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Defect-Free Sound Insulator Using Single Metal-Based

Friction Stir Process Array

Yugqi Jin,* Teng Yang, Narendra B. Dahotre, Arup Neogi, and Tianhao Wang*

Metals are excellent conductors for phonon transportation such as vibration,
sound, and heat. Generally, metal sound insulators require multimaterial
structure or defects and unimetal sound insulators are challenging. Therefore, a
design of a defect-free sound insulator made by single alloys with multiple friction
stir processes (FSPs) is proposed. Periodic friction stir processing can induce
superlattice-like local mechanical properties’ modifications. By experimental
acoustic characterization, it is observed that FSP can introduce clear acoustic—
elastic property contrast on an aluminum plate by the presence of stir zone and
heat-affected zones. In numerical simulations, the signature FSP-induced
property profile is periodically and parallelly arranged on a long aluminum plate.
The transmission gap frequencies are present on the frequency spectrum with
the sound propagation direction perpendicular to the FSP paths. Disorder offsets
on FSP periodicity are further introduced. Anderson localization is found on a
resonance frequency, which provides —11 dB sound reduction by an exponential
decay. Due to the finite design length, the slight disorder can also enhance sound
insulation in the periodic transmission gap frequency. With analysis and com-
parison with different configurations, the best performance in the models can
achieve —30 dB sound insulation in the 350 mm-long aluminum alloy plate with

1. Introduction

Metals are common structural materials
owing to their excellent and tunable
mechanical properties. Meanwhile, metals
are also decent conductors for vibrations,
sound, and heat. However, in many appli-
cations, nonuniform vibrational waves or
high-strain-rate  periodic stresses can
induce or initiate significant failure on
the metallic structures of metals and
alloys during long-term service, for exam-
ple, fatigue damages, stress corrosion,”
and even strong embrittlement.
Furthermore, in metal-to-metal joints™
and dissimilar metal welds,” vibrational
waves can cause more premature and
substantial damage due to impedance mis-
match and cavitation or internal reflecting
standing waves.**! Industries have focused
on vibrational/sound isolation by damping
using rubber mounting (Figure 1A), uti-

14 parallel FSPs.
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lizing the nonlinear effective stiffness of

structural materials,”! or design optimiza-

tion using liquid cavities,® to prevent

mechanical failure. Those designs are prac-
tically valuable and commonly used. But the requirements to
introduce additional materials still increase the manufacturing
challenges. Alternate approaches include the design of periodic
structures or metastructures by fabricating hollow phononic crys-
tal structures on the metal plates to isolate the sound or vibration
by its bandgap®® at the relevant frequencies (Figure 1B).
Although the current developing topological optimization*”!
can realize the phononic crystal structures with less strength loss,
hollow structures on structural applications still need to be con-
vinced by the practical applications. In this study, we introduce a
simple and unique approach using a periodic array of friction stir
processing on an aluminum plate to cut off the vibrational energy
in a bulk structure without introducing any additional materials
and hollow defects (Figure 1C). Due to the limitation of large-
scale commercialized manufacturing tools, the demonstration
is performed at ultrasonic frequency. The design configurations
can be scaled up to the vibration frequency range with proper tool
size modifications.

Friction stir processing (FSP) (as schematic shown in
Figure 2A) was invented around 2000.'" It is a solid-state
manufacturing process for localized and continuous modifica-
tion of mechanical properties in metal/alloy materials. FSP
has been broadly applied for fatigue prevention,'? crack
repairing,"” and local work hardening"* applications.
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Hollow PnC FSPed array

Damper layer

Figure 1. lllustrational drawing of the typical sound isolation methodolo-
gies in metal plates and the proposed method in this study. A) Introducing
a damper layer between two metal plates using rubber or fluidic cavities.
B) Using the transmission gap of a hollow scatter phononic crystal.
C) Superlattice-like FSP array (periodic property modifications) with spatial
randomness using coherence backscattering for destructive interference.
+@ and —@ indicate the forward and backward propagations of sound
wave.

Utilizing the advantage of friction stir-based manufacturing, the
stir zone (SZ) of FSP yields void-free, uniform, and isotropic
mechanical properties.'” Based on the processing parameters
and material chemical compositions, the processed regions
can be effectively hardened or softened in terms of both effective
elasticities and plasticities!® with the refined equal-axial grained
microstructure and embedded residual stresses.!'”) In this study,
we applied a linear FSP path array on an aluminum plate to intro-
duce periodic and superlattice-like mechanical properties con-
trasts due to the presence of the SZs and their surrounding
heat-affected zones (HAZs). In the presence of periodic FSP
modifications, clear transmission and gap frequency ranges
can be observed for sound waves propagating through the plate
in the direction perpendicular to the FSP array. Utilizing the

www.aem-jou rnal.com

finite length of the periodic FSP plate, slight randomness intro-
duced to the periodicity can lead to Anderson localization!*® lead-
ing to stronger noise isolation with respect to the transmission
gap relative to a perfect periodic FSP array.

In a disordered material system, Anderson localization (strong
localization) can be achieved when wave travel and its diffusion is
destructively interfered due to coherent backscattering.!'®
This wave phenomenon has been reported in photonic,™
electronic,”” and phononic® systems. In phononic systems,
due to the better fabrication flexibility, Anderson localization
was realized in elastic waves,??! sound waves,'*3! and even heat?¥l
using 1D,*! 2D,* and 3DP structures. In 2D systems,
Anderson localization was commonly introduced into a periodic
system by breaking the periodicity of the phononic crystal
systems.**! However, due to the physical nature of the periodic
phononic structures, the periodicity of the phononic crystals is
passively structured with a fixed design configuration. Thus,
the disorder was introduced to the scatterers by modifying its
sizes, materials, or orientations.?” The constant periodicity of
the PnC structure offers relatively fixed frequencies of the trans-
mission and gap bands.*”! In 1D phononic systems, the common
approach to achieve Anderson localization was to use random-
ized periodicity on the superlattice structure.** However, the
disorder on periodicity can eliminate the presence of the
bandgap which originally appeared without disorders. For mak-
ing a sound insulator, such as the proposed FSP structure in this
study, we select a similar approach as literature for the design
of the 1D periodic system with the disorder on periodicity.
Furthermore, the balance between the degree of disorder and
the presence of the periodic bandgap was analyzed to find a better
sound insulation performance.

Downwardforce

Rotation
direction of
FSP tool

Base material

10 20 30 40

Figure 2. Experimental acoustic elastography on a single-track friction-stir-processed AA2024 workpiece for obtaining the Kp profile over the various
zones on the sample: A) lllustrational drawing of the typical FSPs. AS and RS refer to the advancing side and retreating side. B) Macroscopic optical image
of the FSP workpiece experimentally scanned in the work. C) Effective bulk modulus elastography on the selected region in (B) in terms of the effective

bulk modulus distribution showing SZ, HAZs, and based material regions.
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2. Experimental Characterization on a Single
FSP Path

On a rolling processed aluminum alloy (AA) plate, we experi-
mentally performed a friction stir processed path, as
Figure 1A illustrates. The detailed processing parameters are
listed in the Experimental Section. On the product (Figure 2B),
we obtain an FSP path with approximately uniform width and
depth beside the pinhole at the end of the path. Due to the
long-time friction-induced preheating, a curvature flashing edge
was observed at the starting point. For a combined rotational and
linear motion, the retreating side on the left (relative to the FSP
path direction) has slightly more flashing materials on the path
edge than the side advancing from the right. Additional polishing
and cutting are needed to remove flashing edges and the end-
point hole for better performance in acoustic applications.

To understand the modification of the physical properties via
FSP in the view of an acoustic wave, we performed acoustic
effective bulk modulus elastography on the FSP workpiece after
polishing the flashing edges shown in Figure 2C. Effective bulk
modulus, also called dynamic bulk modulus Kp, is a frequency-
dependent variable based on the static bulk modulus. The
effective bulk modulus value includes the contribution of the
microstructure size and the magnitude of residual stresses.’®!
It is considered a suitable elastic constant representing the
response of high-frequency vibrations or sound. The elasto-
graphic scanned area is highlighted in Figure 2B as the dashed
box. The 2D map presents the distribution of effective bulk
modulus, which are self-averaged values over the entire wave
propagation direction (thickness of the plate) on the sample.
Unlike optical photograph (Figure 2B), elastography (Figure 2C)
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clearly distinguishes varying property zones over the FSP path in
the view of acoustic waves. With respect to the central line of the
FSP path (Y=0mm), a stronger decrease in Kp is observed
within the HAZs on the advancing side (AS) (Y=5mm) com-
pared to the retreating side (RS) (Y= —8 mm), which induced
a sharper transition between the SZ and HAZ. Around the start-
ing point on the path (X=20-40 mm), a slight asymmetricity
present on the SZ represents a higher K, on the AS. On the
remainder of the path length, the Ky values on SZ were approxi-
mately symmetric. The unaffected base material shows a
constant distribution of elastography Kp, at the two edges. The
averaged value of K, on the Y-axis along the X-axis profile is sum-
marized and presented in Figure 3A. Between the SZ and HAZs,
the existence of thermomechanical affected zones (TMAZs) is
worth mentioning. Due to the narrow width and small micro-
structure of the typical TMAZs, the TMAZs have weak potential
to provide strong modification of the sound wave propagation
behavior at the selected operating frequency. The existence of
TMAZs is considered as to the boundary between the SZ and
HAZs in this study. Hence, in the following text, the existence
of TMAZs is not specifically mentioned. The TMAZs have no
assigned regions in the illustration of the numerical simulations
of the sound insulator. Although the property zones have distin-
guishable elastography features (Figure 2C), the transition
between the zones still is smooth in the profile due to the long
sound wavelength. The smooth transition reduces the imped-
ance mismatch between the property zones. The smooth transi-
tion is suitable for acoustic applications when the sound
propagates perpendicular to the FSP path. In the numerical
simulation model, we specifically define the Ky, profile into five
regions, including two base material zones, 2 HAZs, and 1 SZ.
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Figure 3. The design of the proposed sound insulator model of the perfect periodic arrangement on the FSP array: A) Averaged transverse direction
effective bulk modulus profile along the longitudinal direction from the experimentally scanned FSP workpiece (black line). Red line indicates the sym-
metric curve fitting profile, which is input into the numerical simulations for the proposed design of sound insulation in the following sections.
B) Illustration of the different regions on the FSP path on the macroscopic optical image. C) Complete effective bulk modulus profile of the perfect
periodic 20 FSP array case in the numerical simulation. D) Illustration of the size and locations of the various zones of the ideal periodic FSP array in the
numerical simulation model.

Adv. Eng. Mater. 2023, 25, 2300206 2300206 (3 of 9) © 2023 Wiley-VCH GmbH

A ‘61 ‘€T0T ‘$9TLTST

:sdny wouy papeoy

AsUAOIT SuoWIWo)) dAneal) aqestjdde ayy £q pauIaAoT ale sa[o1LIE YO (asn JO SN 10§ AIRIQIT AUIUQ AJ[IA\ UO (SUOHIPUOI-PUE-SULId)/W0d Ka[1m° KIeIqijaut[uo//:sd)y) suonIpuo)) pue sud [, 3y 29§ *[€207/01/61] uo Areiqry autjuQ Aajip ‘SaLIeIqi] Sexa ], YUON JO ANsIdAIUN £q 90Z00ETOT WIPL/Z001 01 /10p/wod’ Kajim"


http://www.advancedsciencenews.com
http://www.aem-journal.com

ADVANCED
SCIENCE NEWS

ENGINEERING

www.advancedsciencenews.com

The 5 zones are united as 1 unit period in the proposed super-
lattice structure. Anderson localization can be introduced by
assigning random offset on the periodicity to achieve sound
insulation. The acoustic insulator is designed by translating
the experimentally obtained Ky, profile into a curve-fit symmetric
Kp profile (Figure 3A red curve) as the Ky input in the acoustic
wave propagation behavior simulations in the following sections.
As the elastograph (Figure 2C) shows, the Kp values along the
ESP track were not uniform. The beginning region of the track
presents lower Kp due to the additional heat input. Hence, in
practical case, the beginning and ending regions of the FSP
tracks need to be cut off to maintain the uniformity of the super-
lattice structure.

In principle, friction stir processing significantly modifies
microstructure and stores residual stresses that change the
dynamic bulk modulus Kp at the processed zones and the
surrounding regions. At the operating frequency in the study,
the effective wavelength in aluminum is about 7.5 mm. The typ-
ical microstructure size after FSPed aluminum is less than
50 um in SZ. In base material and HAZs, the typical size of
the grain is less than 500 pm. Compared with the wavelength
and microstructure size, Rayleigh scattering is not significant.
Furthermore, the grain size deviation can induce dispersion
effect that results in out-of-phase interference on short acoustic
pulse. However, with monochromatic wave source with normal
incidence, the dispersion is not considered to have significant
impact on the sound insulation performance of the proposed
design. In terms of acoustic properties, the metallic crystal ori-
entations can slightly deviate the speed of sound. However, in
practical, the plate before and after FSP are both polycrystalline
samples. The different phases and orientations provide different
speed sounds inside the samples which effectively provide
approximately consistent speed of sound values. Hence, the
experimental elastograph (Figure 2C) was majorly contributed
by the existence of residual stresses instead of the contribution
from the grain sizes.

3. Design

The first step to realize the FSP sound insulator is to introduce
periodic and parallel FSP paths on a 510 mm-long and
50 mm-wide aluminum plate. A sound wave around 0.9 MHz
was selected as the operating wave for the performance demon-
stration as it’s considered a long-enough wavelength to eliminate
the microstructure-induced dispersion effect.*”! It also fits the
fundamental frequency of the commercially available air-coupled
acoustic piezoelectrical transducers. A total of 20 FSP parallel
paths were introduced on the long aluminum plate along the
width direction. The overall assigned Ky profile of the 20 FSP
paths is shown in Figure 3C in the numerical simulation model.
The model was assembled from individual and comparable FSP
paths (Figure 3B), as illustrated in Figure 3D. In the perfect peri-
odic case, the fixed periodicity was 25 mm. In each unit period,
1 SZ with a 5mm width and 2 HAZ with a 6 mm width was
placed in the center. The remaining unit cell length was assigned
as base material equally distributed at two side edges of the cell as
the region connecting the periods. The design of the proposed
superlattice structure is obviously different from the
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conventional 1D phononic crystal due to the existence of two
HAZs in unit cell and the lack of sharp lattice/scatterer interface.
The conventionally calculated dispersion relation cannot well
describe the transmission behavior of the proposed design with-
out thorough theatrical studies and verifications. While design-
ing a sound insulator with normal incidence, the frequency
selection was based on numerically simulated transmission spec-
trum instead of calculating dispersion relation in this study.
In the transmission simulation, longitudinal acoustic waves were
excited at the plate’s left side edge and received at the right edge.
The source wave was performed a frequency sweeping from 0.82
to 0.92MHz. In the aperiodic arrangement, we introduced
20 offsets of the FSP paths with a standard deviation ¢ at 0.3,
0.5, 1, and 3mm using the randomized number-generating
program.””?! On each aperiodic case, 30 transmissions from
5 models were obtained with different randomized offset
arrays with fixed standard deviation. The transmission profiles
and frequency spectrums presented in the following section
are all averages over the same standard deviation with
+0.5 kHz ensembles.

4, Results and Discussions

Figure 4A presents the summary of the frequency spectra
obtained from the numerical simulations. In the reference case
(solid black line: plain plate without FSP), the perfect periodic
case (green line) clearly illustrated a transmission gap between
0.86 and 0.87 MHz. In the rest of the frequency spectra, the ideal
periodic system shows sufficient transmission compared to the
aperiodic cases. In the transmission frequency range, between
0.82 and 0.86 MHz, only the 6 = 3 mm case has strong enough
disorder to provide sufficient transmission drop. The spectrum
of o = 3 mm shows significant transmission reductions at 0.825,
0.835, and 0.85 MHz, which are not clearly presented in the other
aperiodic cases. At 0.85 MHz, one of the resonance frequencies
of the periodic case, the ¢ = 3mm aperiodic model, shows expo-
nential decay (linear decay on a decibel scale) along the wave
propagation direction (Figure 4B), which is about —10 dB sound
insulation. On the contrary, the transmission intensity (green
line) shows a negligible decrease on the resonance of the periodic
case. The transmission profile on the aperiodic case (red line)
proves the existence of Anderson localization on the aperiodic
system when the ¢ = 3 mm with 20 FSP paths.

Noted that, in a phononic crystal, the transmission gap is
defined to appear when the length approached infinity. In a
finite-length periodic structure, the stop band presents as the cer-
tain transmission decays. For example, in the periodic case, the
transmission decay of the stop band is between 0.86 and
0.87 MHz. Since the disorder in the aperiodic cases was intro-
duced to vary the periodicity, the destruction of the periodicity
induces a reduced transmission gap. For the perfect periodic sys-
tem, with the standard deviation ranging from ¢ = 0.3 mm to
o = 3mm, we observe a significant reduction in transmission
when the disorder is substantial in the transmission frequency
range. However, the sound insulation performance was better
when the standard deviation of the disorder was smaller which
provides additional decay at the transmission gap frequency.
As the acoustic pressure distribution maps (Figure 4C) illustrate,
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Figure 4. Numerical simulation results: A) Summary of the obtained transmission frequency spectrums including all the configurations. The frequency
spectrums on the aperiodic cases were the averaged spectrums over the different models with different disorder combinations but the identical standard
deviations. B) Transmission profiles over the length of the plate along the perpendicular direction of the FSP path direction, in the periodic configuration
and aperiodic configuration with 6 =3 mm at one resonance frequency of the periodic configuration. C) Acoustic pressure maps on the models with
different FSP arranging configurations. D) Transmission profiles over the length of the model in the periodic configuration and aperiodic configuration
with 6= 0.3 mm at the transmission gap frequency of the periodic configuration. E) Summary of the sound insulation performance in terms of intensity
reduction with 510 mm sample and 20 FSP paths in the proposed numerical simulation models.

at 0.87 MHz, the acoustic wave is barely transmitted in the ape-
riodic system when the standard deviation of the disorder is at 1,
0.5, and 0.3 mm. From the comparison between the periodic and
aperiodic configurations, the strongest sound propagation reduc-
tion with ¢ = 0.3 mm results in a —32 dB decrease compared to
the plain plate transmission. It was contributed by the construc-
tive effects with periodic structures providing transmission gap
and disorder-induced Anderson localization. In Figure 4C, the
transmission profiles from the periodic system and aperiodic
with ¢ = 0.3mm case are presented and compared with the
exponential decay presented in both cases along different slopes.
Note that the transmission profile on a finite periodic structure in
the transmission gap is originally equipped with exponential
decay. Therefore, the presence of Anderson localization in the
transmission frequency referred to in the previous paragraph
can be confirmed. By comparing the two curves in Figure 4D,
the additional sound decay of about —22B (depicted on the pink
line) was contributed by introducing the disorder-induced
Anderson localization effect at 6 = 0.3 mm.
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In Figure 4E, a summary of the sound insulation performance
of the proposed structure is presented at varying design config-
urations. The error bars indicated the standard deviation of the
transmission intensity difference over the statistical ensembles.
In the case of a strong disorder ¢ = 3 mm, the presence of
Anderson localization results in an 11 dB transmission reduction
at the resonance frequency (0.85 MHz) with 20 periods of the
proposed structure. It is not a strong enough isolation compared
to the transmission reduction at the transmission gap in the peri-
odic case. On the contrary, the disorder-induced additional trans-
mission decay in the gap frequency (0.87 MHz) implies an
obvious inverse proportional relationship with respect to the
transmission frequency, which shows that the total transmission
decay is more significant with weaker randomness (from green
bar to pink bar). Based on the transmission results obtained from
the numerical simulation in Figure 5A, we further estimated the
localization length for the proposed structure using the
expression:** L71(f) = (In %) where d is the sample length,
the distance in the present work in the crystal along the wave
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Figure 5. Discussion on the performance and potential capability of the proposed design: A) Estimated localization length of the four disordered cases at

0.85 and 0.87 MHz based on the numerical simulation results in Figure 4.

B) Comparison with the different simulated cases for estimating required

sample lengths on the studied models for —30 dB sound insulation. The gray reference bar indicated the estimated length of AA2xxx alloy without an FSP
path but with a practical attenuation coefficient obtained from the literature. The attenuation was not considered in the other cases with FSP paths. C) The

estimated required sample lengths on the studied models for —30 dB sound

insulation, including the attenuation coefficient of AA2xxx in all the studied

cases for comparison. D) Potential sound insulation frequency range with reasonable scale-up or scale-down of the proposed design with additional

modifications based on the available FSP tool size and FSP materials.

propagation distance. I, and I are the source intensity and trans-
mission intensity. fis the operating frequency. In the transmis-
sion frequency (0.85 MHz, shadow bars), it was obvious that the
estimated localization lengths on the cases o= 0.3mm,
6=05mm, and oc=1mm exceeded the sample length
510 mm in the simulation models, which agreed with frequency
spectrums in Figure 4A, showing no clear transmission reduc-
tion. Only in the 6 = 3 mm case, the disorder is strong enough to
reduce the localization length under 510 mm. Hence, a clear
transmission dip was found on the frequency spectrum at
0.85MHz (red line Figure 4A). In the transmission gap fre-
quency (0.87 MHz, clean bars), all four cases have estimated
localization lengths under the proposed sample length. It further
proves the presence of reduced transmission in the frequency
spectra in Figure 4A.

In Figure 5B, we calculated an estimation plot to discuss the
sample size requirement on each FSP array configuration for a
—30dB sound insulation. Generally, —30dB is considered a
decent amount of sound insulation. As a reference, on the gray
bar, we include acoustic wave dissipation on AA2xxx using its
attenuation coefficient a from existing literature.’” Although
the coefficient a is strongly frequency dependent in high fre-
quency due to the microstructure, below 5 MHz, the coefficients
of ultrasonic attenuation in aluminum alloy 2xxx were found to
be around 10-30dBm ™' dependent on the compositions and
processing methods.?” Note that the attenuation coefficient of

Adv. Eng. Mater. 2023, 25, 2300206 2300206

AA2xxx is not considered in the estimations for other FSP array
cases. With only the contribution from the transmission gap
decay and the decay from the Anderson localization, in the
FSP array cases, all the configurations can reduce the sound
intensity by —30dB within 1m. With the assistance from the
6 = 0.3mm disorder, the pink bar shows about 150 mm shorter
on the required length to achieve —30 dB insulation with respect
to the system that only involved the reduction due to transmis-
sion gap from the periodic FSP array. In Figure 5C, the attenua-
tion coefficient a of AA2xxx is taken account into the estimations
for —30dB sound insulation for all the FSP array sound insula-
tors, which considers a situation closer to the practical case. With
the additional attenuation from the aluminum alloy, the required
sample lengths reduced by about 30% to block sound waves for
—30 dB for the superlattice cases. Hence, at the transmission gap
frequency 0.87 MHz, most of the proposed configurations can
achieve —30 dB insulation within 510 mm sample length, includ-
ing the periodic case and the aperiodic cases ¢ = 0.3mm,
0.5mm, and 1mm. On the aperiodic case with ¢ = 0.3 mm,
the estimated sample length is about 350 mm which refers to
14 periods of the FSP array. In practice, a strong mechanical
property contrast phononic superlattice structure can achieve a
sufficient transmission gap with 10 periods or more. With low
contrast in mechanical properties, the aluminum FSP array with
a minor disorder can effectively reduce noise for —30 dB with 14
periods, which is considered as decent performance.

(6 of 9) © 2023 Wiley-VCH GmbH
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With numerical simulations, the ideal performance of the pro-
posed design was demonstrated. However, exact realization of
the proposed design by conventional FSP requires very precise
manufacturing including uniform Kp on the raw material
(plate), preventing of the thermal strain of the base plate during
the FSPs, avoiding the additional heat effects to the processed
path during the processing, controlling of the wearing conditions
of the tool pin, and so on. However, due to the mechanism of the
sound insulation, Anderson localization, slight experimental
errors/flaws (additional randomness) would not significantly
impact the performance of the sound insulation in principle.
However, the target frequency range of the proposed design
potentially has a frequency shift due to the presence of experi-
mental errors and flaws, which would be hard to avoid in future
experiments. In addition, small defects commonly exist in
friction stir samples. With proper parameter optimization and
quality control of the tool, the presence of defects can be reduced.
However, for the design of a FSP array sound insulator, the pres-
ence of small defects should not affect the performance of the
sound insulator in principle. The presence of defects in the
sound insulator can dissipate more acoustic energy during
the propagation of the acoustic wave which effectively enhances
the performance of the sound insulator. However, due to the
defects deviated effective local Kp, the target operating frequency
of the designed sound insulator can be potentially shifted.
In future experimental studies, precharacterization of tool/
parameter-dependent defects fraction of the FSP sample would
be necessary to be conducted for obtaining a better prediction of
the correlation between real products and corresponding numer-
ical simulations.

In general, the proposed sound insulator design is not limited
to a certain operating frequency. Proper scaling up or down can
shift the operating frequency of the superlattice structure.
However, the reasonable scaling needs to follow the size of
the sizing FSP tools which refers to the size of the unit cell
in the sound insulator. In the normalized scale, the insulation
wavelength A = 1.47¢, where ¢ refers to the diameter of the
FSP tool pin. Wavelength can be further translated into the fun-
damental relation ¢ = Af, where findicates the target frequency
of the sound wave to be blocked, and ¢ is the speed of sound
which is a material-dependent property. With the normalized
relation, we summarize the flexibility for scaling up or down
on the proposed structure in Figure 5D. The typically used
FESP tool diameters range between 1-15mm, in which the
1 mm tool is frequently used in microscale friction stir welding
or processing (pFSP). 12-15mm diameter tools can perform
large-scale structure processing, including aerospace and auto-
mobile industries. With the background of the commercialized
ESP tools and FSP feasible metals/alloys (longitudinal sound
velocity in the range between 3000 and 7000 ms™"), the esti-
mated insulation frequency map shows that potential scalable
FSPs sound insulators can cover the sound insulation frequency
covering supersound to ultrasound range from 140kHz to
4.25 MHz without advanced modifications on the proposed con-
figurations. In addition, the development and research are
heavily conducted on the metals’ solid-state additive manufactur-
ing,*" such as additive friction stir deposition processing.
With very different printing (deposition) parameters, different
heating/cooling rates and mechanical stresses can result in
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strong enough mechanical properties contrast, contributed by
the variations in microstructures and residual stress distribu-
tions. Such proposed defect-free and full-metal sound insulation
structures are feasible to be realized by AM processing with
higher geometrical flexibility.

5. Conclusion

In the present work, we designed an approach to achieve a unim-
etal defect-free sound insulator without the assistance of addi-
tional materials or defects. Solid-state local modification
method, friction stir processing, was selected to produce line
array modifications on an aluminum alloy plate. With experi-
mentally obtained FSP-induced effective bulk modulus profile,
a 20 FSP path periodic structure was tested by numerical simu-
lation for observation of the sound wave propagation behaviors.
Superlattice-like transmission band and transmission gap
frequency ranges were found. The exponential decay of the res-
onance frequency proved the occurrence of Anderson localiza-
tion. We further introduced disorder in the periodicity of the
ESP array. Disorders with different standard deviations were
applied to the FSP array model. In the finite length model,
the sound decays faster with a more significant disorder in
the transmission frequency range, but the sound decays more
quickly with a weaker disorder in the transmission gap frequency
range. Combined with transmission gap decay and disordered
induced decay, the best performance model can provide a
—32 dB sound insulation without considering the sound attenu-
ation in aluminum alloy. A —30 dB isolation can be realized with
only 14 FSP paths instead of 20 periods when considering the
material-induced attenuation effect. Based on the typical FSP tool
size and general FSP materials, sound insulation can be effective
in the frequency range from 140 kHz to 4.25 MHz with scale-up
or scale-down on the proposed configurations.

6. Experimental Section

2024-T3 aluminum alloy plates (10 mm thickness) were heat treated to
375°C for 2 h and slowly cooled down to room temperature, and the pro-
cess was applied to remove the residual stress in the as-received condi-
tion. After heat treatment, the plate was friction stir processed with an FSP
tool manufactured from MP159 alloy. The detailed dimensions of the FSP
tool were a shoulder diameter of 15 mm, a pin length of 5 mm, and pin
root diameter of 5 mm. The FSP tool shoulder was concave, and the tool
pin had threaded features. During FSP, a constant rotation rate of 150
RPM, traverse speed of 75 mmmin~, and tool tilt angle of 0.5° were
applied. Note that low RPM and high traverse speed can narrow down
the HAZ, which allowed for a more evident physical property contrast
between SZ and HAZ and better sound insulation effect which was impor-
tant to serve as a unit cell in 1D phononic crystal structure. In this work,
the demonstration of the FSP modification of the aluminum alloy was
shown on AA2024-T3. However, the design was not limited to the specific
alloy type. Certain slight modifications on the superlattice design might
apply depending on the alloy selection in terms of the periodicity and oper-
ating frequency. As long as the alloy after FSP modification could have two
significant HAZs and a higher Kp SZ between the HAZ, the full metal
sound insulator was valid in principle.

The ultrasonic effective bulk modulus elastography of the friction-
stir-processed workpiece was conducted in a glass open-top container
filled with Nu-clear cutting oil. An Olympus unfocused immersion trans-
ducer with a center frequency at 1 MHz was selected to excite a broadband
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pulse with a repetition rate every 2 ms during the pint-by-point raster scan
with a 1 mm spatial interval and collected the reflection from the upper
and lower sample surfaces. The scan was controlled by a preprepared
MATLAB script operating a UR5 robotic arm. A JSR Ultrasonics DPR
500 Pulse/ Receiver was involved in being the source of the pulse source
and time trigger. The collected temporal data and the time trigger were
sent to Tektronix MDO 34 oscilloscope with a consistent time range win-
dow at a 1 GHz sampling rate. In the collected signals, the reflected pulses
from the upper and lower surfaces of the scanned sample were located for
a further calculation to obtain the dynamic (effective) bulk modulus follow-

ing the equation:?® Kp = cZ, (% “45“), where !j:pe”f‘po, p. is the

magnitude of the emitted pulse from the transducer, p, and p, are mag-
nitude of reflection from the upper and lower surfaces of the workpiece, ¢
is the speed of sound in the sample, Z is the acoustic impedance of the
scanned sample, and Z; is the reference acoustic impedance of the ambi-
ent material (Nu-clear cutting oil in this study). The experimental K pro-
file from the FSP sample was repetitively assigned on the plate in the
numerical simulation which contained the base material regions, SZ,
and HAZs. In the initial experimental scan on the FSP sample, the
identification was made by locating the SZ and base material regions.
The width of the SZ approximately equaled the diameter of FSP tool
pin. The base material regions on the 2 sides were distinguished at the
locations in which the K values approximately were equal to the original
material. The HAZs were the regions between the SZ and base material
regions.

The numerical simulations were performed using finite-element analy-
sis based on COMSOL Multiphysics software version 5.5. For all the stud-
ies, frequency domain studies were applied to the pressure acoustic
module. A 510 mm x50mm-sized aluminum alloy plate was constructed
in the model. The two long edges were set to the boundary conditions
as impedance matching conditions for representing a wide enough plate
to avoid internal reflection due to the spreading of the acoustic waves.
The left short edge was set to the acoustic source for emitting plane waves,
whereas the right-side boundary was set to sound hard boundary with a
boundary probe for detecting the acoustic waves. The bulk modulus
of the plate was assigned by the repeating Ky curve presented in
Figure 2A. The perfect periodic case K, the curve is presented
in Figure 2C. The disorders were introduced by assigning offset on the
periodicity of one entire FSP path, including a base material, HAZ, SZ,
HAZ, and base material. The speed of sound was set to be a constant
value obtained from the averaged value in the EBME scan c=6318 ms™ .
The distinguishment of the SZ and HAZ areas in the numerical simulation
was relied on the assigned bulk modulus distribution. On the perpendicu-
lar direction with respect to the welding direction, this transversal bulk
modulus distribution was obtained from the curve of the fitting on the
experimental scanned results (Figure 3A). The K_D profile (red line) indi-
cated a unit cell in the proposed superlattice structure. For the periodic
array case, the K_D profile was repetitively assigned on the modeled large
plate along the perpendicular direction with respect to the welding
direction. Along the welding direction, no spatial difference was set for
maintaining a 1D phononic crystal configuration. In the numerical
simulation, monochromatic longitudinal mode acoustic waves were emit-
ted on the left side edge and received on the right edge with a frequency
sweeping from 0.82 to 0.92 MHz. In the aperiodic arrangement, 20 offsets
of the FSP paths were assigned with the certain standard deviation s at 0.3,
0.5, 1, and 3 mm. Due to the long operating wavelength relative to the
typical microstructure size, there was a negligible effect on the speed
of sound due to Rayleigh scattering. Based on the literature, although
residual stresses can change the speed of sound values in aluminum
alloys, the variation is generally within 1% changes. Hence, this study
did not consider the low changing rate of acoustic velocities within the
small region under residual stresses. The frequency spectrums were
obtained from the frequency sweeping between 0.82 and 0.92 MHz with
0.25 kHz frequency step intervals. In the models, the mesh was selected
to be the automatically formed mesh by the general physics setting
with the extrafine option, which offered the maximum mesh element size
at 0.034 4.
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