
ABSTRACT: Ultrasonic technology can be used to monitor the
crystallization of fats and determine solid fat content (SFC) on-
line. Ultrasonic waves are attenuated as crystals form and grow,
and this attenuation occurs first at higher frequencies. The attenu-
ation of the ultrasonic signal does not depend on the induction
times of crystallization of the systems, or on their thermal behav-
ior; but it does depend on SFC and on microstructure, particu-
larly on the crystal size. At low SFC values (~5%), bigger crystals
generate more attenuation. At intermediate SFC values (~10%),
crystal size does not affect signal attenuation and SFC is the key
factor responsible for signal attenuation. At high SFC values (up
to 20%), crystal size again seems to be the factor that controls at-
tenuation.
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As an ultrasonic wave travels through a material, it is attenu-
ated, i.e., its amplitude decreases with the distance traveled.
The major causes for attenuation are absorption and scattering.
Absorption occurs to some extent in all materials as a result of
thermodynamic relaxation mechanisms that convert energy
from the ultrasonic wave into some other form, ultimately heat.
Scattering is often the predominant form of attenuation in het-
erogeneous materials. It occurs when some of the ultrasonic
waves incident upon a discontinuity in a material (e.g., a parti-
cle) are scattered in a direction that is different from that of the
incident wave. Scattering can also occur owing to the forma-
tion of new interfaces in the system. Scattering of ultrasound is
important in many systems since it can have a significant effect
on the measured ultrasonic properties, making the velocity and
attenuation dependent on particle size as well as concentration
(1,2). To extract information about the physicochemical prop-
erties of many liquid materials from ultrasonic measurements,
it is necessary to measure the frequency dependence of their
ultrasonic properties. For example, McClements et al. (3) stud-
ied the frequency dependence of ultrasonic properties by ana-

lyzing emulsions with different particle sizes to obtain infor-
mation about the size and concentration of scatterers in emul-
sions and suspensions (4). 

Several studies have been published regarding the use of ul-
trasonic technology in food research (5–15). The major difficulty
found in some of these studies was the attenuation of the ultra-
sonic wave in concentrated samples. Therefore, the objective of
this study was to study the factors that influence the attenuation
of ultrasonic waves in fat systems, in particular to establish a re-
lationship between the attenuation, microstructure, and solid fat
content (SFC) of fats during their isothermal crystallization and
to analyze their dependence on the ultrasonic frequencies used.
This study will help us understand the factors that somehow limit
the application of ultrasonics in food analysis.

MATERIALS AND METHODS

Crystallization procedure. Five fat samples (samples 1, 2, 3, 4,
and 5 with m.p. of 46.1, 43.5, 40.7, 41.2, and 36.6°C, respec-
tively) were crystallized at 20, 25, and 30°C in a crystallization
cell especially designed to monitor fat crystallization on-line
by means of ultrasonic technology. Crystallization was per-
formed under agitation using 400 rpm of shear. The cell tem-
perature was controlled by means of water circulated from a
water bath set at the particular crystallization temperature.
Samples were heated to 120°C in an oven, held at this temper-
ature for 30 min, and then introduced into the cell. The temper-
ature profile was monitored by means of a thermocouple
dipped into the sample and the crystallization process was fol-
lowed by means of ultrasonics and pulsed NMR (p-NMR) for
90 min.

Ultrasonic measurements. As described by Martini et al.
(5), ultrasonic measurements were performed by means of an
SIA-7 ultrasonic spectrometer (VN Instruments Ltd., Eliza-
bethtown, Ontario, Canada). Transducers of 550 kHz and 1
MHz center frequency (GE Panametrics, Waltham, MA) were
used to generate the ultrasonic wave. A chirp pulse was used in
these experiments instead of the traditional pulser signal. The
chirp pulse was generated over a range of frequencies with dif-
ferent amplitudes. The center frequency of the chirp corre-
sponds to the transducer center frequency (550 kHz and 1
MHz), and the range of frequencies in which these transducers
operate is called the bandwidth. A synthetic impulse (SI) was
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generated from the chirp by means of a digital receiver proces-
sor. Three parameters can be measured from the SI image: in-
tegrated response (IR: area under the curve), time of flight (TF:
position of the peak), and full width half maximum (FWHM:
width of the peak).

SFC. SFC was measured by means of p-NMR (Bruker Op-
tics Ltd., Milton, Ontario, Canada) as crystallization took place.
Samples were taken from the crystallization cell with a Pasteur
pipette and put into an NMR tube to perform the measurement.
The crystallization process was followed by taking samples
every minute for the first 10 min and then every 5 min until the
end of crystallization process (90 min). Data reported are aver-
ages of two individual measurements. The error in the SFC de-
terminations was 1% approximately (5). 

Laser turbidimeter. The crystallization process was fol-
lowed by means of a laser turbidimeter. The laser light source
(He-Ne Class II laser, wavelength 633 nm, model OEM4P;
Aerotech) was placed under the crystallization cell, which had
a glass window in the bottom that enabled the light to pass
through the sample. Once the light passed through the sample,
it reached the detector, which was placed on top of the cell and
which was aligned to the laser. The laser signal was then col-
lected and processed by a computer program (HP VEE Lab.,
Version 5.02, 1999 Hewlett-Packard Co., 1991–1999). As crys-
tallization occurred, the laser beam was diffracted by the fat
crystals, and a deviation in the laser signal was observed. The
first deviation of the signal from the baseline was used to cal-
culate the induction times of crystallization.

Microscopy. The morphology of the crystals obtained dur-
ing the crystallization process was studied by means of polar-
ized light microscopy. An Olympus microscope (Olympus Op-
tical Co. Ltd., Tokyo, Japan) with a digital camera attached
(Model XC-75; Sony, Japan) was used to photograph the crys-
tals. As crystallization took place, a drop of the crystallized fat
was taken and placed between a slide and cover slide ther-
mostated at the crystallization temperature. Samples were

taken at different times after crystallization started and pictures
were taken using 40× magnification until the end of the crys-
tallization (90 min).

DSC. The thermal behavior of the five samples was studied
using a differential scanning calorimeter (model 2910; TA In-
struments, Mississauga, Ontario, Canada). After 90 min in the
crystallization cell, 5–10 mg of the samples crystallized at the
different crystallization temperatures was placed in sealed alu-
minum pans to carry out DSC. Calibration was made with in-
dium at 5°C/min. Samples were run from crystallization tem-
perature to 80°C at 5°C/min.

RESULTS AND DISCUSSION

Induction times of crystallization. Table 1 shows the induction
times of the five samples crystallized at 20, 25, and 30°C cal-
culated by means of laser turbidimetry and ultrasonics. As
shown in this table, induction times determined by the laser tur-
bidimeter increased as the crystallization temperature increased
for all the samples, an expected result since lower crystalliza-
tion temperatures cause higher supercooling in the system and
result in faster crystallization (shorter induction time). At 20°C,
all samples showed similar inductions times (very short) since
the supercooling was very high, and therefore the crystalliza-
tion was very fast. An exception to this behavior was found in
sample 5 (induction time of 11.71 ± 1.0 min), which has a much
lower m.p. than the other samples (36.6 vs. 46.1, 43.5, 40.7,
and 41.2°C for samples 1, 2, 3, and 4, respectively). Thus, sam-
ple 5 was less supercooled and needed more time to crystallize.
For 25 and 30°C, the induction times between samples varied
in accordance with their m.p. Samples 3 and 4 had similar m.p.,
and thus their inductions times were not significantly different
at 20 and 25°C, but sample 4 showed a significantly higher in-
duction time than sample 3 when crystallized at 30°C. This
suggests that although these samples have similar m.p., their
crystallization behavior at different temperatures is different.
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TABLE 1 
Induction Timesa (ττ, min) of Crystallization Determined by Laser Turbidimetry
and Ultrasonics for Fat Samples Crystallized at 20, 25, and 30°C 

Laser turbidimetry Integrated response (IR)

Sample 20°C 25°C 30°C 20°C 25°C 30°C

1 1.0 ± 0.3 1.7 ± 0.9 2.5 ± 0.5 7.2 ± 0.4 6.8 ± 2.2 9.1 ± 1.8
2 2.0 ± 0.2 3.6 ± 0.6 6.3 ± 2.2 8.8 ± 0.5 9.3 ± 2.4 15.0 ± 3.4
3 1.9 ± 0.1 6.2 ± 1.3 6.8 ± 1.6 11.5 ± 1.2 11.0 ± 1.6 13.0 ± 2.3
4 2.9 ± 0.4 5.2 ± 1.5 11.0 ± 0.9 9.4 ± 0.5 12.4 ± 2.9 23.1 ± 3.0
5 11.7 ± 1.0 10.9 ± 1.0 14.8 ± 2.5 36.7 ± 5.5 31.3 ± 7.5 43.1 ± 5.3

Time of flight (TF) Full width half maximum (FWHM)

Sample 20°C 25°C 30°C 20°C 25°C 30°C

1 8.0 ± 0.3 9.1 ± 1.0 13.9 ± 3.6 4.8 ± 1.3 5.8 ± 1.2 9.0 ± 3.8
2 9.8 ± 0.5 12.0 ± 2.5 20.5 ± 2.0 6.1 ± 2.2 9.2 ± 1.0 16.1 ± 1.5
3 15.0 ± 4.7 16.3 ± 1.8 21.5 ± 4.8 7.1 ± 1.0 11.0 ± 1.3 14.1 ± 1.8
4 11.2 ± 1.0 15.6 ± 2.8 25.5 ± 2.9 7.5 ± 0.4 9.4 ± 1.1 21.8 ± 2.3
5 37.3 ± 4.5 38.9 ± 1.8 37.5 ± 2.9 19.1 ± 1.8 26.0 ± 4.8 41.0 ± 6.1
aValues reported are average and SD of two independent runs.



Sample 4 could be crystallizing in a different polymorphic form
at 30°C than at 25 and 20°C (16). The presence of small
amounts of impurities could also induce nucleation, for exam-
ple, in sample 3, resulting in a shorter induction time than ex-
pected.

Induction times calculated using ultrasonic parameters show
the same tendency as the ones calculated with the laser tur-
bidimeter technology. That is, for the same sample, induction
times increased as crystallization temperature increased. When
the crystallization behaviors of different samples were compared
at a constant crystallization temperature, induction times in-
creased as the m.p. of the sample decreased. One important dif-
ference is that although the tendencies are the same between
methods, the induction time values obtained with the ultrasonic
technology are significantly higher than the ones obtained with
the laser. This means that IR, TF, and FWHM can be used to fol-
low the crystallization process, but they should not be used to
calculate induction times of nucleation since they lack sensitiv-
ity. Ultrasonic parameters change only when a visible amount of
fat has already crystallized; thus, these parameters could be used
to indicate induction times of bulk crystallization, but they are
inappropriate to measure induction times of nucleation. The low
sensitivity of this particular technique for determining induction
times of nucleation can be explained by taking into account that
ultrasonic waves are significantly affected by temperature fluctu-
ations. Considering that phase transitions cause temperature
changes, the accuracy of the ultrasonic velocity measurements
can be affected by this local temperature variation especially at
the beginning of the crystallization process.

Ultrasonic parameters changed on crystallization and, at
some point, the ultrasonic signal started to attenuate as de-
scribed by Martini et al. (5). This attenuation, however, did not
depend on the induction times of crystallization of the samples.
We expected shorter induction times to be associated with
higher attenuations since more crystallized fat at a fixed time
(90 min) was obtained. For example, when sample 2 was crys-
tallized at 30°C the ultrasonic signal was completely attenu-
ated, but when crystallized at 20 and 25°C (shorter induction
time) only a partial attenuation was observed.

DSC. To study whether there was some correlation between
the thermal behavior of the samples and the attenuation of the
signal, DSC experiments were carried out on the five samples
crystallized at the three temperatures assayed at the end of the
experiment (90 min). Table 2 shows the DSC parameters (onset

melting temperature, To; peak melting temperature, Tp; and
melting enthalpy, ∆H) for all samples and crystallization tem-
peratures. The thermal behavior of the samples did not have an
effect on the attenuation of the ultrasonic signal since, although
some differences were found in their thermal behavior, these
were not correlated with the attenuation of the wave. For ex-
ample, samples 2 and 4 show very similar thermal behavior at
all crystallization temperatures, but sample 2 shows complete
attenuation when crystallized at 30°C with the 550 kHz trans-
ducers, whereas sample 4 showed only small attenuation. 

Fast Fourier transform (FFT) analysis. As crystallization
takes place, SFC increases and some attenuation of the ultra-
sonic wave is observed; this attenuation can change with fre-
quency. For samples crystallized at 20, 25, and 30°C, attenua-
tion did not show any direct relationship with the SFC of the
sample when using 550 kHz and 1 MHz transducers. This
means that for the same SFC, some samples showed attenua-
tion and some did not (5). To understand which factors affect
the attenuation of an ultrasonic signal during crystallization of
fats, an FFT spectrum was obtained from the SI. Figure 1
shows as an example the FFT spectrum with time of sample 3
crystallized at 30°C when measured with 1 MHz and 550 kHz
transducers (a and b, respectively). The reader can see that
when the sample temperature fell to the crystallization temper-
ature, the magnitude of the FFT spectrum increased (approxi-
mately the first 5 min). Then it remained constant; and when
crystallization started, the magnitude of the FFT spectrum de-
creased, showing some attenuation (65 min). Several peaks can
be seen in the FFT spectra shown in Figures 1a and 1b, espe-
cially when the measurements were made with the 550 kHz
transducers. This can be explained because this FFT data also
contains the gain characteristics of the transducers (how the
transducers respond at different frequencies) as well as the gain
of the analog electronics and digital processing (different peaks
on the plot), which make the analysis very complicated. These
systematic gain corrections are not very interesting, and the
first approach to minimize these peaks is to make a logarithmic
plot of the magnitude as shown in Figures 1c and 1d. We can
see that these plots are simpler and easier to analyze. Figures
1c and 1d also show how the ultrasonic wave is attenuated as
crystallization takes place (for example, after 65 min of crys-
tallization). A second approach to minimize the effect of the
systematic gain corrections is to keep the chirp settings (fre-
quency, duration, etc.) the same and record some of the images
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TABLE 2 
DSC Parameters for All Samples and All Crystallization Temperaturesa (Tc)

Tc = 20°C Tc = 25°C Tc = 30°C

Samples To (°C) Tp (°C) ∆H (J/g) To (°C) Tp (°C) ∆H (J/g) To (°C) Tp (°C) ∆H (J/g)

1 38.6 46.6 38.0 37.5 48.3 28.4 38.9 47.4 25.3
2 29.6 43.1 21.6 34.1 43.9 17.9 36.3 45.6 16.0
3 30.0 42.4 29.1 32.6 43.6 27.6 35.5 45.0 25.9
4 32.1 42.3 22.7 32.6 43.6 17.4 35.5 45.4 16.1
5 28.6 38.1 6.4 31.8 42.5 4.5 39.6 46.7 3.6
aTo means onset temperature; Tp, peak temperature; and ∆H, enthalpy of melting.



through the cooling cell with canola oil (vegetable oil that does
not crystallize under the experimental conditions used). These
images are reference images that can be used to normalize
away all the systematic effects that we do not want in our data.
Therefore, the canola oil images (log plots) were subtracted
from the sample ones (log plots). Figures 1e and 1f show as an
example the normalized FFT data of sample 3 crystallized at
30°C measured with the 1 MHz and 550 kHz transducers, re-
spectively. This figure shows the variation in the magnitude of
the ultrasonic signal (expressed in the logarithmic form) with
frequency during the crystallization process. We can see that
the attenuation starts at high frequencies and, as the crystalliza-
tion process continues, lower frequencies are attenuated. It can
also be seen that 1 MHz transducers showed more attenuation
(for the same crystallization time) than the 550 kHz transduc-
ers. The same general behavior shown in Figure 1 was ob-
served for all samples at all crystallization temperatures as-
sayed and with both transducers. 

To quantify the attenuation of each sample, we plotted the
magnitude of the normalized log signal at 550 kHz and 1 MHz
against time for all samples and all crystallization temperatures
assayed (Fig. 2). Canola oil data were also reported here to
compare the behavior of the samples with a sample that did not
show any crystallization at the temperatures chosen. It is im-
portant here to differentiate different kinds of attenuation. The
ultrasonic signal can be slightly attenuated, especially at the
beginning of the crystallization process but, in this case, the
second transducer can still detect a signal after passing through
the sample (Fig. 2a, sample 1). In this case, high frequencies
are being scattered from the ultrasonic wave as shown by the
FFT plots, and the change in the magnitude of the ultrasonic
signal is between 0 and 50 dB approximately. On the other
hand, some samples completely attenuate the ultrasonic signal;
and therefore the transducer is not able to detect any signal after
passing through the sample (Fig. 2c, sample 3), i.e., both high
and low frequencies are being completely attenuated. In these
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FIG. 1. Fast Fourier transform (FFT) plots of sample 3 crystallized at 30°C with 1 MHz (a) and 550 kHz (b) transduc-
ers. FFT log plot of sample 3 crystallized at 30°C with 1 MHz (c) and 550 kHz (d) transducers. Normalized FFT log
plot of sample 3 crystallized at 30°C measured with 1 MHz (e) and 550 kHz (f) transducers. Effect of crystallization
time (0, 2, 5, and 65 min) on FFT plots. Magn, magnitude of the signal; (Magn)n, normalized Magn.



cases, the ultrasonic wave magnitude changes ~100 dB. Sam-
ples can also attenuate the ultrasonic signal at some point in be-
tween these two extremes. In these cases, the signal can still be
detected by the second transducer but the attenuation is very
high, as for example sample 3 crystallized at 20°C (Fig. 2a).
Now, the variation of ultrasonic signal magnitude is between
50 and 100 dB. This kind of attenuation usually starts when the
sample reaches a constant SFC value. This means that although
the SFC is stabilizing, the ultrasonic parameters continue to
vary (the attenuation continues). This indicates that signal at-
tenuation may depend on the SFC, especially during the first
part of the crystallization process, but there may be some other
factors that influence the decrease of the ultrasonic signal when
SFC is constant.

From Figure 2 we can also see that data obtained with 1
MHz transducers seemed to be more sensitive since, in some
cases, attenuation was observed at shorter times when com-

pared with the 550 kHz transducer data. Sample 4 crystallized
at 20, 25, and 30°C did not show attenuation when the mea-
surements were performed with the 550 kHz transducers but
did show some kind of attenuation when measured with the 1
MHz transducers. In general, a high or complete attenuation
occurred earlier when the ultrasonic parameters were measured
using 1 MHz transducers (for example, sample 3 crystallized at
25 and 30°C and sample 2 crystallized at 30°C).

Microstructure. As mentioned in the introduction, several
factors can cause the attenuation of an ultrasonic wave. One of
these factors is the absorption of ultrasound owing to thermo-
dynamic relaxation mechanisms such as phase transitions. The
other factor that causes attenuation is scattering from the parti-
cles themselves and from the presence of interfaces. It is very
difficult to separate these phenomena in a crystallization
process, but they are all directly related to the size and structure
of the crystals and aggregates in the system. Therefore, to inter-
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FIG. 2. Normalized log plots of all samples crystallized at 20°C with the 550 kHz (a) and 1 MHz (b) transducers; at
25°C with the 550 kHz (c) and 1 MHz (d) transducers; and at 30°C with the 550 kHz (e) and 1 MHz (f) transducers.
n, nn, t, tt, l, and ll for samples 1, 2, 3, 4, 5, and canola oil, respectively.

 



pret the variation of the magnitude of the ultrasonic signal
shown in the FFT data (attenuation), we analyzed the mi-
crostructure of the samples as crystallization took place. Sam-
ples showed slightly different morphologies. Sample 1 had nee-
dle-shaped crystals when crystallized at all temperatures, espe-
cially at early times of the crystallization process. As
crystallization time increased, these needles organized them-
selves to form clusters of crystals. The same behavior was ob-
served for sample 2 crystallized at 20 and 25°C. For the other
conditions, none of the crystals obtained were single crystals
but rather were clusters of needles. As crystallization tempera-

ture decreased and crystallization time increased, these clusters
became more densely packed, and a well-defined spherical
shape was observed. Although the morphology was almost the
same for all the crystallization conditions assayed, the crystal
size was significantly different, especially for samples that were
only slightly supercooled. Differences in crystal size were more
evident at higher temperatures (25 and 30°C) and in general,
low degrees of supercooling resulted in bigger crystals. Micro-
graphs of crystals with the same SFC value were chosen to
compare their morphologies and study how these factors affected
the attenuation of the ultrasonic signal (Figs. 3–6). Comparing
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FIG. 3. Polarized light micrographs of fat samples crystallized at 20, 25, and 30°C with solid fat content (SFC) of
approximately 5%.



these figures with Figure 2 and the FFT data, we can ascertain
how the microstructure and SFC affected the attenuation. Fig-
ure 3 shows micrographs of all samples crystallized at 20, 25,
and 30°C with an SFC of ~5%. Samples 3 and 4 crystallized at
30°C showed low attenuation. The same behavior was ob-
served in sample 5 crystallized at 25°C (data obtained from the
FFT plots). These samples reached 5% SFC after 25, 30, and
90 min of crystallization, respectively. Comparing the crystals
in these samples with the ones that did not show attenuation at
all, we can see that crystal size might be affecting the attenua-
tion of the ultrasonic signal since samples that showed attenua-

tion have significantly larger crystals than the ones that did not
show attenuation at a constant SFC value (5%).

Figure 4 shows micrographs of the same samples crystal-
lized at the crystallization temperatures assayed but at a time
when they had reached approximately 10% of solid fat. All the
samples shown here exhibited a slight attenuation of the ultra-
sonic wave (between 0 and 50 dB of variation) independent of
the crystal sizes. Even for small crystals, as shown in sample 1,
crystallized at 20, 25, and 30°C, there is some attenuation of
the signal due to the increase in the SFC value. 

Figure 5 shows crystals of samples with 15% SFC. As
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FIG. 4. Polarized light micrographs of fat samples crystallized at 20, 25, and 30°C with SFC of approximately 10%.
For abbreviation see Figure 3.



shown in Figure 4, all crystals caused at least a slight attenua-
tion. But sample 2, crystallized at 30°C, and sample 4, crystal-
lized at 25 and 30°C, showed total attenuation of the ultrasonic
signal (variation of more than 100 dB) due to the larger size of
their crystals (compare Figs. 5 and 2). A good example of how
crystal size results in a complete attenuation of the ultrasonic
signal can be seen by comparing pictures of sample 2 crystal-
lized at 20, 25, and 30°C with SFC of approximately 15% (Fig.
5), where higher crystallization temperatures generate larger
crystals and therefore a total attenuation is observed.

Although sample 3 crystallized at 30°C showed larger crys-
tals than sample 2 crystallized at the same temperature (Fig. 5),
it did not show complete attenuation of the ultrasonic signal
when it reached ~15% SFC (45 min), as shown in Figure 2.
This fact suggests that there might be some other factors that
affect the attenuation of the signal. One possibility is how the
fat crystals are packed to form the cluster. For example, sample
2 crystal clusters have more defined edges, and although the
SFC of both samples 2 and 3 are not significantly different
(14.0 and 14.3% for samples 2 and 3, respectively), the crys-
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FIG. 5. Polarized light micrographs of fat samples crystallized at 20, 25, and 30°C with SFC of approximately 15%.
For abbreviation see Figure 3.



tals in sample 2 seemed to be more densely packed than in sam-
ple 3.

Figure 6 includes pictures of the samples when they reached
a higher SFC (approximately 20%). Sample 3 crystallized at
20, 25, and 30°C shows complete attenuation together with
sample 4 crystallized at 25°C. These samples contain very large
crystals, which are responsible for the complete attenuation of
the signal. Comparing these data with the data analyzed in Fig-
ure 5, we can see that sample 3 requires around 20% of solids
so as to attenuate the ultrasonic signal. We note in this figure
that even though sample 1 crystallized at 20, 25, and 30°C has

a very high SFC (20.1, 20.1, and 17.4%, respectively) it dis-
plays a high, but not complete, attenuation of the signal. This
can be explained because the crystals are not large enough to
scatter the ultrasonic wave completely. 

At low SFC, crystal size seems to affect the attenuation of
ultrasonic waves. As SFC increases, especially at intermediate
SFC values, the signal is attenuated even though crystals are
small. In this range therefore, the SFC is mainly responsible
for signal attenuation. At higher SFC values, crystal size seems
to be responsible for the complete attenuation of the signal
(sample 4 crystallized at 25 and 20°C in Figure 6 has SFC val-

ATTENUATION OF ULTRASONIC WAVES 327

JAOCS, Vol. 82, no. 5 (2005)

FIG. 6. Polarized light micrographs of fat samples crystallized at 20, 25, and 30°C with SFC of approximately 20%. For abbreviation see Figure 3.



ues of 15.7 and 17.1%, respectively, and the first one, which
has larger crystals, shows complete attenuation). However,
even when the SFC is high, complete attenuation is not guar-
anteed, as shown by sample 1 with an SFC of 20%.

In summary, ultrasonic technology can be used to monitor
the crystallization process of fats. Ultrasonic parameters are
useful tools to monitor the bulk crystallization of these systems
and can be used to determine SFC of the crystallized fat. Al-
though the technology developed in this study uses a signal that
can go through a large amount of crystallized fat, the system
usually attenuates at ~20% SFC. The attenuation observed did
not depend on the induction times of crystallization, or on the
thermal behavior of the crystals, but it did depend on SFC and
microstructure, especially on the crystal size. Attenuation oc-
curs first at higher frequencies. The factors that influence sig-
nal attenuation are strongly correlated. For low SFC (5%), at-
tenuation is due to crystal size, but when SFC increases to in-
termediate levels (10%), crystal size seems not to be very
important since attenuation is observed even for small crystals.
When SFC is higher (up to 20%), crystal size seems to be the
factor that controls attenuation again.
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