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A B S T R A C T

In this work, we propose the laser-ultrasonic method for nondestructive evaluation of porosity in particulate
reinforced metal-matrix composites fabricated by stir and in-situ reactive casting techniques. The method is
based on the influence of porosity on dispersion of the phase velocity of longitudinal acoustic waves, which is
measured by the broadband acoustic spectroscopy with laser excitation of ultrasound (laser-ultrasonic spec-
troscopy). We studied stir cast hypereutectic aluminum-silicon alloy A336 matrix composites reinforced with the
SiC micro particles (3.3–13.5 vol%) and in-situ reactive cast Al/Al3Ti composites reinforced with the Al3Ti in-
termetallic particles (4–11.5 vol%). In the spectral range of 3–40MHz, the phase-velocity dispersion in both
types of composites was observed: the high-frequency velocity in the range of 20–40MHz increases with the
increase of the reinforcement content independent of porosity, whereas the low-frequency velocity in the range
of 3–10MHz decreases with the increase of porosity independent of the reinforcement content. As a result, the
relative dispersion grows up with the increase in the composite porosity independent of the variation in the
reinforcement content. The empirical dependence between the porosity in a scanning composite region and the
relative phase-velocity dispersion in this region is approximated by the same unified function. For the first time,
such unified porosity-phase velocity functional relationship is obtained for particulate reinforced metal-matrix
composites completely different in fabrication techniques as well as in chemical composition and elastic prop-
erties of reinforcing particles.

1. Introduction

The development of composite materials is a perspective way
among the methods of fabrication of new structural materials with
enhanced mechanical and thermophysical properties. A wide variety of
metal-matrix composites (MMCs) can be referred to these materials
[1,2]. An optimal choice of composite components and its preliminary
treatment make it possible to fabricate materials, which meet the re-
quirements to particular service conditions (see, for example, [3–6]).

Currently, the most reliable MMCs are based on aluminum or
magnesium and its alloys reinforced with different refractory ceramic
particles. The most high-capacity and economical method of manu-
facturing of such MMCs is the stir casting technique [1]. However, some
structural defects can appear in these materials resulting from its
manufacturing process; the most common of them is porosity formed by
gas bubbles and voids [7]. Porosity occurs in stir casting MMCs as a
result of gases dissolved in the melt whose solubility decreases with
decreasing temperature, physical entrainment of gases during stirring

of reinforcing particles into the matrix melt, as well as because of
shrinkage by solidification. In addition, quite poor wetting of ceramic
particles by the matrix melt causes formation of voids at particle-matrix
interfaces. Therefore, the porosity growth is associated with the in-
crease in the content of reinforcing particles, that in turn results in
debonding of particles from the matrix and subsequent decrease in the
composite strength (see, for example, [8,9]).

To overcome these drawbacks, in the last decades the production of
MMCs based on the chemical reactive casting technique is successfully
developed. This technique consists in the in-situ synthesis of reinforcing
phases in MMCs directly during the manufacturing process. These re-
inforcing phases in the form of refractory high-strength intermetallics
originate as a result of the exothermal reaction between the matrix melt
and the additives of reactively active metals or their oxides (see, for
example, [10–12]). The intermetallic phases are thermodynamically
stable, have a strong interfacial bond with the matrix due to the better
lattice conformity, and are free of any contaminations of interfacial
boundaries. In addition, the possibility of alteration of the chemical-
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reaction conditions makes it possible to change the volume content,
sizes and shapes of reinforcing intermetallic particles in such a way to
enhance the mechanical and thermophysical properties of produced
composite materials. The main drawback of the reactive casting is the
possible non-uniform distribution and clustering of intermetallic par-
ticles, the appearance of some shrinkage porosity, and non-uniformly
distributed porosity formed by gases dissolved in the liquid mixture and
entrained in the material after solidification [11,12].

Since the influence of porosity on the strength of the casting MMCs
is very critical, the development of the methods of quantitative non-
destructive evaluation of the local porosity in such composites is of
great importance both for improvement of its manufacturing process
and for detection of local regions with increased porosity in a finished
material before fabrication of products.

Currently, ultrasonic methods are the most widely used for quan-
titative nondestructive evaluation of porosity in composites because of
its relative simplicity, safety and high sensitivity to the presence of
voids and pores (gas bubbles) [13]. This is because of a strong influence
of porosity on the attenuation coefficient and velocity of ultrasonic
waves, since voids and pores scatter these waves very effectively. In
particulate MMCs, the reinforcing particles are also scatterers of ul-
trasonic waves, therefore the attenuation coefficient increases both by
the growth in the reinforcement content and porosity (see, for example,
[14] and references sited therein). For quantitative evaluation of the
porosity value in MMCs using the measured frequency-dependent ul-
trasonic attenuation coefficient, it is necessary to calculate the partial
contribution of reinforcing particles into the total attenuation. This
contribution strongly depends on the shape and sizes of particles and
the ratio between these sizes and a probe ultrasonic wavelength
[15,16]. A large number of models for calculations of the ultrasonic
attenuation (scattering) coefficient in two-phase elastic solids and
particulate composites were developed (see, for example, re-
presentative works [17–21]). However, the fundamental drawback of
all these models is that they are only applicable for spherical particles
or cylindrical elongated inclusions, whereas there are no real particu-
late MMCs with such “ideal” reinforcing content. Therefore, calcula-
tions of the ultrasonic attenuation coefficient in such materials using
the mentioned models are practically impossible. In other words, it is
not possible to calculate “reference ultrasonic attenuation” in a pore-
free MMC material with the complex-shaped reinforcement content to
extract from the actual measured attenuation in a given porous MMC
specimen the contribution of attenuation caused solely by porosity.

At the same time, the phase velocity of ultrasonic waves in such
particulate MMCs can be calculated using a number of developed the-
oretical models for the elastic moduli of quasi-isotropic and quasi-
homogeneous particulate MMCs with arbitrary reinforcing particle
geometry: the classical analytical micromechanical model for multi-
phase materials [22], the three-phase self-consistent model for de-
termination of the effective shear modulus of a composite system [23],
the model for the elastic modulus of a two component isotropic com-
posite, which takes into account the three-dimensional nature of stress
and strain coupling in the material [24]. These models can be used
providing that the elastic properties and content of the matrix and re-
inforcing particles are known and the probing ultrasonic wavelength is
much more than sizes of particles. For quite low particle contents
(< 10–15%), the calculation results obtained using different models
practically coincide with each other. The Hashin–Shtrikman variational
bound model [22] is successfully used in many works to calculate the
elastic properties of particulate MMCs with various reinforcement types
and contents. The results show good agreement with experimental data
obtained using the measured phase velocities of longitudinal and shear
ultrasonic waves (see, for example, [25–27]). It means that the men-
tioned models can be used for the theoretical calculations of ultrasonic
velocities in the solid (pore-free) phase of real porous MMCs under
study. The calculation results can serve as the “reference” data to reveal
the solely influence of porosity on the actual velocities in these

materials.
Another reason for the preferable use of the ultrasonic velocity in

MMCs instead of attenuation for quantitative evaluation of porosity is
that the immersion technique widely used for the precise measurements
of ultrasonic attenuation requires knowing of the reflection and trans-
mission coefficients of ultrasonic waves for a studied MMC specimen.
These values depend on the acoustic impedance of the specimen, which
in turn is determined by the ultrasonic velocity. Therefore, to obtain the
absolute value of the ultrasonic attenuation coefficient the ultrasonic
velocity should anyway be measured. In addition, some instability in
the amplitude of the reference ultrasonic pulse influences on the mea-
surement results of absolute attenuation, whereas this instability has no
impact on the measurement results of the phase velocity.

There are many theoretical and empirical models for the depen-
dence of ultrasonic velocities on porosity. They are based on theories of
the dependence of the elastic moduli on porosity [28–30], on structural
models using an electro-acoustical analogy [31], or on the ultrasonic-
wave scattering theory in porous media (see, for example, [32]). A
modified theory of the dependence of ultrasonic velocities on porosity
based on the Young’s modulus dependence on porosity assuming oblate
spheroidal-shaped pores was proposed in [33]. All the mentioned the-
ories accurately describe the experimental results for sintered single-
phase metals and ceramics providing that the pore aspect ratio is
known. However, they are very sensitive to the aspect ratio of pores and
its orientation with respect to the reference ultrasonic beam and
therefore are not applicable for particulate MMCs with arbitrary pore
geometries.

The authors of [34] were probably the first who experimentally
observed ultrasonic phase-velocity dispersion of longitudinal ultrasonic
waves in carbon fiber reinforced plastic (CFRP) laminates with different
porosities. It was found that in a frequency range of 3–8MHz, the in-
crease in porosity leads to the increase in relative velocity dispersion as
compared with pore-free CFRPs. The same phenomenon in CFRP la-
minates was observed and quantitatively analyzed in recent works
[35,36]. In [36], it was found that the increase in porosity leads to the
increase in relative phase-velocity dispersion in a frequency range of
1–10MHz independently on the volume content of the composite
components.

In this work, we study the influence of porosity on the phase-velo-
city dispersion of longitudinal ultrasonic waves in particulate MMCs
fabricated by stir and in-situ reactive cast techniques and having dif-
ferent contents of reinforcing ceramic or intermetallic particles and
porosities. For this purpose, we use the laser-ultrasonic spectroscopy
method described in detail in [35,36] and compare the experimental
results with the phase velocity theoretically calculated using the Ha-
shin-Shtrikman model [22]. In our opinion, the main advantage of laser
excitation of ultrasound as compared with piezoelectric excitation is the
ratio of the highest and the lowest frequencies of the spectral band-
width of laser-induced ultrasonic pulses [36], which can be 10–20 times
higher than that for piezoelectric transducers. This makes it possible to
observe occurrence of dispersion of ultrasonic waves in a wide fre-
quency range, which could probably not be revealed with the conven-
tional piezoelectric transducers because of its limited bandwidth. This
work continues our studies being started in [37] with the aim to find
out, if porosity is the main factor affecting the phase-velocity dispersion
in particulate reinforced MMCs independently of their fabrication
technique (stir or in-situ reactive casting), chemical composition, and
elastic properties of reinforcing particles (SiC or Al3Ti). The goal of this
work is to derive the empirical relation between phase-velocity dis-
persion in the megahertz frequency range and porosity in two com-
pletely different types of particulate reinforced MMCs, which can be
used for ultrasonic quantitative nondestructive evaluation of porosity in
such materials.
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2. Materials and methodology

2.1. Stir-cast particulate metal-matrix composites

The first series of MMC specimens (#1, further specified as Al/SiC
composites) was manufactured by the conventional stir casting tech-
nique, the matrix was the hypereutectic aluminum-silicon alloy
AlSi13Mg1CuNi (A336) [38] reinforced by SiC particles with an
average size of 14 μm. Three studied types of MMCs corresponded to
three different contents of SiC (in vol%): 3.3; 6.7 and 13.5. All speci-
mens were prepared as the plane-parallel fine-grinded disks with
thickness H=(5 ± 0.005) mm and diameter D=(50 ± 0.1) mm. For
both specimen sides, the maximum deviation from perfect flatness was
estimated at a level of± 5 μm.

Fig. 1 shows representative optical microscopy images of the “pure”
A336 matrix without any reinforcement and the Al/SiC composite
specimens with 6.7 vol% and 13.5 vol% of SiC.

The matrix is the crystallized alloy of the two-component eutectic
(Al-Si) and multi-component eutectics with the intermetallic phases of
Mg2Si and CuAl2 [38]. They form mutually embedded loops and den-
drites, which look like a fine-dispersed mixture on the optical image.
Fig. 1(a) shows that the matrix is practically pore-free. In the composite
specimen, the reinforcing SiC particles depicted on Fig. 1(b) as grey
lamellas are practically uniformly distributed and pores are mainly
observed at the particle-matrix interfaces.

Porosity content P in the composite specimens averaged over their
entire volume is determined as

= ×P (1 / ) 100%,0 (1)

where actual specimen density ρ is measured using hydrostatic
weighing in distilled water (Archimedes’ principle), density 0 of the
pore-free composite is calculated using the rule of mixtures with the
known densities of A336 and SiC and their volume contents in the
specimen:

= n ,
i

i i0
(2)

where subscript “i” refers to the matrix (i=1) or SiC (i=2). The
density of SiC is known [39]: 2 =3.19×103/m3, the density of A336
was taken as the measured density of the pore-free matrix specimen
described above: 1 =2725 kg/m3. The measurement error of the spe-
cimen mass was about 2mg, which together with the errors in the
specimen dimensions resulted in the error of about 14 kg/m3 for the
specimen densities.

The technological parameters of all Al/SiC specimens under study
are summarized in Table 1, where the first number in the specimen
notation refers to the composite series (#1). One can see that the
growth of SiC content leads to the increase of porosity P due to origin of
pores (gas bubbles) at the particle-matrix interfaces.

Fig. 1. Optical microscopy images: (a) A336 matrix specimen; Al/SiC compo-
site specimen with (b) 6.7 vol% and (c) 13.5 vol% of SiC particles.

Table 1
Technological parameters of Al/SiC composite specimens.

Specimen # Volume content of components, ni Calculated
density 0, kg/m

3
Measured
density ρ, kg/m3

Porosity P, %

A336 SiC

1–0 1.000 0.000 2725 2725 ± 14 −
1–1 0.967 0.033 2740 2702 ± 14 1.38 ± 0.51
1–2 0.933 0.067 2756 2653 ± 14 3.75 ± 0.51
1–3 0.865 0.135 2788 2661 ± 14 4.54 ± 0.51
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2.2. Reactive-cast particulate metal-matrix composites

The second series of MMC specimens (#2, further specified as Al/
Al3Ti composites) was manufactured by the mechanical stirring of 3 vol
% of the titanium powder with the mean particle size of 200–400 μm
into the melt of aluminum Al 1199 (the standard of the Aluminum
Association). The mixture was heated up to 750 °C, stirred during 1min
and then hold at this temperature before pouring into graphite molds.
The holding time h was varied for four different specimens and was 2,
30, 60 and 90min, respectively.

The insertion into the aluminum melt of reactively active titanium
causes the exothermal reaction which results in in-situ formation of
intermetallic Al-Ti phases according to the Al-Ti phase diagram [40].
For our experimental conditions, namely the melt temperature and the
weight content of Ti, titanium trialuminide (Al3Ti) is preferably syn-
thesized and its maximum volume content reaches 11.5–12% (see, for
example, [11,12,40–42]). Fig. 2 shows representative optical micro-
scopy images for four Al/Al3Ti composite specimens corresponding to

four different holding times h. The increase of h leads to the trans-
formation of needle-like Al3Ti inclusions into block-like and to the in-
crease in the volume content and mean size of Al3Ti particles. For the
holding time h =90min, these parameters reach maximum values,
11.5 vol%, and 13.5 μm, respectively. Similar to Al/AlSiC composites,
all Al/Al3Ti specimens were prepared as the plane-parallel fine-grinded
disks with thickness H=(5 ± 0.005) mm, diameter D=(50 ± 0.1)
mm, and the maximum deviation of both specimen sides from perfect
flatness was estimated at a level of± 5 μm.

The corresponding structural parameters of Al/Al3Ti composites
were calculated in [42] and are shown in Table 2. The volume content
nTi of unreacted titanium is calculated assuming that its entire initial
volume is spent to formation of the maximum volume content of Al3Ti
(11.5%): =n n n(1 /0.115)Ti 0Ti Al Ti3 , where n0Ti =3% is the initial vo-
lume content of titanium. The geometry and dimensions of all Al/Al3Ti
specimens was the same as for Al/SiC specimens (see Section 2.1).
Porosity content P in the composite specimens averaged over their
entire volume was determined with formula (1) using the actual

Fig. 2. Optical microscopy images of Al/Al3Ti composite specimens manufactured by different holding times of the Al melt - Ti powder mixture before pouring: (a) 2,
(b) 30, (c) 60, and (d) 90min.

Table 2
Technological parameters of Al/Al3Ti composite specimens.

Specimen # Holding time h, min Volume content of components, ni Calculated density 0, kg/m
3 Measured density ρ, kg/m3 Porosity P, %

Al Ti Al3Ti

2–0 – 1.000 0.000 0.000 2689 2687 ± 14 <0.1
2–1 2 0.94 0.02 0.04 2751 2741 ± 14 0.36 ± 0.51
2–2 30 0.929 0.016 0.055 2753 2685 ± 14 2.47 ± 0.51
2–3 60 0.902 0.006 0.092 2762 2725 ± 14 1.34 ± 0.51
2–4 90 0.885 0.000 0.115 2766 2748 ± 14 0.65 ± 0.51
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specimen density measured by hydrostatic weighing in distilled water
and density 0 calculated with expression (2), in which subscript “i”
refers to aluminum (i=1), titanium (i=2), and Al3Ti (i=3). The
densities of these components are [39,41]: Al =2689 kg/m3,

Al Ti3 =3360 kg/m3, and Ti =4505 kg/m3.
It can be seen from Table 2, that the non-monotonic change of the

specimen porosity is observed by the increase of the holding time.
Probably, this is caused by the presence of gases dissolved in the liquid
mixture; the gas concentration can grow up by the increase of the
exothermal reaction duration. During the holding times of 30 and
60min, these gases have not enough time to reach the mixture surface
and remain entrapped in the crystallized material. By the increase of
the holding time up to 90min, all dissolved gases have time to reach the
surface and escape the mixture, therefore the density of sample #2–4
grows up in accordance with the growth of the volume content of Al3Ti.

2.3. Laser-ultrasonic spectroscopy method

The experimental setup of the broadband acoustic spectroscopy
with laser thermoelastic excitation and piezoelectric detection of ul-
trasonic pulses is shown in Fig. 3 and is similar to that described in [36]
except for some technical modifications. We used the same Q-switched
Nd:YAG laser with the nearly Gaussian temporal profile with the
characteristic pulse duration (pulse width) of 10–11 ns, but added an
optical system consisting of convex and concave lenses to form the laser
beam with a nearly Gaussian lateral intensity distribution with char-
acteristic radius a0 ≈5mm on the surface of a source of ultrasound
(optoacoustic (OA) source). As this OA source, we used a plane-parallel
polished plate of the optical filter “blue-green glass” with an acousti-
cally free surface [43]. The light absorption coefficient for this filter at
the operating laser wavelength is μ= 130–140 cm−1, which makes it
possible to effectively excite ultrasonic pulses with the spectral band
ranging from 1–2 to 40–50MHz and satisfy condition a0μ≫ 1, that in
turn determines the nearly plane wave front of the excited reference
ultrasonic beam [43]. The characteristic radius of this beam coincides
with that of the laser beam and is equal to a0.

Broadband ultrasonic pulses are received by a specially designed
piezoelectric detector based on a Z-cut LiNbO3 single crystal (thickness
30 μm, diameter 2mm). Its resonance frequency is about 120MHz, but
some damping and operating in an open-circuit mode allowed us to
obtain a quite flat amplitude-frequency response in a frequency range
below the resonance. The used assembly of the detector with a charge
preamplifier had the maximum low-frequency sensitivity of about
0.8 V/bar and the operational bandwidth 1–80MHz at the 1/e level.
Acoustic contacts between the OA source, specimen, and piezoelectric

detector were provided with two 3-mm immersion layers of distilled
water. Electrical output signals from the detector are acquired by a 12-
bit analog-to-digital converter (ADC) with a sampling rate of 200
Msamples/s and processed via PC. The start of the ADC is synchronized
with the instant of laser pulse emission.

Fig. 4 shows time profile along with amplitude and phase spectra of
the reference ultrasonic pulse, which passed only through two 3-mm
immersion water layers (without any studied specimen). A high stabi-
lity of the temporal profile of reference ultrasonic pulses and opera-
tional parameters of the detection and acquisition system provide the
minimum signal-to-noise ratio of our experimental setup at the level of
approximately 5× 10−4.

Dispersion of the phase velocity of longitudinal acoustic waves,
C f( ), is calculated using the phase spectrum of the reference ultrasonic
pulse, f( )0 , and that of the pulse passed through the specimen, f( ):

=C f fH
f f

( ) 2
( ) ( )

.
0 (3)

Here, f is the ultrasonic frequency, both f( )0 and f( ) are already
continuous phase spectra obtained using the standard phase unwrap-
ping code [34], in which corresponding addition of term ± n2 (n is an
integer) is programmed in such a way to eliminate the ambiguity of the
phase spectrum calculated from the arctangent function. The ADC was
encoded to record these pulses in the corresponding time windows
determined by the pulse time-of-flight through the acoustic path. Before
the ultrasonic spectra of all pulses and phase-velocity dispersion were
calculated, correction of frequency-dependent diffraction was made
with the expression describing the diffraction transformation of
broadband ultrasonic pulses ((2.47) in [43]).

The proposed laser-ultrasonic method makes it possible to measure
the ultrasonic phase velocity averaged over the scanning specimen re-
gion. This region is approximately cylindrically-shaped providing that
diffraction in the specimen is weak (see below Section 3); its diameter
corresponds to that of the incident reference ultrasonic beam (≈5mm)
and the height is equal to the specimen thickness. Therefore, estimation
of porosity averaged over this region is realized with the measured
velocity. If the reference ultrasonic beam is shifted to impinge a spe-
cimen region with another porosity level, the measured phase velocity
determined by “local” porosity in this particular scanning region will be
different.

3. Results and discussion

It can be seen from Figs. 1 and 2 that the particle distribution in
both types of composite specimens is quite uniform. This allows one to

Fig. 3. Laser-ultrasonic spectroscopy setup.
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consider the studied specimens as acoustically isotropic. Figs. 5 and 6
show examples of time profiles, amplitude, and phase spectra of ul-
trasonic pulses passed through the Al/SiC and Al/Al3Ti composite
specimens, respectively. For comparison, the reference-pulse amplitude
spectrum is also shown in Figs. 5b and 6b (right Y axes). Clearly, it is
considerably wider than spectra of pulses passed through all studied
specimens. The absence of any noise in the reference amplitude and
phase spectra practically up to 60–70MHz along with a quite large
spectral amplitude at 40MHz (about 10% of the maximum) provide the

possibility of reliable measurements of the phase velocity in the spe-
cimens at least up to 40MHz.

In all specimens, measurements of the phase velocity were carried
out in five randomly selected regions located at distances of about
10mm from each other. For each specimen, the velocity variation in
different regions did not exceed 10m/s. Fig. 7 shows dependences C f( )
in Al/SiC and Al/Al3Ti composite specimens calculated using expres-
sion (3) and averaged over five regions in each specimen. For fre-
quencies f < 3MHz, the phase velocity were not determined because
of relatively high errors caused by significant diffraction of low-fre-
quency ultrasonic harmonics. For f > 40MHz, this velocity was also
not determined since the amplitude of the transmitted ultrasonic har-
monics at these frequencies was of the order of the noise level due to
high attenuation in the specimens. In the operating frequency range of
3–40MHz, the relative error for C f( ) depends on the signal-to-noise
ratio for spectral amplitudes of each harmonic of the ultrasonic pulse
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and on the measurement accuracy for the specimen’s thickness. An
additional error could be caused by a small variation of the thickness of
water layers between the blue-green glass, specimen, and detector by
arrangement of a specimen after recording of the reference ultrasonic
pulse (without any specimen). The maximum deviation from perfect
flatness for both specimen sides (± 5 μm) can cause deflection of the
ultrasonic beam in a specimen at a maximum angle of about
5 · 10−4 rad estimated for oblique incidence of the reference ultrasonic
beam to the water-composite interface. This possible deflection was
taken into account by estimations of the total relative measurement
error for the phase velocity. As a result, this error is estimated at the
level of 0.5–0.8% in the operating frequency range. In Fig. 7, several
uncertainty bounds are shown, which correspond to the minimum and
maximum errors for C f( ) as described above.

Since the diameter of the reference ultrasonic beam (10mm) is
practically 5 times more than the detector aperture (2mm), the losses
of the acoustic energy on the beam axis are detected and the use of

expression (3) is rightfully. These losses are mainly caused by ultrasonic
scattering on the structure inhomogeneities (particles and pores). Since
their characteristic sizes (tenths of microns) are much less than the
ultrasonic wavelengths in the operating frequency range (λu=168 μm
– 2.2mm; for estimations of λu we took C=6700m/s), the Rayleigh
scattering is realized. In this case, forward ultrasonic scattering is pre-
dominant [17] and the possible influence of 3D scattering on the phase-
velocity dispersion is negligible. In addition, in this frequency range the
influence on the true physical dispersion of so-called geometrical dis-
persion [44] caused by diffraction is also very weak. This is because of
diffraction frequency fdifr (the maximum frequency, at which this effect
is noticeable) calculated as =f HC a/difr 0

2 [43] is about 0.4MHz for our
experimental conditions, which is far beyond of our operating fre-
quency range. Therefore, the phase-velocity dispersion observed in
Fig. 7 is determined by ultrasonic scattering on reinforcing particles and
pores in the studied composites.

For both types of composites, practically no phase-velocity disper-
sion was observed in the “pure” matrix (A 336 and Al) without any
reinforcement. For Al/SiC composites (Fig. 7a), the phase velocity in-
creases by the growth of SiC content nSiC in spite of the growth of
porosity P, but this increase is observed only in the high-frequency
range (f > 20MHz). The opposite situation takes place in the low-
frequency range (f < 10MHz) - the phase velocity decreases by the
growth of porosity P in spite of the growth of nSiC. It means that the
porosity content P in the studied specimens causes occurrence of the
phase-velocity dispersion of longitudinal acoustic waves: value

=C C C 0max min , where Cmin = C (3MHz) and Cmax = C(40MHz)
are the minimum and maximum velocities for each specimen in the
operating range 3–40MHz. The parameter C is the highest for
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specimen #1–3 with the maximum porosity.
For Al/Al3Ti composites (Fig. 7b), the growth of porosity is not

associated with the increase of the reinforcing content (see Section 2.2).
For low-porous specimens #2–1 (P=0.36%) and #2–4 (P=0.65%),
practically no variations of velocity with frequency are observed within
the accuracy limits. The absolute value of C is the largest in the entire
operating frequency range for specimen #2–4 with the highest content
of Al3Ti particles, as it follows from the increase of elastic moduli of
MMCs with the growth of the reinforcement content [22]. As well as for
Al/SiC composites, parameter C characterizing the phase-velocity
dispersion is the highest for specimen #2–2 with the maximum porosity
(P=2.47%).

The phenomenon of the velocity dispersion of longitudinal acoustic
waves in a porous material was theoretically analyzed in [45] using the
mathematical analogy between plane wave propagation in a solid with
voids and axial wave propagation along a circular cylindrical rod with
radial shear and inertia. The main idea is that in a solid with voids, an
initial longitudinal wave is transformed into a dispersive wave, which
propagates with a lower velocity due to dilatational inertia around
voids. The corresponding value of the velocity dispersion depends on
the porosity content and on the ratio of pore sizes and ultrasonic wa-
velengths.

For quantitative characterization of porosity in the studied MMCs,
we proposed to consider relative velocity dispersion

=C C C C C( )/ /max min theor theor, where Ctheor is the theoretically calcu-
lated phase velocity of longitudinal acoustic waves in the corresponding
pore-free composite. We believe, that this relative dispersion is solely
determined by porosity, since (i) for low-porous specimens C 0 and
(ii) division of C by Ctheor eliminates the partial influence of reinfor-
cing contents on the absolute velocity values. To calculate Ctheor, we
used the Hashin-Shtrikman model [22] for the variational lower bounds
of the elastic moduli of a multiple-phase composite, since just these
bounds provide the results closest to the experimentally obtained elastic
moduli for various types of particulate MMCs [25–27]. For Ctheor, we
used the well-known expression = +C K G( 4/3 )/theor 0 , where K and
G are the bulk and shear moduli of the pore-free composite and 0 is its
density. To calculate K and G for Al/SiC two-phase composite, we used
expressions (4.1)–(4.4) from [22], and for Al/Al3Ti composite, we used
expressions (3.37)–(3.42) and (3.44)–(3.49) from the same work for
n=3. The elastic moduli of all components of our composites used in
the calculations are listed in Table 3, where =K E/3(1 2 ) 1. For
Al3Ti, the Young and shear moduli, as well as the Poisson’s ratio depend
on its crystal lattice type (tetragonal or cubic) and its values given in
different references vary in quite wide ranges. Since in our composites
the exact lattice type of Al3Ti is not known, we used averaged values of
the mentioned elastic parameters.

In Table 4, the summary data on the phase velocities together with
porosity values for all studied composite specimens are shown. For both
composite types, the difference between theoretically calculated Ctheor
and measured high-frequency Cmax is quite small (< 100m/s). It means
that the high-frequency phase velocity of longitudinal ultrasonic waves
is mainly determined by the elastic properties and volume content of
the reinforcing particles and is practically independent of porosity.

For quantitative characterization of porosity in the studied MMC
specimens, we plotted the relationship between porosity P and relative

velocity dispersion C C/ theor as dependence P C C( / )theor for all speci-
mens (Fig. 8, points). For two different types of composites, this em-
pirical dependence can be fitted using the least-squares method by one
and the same power function:

=y x0.996 .0.732 (4)

The relative errors of the fitting parameters in expression (4) do not
exceed 8%. Here, the x value corresponds to relative velocity dispersion

C C/ theor taken in percent and the y value corresponds to porosity P
also taken in percent.

Functional dependence (4) obtained by fitting of the empirical data
on the phase-velocity dispersion can be used as a “calibration curve” for
ultrasonic quantitative evaluation of porosity P in stir cast Al/SiC and
in-situ reactive cast Al/Al3Ti composites for reinforcing particle con-
tents up to 13–14 vol%. It is interesting to note that the dependence
P C C( / )theor is the same for different types of reinforcements with very
different chemical composition and elastic properties. It means that the
observed relative dispersion of the phase velocity is mainly governed by
porosity in the studied particulate MMCs and is practically independent
of the fabrication technique and of the specific type of reinforcing
particles.

To validate the performance of the proposed technique, we used the
derived “calibration curve” to evaluate porosity in an in-situ reactive
cast Al/Al3Ti composite specimen fabricated with the same technique
described in Section 2.2, but with adding of 0.2 vol% of synthetic dia-
mond nanoparticles of 50 nm in size [42]; specimen shape and thick-
ness were the same as for all studied Al/Al3Ti specimens. The diamond
nanoparticles affected on acceleration of growth of Al3Ti particles as
compared with the composites described in Section 2.2, as well as on
enhancement of tribological characteristics of the composite [42]. A
representative optical microscopy image for such specimen manu-
factured by holding time h =30min is shown in Fig. 9a. The volume
content of Al3Ti particles in this specimen was practically the same as in
specimen # 2–2, but the mean particle size was larger because of a
faster rate of Al3Ti synthesis. Fig. 9b shows the phase-velocity disper-
sion curve measured in this specimen with the proposed laser-ultrasonic
method. For this specimen, measured values Cmin =6142m/s and
Cmax =6478m/s, calculated values Ctheor =6436m/s and

C C/ theor =5.22%; and corresponding porosity calculated with “cali-
bration curve” (4) is P=(3.34 ± 0.27)%. Here, the error is equal to
the relative error of the fitting parameters in (4). Next, a cylinder of
1 cm in diameter was cut from the scanning region of this specimen and
porosity of this cylinder was determined by hydrostatic weighing in
distilled water, as it was made for all studied specimens. The porosity
value was equal to 3.6%, which practically coincides with that de-
termined using formula (4) taking into account the fitting error bounds.
A higher porosity level in this composite as compared with specimen
#2–2 is probably caused by the accelerated rate of the exothermal re-
action of Al3Ti synthesis.

Thus, the “blind” test experiment on a MMC specimen with porosity
unknown in advance confirmed the validity of application of fitting
function (4) proposed for the first time for nondestructive porosity
evaluation in particulate reinforced MMCs manufactured with com-
pletely different processing techniques and containing different types of
reinforcements.

Table 3
Elastic characteristics of components of studied MMCs.

Component Young’s modulus E, GPa Shear modulus G, GPa Poisson’s ratio ν Bulk modulus K, GPa Reference

A 336 83.5 31.3 0.327 80.4 [46]
SiC 419.4 180.4 0.16 205.6 [25]
Al 70.6 26.3 0.34 73.6 Measured in this work with the method described in [46]
Ti 110 41.5 0.33 107.8 [39]
Al3Ti 216 93 0.23 133.3 [47,48]

N.B. Podymova, et al. Ultrasonics 99 (2019) 105959

8



4. Conclusions

In this work, the laser-ultrasonic spectroscopy method for non-
destructive evaluation of porosity in stir cast and in-situ reactive cast
particulate-reinforced metal-matrix composites is proposed and rea-
lized. This method was used to study dispersion of the phase velocity of
longitudinal acoustic waves in the composite specimens with different
contents of reinforcing particles and porosities. Two different types of
composites were studied: stir cast hypereutectic aluminum-silicon alloy
A336 matrix composites reinforced with the SiC micro particles (vo-
lume contents 3.3–13.5%) and in-situ reactive cast Al/Al3Ti composites
with the Al3Ti intermetallic particles (volume contents 4–11.5%). In the
operating frequency range of 3–40MHz, the phase-velocity dispersion
was observed in the composite specimens of both types with poros-
ities> 1%: the high-frequency velocity in the range of 20–40MHz in-
creases with the increase of the reinforcement content independent of
porosity, whereas the low-frequency velocity in the range of 3–10MHz
decreases with the increase of porosity independent of the reinforce-
ment content. As a result, the relative dispersion determined as the
difference between the high- and low-frequency velocities normalized
by the velocity theoretically calculated using the Hashin-Shtrikman
model for the multi-phase quasi-isotropic composites, grows up solely
by the porosity increase and is independent of the specific type and
contents of reinforcing particles. We found that for two different types
of composites, the empirical relation between the porosity in the
scanning composite region and relative phase-velocity dispersion in this
region is approximated by the unified power function. This function can
serve as a “calibration curve” for quantitative nondestructive evalua-
tion of porosity in the studied types of stir cast and in-situ reactive cast
particulate-reinforced metal-matrix composites.

The novelty of this work is that the unified porosity-phase velocity

functional relationship is obtained for the first time for particulate re-
inforced metal-matrix composites completely different in fabrication
techniques as well as in chemical composition and elastic properties of
reinforcing particles. Further development of the proposed laser-ultra-
sonic spectroscopy method together with the mechanical strength, fa-
tigue life and wear tests of different types of particulate-reinforced
metal-matrix composites seems to be promising for working out the
quantitative design acceptance criteria for these materials with various
porosity contents.
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Table 4
Porosity and phase velocities of longitudinal ultrasonic waves in studied MMC specimens.

Type Specimen # Porosity P, % Cmin, m/s Cmax , m/s Ctheor, m/s C , m/s C C/ theor, %

Al/SiC 1–1 1.38 6639 6761 6794 122 1.80
1–2 3.75 6446 6837 6893 391 5.72
1–3 4.54 6407 7005 7101 598 8.42

Al/Al3Ti 2–1 0.36 6395 6416 6402 21 0.33
2–2 2.47 6239 6444 6429 205 3.19
2–3 1.34 6433 6522 6497 89 1.37
2–4 0.65 6523 6575 6540 52 0.80
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