoring capability. Sensors with a resonant frequency
provide high sensitivity at a narrow frequency range. These include the R.451-LP-AST, PK3I, PK6I,
and PK15I sensors. The PKBBI and PKWDI sensors are classified as broadband sensors with a wide
operating frequency range. They typically have lower sensitivity than the resonant type sensors but
benefit by monitoring a large frequency span. A sensor with acceptable amplification with minimum
response decay over a distance is selected for monitoring the print material. All sensors are placed on
the outside wall of the printed hexagon, shown in Figure 1 and coupled with DOW CORNING - high
vacuum silicon grease. The ABS/CF and PSU-PESU/CF hexagons went through multiple pencil lead
break (PLB) excitations following ASTM E2374 which simulate micro-cracking [11]. The PLB
excitations were performed using a Pentel P203 mechanical pencil with 2H, 0.3-mm diameter pencil
lead. The attenuation study was performed by performing multiple PLBs and plotting the attenuation
curve. The attenuation curve for each orientation (0° direction, 90° direction, and shear) were compared.
Also, the surface roughness was investigated to see how the print surface effects the acoustic properties.
Three different types of surface finishes were investigated (original print surface, locally-milled, and
completely-milled).



Table 1: AE sensor identification and description

SENSOR ID FREQUENCY Features
(KHZ) RANGE
(KHZ)
RASI-LP-AST 45 1-30 Resonant very Low frequency (Audible)
range
PK3I 98 15— 40 Resonant Low frequency (just above
audible) range
PKeél ~55 35-85 Resonant Low-Medium frequency range
PK15I1 150 80 — 450 Resonant Medium frequency range
PKBBI NA ~20 - 600 Wideband Lower frequency range
PKWDI NA 150 - 850 Wideband Higher frequency range

Attenuation Study

Attenuation study was performed in order to evaluate optimal sensor selection and the sensor
spacing (i.e., location and placement) for large-scale AM print materials. The study also analyzed any
anisotropic acoustic properties. Large-scale AM processes produce parts with anisotropic mechanical
and thermal performance, due to the high fiber orientation in the direction of the deposition [27] [28]
[29] [30]. Hence, we performed attenuation study in multiple orientations and directions in reference
to the print direction, as shown in Figure 1Error! Reference source not found.. A PLB excitation
was performed in 50 mm (2 in) increments along the deposition direction (0° direction), perpendicular
to the deposition direction (90° direction), and along the edge of the sample (perimeter direction), see
Figure 1Error! Reference source not found.. A PLB excitation was performed three times at each
PLB distance to yield an average amplitude response. The test was repeated for each sensor type.

The attenuation results for ABS/CF and PSU-PESU/CF are shown in Figure 2. Each attenuation
plot relates the distance a PLB excitation is away from the sensor position versus the amplitude response
of each sensor caused by the distant excitation [17] [31]. For ABS/CF, the 0° direction the amplitude
measurements at 50.8 mm (2 in) Source to Sensor Distance (SSD) are 79.3 dB, 94.0 dB, 92.0 dB, 80.7
dB, 83.7 dB and 78.7 dB for the PK6I, PK15I, PKBBI, PKWDI, R.45I-LP-AST, and PK3I,
respectively. It can be noticed that the amplitude drops to 60.3 dB, 59.0 dB, 63.7 dB, 57.0 dB, 61.3 dB,
and 61.7 dB for the sensors, respectively, at SSD of 711.2 mm (28 in). This is a drop of 23.9%, 37.2%,
30.8%, 29.3%, 26.7% and 21.6% for the PK6I, PK15I, PKBBI, PKWDI, R.45I-LP-AST and PK3I,
respectively. For the 90° direction, the amplitude drop was 14.2%, 18.8%, 11.2%, 19.8%, 2.3% and
10.4% between the 50.8 mm (2 in) and 203.2 mm (8 in) SSD, respectively. The perimeter direction
displays an amplitude drop of 11.6%, 26.4%, 4.9%, 10.1%, 6.3% and 3.0% between the 50.8 mm (2 in)
and 965.2 mm (38 in).
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Figure 2: Attenuation results in the 0° direction, 90° direction, and perimeter direction for
ABS/CF (a,c,d) and PSU-PESU/CF (b,d,f), respectively.

The process of sensor selection for any application is a delicate balance between sensitivity and
analysis efforts. Typically, the higher the sensitivity of the sensors in the frequency of interest, the
lower the number of sensors/channels which would be needed to cover the SHM for that application




and specimen. However, if there is any major source of noise in the sensitive frequency range of the
sensors, then there will be a significant amount of time effort to comb through the data and distinguish
which signals are relevant to keep and which ones are irrelevant and should be filtered before the
analysis begins. In the case of polymer-based AM, it is expected to receive a lot of low frequency
signals generated by the mechanical movements and the tamping of extruded material before they get
cooled down. This would be irrelevant data if you are interested in the generation or progression of
defects in the build and should be filtered out. The recommended approach would be to move to higher
frequency sensors [32] [33]. Therefore, the R.45I-LP-AST and PK3I sensors were not used for further
evaluation although they show acceptable sensitivity, given the attenuation curves in Figure 2.

The attenuation results for the PSU-PESU/CF are shown in Figure 2. The amplitude responses
for the 0° direction orientations at 50.8 mm (2 in) SSD are 87.7 dB, 87.7 dB, 93.3 dB, and 81.33 dB
and drop to 74.7 dB, 67.0 dB, 69.3 dB, and 59.0 dB at the 660.4 mm (26 in) SSD. This is 20.8%, 26.6%,
25.7%, and 32.7% drop in amplitude for the PK6I, PK 151, PKBBI, and PKWDI, respectively. For the
90° direction, the amplitude drop was 14.4%, 17.2%, 17.0%, and 20.5% between the 50.8 mm (2 in)
and 228.6 mm (9 in) SSD, respectively. The perimeter direction displays an amplitude drop of 6.3%,
3.0%, 11.6%, and 26.4% between the 50.8 mm (2 in) and 660.4 mm (26 in).

Understanding the attenuation on these materials will assist in sensor selection and will provide
a good understanding for the number of sensors required for a set inspection area. As it can be noticed
from Figure 2, the study provided details on the amplitude response that can be captured for the tested
material and corresponding failure mechanisms. There are three main factors that need to be balanced
when selecting an optimal sensor for this application: (1) minimum attenuation decay, (2) maintaining
a high response amplitude above a selected threshold to improve signal-to-noise ratio, and (3) selecting
a frequency bandwidth to differentiate different event mechanisms. A sensor with high decay in
detecting amplitude will be ranked lower due to its limitation to detect an excitation event over a long
distance. A sensor showing minimum amplitude decay is ranked higher for sensor selection for its
ability to detect acoustic signals over a long distance. Also, a frequency analysis is recommended to
understand the frequency response of each sensor for the excitation type (i.e., crack initiation, crack
propagation, etc.). The frequency analysis describes the frequency response, from the excitation source
and material interaction, captured by a specific sensor.

Surface Roughness

The roughness of the printed surface was evaluated for ability to propagate the acoustic
waveform, shown in Figure 3. PSU-PESU/CF was the print material used for this investigation. Three
samples of 150 mm x 250 mm (6 in x 10 in) size where the surface roughness varied from the original
print surface, a locally-milled region, and a completely-milled surface. Each milled specimen was
machined to a depth of ~4 mm, removing the print ridges. The AE setup consisted of an alpha-15R
sensor attached 25 mm (1 in) away from the edge, with DOW CORNING - high vacuum silicon grease.
The alpha-15R sensor was selected to investigate the surface response at a 150 kHz sensor resonant
frequency. On the other end of the sample, a PLB was performed 100 mm, 125 mm, and 150 mm away
from the AE sensor to provide an amplitude response and a brief attenuation curve.

The amplitude response, shown in Figure 3, displays the original print surface resulted in the
lowest amplitudes at all distances having an average of 80.1 dB. This can be related to the rough ridges
the print process creates causing high scatter of the acoustic waveform. The locally-milled surface
provided the highest average amplitude response of 86.3 dB. For the attenuation of each surface, the
locally-milled surface provided minimum decay while the completely-milled surface had the most
attenuation. When the surface is milled to the ~4 mm depth, this exposes the center of the print beads
where the fiber orientation is random [34]. The surface wave caused by the PLB interact with the
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random fiber orientation which causes higher attenuation. The original print surface has fiber alignment
on the outer regions of the print bead. The surface waves can travel along the surface uninterrupted
with the aligned fibers and results with moderate attenuation. This helps support the AM printed
structure does not need to be completely machined flat for the application of AE monitoring, which
aligns with current motivation to perform as little post-processing to the printed structure as possible.
A reasonable local-milled flat surface for the AE sensor to attached to is a more realistic approach.
Although, the original print surface provides sufficient amplitude and minimum signal attenuation, it
is also reasonable to perform no post-processing step. Future investigation could assess a larger print
structure to provide more data points for the attenuation curve. Also, a broad-band sensor would allow
a frequency analysis to see which surface finish eliminates/contributes certain frequency spectrums.

Original Print Surface Locally-Milled Surface Completely-Milled Surface

88 87.2 874

86
84

80
78
76
74

7
100mm 125mm 150 mm 100mm 125mm 150 mm 100mm  125mm 150 mm
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788

Amplitude (dB,y)

Figure 3: The amplitude response and attenuation curve for an original print surface, locally-milled
surface, and completely-milled surface.

Attenuation of Large Printed Wall

To fully understand the acoustic decay properties of large printed structures, a 120 cm x 120
cm (4 ft x 4 ft) wall structure was constructed with ABS/CF material. This allows for AE amplitude
measurements to be taken at greater distances and develop out the attenuation graphs. Three
orientations were evaluated: 0° which is axial to the printed bead direction, 90° which is along the printer
build direction and 90° direction to the bead orientation, and 45° which is in between. A broadband AE
sensor was placed at the corner of the wall structure where the location was locally-milled for improved
acoustic signature capture. Three PLB events were performed every 50 mm increments to build out the
attenuation curves for each orientation. Figure 4 displays the large printed structure and the associated
experimental setup.



[
Figure 4: Printed wall structure for long distance attenuation study.

The large structure enabled testing at greater distances from the sensors. Figure 5 illustrates
the attenuation curves for each orientation over extended distances. In the 0° direction, the amplitude
showed a consistent decay along the entire length of the structure, yet it never dropped below the preset
40 dB threshold filter applied to mitigate background noise. In contrast, the 45° and 90° directions
exhibited a sharp decline in signal response, crossing the 40 dB threshold at just 400 mm from the
sensor, which is only one-third of the structure's total length. These findings highlight how the internal
fiber orientations affect acoustic signal propagation. The 0° direction, with fibers aligned along the
printed bead axis, facilitates wave propagation. Meanwhile, in the 45° and 90° directions, fibers are
oriented transversely, significantly attenuating the signal. Additionally, the printed layer interfaces in
these directions further impede wave propagation. This study provides a comprehensive mapping of
anisotropic attenuation curves for large-scale printed structures and details the limitations regarding
sensor placement distances.

90

80 Q ~0-0° Direction

70 45° Direction

60 —0-90° Direction

50
40
30
20

AE Amplitude [dB]

10

0 100 200 300 400 500 600 700 800 900 1000 1100 1200
Distance From Sensor [mm]

Figure 5: The attenuation curve of the large printed structure.



1.2.2 AE Background Noise Monitoring — Extruder

The background noise of the extruder was measured on a stand-alone system (Strangepress,
Model-30) which has similar characteristics to the extruder used on the BAAM system, shown in
Figure 6. There are three locations (Zone 1, 2, 3) where AE waveguides are screwed into the side of
the extruder barrel housing. Each waveguide was coupled with a Nickel Anti-Seize (3M Loctite 77164)
at each thread-point in the extruder. Before AE measurements, a thermal analysis using thermocouples
and an infrared camera found the waveguide setup was thermally safe for the AE sensor staying well
below the operating temperature of the sensors (120 °C). Once the setup was determined to be safe for
the AE sensors, PK151 sensors were attached to each waveguide and connected to the AE system
(MISTRAS Micro-II Express). The extruder went through the following operations shown in Table 2
while the AE setup monitored the amplitude response, average signal level (ASL), and frequency
response to assess background noise. All AE results are measured across the time-domain which the
extruder process takes place. A PLB is performed before and after the investigation to ensure each
sensor does not lose sensitivity during the data acquisition. No sensitivity was lost during this
investigation.

Figure 6: Extruder monitoring showing the; (a) stand-alone extruder barrel zones (1, 2, 3), and (b)
where each waveguide is attached for the AE background monitoring.

Table 2: Extruder operation process and temperature settings.

Extruder Process Extruder Temperature Parameters
1. PLB Before Zone 1: 177 C
2. Control Noise (Extruder Off) Zone 2: 220 C
3. Control Noise (Extruder On — Standby Cold) Zone 3: 249 C
4. Heatup
5. No Material (100 RPM)
6. Material Load in Hopper
7. Material Feed / Purge (250 RPM)
8. Material Run [250, 500, 750, 1000, 1250, 1500 RPM, then 500 RPM (Purge)]
9. Tamping Mechanism
10. PLB After




The AE was able to monitor the multiple routine processes the extruder would perform during
printing. Figure 7 displays the AE response during the extruder startup process including the system
off as a control, the system on and cold, the system on and in heat-up cycle, and when material is loaded
into the hopper. It can be seen, the ASL during system off and cold shows an average 20 dB amplitude
of the noise with little deviation between Zone 1-3. This is the noise level of the surrounding
manufacturing environment and AE system. When the extruder system is turned on, we see an increase
in ASL to 33 — 34 dB with larger deviation between zones, around 7 dB. The heat-up cycle shows
similar ASL response as the system on and cold, range of 32 — 34 dB, but with increase in fluctuation
over time. There are also moments of scattered response, most likely due to the thermal expansion and
frictional slippage events during heat-up. When material is loaded, there is a jump in ASL response to
a maximum of 60 dB for Zone-1, the zone closest to the material hopper. When the amplitude response
is viewed, we see an incremental order of each zone amplitude compared to its distance from the hopper.
Zone-1 measures the highest amplitude at 72 dB, then a majority of Zone-2 response reaching 60 dB,
and then a majority of Zone-3 response reaching 55 dB. Each amplitude response is associated to the
ABS/CF pellet feedstock dropping into the barrel and colliding with the barrel walls.
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Figure 7: The ASL response for the extruder during; (a) the equipment in off position as a control,
(b) the equipment turned on but with the extruder cold, (c) during the heat up of the extruder, and (d)
when material was loaded into the hopper. For (a), (b), and (c), the average ASL response for all three
zones is displayed with same time-domain. The material load amplitude response is shown within (d)
reaching a maximum of 72 dB.

The process of purging the extruder was monitored with AE seen in Figure 8. The amplitude
response shows the initial process of material traveling through the barrel within the first 60 seconds.
Lower amplitude responses occur, with Zone-1 having the largest response, around 50-70 dB scatter.
This is due to the un-melted pellets colliding at the top of the extruder barrel. There is this transition
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where all zones experience an increase in amplitude response with range of 60 — 80 dB. It is suspected
at this point, the extruder barrel is completely filled with material and has reached a thermal stability
where there is a stable transition of the pellets from hard-to-molten stage. Zone-1 shows a higher
response due to the un-melted pellets causing higher impacts, while Zone-3 shows a lower response
due to the polymer being molten. The ASL response shows a similar trend and confirms. Shortly, the
material is extruded out of the nozzle at 100 seconds with a similar amplitude response.

100
(a) Extruder barrel completely filled END
No material extruded
% .
= 70
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35
80
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Figure 8: The extruder; (a) amplitude and (b) ASL response during material purge at 250 RPM. In
increase in response is seen once material fully fills the barrel of the extruder and starts to extrude out
of the nozzle.

The extruder went under a barrel screw speed investigation where the AE response is correlated
to the increase screw rpm speeds, shown in Figure 9. It can be seen, at low screw speeds (250 rpm)
there is a large deviation of amplitude response with a range of 60 — 85 dB. There is an increasing,
converging trend where the deviation tightens up at 1500 rpm with majority of events at a range of 67
— 80 dB. The extruder was stopped between 1250 and 1500 rpm to see if the converging, increasing
trend was truly associated to the extruder screw rotation. We see the trend continues as the extruder is
turned on at 1500 rpm. The ASL response shows the same trend and confirms. A histogram of the
amplitude response provides a clear distinction of when the extruder screw is on/off seen in Figure
9(c). The two processes where the extruder screw is turned off display a low level of noise response,
most likely due to the residual motion of the internal un-melted and molten polymer.
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Figure 9: The extruder; (a) amplitude and (b) ASL response during the material run procedure. An
increasing, converging trend for the amplitude and ASL response as the extruder’s rpm increases. The
distribution of hits and corresponding amplitudes are shown in the (c) histogram displaying a clear
distinction when the extruder is on/off.

Further analysis was performed for the extruder screw speed investigation. The average
amplitude of each zone shows an increasing, converging trend as the screw speed increases, displayed
in Figure 10(a). The peak-frequency response is captured for each screw speed, displayed in Figure
10(b). It can be noticed the peak-frequency decreases as the screw speed increases, by a difference of
~10 kHz. Figure 10(c & d) provides additional support for the amplitudes and frequencies change
within the frequency spectrum between 250 and 1500 rpm screw speeds. A reduction in higher
frequency amplitudes is seen between the 250 and 1500 rpm within Zone-1. This may describe how the
top of the extruder system resonates with greater amplitude at lower screw speeds. Now, there is an
increase in amplitudes for the lower frequencies at Zone-3 when screw speeds are increased. This can
be caused by larger dynamic displacements at the end of the extruder which acts as a large cantilever.

12



oo
=

Amplitude [dB]
=) o
Peak-Frequency [kHz]

(=)
A

250 500 750 1000 1250 1500

RPM
(¢) 250 rpm
50
High Frequency

— ) —, Response
| = — &
2 £ = /
g =2
NI <

0

0 Frequency [kHz] 450

50
-
2 24
o B
N

0

0 Frequency [kHz] 450

50

U 2|, |
p =

g =8 1l
N2 TR [ .

]

i
0 Frequency [kHz] 450

165

n
A

—
.
A

—
el
wn

(b) MW Zone 1
M Zone 2

250 500 750 1000 1250 1500
RPM
(d) 1500 rpm
30 Reduced
2 High Frequency
E 5 a
gz 4
<
0
0 Frequency [kHz] 450
50
Y]
=
E =
)
<
0
0 Frequency [kHz] 450
50 4——— Increased
P 4 Amplitude
£ = :
ERc) .
< |
0

0 Frequency [kHz] 450

Figure 10: The amplitude and frequency response of the extruder during the material run process.
The (a) average amplitude and (b) average peak-frequency response versus the screw speed. An
example of the frequency response between (c) 250 rpm and (d) 1500 rpm for each zone.

The tamping mechanism running at 20 Hz was evaluated for noise. The variable frequency
response can be seen in the waveform and frequency spectrum in Figure 11. Even with the tamping
mechanism operating at a low frequency, higher frequency resonances are taking place and captured
by the AE system. A 11.4 kHz low frequency response dominates the spectrum while there are multiple
higher frequency resonances between 80 - 280 kHz. These frequencies can be suppressed by using a
combination of narrowband and broadband filters. This will allow the detection of defect signals during

the print process.
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Figure 11: The noise response when the tamping mechanism is activated. A repetitive (a) waveform
shows the multiple modes setup by the tamping oscillations. The (b) frequency response displays the
low and high frequencies of the waveform.

Overall, there is little difference in the frequency response between low and high screw speeds
other than the minor variances as described before. This can be identified as the background noise
frequency response and can be used to filter out during the AM print process. All extruder processes
displayed a higher noise response than expected. Although, the noise levels are still relatively lower
than composite fiber and matrix damage. Typically, fiber and matrix cracks occur at a level of >80 dB.
This is affected by sensor location and attenuation. Also, fiber breakage and matrix cracking frequency
response typically occur in the high and mid-high frequencies, respectively.

1.2.3 AE Background Noise Monitoring — BAAM Gantry

The noise of the gantry system was monitored using AE. Two types of AE sensors were used,
PK151 and PKWDI, placed on the extruder unit showed in Figure 12(b). The PK15I sensor provides a
focused response around 150 kHz with high signal-to-noise ratio and an operating frequency range of
80 to 450 kHz. Whereas, the PKWDI sensor is a broadband sensor which monitors a higher frequency
range from 150 to 850 kHz with reduced sensitivity. These two options capture a full spectrum of
frequency ranges. The BAAM gantry system monitored the X-, Y-, and Z-axis (both bed and extruder
Z-motion). Each motion was performed as slow and rapid setting; 5 cm/s and 25 cm/s (2 in/s and 10
in/s), respectively. A PLB was performed before and after found no sensitivity loss occurred during

this investigation.
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(a)

Figure 12: The (a) large-scale BAAM system at ORNL-MDF has multiple sources noise for the
gantry system. The AE sensors are attached as they would be during in-use, on the (b) extruder, to
monitor all sources of noise.

The ASL response was collected during all gantry motions, shown in Figure 13. Each motion
consisted of moving for 3 — 5 seconds at the respected rate (slow/rapid) then stopping to pause before
moving again. A controlled measurement with no motion performed showed an averaged 22 dB
response. All motions had an increased response of 30 dB noise level, an 8 dB increase from the control.
The process with the highest fluctuation of 0.5 dB was the Z-Extruder motion during rapid motion.
All other gantry motion remained constant during each motion. This can be concluded the gantry
background noise has a small range and low amplitude with minimum influence. A combination of
using filtering and thresholds can eliminate the effect of the gantry noise. It was also noticed operator
movement (walking) on the platform showed no increase in response from the controlled measurement.
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Figure 13: The ASL response for the BAAM gantry system. Noise levels were monitored for rapid
and slow rate for the X, Y, XY-Coupled, Z-Bed, and Z-Extruder motions. All ASL are plotted across
a time-domain, with non-relevant values but with the amount of time necessary for each process.
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Each motion’s waveform and frequency response were evaluated. Figure 14 depicts the X-
motion response as an example but represents all other motions. There were no noticeable differences
between the slow and rapid speed. Both speeds have a low frequency response close to 0.5 kHz and
higher frequency resonances range between 100 — 300 kHz with a center frequency of 225 kHz and 210
kHz for the slow and rapid speeds, respectively. There are a series of harmonics captured within the
higher frequency bandwidth most likely associated with the gantry motors. As mentioned before, these
noise responses can be eliminated with a series of filters to allow the capture of any defect anomalies

during the print process.
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Figure 14: The waveform (a,c) and frequency spectrum (b,d) during slow (a,b) and rapid (c,d)
motion, respectively, in the X-direction.
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1.2.3 Sensor and System Specifications for Sensor Placement

Signal Signature and Frequency Analysis

The attenuation study performed in Section 1.2.1 displays the decay in amplitude response versus
the distance in PLB is away from the sensor. Selecting sensors for structural health monitoring (SHM)
involves balancing sensitivity with analysis efforts. This balance is crucial for effective SHM. Higher
sensitivity sensors in the target frequency range reduce the number of sensors needed for
comprehensive monitoring. Consequently, higher frequency sensors are recommended, which led to
the discontinuation of the R.45I-LP-AST and PK3I sensors in this study (Figure 2).

Understanding attenuation in the materials being monitored assists in sensor selection and
determining the number of sensors required for a specific inspection area. Three main factors influence
optimal sensor selection: (1) minimal attenuation decay, (2) maintaining a high response amplitude
above a selected threshold to improve signal-to-noise ratio, and (3) available frequency bandwidth to
differentiate various event mechanisms. Sensors with high attenuation decay are less effective over
long distances, while those with minimal decay are preferred for their ability to detect acoustic signals
over extended ranges. Frequency analysis is also crucial for understanding each sensor's response to
different excitation types (e.g., crack initiation and propagation).

Frequency analysis was conducted using the Fast Fourier Transform (FFT) on waveforms detected
by the PKBBI and PKWDI sensors at a 15.2 cm (6 in) PLB excitation location along the 0-degree
orientation. Broadband sensors were used due to their uniform frequency response without bias, unlike
resonant sensors (e.g., PK15I), which have a narrow response bandwidth. Figure 15 and Figure 16
show the time-domain waveforms of excitation events and their corresponding FFT responses in
ABS/CF and PPSU-PESU/CF printed hexagons, respectively. Table 3 lists the measured frequency
ranges and peak frequency responses from the FFT analysis, compared to the sensors' operating
frequency ranges and resonance specifications.

For ABS/CF, the PKWDI sensor best characterized the print material due to its broad frequency
range and multiple frequency peaks. The PKBBI sensor showed a lower amplitude response with fewer
resonance peaks. In the PPSU-PESU/CF analysis, the PKWDI sensor also recorded higher signal
amplitude, similar to the ABS/CF results. The PKWDI sensor displayed the highest power contribution
across a broad frequency range, useful for identifying different damaging mechanisms at specific
frequencies. The PKBBI and PKWDI sensors have operating ranges up to 600 kHz and 850 kHz,
respectively. However, no signal response was detected above ~350 kHz for both materials, likely due
to high attenuation from the internal microstructure, including reinforced carbon fiber and potential
internal anomalies like voids.
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Figure 15: The waveform and FFT frequency response comparing different sensors at a set 6-in
distance of the 0-degree attenuation curve for ABS/CF material using the PKBBI and PKWDI
Sensors.
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Figure 16: The waveform and FFT frequency response comparing different sensors at a set 6-in distance of the
0-degree attenuation curve for PPSU-PESU/CF material using the PKBBI and PKWDI sensors.
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AE Sensor Placement

Building on the wave attenuation findings from section 1.2.1, the optimal placement of sensors
will be investigated. This task will also identify the number of AE sensors required to effectively
monitor a large printed structure. For taller prints, acoustic energy is significantly attenuated before it
reaches sensors placed on the printing platform, necessitating the potential relocation of sensors to the
printed part itself.

The attenuation study also determines sensor spacing and the number required for
comprehensive inspection coverage. Each sensor’s attenuation curve fits a logarithmic decay model
(Equation 1),

Agg=aln(ds) + B
Equation 1

where 4,3 is the amplitude response, d; is the distance from the PLB excitation source to the
sensor, f is the amplitude intersect, and the a is the attenuation coefficient. Equation 3 is rearranged to
calculate the radial response distance of the sensor (Equation 2),

_ Laas-p
ds = ea Equation 2
A threshold amplitude of 55 dB is set for sensor spacing calculations using Equation 2. This
threshold maximizes signal amplitude while minimizing noise interference. The AE system is set to
capture signals above a 45 dB threshold to distinguish noise from valid excitation amplitudes. Noise
investigation is crucial to set an appropriate threshold. Sensor distances are doubled to determine the
spacing between sensors, outlined in Figure 17. Figure 18 provides results for ABS/CF and PPSU-
PESU/CF sensor spacing in different orientations and sensor types. For ABS/CF, the PKBBI sensor
achieves the longest spacing at 432 cm and 249 cm for 0-degree and 90-degree orientations,
respectively. Generally, sensor spacing tends to be larger in the 0-degree orientation due to carbon fiber
alignment and polymer crystallinity effects [27]. In contrast, the 90-degree orientation experiences
higher attenuation from bead interfacial interactions and 90° direction fiber orientations, resulting in
shorter sensor spacing. This trend aligns with observations from the wave propagation study discussed
earlier. Similarly, PPSU-PESU/CF material shows larger sensor spacing in the 0-degree orientation
compared to the 90-degree orientation. The PK6I sensor achieves the maximum spacing with 1833 cm
and 703 cm for 0-degree and 90-degree orientations, respectively, whereas the PK WDI sensor provides
the smallest spacing at 183 cm and 53 cm for the same orientations.

Comparing the two materials, PPSU-PESU/CF generally exhibits larger sensor spacing across
most sensor types compared to ABS/CF. This difference is likely due to the higher carbon fiber content
(25% versus 20% in ABS/CF), resulting in increased material stiffness [35, 36] and reduced damping
[37]. Lower damping correlates with reduced attenuation, allowing for greater sensor spacing.
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Figure 17: Schematic of how the attenuation curve determines the sensor spacing based off a set
threshold and where the attenuation curves intersect at the amplitude decay intersection point.
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Figure 18: Sensor spacing calculation for 0-degree and 90-degree orientation; (a) ABS/CF and (b)
PPSU-PESU/CF.

Simulated Sensor Spacing Analysis

Based on these findings, sensor spacing calculations can be performed for a simulated large-
scale AM printed wall with dimensions of 6.1 meters in length and 1.5 meters in height (20 feet by 5
feet), which matches the full build size of the BAAM machine at ORNL-MDF using a single-bead
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extrusion method. Figure 19 illustrates the schematic visualization of various sensor distributions and
spacing distances for both ABS/CF and PPSU-PESU/CEF. The sensor placement is determined by the
0-degree and 90-degree sensor distance measurements. Results show minimal decay in the perimeter
attenuation, indicating that only 1-2 sensors are needed to monitor waveforms across the same area.
Future research could investigate a nesting technique for sensor distribution that considers all
attenuation orientations, optimizing sensor placement through staggered arrangements [38].

For ABS/CF, the PKWDI sensor would require nine sensors to cover the 6.1 m x 1.5 m wall,
whereas the PKBBI sensor would only need two sensors for the same coverage. The PK6I and PK151
sensors would require six and eight sensors, respectively. For PPSU-PESU/CF material, the PKWDI
sensor would necessitate twelve sensors. In comparison, the PK151 sensor would need four sensors,
while the PKBBI would need only two. The PK61 sensor would require just one sensor for full coverage,
making it the most efficient option.

This sensor placement analysis is critical for determining the number of sensors required for
comprehensive monitoring and understanding the financial implications of full-scale coverage. It’s
important to note that this study uses simple geometry to establish the fundamental principles of
applying AE to large-scale polymer AM. Additional research is needed to fully understand the impact
on more complex structures, including variations in wall thickness, different internal infill patterns, and
overall intricate 3D geometries.
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Figure 19: Schematic visualization for different sensors distribution and spacing distances for a large
AM printed wall using ABS/CF and PPSU-PESU/CF.

Sensor Selection

The next step is to select sensors and strategize sensor implementation that will best monitor
large scale printing. Table 3 assesses the capabilities of various sensors for different material types by
comparing their frequency response ranges, the number of sensors needed, and relative costs. Sensors
with a broadband frequency response can detect a wide range of events but with lower sensitivity, while
narrowband sensors are highly sensitive but may miss events outside their specific frequency range.
The number of sensors required is based on a simulated large-scale printed wall, providing a
comparative understanding of different sensor types. The cost analysis includes the AE system, per-
channel cost, sensor cost, and the time needed for sensor installation and signal analysis.
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The optimal sensor selection for each print material is discussed, emphasizing the possible need
for multiple sensor types to cover a full range of excitations. For ABS/CF material, the PK BBI sensor
is recommended for initial monitoring due to its broadband capabilities and minimal sensor
requirement, allowing quick setup and comprehensive event capture. The PK6I sensor offers similar
coverage with better low-frequency response but at a higher cost due to more sensors needed. After
initial data collection, the PK15I sensor, with its narrowband around 150 kHz and some broadband
response, is suitable for more focused monitoring, despite higher costs due to more sensors and
increased analysis time. The PKWDI sensor, though having the broadest frequency response at 850
kHz, requires many sensors due to signal attenuation, leading to higher costs. The same
recommendations apply to PPSU-PESU/CF, with the exception that fewer PK15I sensors are needed,
reducing costs.

This sensor selection is based on simple geometry and a simulated demonstration. More
complex geometries will require further investigation to fully understand attenuation responses.
However, this study provides foundational steps that can be expanded for various applications.

Table 3: Sensor assessment for AE monitoring of ABS/CF and PPSU-PESU/CF print material for
large-scale AM process.

Material Sensors Frequency Response Number of Sensors Relative Cost

[Broad / Narrow] [5]

ISPK6I Broad 6 $$

3 ISPK15I1 Narrow 8 $$$
% PKBBI Broad 2 $

h PKWDI Narrow 9 $88
ISPK6I Broad 1 $

3 g ISPK151 Narrow 4 $$
B ;éj PKBBI Broad 2 $

PKWDI Narrow 12 $$$

2.2.4 Validation Through Destructive Methods and Other NDT Techniques

The AM structure was printed using the Big Area Additive Manufacturing (BAAM) system at
the Oak Ridge National Laboratory — Manufacturing Demonstration Facility (ORNL-MDF). This
system can extrude at 45.4 kg/hr (100 Ib/hr) and has a build envelope of 6.1 mx 2.4 m x 1.8 m (20 ft x
8 ft x 6 ft). The print material used was a polysulfone-polyethersulfone blend (PSU-PESU) reinforced
with 25% carbon fiber (PSU-PESU/CF), specifically for a tooling application. After printing, the
structure cooled at ambient temperature (73 °F), during which two large cracks formed due to thermal
residual stresses from suboptimal printing conditions. These cracks, labeled as Crack 1 and Crack 2,
measured between 40 to 46 cm in length (see Figure 20), with potential longer lengths where layers
were in contact but not visible to the naked eye.

To assess crack propagation, the structure underwent a thermal cycle aimed at furthering crack
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growth and evaluating the AE system’s capability to detect and quantify this growth. Monitoring was
conducted using a MISTRAS Group, Inc. Micro-II Digital AE system equipped with PK6I AE sensors.
Eight AE sensors and three K-type thermocouples were installed on the structure to monitor the cracks
and temperature changes, respectively (as shown in Figure 1). The AE sensors were divided into two
groups: Group 1 (S1-S5) monitored Crack 1, while Group 2 (S6-S8) monitored Crack 2. Temperature
measurements were recorded using a National Instruments DAQ system with an NI-9217 card. The
structure was placed in a walk-in oven (GRIEVE TB-500) fitted with slip pads to minimize frictional
noise and accommodate thermal expansion (see Figure 21).

The thermal cycle procedure, detailed in Table 1 and Figure 3, involved ramping the oven to
45 °C for a two-hour dwell, followed by a ramp to 75 °C for another two-hour dwell, before cooling
back to room temperature. Pencil lead breaks (PLB) were performed before and after the test to verify
the sensitivity of each sensor.

Crack Location Left Front Right Back
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Figure 20: Large AM structure with pre-existing crack locations (C1 & C2) measuring 40 - 46 cm in
length for each. Associated AE sensor locations (Group 1 and 2) to monitor crack growth in
corresponding locations. Thermocouples (T1-T3) monitor temperature. Units in cm.

.

y =

Walk-in Ov

Figure 21: Thermal cycle setup with GRIEVE walk-in oven, thermocouple DAQ system, and the AE
system. The AM Structure was placed on smooth slip pads to allow thermal expansion and reduce
frictional noise.
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During the heat cycle of the printed structure, multiple AE events were recorded and analyzed.
Figure 22 illustrates these events alongside the structure's temperature over time. Event 1 occurred
shortly after reaching 35 °C, while Event 2 was detected after reaching 63 °C during the second ramp-
up. Event 3 occurred around 3.5 hours into the cooling stage when the structure's temperature was at
64 °F (~18 °C). It's noted that this temperature correlates with layer separation for this specific print
material and structure. The amplitudes for Event 1, 2, and 3 were 99 dB, 90 dB, and 96 dB, respectively.
Other events were captured but identified as noise due to their low amplitude and waveform
characteristics.

Event 1 Event 2 Event 3
/ / /
4 80
a 65
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3%
!
E 50
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B AE Amplitude
B  Temperature
20
5.6 6.9 8.3 9.7 11.1 12.5 12.5 15.3 16.7 18.0 19.4

" Time (hour)

Figure 22: AE Amplitude vs Time with temperature parametric during the heat cycle. Events 1, 2,
and 3 correlating to crack propagation/nucleation on the AM structure.

Figure 23 provides waveforms and spectrum analyses for Events 1, 2, and 3. Events 1 and 3
exhibited a broad frequency response from 0 kHz to 220 kHz, including higher frequencies above 150
kHz, indicative of fiber breakage. Event 2 showed a mid-frequency response up to 125 kHz, suggesting
delamination or interfacial debonding. These frequency characteristics align with typical behaviors
observed in polymer composites, where high frequencies relate to fiber breakage, mid-frequencies to
delamination, and low frequencies to matrix cracking in traditional laminates.
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Figure 23: The AE amplitude and frequency response for Events 1, 2 and 3.

AE technology utilizes a 2D planar array of sensors to pinpoint event locations through time
difference calculations (At), leveraging known acoustic velocities of materials. For the PSU-PESU/CF
printed structure, which exhibits anisotropic acoustic properties, velocities along and 90° direction to
the print bead direction are 3220 m/s and 1670 m/s, respectively. These values were inputted into
AEwin software along with the structure's geometry and sensor positions to determine event locations
related to crack growth, as shown in Figure 24.

Event 1 and 2 within Group 1 corresponded to the continuation of Crack 1 (C1) with XY
coordinates at approximately 59.9 cm, 73.8 cm and 50.9 c¢cm, 76.7 cm, respectively. Crack 1 initially
measured between 40 cm to 46 cm in length (X direction) and appears to have extended to
approximately 50 cm to 60 cm. Event 1 and 2 captured the ongoing layer separation associated with
Crack 1. In Group 2, located within the conical geometry of the AM structure, Event 3 was recorded at
coordinates -39.1 cm, 125.9 cm. No preexisting crack was visually observed in this area before the
thermal cycle.

27



96 i Event2  S4(1473,90.2) - N\
(2165192 7) (59.9,76.7) = =% -
T .‘/. O (59.9, 73.8)
e :S3(724,73.7) - | st . '
Sy Q16920 WK
= Event 1 _ — * O
E i Event 2 =
A (59.9,73.8) - , S3
£ 216,550 v
BT 499,49, !
5 $5(149.9,49.5) @)
B S2 |
(21.6,58.4)
I
]
d
I
. Group 1 | _
0 X-location (cm) 165 ..(G‘O) Origin
165 = 1
o B* E
S7(-44.5, 135.3) S8(45.7,1353) B S
®
Event 3
(-39.1, 125.9) _
g — Event 3=
E £39.1, 125 _:)
5
2
o
S6 (0, 31.8)
Group 2 ‘ e
0 ‘(0,0) Olllbln
-152 0 152

X-location (cm)

Figure 24: AEwin crack location within Group 1 and 2 (units in cm). Group 1 captured the
continuation of crack 1 with Events 1 and 2. Group 2 captured a new crack anomaly with Event 3.
Sensors and events overlay on AM structure.

This study offers initial insights into using AE to monitor large composite AM structures for
thermal-residual cracking. To confirm the presence of cracks, heat was applied while monitoring
thermal expansion using digital image correlation (DIC). This innovative method relies on heat causing
cracks to open up due to thermal expansion, which DIC captures in real-time [39, 40]. A convection
heat gun served as the heat source, applied to the surface where AE had predicted Event 1 and Event 2
cracks. An optical camera recorded the opening of each crack. The accompanying figure illustrates
significant thermal strain occurring at the locations of Event 1 and Event 2. This can be seen in Figure
25.
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Event 1 Event 2

Figure 25: Utilizing digital image correlation (DIC) to monitor the opening of cracks by heating the surface of
the AM structure.

1.3 IMPACTS

Large-scale AM is being adapted as a method of producing large composite structures in a short
lead time and cost-effective way. With the growing advancement in AM techniques and application a
need for the machine monitoring and part qualification is highly needed. There has been leading
research focused on the manufacturing, feedstock material but minimum research on the SHM, defect
detection, and NDE for AM. Scanning large structure using convictional conventional NDT techniques,
such as ultrasound or X-ray, and searching for potential defects can be very time consuming,
challenging and cost prohibitive. AE is a passive technique that can be used to monitor and locate defect
progression in large structure by distributing group of sensors around the part. This project will utilize
AE technique to monitor large-scale AM equipment (i.e. BAAM system located at the MDF/ORNL)
and the printed parts it produces. An AE system manufactured/designed by MISTRAS Group will be
integrated to the BAAM system. The AE system will provide insight on defect
development/progression during and post- the printing process.

1.4 CONCLUSIONS

This project evaluated the use of Acoustic Emission (AE) as a Structural Health Monitoring
(SHM) technique for large-scale additive manufacturing (AM). The attenuation study revealed that
print orientation significantly impacts acoustic wave propagation in ABS/CF and PSU-PESU/CF
materials. 0° direction orientation, with fibers aligned along the deposition direction, exhibited the least
attenuation, while the 90° direction showed the most. Perimeter orientation demonstrated minimal
attenuation through the print height, typical of perimeter waves. Additionally, the study highlighted the
benefits of locally milled surfaces for AE sensor attachment, which provided superior response and
minimal signal decay.

Background noise evaluation showed that the deposition extruder head produced a wide range of
noise, especially during material runs, while gantry motions had low amplitude responses, indicating
minimal interference. This noise data is crucial for developing a signal filtering process to manage
extruder noise. Sensor selection and spacing simulations indicated that a broadband PKBBI sensor is
optimal for initial monitoring to capture a wide range of frequencies. Subsequently, a narrow-band
PK15I sensor should be used to focus on specific frequency ranges, enhancing the detection and
analysis of defects. The simulations also determined the necessary sensor spacing to ensure full
coverage for large-scale printed structures, considering different material properties.
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To validate the ability for AE to capture defected printed components, the technique was used on
a large structure which was thermally excited to induce cracking. AE was able to capture three cracking
events and determine their locations. An alternative NDT method, digital image correlation (DIC), was
utilized to validate and confirm the presence of cracking.

Acoustic emission (AE) offers a passive monitoring technique that can effectively detect and
track defect progression in large structures. By strategically placing a network of sensors around the
part, AE can monitor structural integrity without disrupting the manufacturing process. This project
concludes how to leverage AE technology to monitor the printed components of large-scale AM. The
AE system, developed by MISTRAS Group, can be integrated into AM equipment to provide valuable
insights into defect development and progression throughout both the printing process and subsequent
post-processing stages. This ultimately saves valuable time and cost for the manufacturer and produces
a high-quality component for the customer.
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2. PARTNER BACKGROUND

MISTRAS Group is a leading "one source" multinational provider of integrated technology-
enabled asset protection solutions, helping to maximize the safety and operational uptime for
civilization’s most critical industrial and civil assets. MISTRAS has ~5,400 employees across 115
locations worldwide, targeting key markets including oil & gas, aerospace, power, infrastructure, and
manufacturing. Their consolidated sales nets to $270M USD.
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