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Abstract

In the past decade, a lot of research has beenuctstd on the potential of carbon
nanostructured materials to emit sound via thermastecs through both simulations and
experiments. However, experimental validation afidations for three-dimensional graphene
(3D-C), which has a complicated 3D structure, hetsty be achieved. In this paper, 3D-C is
synthesized via thermal chemical vapor depositiod i#&s microstructure and quality tested
using Scanning Electron Microscopy and Raman spsmbpy respectively. Then, a two
temperature model is used to predict the effectausherous parameters: frequency, input
power, sample size, connection area, connectidm pates per inch, thickness, compression

as well as the addition of a backing on the acousérformance and temperature of the
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sample. The experimental results presented in phiger validate the predictions of the
adopted two temperature model. The efficiency of@Ds then compared with results
presented in other studies to understand how tbsepted 3D-C fared against ones from the

literature as well as other carbon nanostructuratkérals.

Keywords: three-dimensional graphene (3D-C), theaocouistics, chemical vapor deposition,

theoretical modelling, loudspeaker

1. Introduction
Traditional mechanical methods of sound generat{osing loudspeakers or

piezoelectric devices), are inherently resonanticgsv whose resonance frequency is
dependent on the size and shape of the driverhéumbre, they utilize rare materials
(magnets [1, 2]), resulting in heavy and expensieeices. Thermophones are an alternative
capable of generating wideband sound generatiogpegradent of material size. In addition,
they do not use any moving parts, are lightweigid do not require the use of any rare or
expensive material. The mechanism of thermoacaustiolves an electric alternating current
(AC) being injected into a material and, due todffects of Joule heating, a thermal gradient
is generated within the material. Based on the lafstbermodynamics, the thermal gradient
induces a pressure gradient in the surroundingunedience emitting sound [3-5]. This non-
mechanical method of sound generation via thermgams allows the material to emit sound

in a wide frequency range independent of the nalteize. In order for the material to be able
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to emit sound using thermoacoustics, it should reegh thermal conductivity to allow for
thermal energy to dissipate quickly from the maiento the surrounding medium; and a low
heat capacity per unit area (HCPUA) such that mahitreat is stored within the material
during operation [6].

Since carbon nanostructured materials possesshdrendl properties required [7],
extensive research has been conducted on themt@dtey emit sound via the thermoacoustic
effect, such as carbon nanotubes (CNTs) [6-19]g&iphene [20-25], and 3D graphene (3D-
C) [26, 27]. These studies demonstrate the inflaaidrequency, input power, microstructure
and backing on the acoustics performance of theocananostructured materials, obtained
from the conducted experiments. An extensive theadeanalysis of the thermoacoustic
sound generation in many different configuratiaavailable [4, 16, 28-34]. However, due to
the unique and complex microstructure of 3D-C, fesy models have been adapted to fit its
geometry precisely. Nonetheless, standard theatetiodels have been used and display good
correlation with experiments [24, 35, 36]. In adiit the freeze-dried 3D-C thermoacoustic
investigations conducted by Fei et al. [26] and leteal. [27] only studied the effect of
distance, frequency and input power on sound predsuel (SPL). The effect of an acoustical
backing and variation of material properties andnaxtion methods were left unexplored.
Moreover, the presence of defects were detect@D#& utilized in previous studies and had
electrical resistances more thantB{26, 27]. Lastly, the fabrication process of 3DsCan
inexpensive and easily scalable method for thermogHabrication [37] compared to other

proposed techniques. For this reason, it is impotia further investigate the thermoacoustic
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properties of 3D-C which have been considered ity @ limited number of research
activities.

In this study, we investigate the suitability ofitawd et al.’s simulation model [38] for
describing the acoustic performance of 3D-C. RiBtC was synthesized in-house and the
microstructure and quality of the material testedhwthe use of a Scanning Electron
Microscope (SEM) and Raman spectroscope respegtiVeken, acoustic measurements were
performed to assess the acoustic performances .3he influence of parameters, namely
the electrical input frequency, input power, matesize, area of electrical connection, path of
electrical connections, material density, and nmatepore per inch (ppi) on SPL and
temperature were investigated. Methods to imprbeeaicoustics performance of 3D-C were
also explored. The obtained results were then cozdpt Guiraud et al.’s simulations, and

other experimental results from literature [7, 28].

2. Thermoacoustic Theory

In this section, we introduce the thermoacousticdehocadopted to analyze the
Thermophone
Back Medium | © D, DOO @ Front Medium
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thermophone efficiency and the acoustic diffractioeory used for the far field estimations.

2.1. Thermophone model

Fig. 1. Schematic of the thermophone.dnd Ls represent overall thickness of the material

and mean diameter of the pore respectively.
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In order to have a better understanding of thpesmental results, they will be
compared to a theoretical model based on a “tw@éeature” assumption [39, 40]. Due to the
thickness and the high porosity of 3D-C (more tB8#n), regular continuous thermoacoustic
models cannot be used. The following model assuhssfor a thermophone radiating in free
field, the solid (3D-C) and the fluid (air) coexdsh the sample as seen in Fig. 1. Due to the
high frequency of the electrical energy suppliedtihe thermophone, the local thermal
equilibrium is not attained between the two phasdserefore, the general conservation

eqguations for mass, linear momentum and energyluida[41, 42]

1 dp orT |\ 3 - _

?oa_ QTE-}'V.U—O, (1)

p%=—§p+uvzﬁ+(l+uﬁ)(§.ﬁ), (2)
ar 3

pCp— — aTTOa—f = kV?T, (3)

can be coupled with the energy conservation fosthiel phase using a different temperature
PsCys 52 = 1,V2T, + So, (@)
whereby the pressurp (Pascal), the temperatures of the fluid and s@lidl; (Kelvin)
respectively and the particle velocify (m/s) are the main variables depending on time
(seconds) and the position vectb(meters). Otherwisey is the density (kg/f), B, is the
bulk modulus (Pa)g is the coefficient of volumetric expansion (1/K)andu are the first
and second viscosity coefficients (Pa),andCy s are the specific heat at constant pressure
of the fluid and at constant volume of the solidpectively [J/(kg.K)],T, is the ambient

temperature (Kelvin)k is the thermal conductivity [W/(m.K)] and, lastly, is the input
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power density (W/r}). Considering, for simplification purposes, a 1dal (plane wave

radiation) with harmonic time dependence, Eqstqi)) can be rewritten as

iw . dv

5P~ LwaTT+E— 0, ©)
, d d?

prv=—d—z+(i+2u)d—zz, (6)
, ar . .

iwpC,T = K> + iwarTyp, (7)
, d?Ts

lwpsCy sTs = K 2T So, 8)

respectively, wherebwis the radial frequency,is the imaginary unit, arzlis the space

variable.
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Fig. 2. Schematic of the layer division in the two tempema model. The solid in green
coexist with its surrounding fluid in layers 1 b Surrounding fluid is present in layers O to
N+1.

In order to simulate the transfer of energy from $lolid to the fluid, necessary for the

thermoacoustic generation, the 3D-C is subdiviced N discretized layers as seen in Fig. 2
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in which both the solid and the fluid coexists.ti layers’ interfaces, normal surface tension,
velocity and temperatures (both for solid and fjuade considered continuous. However, for
the thermoacoustic generation to occur, a fluidsaoupling parameterg [W/(m?.K)]
proportional to the difference of temperature @& tvo phases, is introduced in the continuity

condition of the heat flux. The boundary conditi@such an interface are written as

pj-1(2) = B;(z), (9)

vj-1(z) = v;(z), (10)
Ti-1(z) = T;(2), (11)
Tsj-1(z) = Ts j(2)), (12)
95(z) = 4j-1(z) + 9(Ts;(z) — Ti(z)), (13)
45,i(2) = 45,-1(z) = 9(Ts,1(z)) = T;(z). (14)

for all j € [0, N + 1] discretized layers with; 1 (z1) = q5n+1(2y+1) = 0. Here, we define

the normal surface tension in the fluidias p — (1 + 2u) %, the fluid heat flux ag =

—K Z—: and the solid heat flux ag = —«; %. Egs. (13) and (14) represent the transfer of
thermal energy from the solid to the fluid, conedlby the parametey.

Explicit equations fo, v, T in any fluid medium are derived in Eqgs. (A.2, Aaf)d
(A.9) in the supporting information. We introdudeetfunctions & and &” as well as the

constants Land L, as

GOM) = arBy— (22 + 2+ 2u) (Lyn? + Lon®), (15)



G“’)(n) =L+ L27721 (16)

- _ 1 lwpCy. Bo
Li= - (aTBO s (,1 +2u+ iw)), (17)
_ Bo\__x
L= (/1 t2u+ i(u) iwparTyBy’ (18)
as well as the matrices
[ G (ikqc) G (ikqge) G @D (Oyn) G@D(Oep) ]
H@ = _ikacG(b)(ikac) ikacG(b)(ikac) _chG(b)(eth) chG(b)(ch) , (19
Kikg, —Kik,, KO, —KO:p
1 1 1 1
e ~Kacz 0 0 0
b 1 o ekacz 0 0
H®(2) = 0 O P (20)
0 0 0 eftnz

wherek,. andf,; represent positive fluid acoustical wavenumber @reimal wavenumber
respectively.
The defining variableg, v, q, T in fluid medium are then written in any laye€ [0, N + 1] in

a matrix form as

) o]
’Uj Z _ (ab) B]
) e {cj ' )
T;(2) Dy

with H@)(z) = H@H®)(z). Similarly, an equation fdF, is found in Eq. (A.12) (Supporting
Information) and can be rewritten as

—0¢01idZ OBco1idZ
ngsolide solid _ngsolide solid

HO(z) =
() e ~Osoliaz efsoliaz

: (22)



qujg; = HO@) [g] tlry) (23)

T, is the particular solution of the differential @djon associated t@; and represent the
input of energy in the solidi,;;; represent positive thermal wavenumber in the sdlite
coefficientA, B, C,D, E, F are unknown constants different in each layer, tifiatetermined,
allowed for full determination of the parametefsv, q, T, q,, T at any position and frequency.
Therefore, using the boundary conditions descriipe#qgs. (9) to (14), this is a system of
6(N + 2) unknowns andb(N + 2) boundary conditions, wherld is still the number of
discretized layers. This well posed problem allowedully determine all unknowns (see
Supporting Information A). Thermoacoustic generatiof a thick porous media is then
estimated in the near field of the sample and radl parameterss, v, q, q;, T, Ty can be
evaluated at any position and frequency. More edilans regarding the equations and the
development of the model can be found in GuiraudleR019 [34, 38] and the derivation
section in Supporting Information.

2.2.Acoustic diffraction in the far field

In order to investigate experimental results in filwefield, the acoustical diffraction
due to the finite size of the sample was taken auesideration. Since 3D-C has a complex
geometry, several approximations were made. UsiadlD two temperature model described
in sub-section 2.1, the pressure and the parteliecity of the foam at the limit of the thermal
layer, is evaluated. For a sample generating thacowstic waves, the thermal layer is the

length of fluid in the vicinity of the surface inhich the variation of temperature will create
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the acoustical wave. This thermal layer can bemegéd from Eqg. (A.11) (Supporting
Information) assuming weak viscosity as [28, 34, 38

2K

Lth = (24)

pCpw
At this distance, the acoustical wave is fully geted and this can be considered as
the
top of the equivalent fluid piston [14]. We thensiasilate this position as an equivalent
radiating

plate to use the Rayleigh’s integral for far fieiffractions as

] Lx/2  (Ly/2 N
pFF(xl y' Z) = % f—L:/Z —Z){/Z v(x 'y )erx dy ’ (25)
r=y(z—Lp)?*+ @ —y)?+ (x —x)? (26)

with v(x’, y’) the velocity atw, (X, Y, 2 the recording positionx{, y’, L) the generating point
position andL,, Ly the size of the sample, whereby is the length between the electrical

contacts. The sound pressure level (SPL) in dBds estimated as
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SPL = 2010g,, (’;—m) 27)
ref

with p,..; being20uPa in air.
3. Resultsand discussion

In this section the experimental characterizatiohshe samples are discussed, and
their characteristics explained. The samples ae #toustically and thermally tested and the

results are presented and analyzed.

3.1. Material characterization

3D-C was synthesized as described in the experahesgction in supporting
information and the visual image (Fig. 3a) and SEMrograph (Fig. 3b) were obtained. The
SEM micrograph of the obtained free-standing 3Da@idates that the microstructure of the
synthesized 3D-C did not collapse and instead Imagas microstructures as that of freeze-
dried 3D-C synthesized by Fei et al. and Lee et[28, 27]. Raman spectroscopy was
conducted on 3D-C to determine its crystallinityldhe obtained spectrum can be seen in Fig.
3c. Only 2 peaks appear at 1580 tand 2705cri, which represent the G and 2D peaks
respectively, indicating the presence of graph@he. absence of the defect peak at 1356cm

indicates that the graphene present in 3D-C wepeistine quality [26, 43-47].
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Fig. 3. Chemical characterization of 3D-C. (a) Visual image of 3D-C; (b) $ftédograph of

3D-C; (c) Raman spectrum of 3D-C.
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3.2. Acoustical measurements

The geometries of the samples used and the physatameters of the medium (air
and 3D-C) can be found in Table S1 and Table S2etvely. All measurements were done
with recording distances of 3 cm to improve thenalgo noise ratio but the reported SPL are
normalized to a recording distance of 1m. All népd frequency spectrum measurements are
also normalized with an input power of 1W. As irated in the acoustic measurement set-up
in supporting information, all measurements wereenasing only an alternating current (AC)
signal generator. Without a DC supply, a thermoghwitl radiate at twice the generating its
generating frequency. It is physically understosd \ahen an AC signal runs through the
sample, the temperature is unable to have negatiltees, resulting in its variation being
proportional to twice the frequency of the AC sigmdathematically speaking, the sound

pressure is proportional to the input power giveri4a]

Vipur _ (Vaccoswt)® _ Vac?
Pinpue = —5— = % T (1 + cos 2wt).

(28)
Hence, the presented acoustic spectra correspotin@ tacoustical frequency, the first
harmonics of the AC input. Power measurements hadassociated recorded temperatures

were obtained at an AC input frequency of 5kHz,alhihduces an acoustical wave at 10kHz.
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Fig. 4. (a) Acoustical frequency and, (b) power spectrum of 3D-C of different sizes in
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millimeter.
3. 2. 1 Effect of sample size

Fig. 4 shows the frequency and power spectrumrektif the samples with the same
intrinsic parameters but of different sizes (sewitkein legend of Fig. 4). From Fig. 4b, we
deduce that the SPL and the input power exhibiteal relationship, both experimentally and
theoretically. Similarly, in Fig. 4a there is ader relationship (20dB/decade) between SPL
and frequency from 1kHz to ~10kHz. This linear baebar agrees with the thermoacoustic
theory and the recent literature [16, 23, 28, BBthe higher frequency range, from ~10kHz to
50kHz, acoustic diffraction is observed. The lotgeasmple has a lower anti resonance
frequency, resulting in a decrease in SPL before dther samples. Since this classical

acoustical result fits our theoretical curve, th&swamption made in sub-section 2.2 of
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considering a planar diffraction with the velodiken at the limit of the thermal layer is then
validated. Sample length affects the electrical BSistance of the sample (Table B.2).
Indeed, due to the longer path which the electgoatent has to go throughy(in Table B.2),
longer samples display higher DC resistance. Ttwgever does not influence the overall SPL
of the sample as both frequency and power spemrandhe same range for the three sample
with different size. Since thermophones are driv®nthermal power and not electrical
potential, different DC resistances can create dapee matching issues with the interfacing
hardware but will not change the acoustic radiaboee normalized. However, it was also
observed that for the same input power, the tentyreravas the lowest for the longest sample.
This is due to the increased surface area whiclséneple has, allowing thermal energy to
dissipate into the surrounding medium at a fasiée. rwWith increased heat dissipation, the

observed temperatures are lower.

3.2.1 Effect of connections

3.2.2.1Connection area

(a) 45 (b) 50

40 | 45}

40

[
L

SPL (dB)

20

Normalized SPL (dB)
(] 5 ! s

i

oC.g ) 10
10 909 I+I‘ninl connection || [~ Paint connection |
a3 <# Line connection S <# Line connection
(0] 1@ Volume connection € Volume connection
5 - 0 .
10° 10! 1! 10° 10!
Frequency (Hz) Input Power (W)

Fig. 5. (a) Acoustical frequency and, (b) power spectrum of samples of the same sizih but

differentsilver paste connections, : Table B...
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Fig. 6. Temperature dependence of the samples with diffesiérer paste connections. (a)
Relationship between temperature and input power én) relationship between SPL and
temperature.

Fig. 5 and Fig. 6 show the results for samplesrofiar parameters and dimensions but
with a difference in the way the connection was enafls seen in Table B.1, the point
connection consists of just a dot of silver on tiemtre of the edges of 3D-C, the line
connection has conductive silver paint following tadges of the 3D-C, and the volume
connection has conductive silver paint dripped adiyeon 3D-C to completely coat the
thickness of 3D-C.

In the frequency spectrum of Fig. 5a, the point &nd connection display similar
results unlike the volume connection, which perferom average 5dB lower across the whole
frequency range. The thermal camera image in Fgipoivs that the silver paste is not heated,
thus preventing the thermoacoustic process fronpéwipg on the edges of 3D-C. This

resulted in a thermal energy loss, consequentlyedsing its acoustical performance. The
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differences are not as pronounced in Fig. 5b big geen that for a fixed input power the
volume connection displays the lowest SPL. Unlike Fig. 5a, it is seen that the line

connection performs 2dB higher than the point cotioe in Fig. 5b. This could be attributed

r66.4

60
5
52
48
44
40
36

L 32
28

23.0
°C

Fig. 7. Thermal image of 3D-C with volume connection with 3.3W power input at an

acoustical frequency of 10kF
to measurements errors in either Fig. 5a or b lmutldviead to think that the line connection is

more efficient than the point one.

In Fig. 6a, the thermal behaviour of 3D-C with e&sing power is shown. Above 1W
of input power, the temperature increases lineath input power, as also observed in the
literature [7]. At low input power below 2W, thatgeratures of the samples are similar to the
temperature of the surrounding air medium, and owclusion can be drawn on the linear

relationship between the input power and tempegatdore low power measurements have to
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be performed with different experimental conditioits be sure of the linearity between

temperature and input power at all power levelg. Fa shows that at the same input power,
the point connection has a higher temperature t@afine connection, which also has a higher
temperature than the volume connection. Increaksdrieal contact surface with the sample

decreases the power density in these regions, @inmg the hot point temperature. In Fig. 6b,

the SPL is plotted against temperature. Althoughrtbrmalized SPL of the point connection

is 5dB higher than the volume connection in Fig.tha volume connection performed better
in absolute SPL values relative to temperatureign 6b.

In other words, Fig. 5a indicates that the linepoint connection are equally as
efficient, and both perform better than the volurnanection, as indicated in Fig. 5b as well.
However, Fig. 6a and b show that the point conpacts performing worse in terms of
temperature than the others and is hence more liketlecompose prior to the other samples
when a high input power is channelled into the damgence, the better power repartition of
the sample connected via line connection infliesslheat damages when a high input power

is injected into the sample, indicating its betesilience to high input power.
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3.2.2.2Connection path
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Fig. 8. () Acoustical frequency spectrum and {@&nperature variations of one sample

different electrical connection paths.

In Fig. 8, a single sample with four different cestion points is investigated. The
electrical path used changed for each measurerRelibwing the schematic of the sample
seen in Table B.1, the paths investigated are de®$s), 1-4 (diagonal), 1-2 (same side) and
12-34 (all through). As expected, changes in thh pso lead to changes in the DC resistance
as seen in Table B.2. The DC resistance of the taétin is directly proportional to the travel
distance in 3D-C between the electrical contacts their surface areas. Shorter paths have
lower DC resistance, and increased contact sunfeselts in lower DC resistance as well
(Table B.2). Thermal images in Fig. 9 show that tmperature hot spots follow the least
resistive path and that the temperature is mostoumi only when the current is more

uniformly distributed throughout the sample (“@taugh” connection).
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Fig. 9. Thermal images of the sample with multiple conioast (a) across (b) diagonal (c)
same side (d) all through.

Fig. 8a shows that at frequencies below 20kHz, samples’ SPL have a linear
relationship with the frequency. Despite the hobtspbeing located at the electrical
connections, it is expected that high thermal cotidily of the samples would cause the
entire 3D-C material to radiate. A single sampleuldahen display similar normalized SPL
regardless of the electrical path chosen, whiatoigirmed by the consistent spectra of Fig.

10a up to 20kHz. At frequencies above 20kHz, adousffraction phenomena appear for all
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connection paths. If the entirety of 3D-C was rad@equally, the frequency spectra would
be similar across the whole frequency range. Howeliese acoustic diffractions indicate that
the acoustic radiation of the thermophone is depeihdn the least resistive path. Due to the
non-uniform distribution of energy, the entirety 8D-C was not used to its maximum
potential. Paradoxically, using the 3D-C in its “shefficient” configuration (uniform energy
distribution) will create acoustic diffraction aiwer frequencies due to the use of a longer
radiating surface. This is seen in Fag with the “all through” path.

Comparing the results in Fig. 8b, the sample with keast resistive path (shortest
travel distance, across connection) has a higherepaensity concentration. Hence, for a
fixed input power, the temperature of the sampleis spot will be higher than in a more
distributed configuration (all through connectioithe connection utilizing the most of the
sample’s surface and having a high connecting senfieould hence have the highest power
resilience. Connection “all through” is then recoemded and concurs with the line
connection analysis from sub-section 3.2.2.1 fongas with varying connection types (Fig.

6a).

3.2.3 Effect of physical parameters of 3D-C

Various physical parameters, namely the pore par (ppi), thickness and density of

3D-C, were varied and their influence on the adosgterformance investigated.
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Fig. 10. Acoustical frequency spectrum of samples withedéht thickness and ppi.

Fig. 10compares a regular sample 2mm thick with 110 pdiathicker 5mm sample
with 130 ppi. In their associated theoretical meddespite the difference in ppi, the change of
thickness lead to the use of a similar number péra per millimeter in both cases (Table
B.2). Across the whole frequency range, there diffarence of ~3 dB between the samples.
This difference attributed to the slightly diffegimmicrostructures of each piece of 3D-C,

resulting in differences in efficiency. The speciurface area has been changed in the
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theoretical model to tune the power density tordsailts (1.4 times higher than with 110ppi).
Above 20kHz, the diffraction differs slightly in éhexperimental results but a strong anti-
resonance is observed in the model. This is exgtaly the higher thickness of the 130ppi
sample and the regularly spaced layers in the foamsidered in the model. When each layer

radiates acoustically coherent sound waves, eaehn {@ould add up coherently with a slight

delay
. kL
N L7\ _ NL, sm((N+1)ﬁ)
Yin=o COS ( kxo + nk N) = coSs (kxo +k > N)—sin(g%) (29)
Anti-resonances then occur at every frequency ik an integer
C 343
f= LZ% k= 10T = 6.76 X 10%, (30)

as observed in Fig. 10 with = 1. Other than high frequency diffractions causedtlogy
difference in thicknesses and hence number of tiadidayers, both samples perform
similarly acoustically. However, the 130ppi sampt®ls approximately twice as fast as the
110ppi sample. Videos found in Supporting Informat(Videos S1 and S2) show that the
cooling process of the sample was improved witihéigopi. The increase in ppi resulted in an
additional increase in the number of pores in tBeC3 allowing air to circulate more freely in

the material, increasing the rate of cooling by conduction towards the surrounding air.
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Fig. 11. (a) Acoustical frequency and, (b) power spectrum of 3D-C with different densities.

micrograph of 8 sample.

Fig. 12. SEM micrographs of 3D-C taken up close. a) SiaMrograph ob sample; b) SEN

»
ad A

Fig. 11 compares two samples with different deesitiUnlike the previous samples,

the 3p sample had a longer growth time of graphene, tepdo thicker branches and a
material with three times the density. HCPUA is sidered the most important parameter in
the global efficiency of thermophones [24, 31], erhican be written ap C, [ with [ the

thickness of the radiating surface. To achievenoptn thermoacoustic radiation, HCPUA has
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to be as low as possible. Increasing the densith@fthermophone would then diminish its
acoustical performance. Fig. 11a shows both expmariah frequency spectra, and a drop of
25dB is observed across the whole frequency raogeht 3 sample. The trends of both
curves are similar and the theoretical model fitghbcurves. This fit was obtained by
increasing the theoretical HCPUA value by a faabr27. This is justified by the higher
measured density, increased thickness of the bean@hg. 12) and the proportional increase
of the specific heat. The power spectrum as sedfignllb displays the same behaviour as
Fig. 11a. The SPL is reduced by 25 to 30dB in3pesample and the increase of HCPUA
allows a good fit between theoretical predictiomsl a&xperimental results. The few dB
differences between theory and experiments of Eipp can be explained by the local

experimental reduction of the SPL at 10kHz sedrign11a.

3.2.4 Improvement of sound pressure level

Next, we investigate a method to improve sound gioe in 3D-C based on well-

known acoustical results and new experiments oBER€ structure.
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3.2.4.1Addition of backing
Fig. 13. Acousticalfrequency spectra of 3D-C radiating in free fiehdlavith an acoustical
backing.

In a general acoustic context, when a monopoldased on a reflecting surface, a
coherent reflection from the backing will doubles temitted sound pressure, thus causing a
6dB increase in the SPL. In theoretical thermoattousodels, it has been shown that if a
thermophone is directly in contact with its backisgme thermal losses will occur. Part of the
thermal energy used for the acoustic generatioh el lost by thermal conduction in the

backing [28, 34-36]. To prevent this, it is crudialleave a large enough air gap between the

sample and the backing. This air gap should bedotigan the thermal layer in which the
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thermoacoustic generation occur. It is also impirta remember that the thermal layer is
inversely proportional to the square root of tregtrency (see Eq. (24)). For instance, in air,
the thermal layer length is abouR6d6um at 100Hz and soZ2é6um at 10kHz. It is then
interesting to note that the size of the poresirQis a few hundred microns, which means
that the pore is large enough for the acoustic iggio& to occur inside of it. In Fig. 13, a
sample radiating in free field was recorded, arehtan acrylic backing was added 4 mm
behind one side of 3D-C for comparison. As predidig acoustical theory, the SPL increased
by 6dB below 5kHz. Above 5kHz (not shown here),wstiz diffraction caused by the size
and thickness of the backing can be observed bobisdiscussed here as it is a standard
acoustic result not related to thermoacoustics. theemophone performance can hence be
improved by 6dB by the simple addition of a backihgvertheless, this backing has to be
placed at a controlled distance: close enough @drerent reflections but at least several
hundred microns away from the sample in order toicawndesired losses by thermal

conduction.
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3.2.4.2Compression of 3D-C material

Fig. 14. (a) Acoustic frequency spectra and (b) temperature ritgrece of 3D-C before and
after mechanical compression, the thickness bemg 2nd 1mm respectively as seen in
Table B.2.

The two temperature model proposed in Guiraud .eR@l19 [38] indicated that one
method to improve the high frequency radiation édam thermophone with a fixed thickness
was to increase the number of discretized layengs Would increase the contact surface area
between 3D-C and the surrounding air, improving #mergy transfer between the two
mediums. One way to investigate this property expemtally would be to compare samples
with the same thickness and porosity but with gedgiht layer density, a lower ppi. In Fig. 10,
the increased thickness compensated the increggs,ithe number of layers per millimetres
did not change (Table B.2). Another way would bentechanically compress a sample in

order to reduce its thickness while preservingiitscture, thus artificially increasing the layer
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density more significantly. This would also allowr fbetter comparison if the internal
structure of 3D-C is fully preserved after comprass The experimental results of this
method are presented in Fig. 14 and are comparbdivgoretical results in which the number
of layers N is the same in both cases but the tiesk& reduced, as seen in Table B.2. Fig. 14a

shows that at frequencies below 10kHz, the sangaestically performs similarly before and

‘ A ad . e N
-y L J" = -
SED 50KV WDSTWmP.G80 HV  x100
Sample | &

after compression, indicating that the internalcire of the

ied %, 020"
ample

wés preserved during the
compression. This is also proven by the SEM miaphrof the compressed 3D-C in Fig. 15.
Fig. 15. SEM micrograph of compressed 3D-C.

Above 10kHz, the maximum SPL of the compressed tamsp6dB higher than the
maximum SPL of the uncompressed one. The good magrdewith the experimental curves
confirms that all branches in 3D-C were radiatingl @¢hat the ppi had been artificially
increased by a factor of 2. Considering the thémktdata but ignoring high frequency

acoustic diffraction, it is observed that by in@ieg the number of discretized layers, the SPL
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is linearly proportional to the acoustic frequenagg to a higher frequency (slope of
20dB/decade up to 40kHz). On the other hand, wheretis insufficient energy transferred to
the air (not enough layers), the SPL would be pribgraal to the square root of the frequency
(10dB/decade increase for the uncompressed sanophelfOk to 40kHz). For practical design
of a thermophone device at a designated frequehaypuld be interesting to know the

minimum number of layers required for maximum eéficy. Due to the complex matrix form

Transition Frequency (Hz)

<
(]
T

1 s
10" 10! 107
Number of Layers N in a 2mm Sample

Fig. 16. Transitional frequency depending on the theoretical number of layers in a 2mm

10

sample.
of the two temperature model, it is challengingatwalytically determine the frequency in
which this change of behavior will occur (from 20 10dB/dec) based on the number of

layers. A numerical trend can however be obsemdsg. 16.
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Lastly, Fig. 14b showed that at equal input powres,compressed sample had a higher

operating temperature. This is attributed by thmmession causing the material to be denser,

Thermophone Substrate SPL (dB) at 1kHz Reference
Maximum from
36 Vesterinen [33], see
Eq. (31)
Freeze Dried 3D-C Glass 25 Fei 2015 [24]
Freeze Dried 3D-C Free-standing 25 Lee 2018 [25]
Natural Dried 3D-C Glass 15 This work
Natural Dried 3D-C Glass 12 Fei 2015 [24]

resulting in a air flow to be more difficult anduthreducing its cooling rate.

3.2.5 Comparison with literature results

Tablel. Comparison of different 3D-C synthesized via TCVDhe literature. The

normalized SPL at 1m and 1W is measured at 1kHz.

Table | compares the thermoacoustic respons®ef 3ynthesized from literature
methods [26, 27]. Firstly, minimal research hasnbeenducted on 3D-C due to it being
discovered in 2011 [47], which is more than 5 ydatsr than CNTs [49] and graphene [50].
Thus, this leaves room for more thorough understanaf 3D-C geometry. Assuming that the
heat capacity of the thermophone is negligible,aximum value for the pressure generated

by thermoacoustics was estimated in the literaasrf, 33]

-2 _1p,.. (31)

prms 2\/§Cp ToT mn
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Eq. (31) depends only on parameters of the propagatedium and was added in Table | as a
comparison, assuming sound propagation in air. eTatdhows that 3D-C presented in this
paper performed 10dB lower than its freeze-driaghbterpart from literature, which had been
observed in Fei et al. work [24]. However, the nally dried 3D-C used by Fei et al. performs
3dB lower than the presented foam. This is attedub the improvement made to the TCVD
technique, which is reflected in the pristine giyalbf the 3D-C as seen in the Raman
spectroscopy with the absence of the defect peaR%acnt (Fig. 3c). Overall 3D-C does not
reach the maximum theoretical performance for tlogdmones and different structures like
CNTs have been shown to display higher SPL compar8®-C. For instance, at 5kHz, 3D-C
is a thousand times less efficient than the thaaetaximum from Eq. (31), which is also a
thousand times less efficient than a traditionatikpeaker. Additionally, while 3D-C is not as
efficient as CNTs, its internal structure allows &better cooling during operation, rendering
it less vulnerable to damage caused by overheafingiore detailed analysis of various
thermophones acoustical and thermal performancespaxd to 3D-C is found in the
comparison with other carbon nanostructured masesiction of Supporting Information.

Eq. (31) is a maximum that was determined basedhenassumption of ideal
physical properties of a thermophone and not ogatsmetry. It would be interesting to utilize
3D-C with such flexible synthesis methods to iniggge more complex and potentially more
efficient thermophones. Unlike CNTs which requine tedious extraction of its strands from
its synthesized forest webs [51], 3D-C’s simpletbgsis method make it a thermophone

worth investigating and improving due to its masmofacturing capabilities [37].
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4. Conclusion
3D-C with varying parameters were synthesized hredatoustics performance studied

and compared to theoretical models and experiniemtsthe literature [7, 26, 27, 38]. Results
show that there is good fitting between the thecaeimodels and the experimental data.
Namely the effect of electrical input frequencypuih power, material size, area of electrical
connection, path of electrical connections, makeléasity, material ppi and the presence of a
backing on the acoustical performance of the sasnpkre investigated. This study provides
insights on how 3D-C should be used for efficidr@rimoacoustic effect, from the synthesis, to
the packaging, depending on the frequency rangeterfest. Furthermore, it was shown that
the real time hot point temperatures were goodcatdrs of when the sample would
decompose.

Despite its small size, the high porosity and presgraphene quality of 3D-C allowed
it to exhibit excellent acoustical performance.utsque geometry also allowed for more rapid
cooling as compared to other carbon nanostructonaerials in literature. With a sufficiently
large air gap between 3D-C and its backing, thetiaddof an acoustical backing improved
the sample’s acoustical performance. The electioaitact surface should be as large as
possible with electrical paths which allow eledticurrent to pass through the entire sample
for efficient use of the entire material and optimuneat resilience. In this study, a line
connection showed to have the best acousticalterthal performance.

It is within the authors’ knowledge that measuretaeari very low power input (below

a few hundred milli-Watts) has not been investigate depth, as most power spectra in the
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literature are displayed in a linear fashion [7, 22]. More low power measurements have to
be performed with different experimental conditiots confirm the linearity between
temperature and input power at all power levels.il&/8D-C is able to produce complex
sound (music) with only AC signals using a pre-pssing method [53] (Video S3), more
studies have to be done to improve its efficien&fole it can compete with regular
loudspeakers in the market of audible acousticemgion. Utilization of 3D-C’s flexible
synthesis could be a way to improve the efficiebgygeometrical means. Another idea to
further exploit would be to use thermophone maioly high frequency applications (3D-C
was tested up to 150kHz and other thermophone apféav MHz [35]) in order to utilize the
linearly increasing efficiency of thermophone witequency [11, 33].

All in all, thermophones are promising alternatiee sound generation. While their
current low efficiencies prevent them from replacicommercial loudspeakers, their non-
mechanical sound generation mechanism induces @ fneduency band of operating range.
In addition, their lightweight, small size and lovest of production make them a novel
alternative for sonar applications or ultrasoniangducers. Particularly, 3D-C has an
advantage over CNTs for large scale manufacturey@BTs require a tedious process of
using a nano-manipulator to acquire its strands\ f@&NT forests [51]. The ability of 3D-C to
emit sound thermoacoustically is hence worth ingasing.
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