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Abstract Additively manufactured (AM) titanium products are increasingly being used in the 

aerospace industry where the acoustic-mechanical performance is of importance. However, the 

acoustic performance of AM Ti6Al4V and Ti6Al4V ELI (Extra Low Interstitial) has received limited 

attention in literature. Accordingly, this study investigates the sound absorption coefficient (�) and 

Sound Transmission Loss (STL) of both Ti6Al4V and Ti6Al4V ELI samples manufactured using 

Selective Laser Melting (SLM). Furthermore, the potential of developing Ti6Al4V alternatively 

shaped micro-perforated panels (MPP) within a frequency range of 400 to 1600 Hz is also explored. 

1. Introduction 

Lightweight structures that combine high strength, energy absorption [1–4] and acoustic 

performance [5–12] are of interest to automotive, aerospace and the building sectors [13]. A recent 

review by Arjunan et al. [14] found that metallic foams have gained popularity as a potential 

contender in this aspect due to their favourable mechanical and vibroacoustic properties. However, 

metallic foams still cannot match the structural performance of their bulk counterparts [15–18]. 

Consequently, there is a requirement for alternative sound absorbers that not only feature excellent 

acoustic properties but also allows for good structural strength. 

The theoretical principles that describe the acoustic properties of microperforated panels (MPPs) 

are well known [19,20]. Nevertheless, a broadband MPP with high � require microscopic perforations 

requiring the use of expensive machining techniques. The rise in AM techniques such as Selective 

Laser Melting (SLM) [21,22] allows the creation of complex perforations and waveguides [23,24]. 

However, studies on the acoustic performance of AM metal MPPs that feature high � and STL are 

scarce. In any case, no study has reported the acoustic performance of non-circular perforations with 

the exception of slits. Accordingly, this study explores the potential of developing an AM Ti6Al4V 

non-circular MPP system that may have a potential impact on both � and STL. 

2. Material and methods 

2.1. Non-circular micro-perforated panels (MPPs). Approximating an MPP as a porous frame, 

the acoustic effect can be attributed to the perforation rate or porosity (�), flow resistivity (�), 

perforation thickness (�) and the mounting conditions. An MPP backed by an air cavity of depth � 
can be approximated as a collection of Helmholtz resonators with an air cavity volume � � , neck 

length � and neck aperture area ��� . The volume in this instance, can be linked to the back-cavity 
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depth �. Accordingly, the total input impedance of the perforated-air layer combination can be written 

as shown in Eq. (1): 

�� = �2�� + 4 ������� + �1 (2�� + �)�� ! − � !#! cot('!�) (1) 

For such a resonance-based system, the highest � corresponds to the frequency of maximum 

resonance. Therefore, following Atalla and Sgard, the first mode of resonance at low frequency can 

be expressed in terms of the perforation area ( ���) as shown in Eq. (2): 

( #!) ��� � = (2) (2�� + �)� � 
where represents the ratio of the perforation area to the corresponding volume of the ���⁄� � 

backing cavity and �� ≈ �!(1 − 1.14√�) is the correction term accounting for the interaction 

between the perforation. 

Fig. 1. Ti6Al4V MPP showing identifiers for solid (T1), maze (M1), hexagonal (H1) and star (S1) design. 

Accordingly, keeping the ��� ≈ 2.54 × 10−1 3) as a constant, three different perforation 

shapes (M1, H1 and S1) were designed as shown in Fig. 1. However, the ratio of the small to large 

area ( �/ 5) within a perforation is 0.6, 0.3 and 0.15 for S1, M1 and H1 respectively. An additional 

design T1 was also conceived and made of fully dense Ti6Al4V. This was used as the control 

specimen to characterise the acoustic performance of the AM material. The thickness (�) and diameter 

(6) of the panel used are 1 and 90 mm respectively. For designs M1, H1, and S1, two cases were 

considered: case 1 with (Fig. 2a) and case 2 without (Fig. 2b) a porous foam backing. In order to 

minimise airgaps and to ensure repeatability, the assemblies are made inside a holder as shown in 

Fig. 2c. A summary of the properties and the test designs are listed in Table 1. 

Fig. 2. Test cases considered where (a) MPP backed by 44 mm air cavity, (b) MPP backed by 25 mm foam 

and 19 mm air cavity and (c) MPP holder and test assembly used. 

2.2. Additive manufacturing. All the MPPs were manufactured using an EOS M290 SLM 

machine at a 30 µm layer thickness. Ti6Al4V and Ti6Al4V ELI with a density of 4430 Kg/m3 was 

the material of choice. 



         

 
 

 

 

 


    

 
    

      

      

          

          

                

       

             

             

                

               

                

           

 

            

                 

                

              

              

              

 
                

          

             

               

                 

                  

              

                   

                   

                   

                 

            

               

                 

                 

                 

  

Table 1. Properties of the designs and materials considered. 

Design 
Thickness 

(mm) 

Foam 

placement 
��� 

(10−1 3)) 
�/ 5 � (mm) 

T1 1 - - - 44 

F25 25 - - - 20 

S1, M1, H1 1 - 2.54 0.6S1, 0.3M1, 0.15H1 44 

S1F25, M1F25, H1F25 1MPP+25foam Back 2.54 0.6S1, 0.3M1, 0.15H1 19 

The flow resistivity of the perforated panel is 7312 Pa. s/m2 and foam is 10900 Pa. s/m2 

The tortuosity of the foam is ~1. 

2.3. Measurement of 9 and STL. � was characterised using an impedance tube-based transfer-

function complying with ISO10534-2. An in-tube loudspeaker connected to a function generator via 

a PA50 power amplifier and a Fast Fourier Transform (FFT) spectrum analyser was used as the 

acoustic exciter. The STL measurements were carried out using a 4-microphone setup. The test setup 

considered two microphones (M1 and M2) which were mounted in the source chamber (SC) and other 

two microphones (M3 and M4) in the receiving chamber (RC). 

3.  Results a nd  discussion  

3.1. Acoustic performance of non-perforated Ti6Al4V. For Ti6Al4V, an � curve representative 

of non-porous hard metals can be observed as shown in Fig. 3a. The highest absorption was observed 

at 500 Hz namely 0.15 and 0.14 for Ti6Al4V and Ti6Al4V ELI respectively. This showed that 

approximately ~85-86% of the sound energy is reflected without penetrating the surface of the 

material. According both Ti6Al4V and ELI variant manufactured using SLM are fully dense resulting 

in a poor acoustic behaviour similar to other dense hard metals such as steel. 

(a) (b) 

Fig. 3. sound absorption coefficient measured for (a) 1 mm Ti6Al4V and Ti6Al4V ELI flat specimens 

manufactured using SLM and (b) showing the influence of material thickness. 

The performance difference between Ti6Al4V and Ti6Al4V ELI was found to be negligible. 

Consequently, further tests are limited to Ti6Al4V alone as the performance can be considered similar 

to Ti6Al4V ELI. Nevertheless, the relatively high � at low frequencies (400 to 800 Hz) can be 

attributed to the 1 mm sample thickness and the 44 mm airgap. This means that at low frequencies 

the sample can act as a baffle transferring the vibro-acoustic energy providing some damping. 

Analysing the influence of material thickness as shown in Fig. 3b, a slight increase in � at the low 

frequencies due to a shift in resonance frequency as a result of the added mass can be observed. The 

highest improvement of ~0.05 was found at the highest thickness of 3 mm at 630 Hz in comparison 

to 1 mm. While certain differences can be observed in the � peaks between the material thickness 

tested, overall sound absorption remained poor despite the increased material thickness. Nevertheless, 

the results establish that the overall accuracy of � depends on the material thickness. Consequently, 

this study shows that fully dense SLM Ti6Al4V do not contribute significantly to �. The STL results 

(Fig. 4a) show that fully dense Ti6Al4V is excellent at resisting sound transmission and hence has a 

high STL. As a general rule, the higher the STL curve the better the acoustic isolation. Furthermore, 



                

                   

                 

                

                    

 
                

                   

    

            

              

               

                

           

                  

                 

  
 
          
 
        

                

     
 
               

                  

           
 
    

            
 
  

                

                  

               

                  

                  

                

              

               

                

               

                

                

                

                 

              

               

        

   

the material thickness has a substantial impact on the STL curves. The highest rate of improvement 

(+5 dB avg.) was observed when the thickness was increased from 1 mm to 2 mm. Even though the 

performance further increased at 3 mm, the rate of improvement was limited to +3 dB avg. The 

improvement in STL due to thickness observed can be primarily attributed to the increase in mass 

and can be related using Eq. (3), where : is the frequency and 3″ is the mass per unit area. 

(a) (b) (c) 

Fig. 4. Influence of (a) material thickness on the STL of Ti6Al4V, (b) Ti6Al4V non-circular MPP designs 

with a 44 mm back cavity and (c) � for micro-perforated Ti6Al4V panels featuring a 25 mm porous layer. 

<=�� ≈ 20 log 10 (:3@@) − 47 (3) 

3.2. Ti6Al4V micro-perforated panel. Fig. 4b shows that the micro-perforations have a 

significant impact on the performance with � improving for majority of the frequencies (630-1600 

Hz). However, a 10% decrease in performance was observed at the lowest frequency (400-630 Hz) 

tested. While the performance of all the designs show a similar trend, the best performance was 

exhibited by the design S1 followed by M1 and then H1. 

It can be seen that the shape of perforation had a significant effect on the frequency of maximum �. The design S1 was found to match closely with the theoretical frequency which can be attributed 

area ratio ( �/ 5). The design S1, M1 and H1 featured a �/ 5 values of 0.6, 0.3 and 0.15 

respectively. Therefore, in order to use the perforation area instead of diameter in the equivalent fluid 

model, the ratio of perforations ( �/ 5) has to be greater than 0.5. For the design H1 and M1, the 

peak absorption was observed at 1250 Hz as opposed to the design frequency of 1000 Hz. The best 

performance was observed for S1 again reiterating the importance of the �/ 5. The highest 

absorption despite sharing the same perforation area was observed for the highest �/ 5. 
Even though the MPPs can be seen to improve �, best performances (25 to 30% improvement) 

were observed at : at or above 100 Hz. This is because of the inherent disadvantage demonstrated by 

the MPPs in suppressing the low-frequency noise (i.e. <1000 Hz) despite the optimal perforation area. 

In order to solve this problem, the layer interaction effect is exploited by coupling a 25 mm porous 

media to the highly stiff and reflective Ti6Al4V MPP layer backed up by a 19 mm air cavity. 

Analysing Fig. 4c, the addition of a porous layer significantly increases � in comparison to all 

other cases considered. The improvement can be primarily attributed to the interaction effect caused 

due to the constitutive parameters, importantly the ratio of porosity and stiffness between the MPP 

and porous medium. The contribution of the interaction effect to � is so significant that complete 

absorption was observed at a frequency range of 800-1250 Hz with the overall performance following 

a quadratic curve. However, the improvement in � towards the lower frequency is limited by the 

critical frequency (: = 500 Hz) which is the first eigenmode frequency of the system. Overall, the 

interaction effects of the hybrid system featuring both the MPP and the porous layer outperforms the 

case that of the MPP that feature only the back-cavity. The MPP by itself feature relatively large 

perforation and Ti6Al4V inherently possess high structural strength and reflectivity. The foam on the 

other hand offers a high porosity though it is structurally weak. However, the combination is 

acoustically effective for enhanced sound absorption (Fig. 4c). 



  

                

               

              

                 

             

                  

                  

               

                 

              

               

                  

               

               

             

 
                    

        

                  
       

                  

        
                   

           

                     
        

                      

                  

 

                       

       

                        

               

                     
                        

    

                    
              

                      

                   
                  

                   
                      

     

                     
     

                   

          

                   

          

                      

    

             

           
                      

        

                   
        

                     

     
                    

       

                

 

                  

 

 

4. Conclusion 

Complex perforation in high strength metals such as Ti6Al4V, which can be coupled with a porous 

medium to develop high-efficiency sound absorbers is demonstrated in this study. It was found that 

the as-manufactured Ti6Al4V and Ti6Al4V ELI using optimum SLM parameters is a poor sound 

absorber and reflects ~85-86% of the sound. In addition, the ELI variant did not show any significant 

difference in sound absorption when compared normal Ti6Al4V. While the influence of material 

thickness on � was found to be limited to 0.05B, the highest material thickness (3 mm) exhibited the 

highest � (~0.18 avg.) at a frequency range of 400-800 Hz. When it comes to STL, fully dense 

Ti6Al4V showed excellent performance with a +5 dB (avg.) increase on doubling the thickness. The 

superior STL can be attributed primarily to the increase in mass following a trend that can be 

expressed as 20 log 10 (:3@@) − 47. The result of the novel Ti6Al4V+foam MPP developed in this 

study shows significant improvement in � at all frequencies above the critical frequency (: ). The 

high � is the result of interaction effect between the MPP and the porous layer. Lastly, it is 

demonstrated that for non-circular perforation, the perforation area can be used in the equivalent fluid 

model to predict the peak absorption frequency. The study further validates that the perforations can 

be of any shape and not necessarily circular to obtain high � values. 
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