E coatings MBPI|

Article

Graded Minimal Surface Structures with High Specific Strength
for Broadband Sound Absorption Produced by Laser Powder
Bed Fusion

Mingkang Zhang *{, Chang Liu !, Mingjian Deng !, Yuhao Li !, Jinwei Li ! and Di Wang 2

School of Mechanical and Energy Engineering, Guangdong Ocean University, Yangjiang 529500, China;
2112205011@stu.gdou.edu.cn (C.L.); 202143811404@stu.gdou.edu.cn (M.D.); lyh@stu.gdou.edu.cn (Y.L.);
lijinweill@stu.gdou.edu.cn (J.L.)

School of Mechanical and Automotive Engineering, South China University of Technology,

Guangzhou 510641, China; mewdlaser@scut.edu.cn

*  Correspondence: zhangmk@gdou.edu.cn

Abstract: In this research, a design method for triply periodic minimal surface (TPMS) structures with
a high specific strength for broadband sound absorption is proposed. The graded TPMS structures
are controlled by linear, quadratic, and sine functions. Homogeneous TPMSs and graded TPMSs were
manufactured by laser powder bed fusion (LPBF) with AlSi7”Mg powder, and acoustic impedance
tube, compression, and digital image correlation (DIC) tests were applied to obtain the sound
absorption and compression properties. The sound absorption coefficient of a homogeneous gyroid
increases as the height and offset thickness of the surface increase, and it increases as element size
decreases. The sound absorption peak shifts to low frequencies as the height of the structure increases.
The average sound absorption coefficient at 1/3 octave from 500 to 6300 Hz of the graded TPMS
with a porosity from 60.51 to 77.59% (surface of incident sound wave to rigid backing) is superior
to that of the graded TPMS with a porosity from 77.59 to 60.51%, but the latter has a broadband
sound absorption coefficient. The compression and DIC results of graded TPMS also show excellent
mechanical properties and energy absorption characteristics.
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, Porous material is generally used in sound absorption for its excellent sound absorp-
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tion, low density and high specific strength [1,2]. The size of its pores is small compared
Academic Editor: Antonio Ancona with the incident sound wavelengths, and it can achieve significant loss of sound energy
through the viscous and thermal processes inside the porous material. An additional sound
Revised: 13 November 2023 absorption mechanism for viscous processes in a porous sound-absorbing material is the
Accepted: 13 November 2023 thermal exchange between pore-borne sound wave compressions and rarefaction and the
Published: 15 November 2023 pore walls [3]. The sound absorption coefficient increases with the increase in the thickness
of the porous structure, and the frequency at the first peak decreases [4] due to the quarter

wavelength resonance of the hard-backed porous material [5]. The thickness of the sound
2 absorption material needs to be limited to save space and weight. The porous structure
Copyright: © 2023 by the authors.  a]so has high specific strength, high stiffness, and lightweight properties, and it has been
Licensee MDPI, Basel, Switzerland. - yged for decades as a material for aeronautics [6], aerospace [7], and building structures [8].
This article is an open access article The porous materials applied in sound absorption include foam structures [9], lattice
distributed under the terms and g4 ctyres [10], honeycomb structures [11], and triply periodic minimal surfaces (TPMS) [12].
Foam structures with low density and thermal conductivity, combined with their interest-
ing mechanical properties, make them excellent thermal and sound insulators [13]. The
TPMS structure is a potential sound absorption material because it is an open-pore porous
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structure with a pore size and porosity that can be set within the range of the typical values
of other open-pore porous materials for sound absorption. It can theoretically achieve a
“cavity-like” effect in the complex internal holes [14]. However, it is difficult to manufacture
the TPMS structure using traditional processing techniques due to its complex internal
cavity structure.

In recent years, with the rapid developments in additive manufacturing technology
that can prepare complex spatial structures, more possibilities have been provided for the
design of new sound-absorbing material structures. Some researchers prepared porous
structures using fused deposition modeling (FDM) additive manufacturing technology and
conducted sound absorption tests, and they found that multilayered microchannels with
a sound absorption coefficient peak up to 0.87 at 2700 Hz were produced, and the total
sample thickness was 25.4 mm [15]. The starlet-shaped open-porous structure produced
by additive manufacturing technology with ABS material had a higher noise-reduction
coefficient in comparison with rhomboid, cartesian, and octagonal structures [16]. The
different additive manufacturing technologies, including digital light processing (DLP), the
use of stereo lithography apparatus (SLA), laser cladding deposition (LCD), selective laser
melting (SLM), and FDM, were applied to manufacture the same porous structure, and it
was demonstrated that the sound absorption measurements performed on samples with
the same cellular design were very close, and that additive manufacturing technologies
are suitable for reproducing porous samples designed for sound absorption [17]. The
broadband sound absorption of porous structures manufactured via FDM can be achieved
by using the smallest filaments, reducing the lattice parameter and changing the orientation
of the filaments [18]. By combining pairs of resonators responsible for absorbing different
close frequencies, a compact porous asymmetric broad target-frequency bandwidth sub-
wavelength absorber was designed and manufactured by FDM technology, and an average
sound absorption coefficient of 99% was obtained over almost an octave [19]. The angle
of the microtube in porous polycarbonate material was adjusted from 0 to 45°, and the
resonance peak shifted to a lower frequency [20]. The acoustic wave energy dissipation
can be enhanced by modifying the diameter, shape or spacing of the porous materials
manufactured by FDM [21], but the twisted cross-section of slits, which is an imperfection of
FDM, influences the experimental results. Based on SLA technology, the acoustic absorption
characteristics of diamond, primitive and gyroid have been researched [22], and the small
unit cell or high volume fraction can enhance the effective frequency ranges. However, this
experimental research on the sound absorption performance of the TPMS structure showed
that its sound absorption coefficient was still poor owing to the sub-wavelength absorption
of the homogeneous structure. To further enhance the sound absorption coefficient and the
frequency range of the TPMS structure, it is necessary to optimize the structural design.

Due to the gradient changes in its internal physical properties, the acoustic medium
with gradient characteristics is receiving increasing attention. A composite structure
with a graded structure has a broadband sound absorption coefficient and achieves sub-
wavelength sound absorption at low and mid-frequencies, and the first resonance peak of
the absorption coefficient is 0.87 at 1151 Hz [23]. The sub-wavelength sound absorber can
absorb sound waves with a wavelength greater than four times the absorber thickness at
resonance absorption [24]. A gradient-structured fiber sponge with super elasticity and
stretchability by combining humidity-assisted multistep electro-spinning demonstrated
that the gradient change in porosity and pore diameter in the z direction endowed the
fibrous sponge material with high-efficiency absorption of broadband sound waves [25]. A
gradient ceramsite structure with a high sound absorption coefficient was proposed [26],
but the compressive and flexural strengths of gradient ceramsite structures are only greater
than 3 MPa and 1 MPa, which are too low to be used for structural materials. It was
demonstrated that the average sound absorption coefficient of 88% and an absorption fre-
quency bandwidth (490-4000 Hz) of the graded structure could be achieved by impedance
matching [27], and the sound-exposed surface layer of the gradient absorber had a lower
impedance than the subsequent layers. Acoustic structures with graded properties could
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be described as multiresonant absorbers [28], and it is possible to tune plate resonances
by gradient design. The sound absorption characteristics of gradient porous structures
can be further optimized by structural design. To develop an acoustic absorber with
high efficiency and thin thickness, four-layer gradient compressed porous metals were
manufactured, and it was verified that the average sound absorption coefficient of the
graded structure (compression ratio: 90%—0%—30%—60%) was 60.33% with an 11 mm
thickness range from 100 to 6000 Hz, which was 93.8% higher than the graded structure
(compression ratio: 0%—30%—60%—90%) with an 11 mm thickness [29]. This illustrates
that the regular pattern of porosity distribution in a graded porous structure influences the
sound absorption characteristics. The sound absorption performance of graded porous
structures was optimized by a nonlinear conjugate gradient algorithm [30], and the graded
structures showed a shifting of the perfect sound absorption peak to low frequencies, and
perfect absorption frequency range could also be widened compared to the homogeneous
structure. Based on the database of anisotropic porous unit cells and grade properties, an
optimization technique was proposed to maximize the sound absorption coefficient [18],
and an omnidirectional absorption material was obtained.

The gradient structure design can achieve broadband sound absorption and sub-
wavelength perfect sound absorption, but there has been limited research on the sound
absorption characteristics of the graded TPMS. In this research, the influence of height,
offset thickness of surface, and element size on the sound absorption property of TPMS
was investigated, and the purpose was to obtain optimized structural design interval
parameters. Based on the optimized parameters, the graded acoustic structures were
designed with three functions, and the effects of the graded directions and functions on the
sound absorption characteristics were analyzed to obtain the material with broadband and
perfect sound absorption. Moreover, the mechanical properties of TPMS were obtained by
compression tests and digital image correlation (DIC) tests to verify the efficiency of the
acoustic absorption materials with high strength and energy absorption.

2. Materials and Methods
2.1. Modelling of TPMS
2.1.1. Design of Homogeneous TPMS

TPMSs were generated by MATLAB code with function (1). The minimal surface was
obtained when the function Fg,,4;s was equal to zero, its average curvature was zero, and
this surface was free of self-intersection. The element size of structure parameters was
adjusted by parameter s in function (1), and the number of layers of gyroid was adjusted
by the calculation range (x, y, z) of function (1). The design process of the TPMS for testing
is shown in Figure 1. After obtaining the curved surface of gyroid, the porous structure
was obtained by offset thickening of the surface in Materialise Magics 21.0 software, and
the offset thickening distance of the surface was named the offset thickness of the surface, t.
Then, the final model was obtained by a two-step Boolean operation with a solid cylinder
(diameter = 28.4 mm, height = z mm) and hollow cylinders (outer diameter = 29 mm, inner
diameter = 28.4 mm, and height = z mm). A one-layer structure representing this structure
consists of one element length in the z-axis direction; when the element size is 3 mm, the
height of the one -layer structure is 3 mm. The designed parameters of the gyroid are listed
in Table 1, and the models of homogeneous gyroid structures are shown in Figure 2.
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Figure 1. Design process of TPMS for test.
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Figure 2. Models of homogeneous gyroids with different layers, offset thickness of surface and
element size.
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Table 1. Structural parameters of homogeneous gyroid.

Number of Element Offset Thickness

Specimens Layers Height/mm Size/mm of Surface/mm Porosity/%
G-L1 1 3 3 0.3 72.29
G-L2 2 6 3 0.3 72.29
G-L4 4 12 3 0.3 72.29
G-L6 6 18 3 0.3 72.29
G-L8 8 24 3 0.3 72.29

G-L10 10 30 3 0.3 72.29
G-T0.2 10 30 3 0.2 80.57
G-T0.25 10 30 3 0.25 75.21
G-T0.3 10 30 3 0.3 72.29
G-T0.4 10 30 3 0.4 65.52
G-T0.5 10 30 3 0.5 60.51
G-E2 15 30 2 0.3 59.30
G-E25 12 30 2.5 0.3 65.83
G-E3 10 30 3 0.3 72.29
G-E3.5 8.6 30 3.5 0.3 74.60
G-E4 7.5 30 4 0.3 77.59

2.1.2. Design of Graded TPMS

TPMS structures with graded element size can be obtained by the adjustment of
parameter s in function (1), and the parameter s was set as a function related to the x
coordinate, such as a linear function (2), a quadratic function (3), and a sine function (4).
When z is 0, then s is equal to 2; when z is 30, then s is equal to 4. Therefore, the element
size of the gyroid was distributed from 2 to 4 mm along the z-axis with linear variation,
quadratic variation, and sine variation, respectively. The functional relationship curves
between element size and structural distance are shown in Figure 3, and the structural
parameters of graded gyroid structures are listed in Table 2.

1
5= gz +2 )
_ 1 2
S—EZ +2 (3)
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Table 2. Structural parameters of graded gyroid structures.

Offset

Number of Height  Element Size Thickness of Porosity (%)

Specimens

Layers (mm) (mm) Surface (mm)
G-LinearI 10 30 2—4 0.3 69.16
G-LinearIl 10 30 4—2 0.3 69.16
G-Quadraticl 10 30 2—4 0.3 66.84
G-Quadraticll 10 30 4—2 0.3 66.84
G-Sinl 10 30 2—4 0.3 68.87
G-Sinll 10 30 42 0.3 68.87

Based on the graded function of element size, the graded gyroid structures were
designed and are shown in Figure 4. There are mainly two types of gradient properties for
porous materials: (1) type-I: incident sound wave — [low porosity — high porosity] — rigid
back; (2) type-II: incident sound wave — [high porosity — low porosity] — rigid back. The
noise source was a power amplifier, and a plane wave at normal incidence was generated
by this power amplifier. A type-I structure was defined when the noise waves flowed from
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the surface with a small element size to the surface with a large element size, and a Type-II
structure was defined when the noise waves flowed from the surface with a large element
size to the surface with a small element size. It is worth noting that, when the offset thickness
of the surface is the same, the smaller the unit size, the lower the porosity.
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Figure 3. The functional relationship curves between element size and structural distance: (a) type-I
graded distribution of element size, (b) type-II graded distribution of element size.
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Figure 4. Designed model of the graded gyroid structures.



Coatings 2023, 13, 1950

7 of 20

2.2. Additive Manufacturing

The TPMS structures were produced by laser powder bed fusion (LPBF) equipment
(Dimetal-280, produced by Laseradd Co., Ltd., Guangzhou, China), as shown in Figure 5,
and the processing parameter for LPBF is shown in Table 3. The AlSi7Mg powder was sup-
plied by Avimetal Powder Metallurgy Technology Co., Ltd., Beijing, China, and its particle
size distribution was from 15 to 53 um (D19 = 22.56 um, Dsy = 38.37 um, Dgg = 60.90 um).
The chemical composition of the AlSi”Mg powder is shown in Table 4. The contour
scanning was applied in the manufacturing process, and spot compensation was set to
0.1 mm.

Figure 5. LPBF equipment.

Table 3. The processing parameter for LPBE.

Laser Power Scanning Speed Layer Thickness Scanning Space
(W) (mm/s) (mm) (mm)
150 1300 0.03 0.09

Table 4. Chemical composition of AlSi7Mg powder.

Element Al Si Mg Cu Fe Mn Ni (0]
Composition (wt. %)  Bal. 6730 0.678 0045 0281 0.198 0.012 0.070

2.3. Dimensional Accuracy Measurement

The offset thickness of the surface of the TPMS was measured by a depth-of-field
microscope (VHX-5000, KEYENCE Co., Shanghai, China), and each surface of the TPMS
was measured five times.

2.4. Sound Absorption Coefficient Test

Based on the method of the two-microphone transfer function and acoustic impedance
tube, in accordance with the ASTM E1050-12 standard [31], the absorption coefficient
of TPMS was measured by an impedance tube with a 29 mm diameter (SW4661, BSWA
Technology Co., Ltd., Beijing, China), as shown in Figure 6. TPMS structures were inserted
into the impedance tube with the rigid backing. The measurement frequency was in the
range of 500-6300 Hz. Two microphones were applied to collect the acoustic data, and the
data was analyzed by VA-Lab V2.0 software (BSWA Technology Co., Ltd., China).
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Figure 6. (a) Two-microphone impedance tube equipment, (b) scheme of impedance tube.

The reflection coefficient R with rigid back was calculated by function (5).
—jks
_ H=e ™ ki) 5)
elks — H
H—the ratio of pressure between two microphones.
k—equal 2pf/c; wave number, m~1L.
[—distance from the test sample to the center of the nearest microphone, m.
s—center-to-center spacing between microphones, m.
The sound absorption coefficient « was calculated by function (6).

x=1—|R} (6)

The average absorption coefficient at 1/3 octave was calculated by function (7), and
the sound absorption coefficients at 12 frequency positions between 500 and 6300 Hz were
involved in this calculation.

_ L

Au=E2 @

The sound absorption characteristics of sound absorption materials are strongly in-
fluenced by the excitation frequency. Therefore, the first peak of sound absorption was
analyzed, and the sound absorption coefficient o¢; and frequency f; at the first peak were
obtained. The full width at half maximum (FWHM) of the first peak was calculated to
evaluate the peak of sound absorption.

2.5. Mechanical and DIC Test

The compressive properties of TPMS were measured by a universal electronic testing
machine (CMT5105-100kN, SUST Co., Ltd., Zhuhai, China), and there were three duplicate
samples. The displacement speed was set at 1 mm/min, and the data analysis reference
standard was ISO 13314:2011 [32].

The compressive behavior of TPMS was detected by DIC equipment (VIC-3D, Corre-
lated Solutions, Inc., Columbia, South carolina, USA), as shown in Figure 7a. Two cameras
were used to capture images of the deformation of the porous sound-absorbing structures.
The pixel size of the CCD chip in the DIC camera was 3376 x 2704, and the displacement
accuracy was 0.01 pixels. After the images were captured by two cameras, the region
of interest (ROI) was set at the outline of the specimen. The relevant areas of the image
through grayscale were located, and the surface displacement and strain distribution of the
object were calculated. To compare the trend of strain changes at these six locations, six
points were distributed in the middle of the specimen for the strain analysis, as shown in
Figure 7b.
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Figure 7. DIC test: (a) DIC test equipment and (b) strain of six points were extracted by DIC.

3. Results and Discussion
3.1. Forming Quality by LPBF

The homogeneous gyroid structures fabricated by LPBF are shown in Figure 8, and
the dimensional accuracy measurement result is shown in Figure 9. It was noted that the
printing accuracy of the gyroid was consistent with the designed model, and the size error
was very small.

G-E2

a000um a000um 000

4000um 40003m ‘so00um

5-Amplified
B I

2

6000m 6000m

6000m

Figure 8. Homogeneous gyroid manufactured by LPBE.
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Figure 9. Measurement of gyroid with different offset thicknesses of surface.

3.2. Sound Absorption Characteristics of Homogeneous TPMS

The influence of the structural parameters of a homogeneous gyroid on the sound
absorption coefficient is presented in Figure 10, and the sound absorption characteristics are
listed in Table 5. As shown in Figure 10a, the sound absorption coefficient increased slowly
as the frequency increased when the height of sample was less than 12 mm. After the height
of sample was equal to 12 mm, the sound absorption coefficient had a peak at 5712 Hz.
The first resonance frequency of sound absorption moved toward a lower frequency as the
height of the porous structure increased. The resonance frequency shifted to 2234 Hz when
the number of structural layers increased to ten. This is related to the quarter wavelength
resonance of a sound wave, and the increase in thickness of the material will cause the
sound absorption peak to shift towards lower frequencies.

Table 5. Sound absorption characteristics of homogeneous gyroids.

. Porosit FWHM Flow Resistance
Specimen %) y f1 (Hz) o (Hz) Ay (Pa-s/m?)
G-L1 72.29 - - - 0.038 4382
G-L2 72.29 - - - 0.055 2561
G-L4 72.29 5712 0.498 4379 0.152 3429
G-L6 72.29 3866 0.605 3938 0.253 2454
G-L8 72.29 2652 0.661 3929 0.313 1829
G-L10 72.29 2234 0.685 1624 0.359 1800
G-T0.2 80.57 2244 0.627 3224 0.374 1640
G-T0.25 75.21 2144 0.630 2866 0.375 1734
G-T0.3 72.29 2234 0.685 1624 0.359 1800
G-T0.4 65.52 2146 0.739 2656 0415 2234
G-T0.5 60.51 2166 0.821 2323 0.430 2348
G-E2 59.30 2096 0.868 2747 0.503 3917
G-E2.5 65.83 2054 0.802 3081 0.495 3895
G-E3 72.29 2234 0.685 1624 0.359 1800
G-E3.5 74.60 2094 0.606 2890 0.352 1403
G-E4 77.59 2094 0.546 2991 0.318 1076

It was noted that the FWHM of the first peak decreased as the number of layers
increased, which meant that the width of the first peak narrowed. The average sound
absorption coefficient increased with the number of layers. The average sound absorption
coefficient represents the average sound absorption capacity of the structure from 500 to
6300 Hz. The higher the average sound absorption coefficient, the better the broadband
sound absorption effect of the structure. The sound absorption varied with the number of
layers and frequency, as shown in Figure 10d, and the optimized design parameter region
is located in the upper right corner of the contour.
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Figure 10. Influence of structural parameters on the sound absorption curves of homogeneous gyroid:
(a) number of layers, (b) offset thickness of surface, and (c) element size. Influence of structural
parameters on contours of sound absorption, (d) number of layers, (e) offset thickness of surface, and
(f) element size.

The influence of the offset thickness of the surface on the sound absorption coefficient
curves is shown in Figure 10b. The sound absorption coefficient at the first peak and flow
resistance of the gyroid increased as the offset thickness of the surface increased, but the
frequency at the first peak changed little with the increase in offset thickness of surface.
This demonstrates that the resonance frequency is independent of the offset thickness of the
surface. The average sound absorption coefficient increased slowly as the offset thickness
of surface increased. The sound absorption contour with different offset thicknesses of the
surface is shown in Figure 10e, and there are two high sound absorption coefficient regions.
The first region is located near the frequency of 2000 Hz, and the second region is located
near the frequency of 6000 Hz.
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The influence of element size on the sound absorption coefficient curves and the
sound absorption contour is shown in Figure 10c,f, respectively. When the size of the
element was reduced from 4 to 2 mm, the «; of the gyroid increased by 58.97%, and «; of
G-E2 reached 0.868, which means that the gyroid with a small element size enhances the
sound absorption coefficient peak. The average sound absorption coefficient increased by
58.18% as the element size reduced from 4 to 2 mm. It was noted that the flow resistance
of G-E2 was 3917 Pa-s/m?, which was 3.6 times that of G-E4 with a 4 mm element size.
Although the reduction in unit size can enhance the sound absorption coefficient at 2094 Hz,
when the element size was 2 mm, the porosity of the structure had decreased to 59.30%,
and the weight of the structure had increased. Therefore, the element size cannot be
designed too small. The change in sound absorption coefficient and weight should be
considered comprehensively.

3.3. Sound Absorption Characteristics of Graded TPMS

Based on the sound absorption results of the homogeneous gyroid, the graded gyroid
structures were designed by three kinds of functions, including linear function, quadratic
function, and sine function. The influence of the graded function of the gyroid on the
sound absorption coefficient is shown in Figure 11. According to the sound absorption
coefficient curves, the sound absorption characteristics were calculated and are listed
in Table 6. The average sound absorption coefficient of G-Quadraticl with a porosity
of 66.84% was 6.75% higher than that of G-E2.5 with a porosity of 65.83%, and it wa
27.33% higher than that of G-T0.4 with a porosity of 65.52%. It should be noted that
the average sound absorption coefficient of G-Quadraticl was the smallest of the three
Type-I gradient structures. Additionally, the first peaks of sound absorption of all three
Type-I-graded gyroid structures were all greater than 0.9, which is higher than that of a
homogeneous gyroid.

Table 6. Sound absorption characteristics of graded gyroid.

Specimen Po(r:/:’ S)Ity f1 (Hz) o F‘glli;\/[ Awx Flo:;?zi:rsl’;?nce
G-Linearl 69.16 1534 0.968 2815 0.5755 5082
G-Linearll 69.16 2772 0.749 5436 0.4320 3032
G-Quadraticl 66.84 1680 0.936 2205 0.5284 3341
G-Quadraticll 66.84 2610 0.817 6009 0.4815 4026
G-Sinl 68.87 1528 0.964 3425 0.5697 4666
G-Sinll 68.87 2834 0.852 7411 0.4910 4545

When the linear graded distribution was changed from type-II to type-I, the resonance
frequency of the first peak shifted from 2772 to 1534 Hz, and the sound absorption coef-
ficient of the first peak also increased from 0.749 to 0.968. The average sound absorption
coefficient of G-Linearl was higher than that of G-Linearll. The resonance frequencies of
the first peaks of G-Quadraticl and G-Sinl were 1680 Hz and 1528 Hz, respectively. The
resonance frequencies of the first peak of G-Quadraticll and G-Sinll were 2610 Hz and
2834 Hz, respectively. This indicated that no matter what type of function change is used,
the resonance frequency of the type-I structure moves to a lower frequency than that of
the type-II structure. The average sound absorption coefficient type-I structure was higher
than that of the type-II structure, and the difference of average sound absorption coefficient
between these two types was the largest in the linear graded structure, reaching 33.22%.
The flow resistance of G-Linear] was 5082 Pa-s/m?, which was the highest among all the
TPMS models in this research. This demonstrated that the type-I structure with a small
element size on the side contacting the sound source had a higher average sound absorption
coefficient. The type-II structure with a large element size on the side contacting the sound
source had a lower average sound absorption coefficient. The average sound absorption
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coefficient of gradient foam metal is 0.6033 [29], which is only 4.83% higher than that of
G-Linearl, but there is no obvious resonance peak in this gradient foam metal.
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Figure 11. Influence of the function on (a) the sound absorption coefficient, (b) the average sound
absorption coefficient, (c) the mechanism of sound absorption of graded gyroid.

It was noted that the FWHM of type-I was less than type-II, and the FWHM of G-SinlI
was the highest of all the graded structures, but the first resonance frequency of G-Sinll
shifted to a higher frequency. Compared with GL-10, the FWHM of G-Sinll was 142.43%
wider. This result illustrates that type-II has a relatively wide high-frequency absorption
performance. The Johnson-Champoux—Allard-Lafarge Model and direct numerical simu-
lations were applied to acoustically characterize the graded TPMS with 10 mm thickness
and primitive type TPMS cell, and TPMS with 90% porosity (rigid backing) to 50% porosity
(top surface) achieved perfect absorption near 4000 Hz, and TPMS with 50% porosity (rigid
backing) to 90% porosity (top surface) had a broaden absorption at high frequencies [33];
these numerical results are similar to our experimental ones.

The mechanism of sound absorption in graded TPMS is illustrated in Figure 11c.
The type-I material acted similarly to a Helmholtz resonator composed of a neck (a small
aperture in a large surface with low porosity) and a cavity with high porosity. This is a mass
spring system. The resonance of the material was sub-wavelength (frequencies range from
1528 to 1680 Hz), lower than that of the equivalent homogeneous porous material with the
same total thickness. The first resonance of type-II materials (frequencies ranged from 2610
to 2834 Hz) was higher than that of a homogeneous structure with the same total thickness
(frequencies ranged from 2054 to 2244 Hz). The large pores close to the sound source make
acoustic waves easy to propagate into graded porous structures, and thus the materials have
less reflection and more propagated acoustic energy [34]. Compared with a homogeneous
structure, the type-II arrangements broadened the absorption spectra. At normal incidence,
perfect sound absorption happens when the surface impedance of porous material is equal
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to the characteristic impedance of the air. This acoustic characteristic of graded porous
structures was also demonstrated in the two-dimensional continuously graded phononic
crystal (CGPC) [35], and the graded structure enhanced acoustic scattering and lengthened
the propagation path, subsequently dissipating energy.

3.4. Mechanical Properties of TPMS

The compression results of TPMS are shown in Figure 12, showing that the homo-
geneous gyroid had a short yield plateau, and compressive failure strain was between
9.5 and 15%. The first compressive strength and elastic modulus of a homogeneous gyroid
decreased as the element size increased, as shown in Figure 12c. The compression curves of
graded gyroid structures all had a long yield plateau with over 50% strain, as shown in
Figure 12b. There were multiple stress peaks in the yield plateaux of the graded gyroid
structures due to the layer-by-layer fracturing of the aluminum alloy porous structures [36].
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Figure 12. Compression results of TPMS: (a) compressive stress—strain curves of homogeneous
gyroids, (b) compressive stress—strain curves of graded gyroids, (c) compressive properties of homo-
geneous gyroids, and (d) compressive properties of graded gyroids.

The elastic moduli of G-Linearl, G-Quadraticl, and G-Sinl were 1283.15 4 8.51 MPa,
1223.62 £ 39.41 MPa, and 1253.77 4 10.90 MPa, respectively. The differences in the elastic
moduli of the graded structures were not significant. Compared to homogeneous struc-
tures, the mechanical properties of graded structures had decreased slightly, but due to
changes in the mechanical compression mode, their mechanical energy absorption per-
formance had changed. The true first principal strain nephograms of the homogeneous
gyroid and graded gyroid structures are shown in Figure 13. The true first principal strain
nephograms of G-Linearl, G-Quadraticl, and G-Sinl show a layer-wise failure pattern, and
this phenomenon is also observed at G-FGS with graded structure shot by DIC [37]. This
phenomenon is caused by the porosity-graded variation. The compressive strength of the
gyroid with high porosity is weaker than that of the gyroid with low porosity, as illustrated
in Figure 12¢, and the part of the gyroid with high porosity is prioritized when entering the
yielding stage. Therefore, the graded TPMS shows a layer-wise failure pattern, which is
common in graded porous structures [38] and graded material structures [39].
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Figure 13. The true first principal strain nephogram of TPMS analyzed by DIC.

The strain-time curves of six points distributed at the surface of the graded gyroid
were analyzed by DIC, as shown in Figure 14a—c. The ranking of strain magnitude of
G-Linear] on the yield platform was PO > P1 > P3 > P2 > P4 > P5. The ranking of strain
magnitude of G-Quadraticl on the yield platform was PO > P1 > P2 > P3 > P4 > P5. The
ranking of strain magnitude of G-Sinl on the yield platform was P0 > P1 > P2 > P3 > P4 > P5.
This result shows that the strain decreased layer by layer from top to bottom. The influence
of these three functions on the compressive strain of gradient structures lies in the varying
magnitudes of the strain differences. The order of strain differences between PO and P5 was
G-Sinl > G-Quadraticl > G-Linearl. This result shows that the linear gradient of porosity
has little effect on the structural strain difference, while the sinusoidal gradient has a greater
impact on the strain difference.
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Figure 14. The true first principal strain—time curves analyzed by DIC: (a) G-linear, (b) G-quadratic,
(c) G-sin, and (d) G-E3.

The strain nephogram of G-E3 presents relatively homogeneous changes in the initial
stage, and then high strain areas appear in the 45° direction and the middle. In the final
stage, a 45° shearing band of G-E3 was observed at 180 s. The 45° shearing band is
commonly observed in the homogeneous porous structure [40,41]. The strain-time curves
of six points distributed at the surface of the homogeneous gyroid were analyzed by DIC,
as shown in Figure 14d. The strains at these six points did not differ significantly during the
initial stage of compression. When the true strain was greater than 0.01, the strain curves
of the six points began to separate significantly, and the difference gradually expanded.
The true strain growth rate was the fastest at points P2 and P3 in the middle region, while
the true strain growth rate was the slowest at points PO and P5. This indicates that the
compression shear failure of homogeneous TPMS is due to greater strain near the diagonal
structure part.

The energy absorption properties of TPMS are shown in Figure 15. The homogeneous
gyroids were all broken at strain values of 11 to 13%, and then the structures lost their
ability. In terms of quasi-static energy absorption, the homogeneous structures failed
due to fractures caused by shear bands, as shown in Figure 13, resulting in lower energy
absorption values. However, gradient structures were compressed layer by layer due
to the high to low porosity of the structure, and each layer of the structure can play a
buffering role in energy absorption. Therefore, the effective energy absorption strain values
of the graded gyroid structures all exceeded 50%, and the effective strain was set at 50%
according to test standard ISO 13314:2011. The effective energy absorption of G-E2, G-E2.5,
G-E3, G-E3.5, and G-E4 was 5.75 + 0.64 MJ/m?, 4.19 + 0.29 MJ/m?3, 3.10 4 0.04 MJ/m3,
3.26 & 0.09 MJ/m?3, and 2.94 4 0.08 MJ/m?3, respectively. This demonstrated that the
effective energy absorption increased with the increase in the elemental size of the gyroid.
The effective energy absorption of G-Linear was 17.16 4= 0.15 MJ /m?3, which was the highest
of the three types of graded structures and was four times that of G-E2.5. This shows that
the energy absorption properties of the graded porous structures are superior to those of
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Average sound absorption, 4, (GPa)

homogeneous porous structures, and this is also demonstrated in the rod-shaped gyroid
structures [42].
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Figure 15. Energy absorption of TPMS: (a) energy absorption curves of homogeneous gyroid, (b) en-
ergy absorption curves of graded gyroid, (c) effective energy absorption of homogeneous gyroid, and
(d) effective energy absorption of graded gyroid.

The average sound absorption coefficient, elastic modulus and energy absorption of
TPMS are shown in Figure 16. The average sound absorption and elastic modulus of the
homogeneous gyroid are located at the diagonal position in Figure 16a, and this illustrates
that the average sound absorption and elastic modulus decrease as the porosity increases.
It was noted that the sound absorptions of G-Sinl and G-Linearl were the highest of these
structures, and their elastic modulus was also located at the diagonal position in Figure 16a.
The energy absorption of the homogeneous gyroid is located at the left lower corner of
Figure 16b. The average sound absorption and energy absorption of G-Sinl and G-LinearI
were the highest and are located in the middle upper position. It is proven that under the
same weight, G-Sinl and G-Linearl have better sound and energy absorption performances.
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Figure 16. (a) Average sound absorption coefficient and elastic modulus of TPMS, (b) average sound
absorption coefficient and energy absorption of TPMS.
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4. Conclusions

This study proposes a design method for a TPMS structure with high specific strength
for broadband and perfect sound absorption. The sound absorption characteristics and
compression properties of this TPMS were investigated by acoustic impedance tube tests,
compression tests, and DIC analysis. The following conclusions were obtained:

(1) The frequency corresponding to the sound absorption peak shifts to low frequencies
as the height of the material increases. The sound absorption coefficient of the gyroid
increases as the height of the material increases from 3 to 30 mm, the offset thickness
of the surface increases from 0.2 to 0.5 mm, and the element size decreases from 4 to
2 mm. Based on the contour of sound absorption, the optimized structural design
interval parameters were obtained independently for each parameter, and all other
parameters were kept constant.

(2) The graded direction and function have an impact on the sound absorption character-
istics. Owing to the multiple scattering and Helmholtz-resonator-like effect, the first
resonance peak of the graded TPMS with porosity from 60.51 to 77.59% is higher than
the graded TPMS with porosity from 77.59 to 60.51%, and the former achieves perfect
absorption at 1528 Hz, and the latter has a broadband sound absorption coefficient.

(38) The compressive yield plateau of homogeneous TPMS is short due to the 45° shearing
band, and graded TPMS has a long yield plateau in a layer-wise failure pattern. The
length of the yield plateau determines that the energy absorption value of graded
TPMS is higher than that of homogeneous TPMS.
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