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Material Grain Size Determines Relaxation-Time Distributions in Slow-Dynamics
Experiments
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By measuring the elastic slow dynamics behavior of various consolidated granular materials and metal-
lic alloys, we show that the evolution of the wave velocity as a function of time can be reproduced by using
a continuous relaxation-time spectrum, whose main features can be extracted from the experiments. Here
we propose to adopt a Weibull distribution of the relaxation times, that we find to display a maximum,
which is related to the material grain size and independent of the conditioning amplitude. These results
show that the role of the grain-size distribution is fundamental to quantify slow dynamics effects, as well
as to clarify its mesoscopic physical origin. Moreover, they can pave the way for the implementation of
advanced characterization methods or nondestructive testing techniques capable of retrieving information
on the different spatial scales or defects in the materials under investigation.

DOI: 10.1103/PhysRevApplied.17.014002

I. INTRODUCTION

Slow relaxation phenomena that do not follow a typ-
ical exponential behavior take place in diverse physical
systems [1-3]. In some cases, suitable relaxation curves
have been introduced to describe their behavior [1,4], but,
usually, they are described in terms of the combination of
exponential relaxation processes with different time rates
[5-7]. The existence of a broad relaxation-times spectrum
could be correlated to the spatial scales present in the
physical system, e.g., pore radii [5] or grain sizes [8].

Slow dynamics is a relaxation phenomenon in hys-
teretic elastic solids. It can occur both during conditioning
and relaxation. The former is described as the varia-
tion, in time, of the elastic wave-propagation velocity and
attenuation, when an excitation at a given strain level
is applied [9]. Relaxation occurs when the excitation is
removed: velocity and damping recover, slowly in time,
to their original equilibrium value [10,11]. These effects
have been observed in rocks [12], consolidated [13—15]
and unconsolidated [16] granular media, damaged com-
posites, polymers and polycrystalline metals [17,18]. Slow
dynamics phenomena arise from the coexistence of mul-
tiple equilibrium states, defined by different values of the
viscoelastic properties (modulus and damping) at different
amplitudes of the strain applied to the material [19-22].

The possibility of further understanding the mecha-
nisms that produce the time evolution of the viscoelastic
properties of the material during the relaxation process,
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plays a crucial role in identifying its underlying physical
mechanisms, which can be redistribution of fluids [23,24],
sliding, adhesion and/or friction [25], rearrangement of
dislocations [26], or clapping surfaces [27], etc.

A possible approach to the problem is to interpret
the relaxation process as a multirelaxation phenomenon,
by fitting experimental curves with a superposition of
time-decaying exponentials. Shokoui ef al. applied this
approach by using a finite, discrete basis of exponentials
[7]. Snieder proposed a continuous relaxation spectrum
proportional to 1/t by fixing minimum and maximum
bounds to the range of possible relaxation times [28]. Both
approaches have some limitations in view of establishing
correlations with the material spatial scales and properties.
Moreover, they represent two limiting conditions of a more
general approach, that we present here.

In a more general way, the problem is that of deter-
mining a “physically reasonable,” continuous distribution
function describing the relaxation-time spectra starting
from experimental data, and obtaining the parameters of
a function that allows to fit the data. Two main issues,
however, make the procedure complex: (i) relaxation times
span over 5—6 decades, since both short and long times
play a role in the slow dynamics recovery and (ii) due
to the presence of noise and experimental limitations to
access all time scales, the problem is not well posed. As
a consequence, the distribution function describing the
phenomenon might not be unique [2].

Here, we show that it is possible to determine, starting
from data acquired from different materials under an elastic
excitation, a reasonable and physically grounded solution,

© 2022 American Physical Society
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and that some characteristic features of the obtained distri-
butions, like the peak position, are directly related to the
material properties like the grain size, and independent of
amplitude of the conditioning strain.

II. MATERIALS AND METHODS
A. Materials

Several samples with different grain structures are con-
sidered. Specifically, we analyze the following:

(a) Civil engineering concrete (sample Conc-B06): in
the shape of a cylinder (40 mm diameter and 160 mm
length). It is drilled from a casting prepared with 340 kg
of cement (CEM II A-L 42.5 R), 957 kg of sand (0—5 mm),
846 kg of gravel (5—15 mm), and 200 kg of water (w/c ratio
0.59).

(b) Mortar (sample Mort-P23): in the shape of a prism
(40 x 40 x 160 mm?®), produced using Portland cement.
Sand grains are about 500 pum size.

(c) Berea sandstone (sample Ber-BE9): in the shape of
a thin cylinder (10 mm diameter and 250 mm length). The
size of the grains in this sample is of the order of 150 um
and the sample is very homogeneous.

(d) Low-quality concrete (Conc-X04): in the shape of
a prism (30 x 30 x 130 mm?), produced with proportions
of two volumes of cement, four volumes of sand, and six
volumes of gravel per volume of water (the average gravel
size is 5 £ 2 mm);

(e) 3D-printed titanium alloy (sample TiAlI-3DA): in
the shape of a prism (100 x 20 x 15 mm?®), produced by
SEBM using an Arcam Q20+ system and Ti-6Al-4V pow-
der of particles of 45 to 105 um diameter. Two typical
size scales are present: the grain structure of the alloy is of
the order of 40 um and the space scale of about 1 mm of
the layered structure, which is induced by the production
procedure.

(f) Aluminum alloy D16CT1 equivalent to 2024 Al-
4Cu-1Mg (sample Alu-C20): in the shape of a prism
(100 x 20 x 20 mm?) with the standard properties of alu-
minum alloy and grain sizes of the order of 350 pm.

Table I summarizes the samples type, name, and typical
grain size.

B. Experimental setup

Ultrasonic input signals are excited by an Agilent 33500
arbitrary waveform generator, amplified 20 times, and sent
to a Matest C370-02 (resonance frequency approximately
equal to 55 kHz) or IMG (resonance frequency approx-
imately equal to 27 kHz) piezoelectric transducer glued
to the basis of the sample by means of phenyl salicylate
or cyanoacrylate glue. A Matest C370-02 transducer is

TABLE 1. Type, name, and estimated average grain size of the
investigated materials. See also Refs. [29-31].

Material Name Mean grain size
Concrete Conc-B06 10 mm
Mortar Mort-P23 0.5 mm
Berea Sandstone Ber-BE9 0.15 mm
Concrete Conc-X04 5 mm
Ti-6Al-4V TiAl-3DA 0.04 mm and 1 mm
Al alloy Alu-C20 0.35 mm

placed at the other end of the sample to record output sig-
nals using an Agilent-Infiniuum DS0O9024H or Picoscope
6402C oscilloscope.

To ensure that the obtained results are not dependent on
the specific arrangement of the sample position and orien-
tation, two different configurations are used. In the first,
the samples (Ber-BE9, Mort-P23, TiAl-3DA) are verti-
cally suspended and enclosed in a styrofoam box to reduce
ambient thermal drifts. In the second arrangement, the
samples (Ber-BE9, Conc-B06, Conc-X04, and Alu-C20)
are placed horizontally on a soft foam support. Conc-B06
is tested inside a climate chamber at constant temperature
and relative humidity.

The measurement procedure to monitor the relaxation
process is implemented following two complementary
protocols:

(a) Protocol 1 (Mort-P23, Ber-BE9, Conc-X04, and
Conc-B06 samples). The sample is excited by a contin-
uous wave at low amplitude and frequency close to the
resonance mode (preconditioning phase). During precon-
ditioning the amplitude is kept small to avoid any nonlin-
ear effect. Sinusoidal signals u), (¢) are detected, repeating
many times the same acquisition. The amplitude of the
sinusoidal excitation is increased to induce conditioning
(this phase is not monitored here). Duration of condi-
tioning is in the range of 5 min. Afterwards, the input
amplitude is reduced again to the low linear value and
monitoring of relaxation starts, acquiring again successive
sinusoidal signals u,.().

(b) Protocol II (Ber-BE9, TiAl-3DA, Alu-C20 sam-
ples). The procedure is very similar except that, during
preconditioning and relaxation, the input source is a low-
amplitude chirp of duration 30 ms with frequency linearly
varying in a narrow range around the first longitudinal
mode. The chirp excitation is repeated in defined inter-
vals during preconditioning and relaxation. Conditioning is
induced using a sinusoidal wave as in protocol I. The dura-
tion of the chirp was defined after verifying that the use of
longer chirps is not affecting the results of the analysis [32].

The frequency ranges used to test the various samples are
reported in Table II.
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TABLE II. Frequency ranges used to test the various samples.

Material Monochromatic Sweep
wave testing wave testing

Conc-B06 12.8 kHz

Mort-P23 22.7kHz

Conc-X04 22.5 kHz

Ber-BE9 17.2 kHz 8.1-11.1 kHz

TiAl-3DA 23.1-28.1 kHz

Ali-C20 18.4-21.4 kHz

The experiments are performed by varying the condi-
tioning amplitude from a very small value (estimated strain
during preconditioning of the order of 10~7) to larger strain
amplitudes (from 107® up to 10~ during conditioning).
Strains are estimated using the protocol reported in Ref.
[33]. In both protocols, the relaxation is monitored for no
longer than 500—1000 s, which allows us to perform a full
set of conditioning amplitudes within 2 h. The longitudi-
nal propagation velocity as a function of time is derived by
using the method “MoDaNE,” described in Ref. [34] and
summarized in the next subsection.

The two protocols have complementary advantages: the
first one is very fast, and allows an easier detection of
the early times of the relaxation process; protocol II is
slower but very accurate, making it possible to observe
very small changes in velocity, such as those exhibited by
metal alloys.

C. Data analysis

In both protocols described above, the propagation
velocity is derived using a semianalytical formulation
(MoDaNE) described in Ref. [34]. In protocol I, amplitude
A and phase ¢ of each detected signal are used to determine
the velocity ¢ by an inversion of the theoretical solution of
the problem. Each signal is acquired at a defined detection
time, thus the behavior of velocity as a function of time is
obtained.

For a sample of length L, defining w as the angular
frequency, and k& as the wave number, we have

w

1 b
Z(nn 4+ arctan Ty cosz2 G ¢))

where the sign is plus if ¢ 4+ ¢g > 0, n is the order of the
closest mode to w and

() =w/k = (1)

z = —(Up)* — cos29) + v/ 1 + (Up)* + 2 cos(26) (Up)*.
2)

Here Uy and ¢, are the properly calibrated amplitude
and phases of the source function.

In protocol II, we take advantage directly of the the-
oretical expression for the analytical solution of the dis-
placement in x = L. We have the following dependence of

. (b) , x107°
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FIG. 1. Evolution of the relative velocity variation in the sam-
ple Conc-B06, during the relaxation process for two different
conditioning amplitudes. (a) Linear time scale. (b) Logarithmic
time scale.

amplitude on frequency [9]:

Uo

A= .
Veosh®(aL) — cos2(kL)

3)

For each measured signal a discrete-time Fourier trans-
form is calculated and the velocity is determined by fitting
Eq. (3) to the spectrum.

D. Experimental results

A typical observed behavior of the relative velocity vari-
ation during relaxation is shown, for the sample Conc-B06,
as symbols, in Fig. 1 in a linear (a), and logarithmic (b),
time scale, for two conditioning amplitudes. Here,

de(t) = [c(t) — Cpre]/cpre 4)

is the relative variation of velocity ¢ at time ¢ with respect
to the velocity cp. measured in the preconditioning phase.

By looking at (b), we notice that, immediately after con-
ditioning, the velocity assumes a starting value smaller
than the preconditioning value and after an initial recovery,
in the intermediate time range, it evolves logarithmically
with time. Finally, it relaxes back to the original value.

The case reported in Fig. 1 refers to the concrete sam-
ple (Conc-B06), which shows the highest roll-off time ¢,
[corresponding to the onset of the log(#) behavior]. Data
for other samples show a much smaller roll-off time, com-
parable with those reported in the literature. ¢ in rocks
was reported to range from about 10 ms (sandstone) to
almost 1 s (soapstone) [7], but roll-off times of up to more
than 20 s were observed in granite for civil-engineering
applications [35].

Finally, we recall that the definition of the relaxation-
time origin ¢ = 0 is nontrivial since, during reverberation
of the conditioning wave, relaxation and further condition-
ing might be superimposed. In our approach, we control
time from electronics and define # = 0 as the time corre-
sponding to the switching off of the conditioning ampli-
tude. The reverberation time is analyzed along with the
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time-measurement error. The total possible time shift is in
the order of tens of milliseconds, which is shown not to
affect the analysis of the data [32].

III. MULTIRELAXATION PROCESS

The process is an anomalous, nonexponential relaxation
process and could be considered as a multirelaxation, i.e., a
superposition of exponential (Arrhenius-like) decays with
relaxation times t:

Sc(f) = / ooF(r)e*f/rdf, (5)
0

where the function F(t) is the relaxation-time spectrum.
As mentioned previously, attempts have been reported in
the literature to characterize the function F(t) [7,28]. In
both cases, the interpretation of the resulting relaxation-
times spectra was not straightforward. We propose here
a different approach to the solution, which consists in
demonstrating that the distribution of relaxation times is
continuous, significantly nonzero in a bounded range of t
values and presents a maximum.

To derive the main properties of F(r) from the exper-
imental data, we start by approximating the solution as
a sum of exponentials with different weights. A basis of
relaxation times must be defined. Since it must span a huge
time interval, it is more practical to work in a logarith-
mic space [36]. The basis is a vector, B = {B1,B,,....By},
where B; = log,,(t;). The elements are equally spaced,
Ap = (By — B1)/(N — 1), and different bases can be cho-
sen, by varying their dimension, N, or the upper and lower
limits, B; and By. It follows

N
se= G 1", (6)
i=1

where the coefficients G; can be derived by fitting the
experimental data. The results obtained are reported as
yellow symbols in Fig. 2(a), for N =7, By = —2, and
Ap = 1. This approach is equivalent to that of Ref. [7].
The fitting procedure can be repeated K times, by chang-
ing the starting point of the basis By = By +j /(K — 1) %
Agwithj =0,1,...,K — 1. Blue symbols in Fig. 2(a) are
the results obtained for sample Conc-B06 for K = 30. A
continuous distribution, G(B) is found, and thus

Bmax
Sc = / G(B)e 1" 4B. 7)
B

'min

To determine the continuous relaxation-times spec-
trum F(7) in Eq. (5), one more step is necessary. Since
B =log(t) and dB = d(logt) = dt/(tr In 10), it follows

(@) - (b)

15
1.0

—

Tio e
O] Ry
5 0.5

0 sren mom g 0.0

102 10° 102 10 1072
7(s)
FIG. 2. (a) Discrete distribution, G(t) in the logarithmic time

scale obtained by using a basis of seven exponentials (yellow
symbols). Repeating the fitting by shifting the B; (initial value
for the basis), we obtain a continuous distribution (blue symbols).
(b) Estimation of the distribution F (t) in the linear time scale,
inferred from G(t).

that
B By G(B) e
(SC = ﬁl me dT (8)
and
F(r) = G(B)/(x In 10), 9)

where we introduce a first estimate of the distribution F'(t),
named here F (7). The resulting distribution F (t) for the
Conc-B06 sample is shown in Fig. 2(b).

Some comments should be made: (i) small errors in the
calculation of the distribution G(B) are amplified by the
division by 7, especially for small relaxation times; (ii)
an equal spacing when fitting in the logarithmic t space
[Eq. (6)], implies asymmetric steps in the integration of
Eq. (9) in the linear space, that is, the T values are no
longer centered in the corresponding integration step. A
correspondence between t values defined in the logarith-
mic space and in the linear space is not straightforward,
resulting in a shift of the position of the peak induced
by the procedure (see the Supplemental Material [32]);
(iii) the nonuniqueness of the solution and the sensitivity
to the incompleteness of the data set is a known problem,
intrinsic to the procedure.

Based on the above considerations, we can conclude
that £ (7) is not yet a reliable solution. Nevertheless, it
allows us to draw indications about the general behav-
ior of the solution. We note that the obtained distribution
could be roughly approximated with a function of the form
F(t) = 1/t for a suitable interval of relaxation times,
Tmin < T < Tmax, and equal to zero elsewhere, as in Ref.
[28]. However, our findings allow us to go further. The
analysis performed for all samples always suggests a sim-
ilar shape of the distribution, which converges to zero for
small and large t values, peaked and asymmetric, with a
faster increase at smaller t values.

These indications can be used for identifying differ-
ent choices for F(r) that satisfy the above-mentioned
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FIG. 3. (a)Continuous distribution function obtained by fitting

with Egs. (5) and (10) the measurements on Conc-B06 reported
in Fig. 1. (b) Same as in (a) but for TiAI-3DA and by using a
double-peaked distribution. Peak position, (c) and width at half
maximum, (d) as a function of conditioning amplitude for the
different materials.

properties. However, as shown within the Supplemental
Material [32], despite differences in their shape, all of them
share some relevant features, like the peak position, and
thus are equivalent for the purposes of the present paper.
We adopt here a Weibull distribution of the inverse of the
relaxation times, since it is usually used to describe the dis-
tribution of the typical features at the length scale of grains
or cracks [37,38]. Thus, defining x = 1/t we write

F(r) = ﬁg(x/a)y_le_(x/“)y. (10)

An exception is represented by the TiAl-3DA sample,
where a distribution with two asymmetric peaks is found,
and the relaxation-time spectrum is thus the superposition
of two Weibull distributions: F(t) = F (1) + Fo ().

The parameters of the distributions are obtained by fit-
ting the curve c(#) in the linear time scale by integrating in
the full T domain using Eq. (5). A typical result, obtained
on the sample Conc-B06, is shown in Fig. 1 for two dif-
ferent conditioning amplitudes (solid lines). The resulting
fit is excellent and analogous quality is obtained for all
other samples. The obtained distribution is reported in Fig.
3(a). Figure 3(b) shows the two Weibull distributions for
the TiAl-3DA sample, which, combined, define F' (7).

IV. RESULTS AND DISCUSSION

The procedure is applied to analyze the relaxation data
for the different materials under investigation. Two main
parameters of the distributions are then considered as an
indicator of the slow dynamics properties of a sample, as

1.0

™

g

8 Conc-B06
205 Conc-X04

E ,

£ TIA3DA.,

z

Mort-P23
Alu-C20
Ber-BE9

r(s) 102 TIAI3DA,_,

FIG. 4. Normalized representative distributions of all the
investigated materials, plotted as a function of increasing peak
position. The dashed line connects the projection of the peak
positions on the zero-amplitude plane.

shown in Fig. 3(a): the peak position and the width at half
maximum. The two parameters are obtained for different
conditioning amplitudes 4.4, by repeating the experiments
at decreasing driving voltage of the generator during the
conditioning phase. The conditioning amplitudes are cho-
sen to have similar output amplitudes, i.e., comparable
strain values for all samples [39].

The obtained results, reported in Figs. 3(c) and 3(d)
for the peak position and width, respectively, show that
they are independent of A.,q. Figure 4 reports the normal-
ized distributions of all the investigated materials, ordering
materials on the basis of their grain size. A clear shift of the
peak position towards higher values is evident.

The properties of the distribution turn out to be corre-
lated with the geometric features of the grains, as observed
in Fig. 5, which reports the peak position as a function
of the mean grain size. Particularly meaningful is the
case of the TiAl-3DA sample: the two distinct peaks in
the distribution function can be related to the two typical
characteristic length scales that are found in this sample.

There is a close relationship between the characteristic
relaxation times of the materials and one of their typical
spatial scales (here, the grain size), in analogy to other
physical systems [40], where a proportionality between
relaxation times and correlation length has been observed.
Moreover, the independence of the distribution parame-
ters on the conditioning amplitude, shown in Figs. 3(c)
and 3(d), indicates that the features, or “defects,” that are
responsible for the observed nonlinear effects are equally
active at all tested conditioning amplitudes, regardless of
their size.

The other parameter that turned out to be indepen-
dent of the conditioning amplitude is the width of the
distribution function, which, therefore, could also be
related to some intrinsic property of the materials.
Intuitively, one would expect that it is directly proportional

014002-5



KOBER, GLIOZZI, SCALERANDI, and TORTELLO

PHYS. REV. APPLIED 17, 014002 (2022)

Conc-B06
10"F o
c
kel
% :
o . ol . _
2 10 TiAI-l3DA_,
~ s2.
o .
[0}
o Alu-C20° S
’ @
TiAI-3DA N
101k 51,‘.-“" |
[
102 100
Grain size (mm)
FIG. 5. Peak positions of the relaxation-time spectra for the

different materials as a function of their mean grain size.

to the width of the distribution of grain sizes in the mate-
rial, i.e., the dispersion around the average size. A qual-
itative inspection on some samples seems to support this
hypothesis, which would however require, to be proved, a
thorough and deep analysis that goes beyond the scope of
the present paper and will be the subject of a future study.

The samples considered differ not only in the typical
grain size, but also in other properties, e.g., damping, den-
sity, stiffness, sample size, etc. For trying to disentangle
the correlation of different effects we consider experi-
ments where some properties are changed while keeping
the microstructure fixed. We test an aluminum sample
with intact and weakened grain boundaries [Fig. 6(a)] and
a concrete sample in different relative humidity condi-
tions [Fig. 6(b)]. In all cases, the position of the peak
remains unchanged, confirming our conclusions that the
most probable relaxation time correlates to the grain size
and dominant spatial scale only.

The use of chirp excitation signals combined with an
accurate fit of the resonance curves allows extremely small
variations of velocity to be measured with great accuracy
(of the order of those observed by diffuse ultrasound [42]),
but with the advantage that the wavelength of the signals
does not need to be comparable to the scatterer size. In this
way it is therefore possible to work at lower frequencies,
for example, around the first longitudinal mode, generally
allowing higher strain levels to be reached.

The possibility of quantifying the slow dynamics behav-
ior by using features in the relaxation-time distribu-
tion—like the peak position, determined by the material
grain size—that are independent from the conditioning
amplitude, allows results that are independent from the
conditioning strain to be obtained (see Fig. 3). This fact
can be extremely relevant for applications because it does
not require calibration of the strain [33] when the responses
from different materials (or different frequencies) have to
be compared.

(@) (b)
1.0
—HR10%
—— Intact 1.0 — HR20%
|:— Damaged HR25%
= = HR30%
=L 05 — HR35%
'-LQ LL: 05 35%
0.0 0.0
107" 10° 10" 102 107" 10° 10" 10?2 10°
e )

FIG. 6. Normalized relaxation-time distribution for (a) the alu-
minum sample tested in its intact state and after being damaged
by the action of gallium, which modifies grain boundaries [41]
and (b) the concrete sample tested in different relative humidity
conditions.

The determination of the most relevant relaxation-time
through relaxation measurements allows information about
the relevant spatial scales of the material to be gained. In
this regard, having proven the capacity of the method to
resolve, at least to a certain extent, the concomitant pres-
ence of multiple spatial scales [see, for example, the results
for the titanium alloy sample reported in Fig. 3(b)], the
approach proposed here could be applied for determining
the presence of microscopic features with a different spatial
scale from that of the grains. This is, for example, the case
of microcracks. Indeed, while the sensitivity of the non-
linear elastic parameters to the crack size is well known
[43,44], the nonlinear response of the cracked samples
is often difficult to separate from the nonlinearity of the
intact specimen or from that due to the experimental setup.
Thanks to our approach, in a characterization process, a
splitting in the distribution of the relaxation times due to
the presence of cracks with a typical spatial scale could
represent a distinctive feature of the presence of damage
and/or defects in the sample.

As a last consideration, we mention that linear [45], dif-
fuse [46,47], and nonlinear [48] ultrasounds are often used
to monitor physical processes and/or manufacturing proce-
dures, during which microstructural changes are expected
to take place. The sensitivity of slow dynamics to the
microstructure spatial scale allows us to consider it as an
indicator for monitoring slowly evolving processes, such
as phase transitions, damage progression, curing, etc.

V. CONCLUSIONS AND PERSPECTIVES

Here we show that slow dynamics in elastic materials
and, specifically, the relaxation of the elastic wave veloc-
ity could be described as a multirelaxation phenomenon,
i.e., a superposition of an infinite number of Arrhenius-
like relaxation effects, with a distribution of relaxation
times derived directly from the experimental data. Such a
distribution is significantly different from zero in a wide
interval of relaxation times, peaked, and asymmetric.

A connection between the most relevant relaxation time
(corresponding to the peak of the distribution) and the
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grain size is demonstrated for materials with grain sizes
ranging over 2 orders of magnitude. These observations
are thus quite robust and could be possibly extrapolated
to materials with smaller and larger grain sizes as well.
Our results show that the grain size is one of the parame-
ters controlling conditioning and relaxation, in both metal
alloys and consolidated granular media. This fact could
have interesting implications in the debate, still ongo-
ing, over the physical origin of slow dynamics. Indeed,
the observed correlation seems to indicate that the rele-
vant physical phenomena could be confined to the grain
surface rather than to the intergrain region, i.e., the vol-
ume of material filling the space between the grains. This
could explain why a similar behavior is seen both in met-
als and rocks or consolidated granular media that feature
very different intergrain regions. Moreover, the surface
is the region where several phenomena can occur like,
for instance, dislocation nucleation in metals, fluids redis-
tribution in concrete, variations in the density of close
contacts in dry granular media or crack surfaces. Thus,
the correlation of the relaxation behavior with the grain
size might support the hypothesis that one or more of
these mechanisms are related to the origin of elastic hys-
teresis and conditioning in different classes of materials,
also suggesting the direction of future investigations and
experiments.

Applications of this approach are possible in several
fields like, for instance, in materials characterization, pro-
cess monitoring as well as in nondestructive testing.
Indeed, the method proposed here allows ultrasonic wave
velocity to be accurately measured and its small variations
to be monitored over time with an excellent time resolution
(of the order of a few milliseconds). Furthermore, the non-
linear effects caused by slow dynamics are measured here
by using a linear method, i.e., by using a low-amplitude
excitation signal, which simplifies considerably the exper-
imental procedure [49,50]. This approach will likely turn
out to be competitive with respect to other ultrasonic
based techniques used to detect variations in materials
microstructure. Work is ongoing in this regard [51].
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