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Abstract 

In the present work we have proposed and realized experimentally the laser optoacoustic method for 
the measurements of local porosity of isotropic composite materials. It is based on measurements of 
phase velocities of thermooptically excited longitudinal acoustic waves in composite samples. The 
results of local porosity measurements (lateral resolution 1÷2 mm) for a number of aluminum alloy 
(silumin) matrix composite samples reinforced by SiC particles of a different mass concentration 
with the mean particle size of 14 µm coincide within relative inaccuracy 2-3% with the 
gravimetrical measurements of the average <P> value. 
 

1. Introduction 

The problem of nondestructive testing of the actual state of composite materials is of great 

importance because of essential decrease of their strength caused by defects and structural changes 

of a material that arise during exploitation [1]. In particular, fatigue changes of composite structure 

lead to the increase of the volume fraction of pores (porosity) that in turn leads to the decrease of 

material strength even by the absence of apparent defects. So the development of local porosity 

measurement methods is of great practical importance to provide valuable information for residual 

service life evaluation of composite products.  

Typical structural fatigue changes lead to the change of attenuation and velocity of ultrasonic 

waves in composite materials. So one of the most widely used techniques of nondestructive testing 

of composites is the ultrasonic method [2]. It is based on the analysis of frequency dependencies of 

attenuation coefficient and phase velocity of acoustic waves in a material under study [3]. 

Composites are acoustically inhomogeneous materials, so to provide the quantitative evaluation of 

structural features one needs to carry out measurements of attenuation coefficient and phase 

velocity in a wide frequency band. This is due to the increase of scattering efficiency of ultrasonic 

waves, when its length becomes of the order of the structural inhomogeneities size. Besides the 

significant attenuation of ultrasound in composite materials requires the utilization of sources of 

powerful wideband acoustic signals. Therefore it is quite difficult to carry out the testing of samples 

and items of several centimeters thickness with conventional piezoelectrical transducers because of 

low efficiency of wideband acoustic signals excitation [4]. 
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To overcome the difficulties of conventional ultrasonic techniques mentioned above we 

propose to employ the laser thermooptical excitation of ultrasound – pulse optoacoustic effect [5]. 

The main goal of the present work is the development of laser optoacoustic method of local porosity 

measurements of isotropic composite materials. 

2. Investigated composite samples 

In the present work a number of aluminum alloy (silumin) matrix composite samples 

reinforced by SiC particles of a different mass concentration was investigated. The samples have 

been manufactured by casting of molten silumin mixed with the certain amount of the fine powder 

of SiC particles with the mean size of 14 µm.  

The porosity <P> averaged over the entire volume of the sample is expressed as: 

( ) %1001 0 ⋅−=>< ρρP  ,                                                                 (1) 

where the calculated density of the sample 0ρ  is determined with the known densities of the matrix 

– silumin Alρ  = 2,735×103 kg/m3, of the filler SiC SiCρ  = 3,2×103 kg/m3, and with the known 

mass concentrations Aln  and SiCn ; the actual density of the sample ρ  is measured 

gravimetrically. The characteristics of the investigated samples are presented in the Table 1.  

Table 1. Characteristics of investigated samples 

sample 
# 

Thickness 
H, mm 

Mass concentration 
of components n  

 Calculated 
density 
×,0ρ 103 kg/m3 

Actual 
density 

ρ ,× 103 kg/m3 

Averaged 
porosity 
<P>, % 

  silumin SiC     
1 10,70 1,0 0,0 2,735 2,714 0,77 
2 10,18 0,962 0,038 2,750 2,710 1,45 
3 10,98 0,923 0,077 2,766 2,665 3,65 
4 4,72 0,845 0,155 2,798 2,660 4,93 

The local porosity in different sites of a sample could be different because of nonuniform 

reinforcing fabrication method. To determine the local porosity P we use the theoretical model of 

ultrasound propagation in a porous metal [6], where the phase velocity of longitudinal acoustic 

waves in a material lc  depends on P as follows (at the values of P < 20%): 

( )3222 1
0

Pcc ll −=   ,                                                                     (2) 

where 0lc  is the calculated with the two-phase medium model [7] phase velocity in the investigated 
site of a sample: 
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In the expression (3) SiClc  = 11,82× 103 m/s, Allc  = 6,86× 103 m/s are the known phase velocities 

in the filler and in the matrix [8, 9]. So to determine the local porosity P from the expression (2) we 

have to measure the phase velocity of longitudinal acoustic waves lc  in the corresponding site of 

the sample under study.  

3. Experimental technique of phase velocity measurement of longitudinal acoustic waves 

Experimental laser optoacoustic setup is shown in the Figure 1. A pulse of Q-switched 

Nd:YAG laser at the fundamental harmonic is absorbed in the specially designed optoacoustic (OA) 

source – the plate of optical filter blue-green glass, that causes the nonuniform non-stationary 

heating of subsurface layer of OA source and corresponding rise of the nonuniform mechanical 

stress. This in turn leads to excitation of the pulse of longitudinal acoustic waves (OA signal). The 

employment of Q-switched lasers and appropriate OA sources allows one to achieve the amplitude 

of OA signals up to hundreds of MPa in the frequency range up-to hundreds of MHz. 
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Figure 1. Laser optoacoustic setup 

The OA signal excited in the OA source – the reference ultrasonic pulse – passes through an 

investigated sample and is detected with the specially designed wideband piezoelectric receiver 



 4 

being in the acoustic contact with the sample through the immersion liquid (distilled water) (see 

Figure 1). The OA source, the sample and the receiver are mounted in the special OA cell.  

Figure 2 shows the temporal profile and the amplitude spectrum of the reference ultrasonic 

pulse of blue-green glass OA source. The small duration and the large amplitude of the reference 

pulse allow to test the composite samples of a thickness from hundreds of microns to several 

centimeters, and also for strong scattering and absorptive materials (with the ultrasound attenuation 

coefficient value up to 10÷20 cm-1). 
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Figure 2. Temporal profile (a) and amplitude spectrum (b) of the reference ultrasonic pulse 

The cross-section of the reference ultrasonic beam irradiated into the sample coincides with 

the mean diameter of the laser beam and is approximately 1,5 mm. This dimension determines the 

locality of testing in the lateral plane.  

Electrical signals from the piezoelectric receiver come in the two-channel digital oscilloscope 

Tektronix TDS 1200 (analog bandwidth 100 MHz), the signal-to-noise ratio for the registration 

system is 50÷60 dB. The amplitude and phase spectra of acoustic signals are calculated with the 

standard code of the fast Fourier transform (FFT) taken into account the reflection coefficients of 

acoustic waves at the sample - immersed liquid interfaces in the optoacoustic cell and also the 

diffraction effect on the spectra of pulses. The frequency dependencies of the attenuation coefficient 

and the phase velocity of longitudinal acoustic waves in the sample are calculated in real time due 

to high signal-to-noise ratio and high stability of temporal profile of the reference ultrasonic pulses. 

The main characteristics of the laser optoacoustic system are presented  in the Table 2. 
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Table 2. Characteristics of the laser optoacoustic system 

Ultrasonic frequency band 0,5÷50 MHz 

Amplitude of ultrasonic pressure 0,01÷10 MPa 

Sample thickness 0,1÷70 mm 

Lateral locality of testing 1÷2 mm 

The absolute value and the dispersion of the phase velocity lc  of longitudinal acoustic waves 

in the sample of the known thickness H are determined from the measured phase spectra of the 

reference ultrasonic pulse, )(0 fϕ , and of the ultrasonic pulse passed through the sample, )( fϕ : 

)()(
2)(

0 ff
Hffcl ϕϕ

π
−

=   .                                                       (4) 

To enhance the accuracy of the phase velocity measurements it is useful to determine the phase 

difference of the ultrasonic pulse once passed through the sample, and of the pulse after the “tripple 

pass” in the sample – passed through the sample and reflected at the sample-immersed liquid 

interfaces. So the uncontrolled influence of possible difference in the liquid layers thickness could 

be eliminated by the mounting of OA cell for detection of the reference signal without the sample 

and the OA cell with the sample.  

The absolute value of the phase velocity of longitudinal acoustic waves is determined as 

follows in the absence of the significant dispersion (the relative change of velocity doesn’t exceed 

5÷10% in the investigated frequency band 0,5÷50 MHz): 

l
l T

Hc
∆

=
2   ,                                                                   (5) 

where lT∆  is the difference of arrival times to the receiver of the ultrasonic pulse once passed 

through the sample and of the pulse after the “tripple pass” in the sample. As an example the typical 

temporal profile of these two pulses in a silumin-matrix composite sample is shown in the Figure 3 

[9]. The time interval lT∆  is measured between the instants of transition through the “zero” from 

the compression to the rarefaction phases of the ultrasonic pulses. The attenuation of ultrasound 

affects on the duration of both the compression and the rarefaction phase and the “single pass” and 

the “triple pass” pulses cover a different distance in the sample. Therefore the duration of both the 

compression and the rarefaction phases will be different for these two pulses. As it follows from the 

theoretical model of the wideband OA signal propagation in an absorbing medium [5], just the 

propagation velocity of the “zero” point of the bipolar OA pulse is the most close to the acoustic 

wave phase velocity in the absence of the significant dispersion.  



 6 

5,00 5,25 5,50 5,75 6,00 6,25 6,50 6,75 7,00 7,25
-0,5
-0,4
-0,3
-0,2
-0,1
0,0
0,1
0,2
0,3
0,4
0,5
0,6

Triple pass

Single pass

l∆T

O
A

 si
gn

al
  U

(t)
,  

m
V

time  t ,  µs  
Figure 3. Typical temporal profile of the OA pulse of longitudinal acoustic waves once passed 

through the silumin-matrix composite sample and after the “tripple pass” in the sample [9]. 

The small duration of the longitudinal acoustic wave pulses provides sufficiently low relative 

inaccuracy of the phase velocity measurement: %5,0)( ≈lcδ . This value is governed basically by 

the relative inaccuracy of the sample thickness measurement: %5,0≈δH , because of the value of 

lT∆  (see Figure 3) is determined accurate within 2÷3 ns, that is of the order of 10-3
lT∆  for the 

sample thickness H ~ 10 mm.  

4. Experimental results  

Phase velocities of longitudinal acoustic waves in the composite samples under study were 

measured by the procedure described in the Section 3 and calculated with the expression (5). As the 

test samples with the known values of phase velocities of longitudinal acoustic waves a number of 

aluminum and copper samples have been studied. The experimental results of the optoacoustic 

measurement and the referenced data [8] for these samples are presented in the Table 3. The 

experimental results coincide within the inaccuracy limits with the referenced data. This fact 

confirms the reliability of the laser optoacoustic method for the measurement of the phase velocity 

of longitudinal acoustic waves in isotropic solid samples.  

Table 3. Comparison of optoacoustic measurement results and referenced data 

 
material lc , m/s  

 OA measurements Referenced data [8] 
Al 6280 ± 30 6260 
Cu 4720 ± 20 4700 
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All composite samples were the discs of the diameter d = 40 mm. We determined the porosity 

in the center (P1) and in the periphery (P2) sites of each sample using the expression (2) with the 

measured values of the phase velocities in these sites 1lc  and 2lc  and the calculated value of 0lc  

(3) for the given sample (see the Table 4). The relative inaccuracy of 0,5% of the phase velocity 

measurements leads to the relative inaccuracy of 2÷3% of porosity determination. The experimental 

results show (Table 4), that the increase of the mass concentration of the filler SiCn  leads to the 

growth of the sample porosity P. All investigated samples have quite uniform distribution of pores, 

the local porosity values coincide within the inaccuracy limits with the gravimetrical measurements 

of the average <P> value. The porosity in the center of each sample is slightly higher than in the 

periphery. 

Table 4. Results of optoacoustic measurements 

sample 
# SiCn  0lc , m/s 1lc , m/s 2lc , m/s P1, % P2, % <P>, % 

1 0,00 6860 6670 6730 1,30±0,03 0,77±0,02 0,77 
2 0,038 6920 6720 6740 1,43±0,03 1,18±0,02 1,45 
3 0,077 6990 6550 6590 4,24±0,09 3,69±0,07 3,65 
4 0,155 7140 6660 6680 4,69±0,09 4,41±0,09 4,93 

5. Conclusions 

In the present work we have proposed and realized the laser optoacoustic method for local 

porosity measurement of isotropic composite materials. It can be applied also for any type of 

constructional materials (metals, alloys, plastics), when the size of pores is in the micron range. 

This method allows one to investigate samples of the thickness of 0,1÷70 mm with the lateral 

resolution of 1÷2 mm. The maximum relative inaccuracy of porosity measurement is 2÷3 %. 

The proposed laser optoacoustic method may be useful by technological development and 

improvement of the materials fabrication process and to reveal the sites in a material with the less 

strength before manufacturing of items and products.  
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