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Abstract. Theoretical assessments are given for the use of the through-transition technique of 

broadband ultrasonic spectroscopy to determine porosity of heterogeneous materials. Experimental 

measurements of local porosity of composites using the through-transition technique are presented. 

Dependences of elastic moduli on the concentration of hardening particles and porosity of metal 

matrix isotropic composite found. Experimental relationship between the phase velocity of 

longitudinal acoustic waves and the power of structural noise in samples of graphite epoxy 

composites is obtained. 

Introduction 

Graphite epoxy composites are widely used in various industries including the construction industry 

where high-strength and lightweight structures have extreme importance. However, owing to their 

complex heterogeneous structure, composite materials can be damaged under dynamic loads, which 

results in pores, ply separation, and ply local stresses [1-3]. High concentration of such 

microdefects, even if there are no pronounced structural defects, can lead to significant reduction of 

the strength of the material. Based on information about composite structure and its alterations, the 

operational behavior of composite material components and their residual life can be assessed. 

Typical damages and defects in the structure of graphite epoxy composites are microcracks and 

pores in binder material, fiber breaks and separation of fibers from binder, and other defects such as 

folds and discontinuities [1,2]. Various methods are employed to detect these imperfections. Simple 

surface defects may be easily detected by visual techniques with penetrant inspection. Bulk volume 

methods range from pulsed thermography [4] and ultrasonic diagnostics [5] to the most 

sophisticated X-ray and computer tomography techniques [6,7]. 

Ultrasonic defectoscopy is one of the most widely used and relatively cheap NDT methods for 

assessing the internal structure of composite materials since elastic wave velocities are very 

sensitive to pores, microcracks, and other defects [8]. Ultrasonic spectroscopy is based on analysis 

of the frequency dependences of the ultrasonic attenuation coefficient and phase velocity of 

acoustic waves in the material tested. These dependences measured over a wide spectral range are 

used to quantitatively estimate the size of structural heterogeneities [9]. This is due to the fact that 

ultrasonic waves whose wavelengths are of the order of obstacles/heterogeneities are backscattered 

RETRACTED

RETRACTED

RETRACTED

RETRACTED

Key Engineering Materials Submitted: 2017-05-28
ISSN: 1662-9795, Vol. 755, pp 44-51 Accepted: 2017-05-29
doi:10.4028/www.scientific.net/KEM.755.44 Online: 2017-09-14
© 2017 The Author(s). Published by Trans Tech Publications Ltd, Switzerland.

This article is an open access article under the terms and conditions of the Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0)

https://doi.org/10.4028/www.scientific.net/KEM.755.44


by the latter; as a result, relative ultrasonic attenuation increases. Similarly, the frequency 

dependence of the ultrasonic attenuation coefficient may contain information about changes in the 

structure of composite materials, such as fatigue cracks or separation of fibers from the binder. 

Therefore, the residual life of composite materials can be estimated from changes in the ultrasonic 

attenuation spectra, which are related to fatigue effects, with respect to the initial state [10, 11]. 

Graphite epoxy composites are acoustically heterogeneous materials since carbon fiber layers and 

epoxy binder are characterized by significantly different ultrasonic velocities and acoustic 

impedances. The diameter of fibers (about 5 μm) is much smaller than the characteristic wavelength 

of the probing ultrasonic beam (about 300 μm at a frequency of 10 MHz), and the thickness of each 

fiber layer (100-200 μm) is comparable to this wavelength. Thus, a graphite epoxy composite is a 

macro-heterogeneous medium in terms of ultrasound wave propagation. The size of defects in the 

structure of composites can vary from a few µm to hundreds or more µm. Therefore, for 

quantitative inspection and evaluation of damage of the composite structure, ultrasonic attenuation 

should be analyzed within a sufficiently wide frequency range: from a few tenths to tens of 

megahertz. Within this range, the ultrasonic attenuation coefficient in composites varies from a few 

to tens of inverse centimeters); therefore, the amplitude of probing ultrasonic pulses should be large 

enough so that items up to a few centimeters thick can be examined. 

So, to study the structure of graphite epoxy composite samples and components using ultrasonic 

diagnostics, it is necessary to generate short powerful probing acoustic pulses in a wide spectral 

range, from a few to tens of megahertz, which can be realized by means of laser. 

Thermooptical excitation of ultrasonic waves in a medium with certain thermophysical and acoustic 

properties at certain parameters of absorbed laser radiation (energy and pulse duration) generates 

broadband ultrasonic pulses (optoacoustic (OA) signals) with specific amplitude and duration (or 

frequency spectrum). In this case, the absorbing medium is a laser optoacoustic source, or a laser 

source of ultrasound. In systems of ultrasonic diagnostics, the parameters of laser radiation and the 

absorbing medium can be optimized so as to produce OA signals with desired amplitude and 

spectral characteristics. 

Ultrasonic diagnostics based on laser thermo-optical excitation of sound has become widely used in 

various technical applications, in particular for the purposes of detecting flaws in composite 

materials [11], measuring the elastic moduli of isotropic and anisotropic composite materials [12], 

and estimating the porosity content of composites [13]. 

This paper addresses techniques for evaluating the porosity of heterogeneous materials based on 

broadband ultrasonic structuroscopy. 

Theoretical background for the use of the through-transition technique of broadband 

ultrasonic spectroscopy to determine porosity of heterogeneous materials 

Porosity (void content by volume) of a composite sample is determined using the laser ultrasonic 

method that involves the measurement of the phase velocity of longitudinal acoustic waves and the 

use of a theoretical model of the dependence of phase velocity on porosity of the material [13].  

Porosity in this case is calculated as  

  %1001 0  P ,                                                                                                                      (1) 

where   is the actual (measured) density of the sample, determined from the results of hydrostatic 

weighing; 0  is the calculated density of the solid phase of the sample, determined from matrix 

and filler densities M  and F , respectively, and the volume concentrations of the matrix and 

filler and Fn , respectively, in the sample ( 1 FM nn ):  

FFMM nn  0 ,                                                                                                                           (2) 
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For low-porosity samples, phase velocity lV  can be approximated by the expression: 

3/2-1
0

PVV ll  ,                                                                                                                            (3) 

where 
0l

V  is the theoretically calculated phase velocity of longitudinal acoustic waves in a two-

phase model of the medium: 
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Here the phase velocities of longitudinal acoustic waves in the matrix and filler ( lMV  and lFV ) are 

assumed to be known.  In this case, porosity can be defined as: 
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Experimental measurements of local porosity of composites using the through-transition 

technique 

Using the through-transition technique of laser-ultrasonic structuroscopy, local porosity was 

measured on a series of samples of isotropic composite based on AK12M2MgN alloy strengthened 

with different amounts of silicon carbide particles (SiC) 14 μm in diameter on average. The samples 

were produced by mixing filler particles into a matrix melt and then cooling without removal of the 

gas phase by forcible means. For the same samples, the effect of porosity on local elastic moduli 

was quantitatively assessed. Local elastic moduli were determined from the phase velocities of 

longitudinal and shear acoustic waves measured using the laser acoustic through-transition 

technique. The proposed method has a transverse resolution of 1-2 mm, the maximum relative error 

of estimation of Young's modulus, shear modulus, and Poisson's ratio is 6%, 5%, and 4%, 

respectively. Filler density SiC = 3.210
3
 kg/m

3
, matrix density АК  = 2.735×103 10

3
 kg/m

3
. 

(see table 1) 

Table 1 The parameters of the samples 

Sample 

No. 
Thickness 

H, mm 
Volume concentration of 

components n  

 Calculated 

density 

0 ,10
3 

kg/m
3 

Measured 

density 

 ,10
3 

kg/m
3 

Porosity 

P, % 

  AK12M2MgN SiC     

1 10.70 1.0 0,0 2.735 2.714 0.80 

2 10.18 0.967 0.033 2.750 2.710 1.45 

3 10.98 0.933 0.067 2.766 2.665 3.65 

4 4.72 0.864 0.136 2.798 2.660 4.90 

Theoretical values of Young's modulus 0E , shear modulus 0G , and Poisson ratio 0  are derived 

from the formulae [12]: 
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2
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where 0  is the calculated value of density; 0l
V  is the theoretical value of the phase velocity of 

longitudinal acoustic waves; and sV  is the measured shear acoustic wave velocity in the sample. 

Calculation of elastic moduli is based on sV  since the presence of air voids does not affect the shear 

stiffness of the sample; reduction in sV due to scattering of shear waves by pores is not taken into 

account. 

The results of the measurements and theoretical calculations (Fig. 1). Clearly, the theoretical values 

of elastic moduli increase with increasing concentration of SiC; however, the porosity of the 

material also increases, which leads to decreases in elastic moduli.  Therefore, the bulk porosity of 

composite materials based on AK12M2MgN alloy reinforced with SiC particles should not exceed 

2-2.5% so that the elastic moduli substantially increase. 

Thus, the through-transition technique of laser ultrasonic structuroscopy allows the elastic 

properties and porosity of composite samples to be non-destructively assessed. This diagnostics is 

needed when new materials technologies are developed and when “weak spots” in composites 

should be identified before components and workpieces are manufactured. 

  

 

 

Legend:  

▲ – theoretically calculated elastic moduli, 

– measured elastic moduli; 

 – porosity 

Fig. 1 Dependences of elastic moduli on the concentration of hardening particles and porosity of 

metal matrix isotropic composite 

However, the through-transition technique has serious limitations: the need to have access to both 

sides of the sample and the requirement that the sample should be a plane-parallel plate, which is 

practically impossible with respect to large-sized components in experimental and large-scale 

production. 

Measurement of porosity of samples in the pulse-echo mode 

We examined samples of graphite epoxy composites composed of an epoxy matrix reinforced with 

graphite fibers 5 μm thick (filler). The samples differed in matrix content by volume ( Mn  = 0.42, 

0.36, and 0.31), filler content, and porosity. Experiments were performed in the pulse-echo mode 

when ultrasound is excited by laser radiation absorption by the sample. Figure 2a shows a time 

profile of the acoustic signal in a composite. 
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a 

 

b 

 

Fig. 2 Time profile of acoustic signal produced using optoacoustic pulse-echo technique (a)  

and its spectrum (b) 

It consists of the probing longitudinal acoustic pulse excited on the front side of the sample, the 

pulse reflected from its opposite side (bottom pulse), and signals backscattered by structural 

heterogeneities and pores in the composite (“structural noise”). The structural noise is found 

between the sounding and bottom pulses on the time line, forming an unordered track.  

Spectral analysis of the combination of the probe pulse and structural noise was carried out with a 

view to assessing the porosity of the composites. The characteristic shape of the amplitude spectrum 

)( fS  is shown in black in Fig. 2b. This spectrum consists of smooth )(0 fS  and oscillating 

(‘noise’) components. The smooth component (the red line in Fig. 2b) is the theoretically calculated 

spectrum of the probing pulse; it is determined by the absorption coefficient of light and the 

thermophysical properties of the composite sample. Information on the amount of 

heterogeneities/pores in the sample structure is contained in the oscillating component of the 

spectrum of backscattered acoustic waves. 
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is the normalized power of the noise component of the spectrum of the ultrasonic signal (so-called 

“power of structural noise”); minf  and maxf  are the boundary frequencies of the working range of 

a piezoelectric transducer. Clearly, the larger is the value of W, the greater is the intensity of the 

backscattered signal and therefore the higher is the porosity of this zone of the sample. 

For the purpose of porosity characterization, dependence P(W) should be established empirically.  

The phase velocity of longitudinal acoustic waves lV  is measured, which is also dependent on 

porosity in those zones of the sample in which the power of structural noise is measured.  

Dependence lV  (W) is thus determined; however, in order to finalize the estimation of porosity 

Р(W), it is necessary to find how porosity P is related to ultrasonic velocity lV  in the same zone of 

the composite, i.e. P( lV ). This dependence is found theoretically: 
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Figure 3 shows experimental dependences )(WVl  for all three series of the samples tested.  Clearly, 

the experimental points for the samples with different values of Mn  are approximated by straight 

lines baWVl   with quite similar slope angles: а42 = -8710
3
 m/s and a36 = -8610

3
 m/s. We had 

only two samples with matrix content  = 0.31; however, it may be assumed that )(WVl  for 

these samples will also be a straight line.  

 

Fig. 3 Experimental relationship between the phase velocity of longitudinal acoustic waves and the 

power of structural noise in samples of graphite epoxy composites 

Using theoretical dependence P( lV ) and experimental dependence )(WVl , we can obtain required 

dependence P(W) (Fig. 4). Porosity was determined locally (within the range of the order of the 

diameter of the laser beam on the surface of the composite, 4mm) from the values of the ultrasonic 

velocity measured in those zones for which the power of structural noise was measured. The 

experimental data shown in Fig. 4 can be approximated by the formula [13]: 
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where A = -84.510
3
 m/s; B = 2810 m/s; 0

fitV  = 2770 m/s. Clearly, within the limits of measurement 

errors, the points corresponding to different values of  lie on one curve P(W). 
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Fig. 3 Experimental porosity versus the power of structural noise curve for samples  

of graphite epoxy composites 

Thus, the empirical relationship between local porosity of the graphite epoxy composite samples 

and the power of structural noise is found for the frequency range 0.5 to 8 MHz.  Using this 

relationship as a calibration curve, we can perform non-destructive diagnostics of local porosity of 

these composites in the range up to 16% with one-sided access to a sample/item. 

Conclusions 

It is shown that the bulk porosity of graphite epoxy composites can be estimated with the use of 

both the transition-through technique of laser ultrasonic structuroscopy and the pulse-echo 

technique of broadband ultrasonic inspection. 
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