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Abstract 

This paper deals with experimental measurements on increase in attenuation of longitudinal bulk wave propagating 

in thickness direction in pristine and electrospun nylon 6, 6 nanofiber interleaved glass epoxy composite. Pristine and 

interleaved composites were manufactured using RFI process. Experiments to measure the difference in attenuation 

were performed employing air-coupled transducers of frequencies 100 kHz, 200 kHz and 500 kHz. Ratio of 

amplitude of the bulk wave in the pristine and the interleaved composite was calculated from experimental data and 

used to determine difference in attenuation of the wave due to the interleaved nylon nanofiber. It was found that the 

difference increases with increase in frequency of the bulk wave.  
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1. Introduction 

Bulk waves are those, which propagate in an unbounded medium [1]. Bulk waves are classified 

into three types – longitudinal, Shear Vertical (SV) and Shear Horizontal (SH). In case of a pure 

bulk wave, direction of propagation and polarization direction are same or perpendicular to each 

other. This generally happens when a bulk wave propagates in an isotropic material. In an 

anisotropic material, the pure modes exist when the wave propagates in principal directions [2]. 

Furthermore, velocity of propagation of the wave depends on direction of propagation.  

Bulk wave generated by a point source propagates as a spherical wave in a medium. Reduction in 

amplitude of the wave depends on geometry (inversely proportional to distance of propagation) 

and attenuation characteristics of the medium of propagation. However, in case of plane wave, 

geometry does not influence amplitude of the wave and reduction in the amplitude is due to 

material only [3].  

Bulk waves are sensitive to certain flaws in materials. Therefore, they have been employed for 

material characterization and Non-Destructive Evaluation (NDE) of materials [4]. IN NDE, 
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change amplitude is one of the criteria, for detection of defects. Since reduction in amplitude also 

depends on attenuation of wave on account of material, if material attenuation (coefficient of 

attenuation) is known, it is feasible to predict the change in amplitude due to defect only. 

Moreover, it was also reported that bulk wave undergoes attenuation due to diffraction [5]. 

However, in numerical modeling material attenuation can be incorporated using coefficient of 

attenuation to calculate change in amplitude due to defect only.  

In general, fiber composite materials offer more attenuation to ultrasonic waves compared to 

metals [6]. This is due to interphase properties. In recent years, laminated composites have been 

hybridized using nano fillers to achieve higher mechanical properties [7-8]. Inclusion of 

nanomaterials in the matrix is done to reinforce it or to improve its functional properties e.g, 

electrical, magnetic. The nanomaterials can be in the form of powder or fiber. The advantages of 

using electro-spinning to interleave the nanofiber in the interface outweigh the dispersion 

methodology to be used in case of nanomaterials in powder form. Here we have toughened the 

interface in composite by interleaving non woven Nylon 6, 6 nanofiber which is found to be more 

effective than film. 

However, when a composite structure is made by hybridizing, there found to be higher 

attenuation of Lamb waves [9]. In the present work, difference in attenuation coefficient of bulk 

waves when propagating through a interleaved 6, 6 nanofiber composite laminate and pristine 

laminate has been experimentally determined at various excitation frequencies.  

 

2. Difference in attenuation coefficient 

Figure 1 shows propagation of bulk wave through air and GFRP (Glass Fiber Reinforced Plastic) 

composite. The bulk wave was excited by air-coupled transmitter (Tx), which is at h1 distance 

from composite laminate. The wave propagates through the laminate and transmits into the air 

through bottom surface of the laminate. This wave further propagates in the air and it is receiver 

by air-coupled receiver (Rx).   
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Figure 1: Propagation of bulk wave in air and composite laminate  

It is assumed that the laminate of thickness t, is at h1 and h2 distances from transmitter and 

receiver, respectively, as shown in Figure 1. Attenuation coefficient of the wave in air (medium 1 

and 2) and in composite (medium m) is αa and αm, respectively. Propagation of the wave from 

transmitter to the receiver is assumed to be a plane wave. If Ao is amplitude of the wave at 

transmitter, amplitude becomes A1m when the wave incidents on the laminate. This can be 

expressed as follows.  

��� � �����	
����     - (1) 

Since there is a mismatch in impedance between medium 1 and m, part of the incident wave 

undergoes reflection and transmission. If amplitude of the transmitted wave is Atm, then 

transmission coefficient (T1m) can be written as, 

��� � ���
���             - (2) 

��� � ������ � ��������	
����    - (3) 

The wave transmitted into the laminate propagates towards bottom surface, which is at a distance 

of t. If Amt is assumed to be amplitude of the wave at the surface, following expression can be 

written. 

Air -coupled 

probe 

Air -coupled 

probe 
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��� � ������	
����        - (4) 

Once again due to impedance mismatch between medium m and medium 2, when bulk wave 

propagates from medium m to medium 2, some part of it undergoes reflection and rest transmits 

into the medium 2. Transmission coefficient (Tm2) can be written as, 

           ��� � ���
���

             - (5) 

Where, Am2 is amplitude of the wave transmitted into medium 2. This transmitted wave is 

received by receiver. Amplitude of the wave at receiver is A2. Further, A2 can be expressed as,  

�� � ������	
����       - (6) 

Substitute equation (5) in equation (6). 

�� � ���������	
����      - (7a) 

In equation (7a), equation (4) can be substituted in place of Amt.  The equation (7a) becomes,  

�� � ���������	
�������	
����  - (7b) 

In equation (7b), Atm can be replaced by using equation (3).  

�� � �����������	
�������	
�������	
����    - (7c) 

�� � �����������	
��� 
 ��� 
 ����    - (7d) 

Let us assume that the laminate (in Figure 1), which is in between air-coupled transducers is a 

GFRP laminate (pristine). Amplitude of received bulk wave is given by expression (7d). This 

laminate is now replaced with 6,6 nanofiber interleaved GFRP laminate (nanofiber laminate). It is 

also assumed that, there is no change in amplitude of wave at transmitter. The nanofibers 

influence strength properties and effect on stiffness and density is negligible. Therefore, 

transmission coefficients Tm2 and T1m do not change when the pristine laminate is replaced by the 

nanofiber laminate. Hence, for the nanofiber laminate, equation (7d) can be written as, 

��� � ������������
��� 
 ���� 
 ����    - (7e) 
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Here, A2f and αmf are amplitude of bulk wave received by receiver and attenuation coefficient of 

the nanofiber laminate, respectively. When ratio (r) between amplitude of bulk wave propagated 

through pristine (equation (7d)) and nanofiber laminate (equation (7e)) is taken, the following can 

be written.  

� � ��
��� � �����
�� + ������       - (8a) 

Taking logarithm on both sides of the equation (8a), 

∆� � ��� 
 �� � !"	#�
� � �

� $% &
��
���'    - (8b) 

Equation (8b) eventually gives difference in attenuation coefficients of bulk wave when 

propagating in nanofiber and pristine laminates. Note that the difference can be calculated, if 

amplitudes of the bulk wave are measured experimentally. 

 

3. Experimental 

3.1 Fabrication of specimens  

At first the glass fabrics used to make laminates were coated by the Electrospun nylon 6/6 

nanofiber for modification of interface. Once the coating was done, the glass fabric plies were 

cut as per the dimension required to make the laminate, further dried at 60 ⁰C for moisture 

removal and sandwiched with epoxy film. 

All laminates were fabricated using Resin Film Infusion (RFI). Stacking of plies in the 

laminate was uni-directional (UD). Thickness of each lamina (ply) and laminate were 0.65 

mm and 3.2 mm respectively and volume fraction of laminate was 50%. Three specimens 

each with two layers of nanofibers were coated on the either side of ply is used to make 

laminate of size 200 × 200 mm
2
.  

A resin film was sandwiched between two [0] plies. Such sandwiches were placed one above 

the other till the desired thickness was attained. During stacking, One resin film was always 

sandwiched between the one coated and one uncoated side of the another ply so that the resin 

flows through a modified interface in a symmetric manner throughout the laminate .The GSM 
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(grams per square meter) of resin film is calculated based on the amount of resin required to 

make the laminate along with little excess resin to compensate for the loss of resin due to 

flow along the edges of fabric at higher temperature.  A bleeder was used to absorb any 

excess resin used. A vacuum bag was placed on the top and sealed with a sealant tape. A 

thermocouple was placed on the top of the sample to continuously monitor the temperature 

during curing. The sample was heated at a rate of 2
o
C/min up to 80

o
C, soaked for 60 minutes 

followed by re-heating up to 120
o
C and finally soaked for 60 minutes. After completion of 

heating cycle, the sample was allowed to cool to room temperature under vacuum. 

3.2 Experimental setup 

Figure 2 shows experimental setup for transmission and reception of bulk waves through a 

laminate. The setup consists of a pulse-receiver (5058 PR Olympus make) to send and receive 

high voltage pulse. The pulse is sent to transmitting air-coupled transducer (Ultran make). 

One more air-coupled transducer (Ultran make), receives the pulse. A digitizer of National 

Instruments make (5051) digitizes the received signal.  A laptop with LabView software 

acquires and stores data.  

 

 

Figure 2: Experimental setup 
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4. Capturing bulk waves 

Initially, pristine GFRP laminate was positioned in between transmitter and receiver. Moreover, 

the transmitter and receiver were aligned in such a way that they were in-line. Frequencies of 

probes employed for experiments were – 100 kHz, 200 kHz and 500 kHz.  Following depicts the 

procedure adopted for capturing A-scans of bulk waves using 200 kHz probe. Distance between 

transmitter and the GFRP laminate, and between the GFRP laminate was fixed at 50 mm. Bulk 

waves at various spatial locations were captured moving the plate horizontally. Figure X shows 

bulk wave captured in the pristine laminate, using 200 kHz probe. A minimum of six 

measurements were taken in each plate and for each frequency. Root Mean Square (RMS) value 

of amplitudes was calculated from the measurements. This is taken as representative amplitude of 

bulk wave in that plate for the given frequency.  

The above procedure was adopted for all other composite laminates (both pristine and nanofiber). 

Table 1 shows RMS value of amplitudes and frequency. 

Table 1: Amplitude of bulk wave 

 

Laminate Frequency (kHz) RMS amplitude (volts) 

 

Pristine 

100  0.02149 

200 0.03831 

500 0.04273 

 

Nanofiber 

100 0.01956 

200 0.03301 

500 0.033312 

 

5. Data Analysis and Results 

Equation (8b) gives difference in attenuation coefficient of bulk wave in nanofiber laminate and 

pristine laminate once amplitude ratio (amplitude of bulk wave in pristine laminate to that in 

nanofiber laminate) of the wave and thickness of the laminate is known. Table 2 lists amplitude 

ratio and difference in attenuation coefficient with respect to frequency. In the present work, 

thickness of the laminate was 3.45 mm.  

 



8 

 

 Table 2: Difference in attenuation coefficient  

 

Frequency in kHz Amplitude ratio ∆α, Np/m 

100 1.098 27.098 

200 1.161 43.082 

500 1.283 72.169 

 

From the above table it is inferred that amplitude ratio thus difference in attenuation coefficient 

increases with increase in frequency of excitation. Moreover, increase in the difference is non-

linear with respect to excitation frequency, as shown in Figure 3. A curve following power law, 

which is given below, has been fitted on the experimental data. 

∆� � 1.831,-../�0    - (9) 

In the above expression, frequency has to be plugged in kHz and ∆α is obtained in Np/m. 

Goodness-of-fit (R
2
) the curve is 0.9984.  

Since an expression relating ∆� to amplitude ratio (equation (8b)) is known, using equation (9), 

amplitude ration can be expressed in terms of frequency, as below. 

∆� � 1.831,-../�0 � �
� $%	��  - (10a) 

� � ���	1.831�,-../�0�    - (10b) 

Equation (10b) gives variation in amplitude ratio with excitation frequency, as shown in Figure 4. 

Furthermore, equation (10b) can be used to calculate percentage reduction in amplitude with 

reference to excitation frequency.  

Since difference in attenuation coefficient is positive, it indicates that bulk wave undergoes more 

attenuation in nanofiber composite than its pristine counterpart. Increase in attenuation of the 

wave is attributed to coating of nanofibers.  
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Figure 3: Variation in difference in attenuation coefficient with respect to frequency 

 

Figure 4: Variation in amplitude ratio with excitation frequency 

6. Concluding Remarks 

Experiments conducted employing air-coupled ultrasonic transducers on pristine and nanofiber 

composite reveals that longitudinal bulk wave undergoes more attenuation in the nanofiber 

composite laminate, when it propagates in thickness direction. An empirical relation, in the form 

of power law, was fitted on the data that represents variation in difference in attenuation 
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coefficient and excitation frequency. Using this relation, an expression was obtained for 

amplitude ration in terms of excitation frequency. However, increase in attenuation of the wave 

in the nanofiber laminate is attributed to interleaved nylon nanofiber. This indicates that, when a 

bulk wave is used for scanning thick nanofiber laminates, high power is required to be pumped 

when compared to scanning the same thickness pristine laminate. Moreover, equation (10b) gives 

an indication on percentage reduction in amplitude of the amplitude.  
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