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ABSTRACT

This article contains the results of the experiments concerning the mass loss of
copper in seawater, in the cavitation presence. The cavitation is produced by
ultrasound in an experimental setup designed for this purpose. The models of mass
loss are provided and validated by statistical methods. Gravimetric indices are
computed, to compare the mass loss in different cases. Differences are noticed in
the mass-loss trend at different power of the ultrasound generator.
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1. Introduction

When ultrasound waves pass through a liquid,
they exhibit a cyclic succession of expansion and
compression  phases imparted by mechanical
vibrations [1]. During the compression periods, the
waves produce a positive pressure that pushes
together the liquid molecules. During the expansion
periods, the ultrasound waves produce a negative
pressure that pulls the molecules apart [2]. At a
certain energy level, tiny bubbles (called cavitation
bubbles) containing vapours or gases appear [3, 4].
This dynamical process of apparition, development,
and collapse of some bubbles or cavities that contain
vapours or gases in the liquid mass is called
cavitation [5]. The results of these cycles are
sonoluminescence, the apparition of oscillations with
a frequency that is not the same as that of the
ultrasonic ~ field, emulsification and chemical
reactions, destruction of parts of solid materials [6-9].

Systematic studies have evolved for many
decennia giving different explanations for the
damages produced on materials under the action of
the cavitation field. Rayleigh [10] was among the first
scientists giving them a mechanical explanation,
while others considered that these damages were the
result of many processes [11-13] of chemical and/or
electrical nature [6, 8, 14-16]. Researches proved that
plastic deformations appear everywhere in the
presence of cavitation, leading to the idea that the
chemical action cannot be the primary cause of the
destructions produced by cavitation. It seems that the
cavitation destructions are the results of the
mechanical pressures from the inside of bubbles [5],

corrosion,

mass loss, gravimetric index,

and erosion is the effect of high-speed jets on the
unstable surface of the cavitation bubbles [6].

It is known that various chemical reactions
produced under the ultrasound action are related to
the cavitation action. Chemical processes induced in
the ultrasound field are produced only if the
ultrasound intensity is big enough to assure the
cavitation apparition and development. From this
point of view, one can distinguish between two
categories of chemical reactions: accelerated by
cavitation and others, produced only simultaneous or
after applying a cavitation field and under the action
of some factors such as high temperature or high
pressure [6]. The corrosion in saline water belongs to
the first class.

This article presents the experimental results
related to the mass loss of copper in seawater in
cavitation field obtained using an experimental setup
specially designed for this purpose. Models validated
by statistical methods describe the mass loss trend,
and gravimetric indices are provided to compare the
mass loss at different powers of the generator.

2. Materials and methods

2.1. Experimental setup

The studied material is Cu, with 99.78% Cu,
0.0747% Zn, 0.0395% Fe, 0.0446% Sn. The
composition of the seawater used for all the
experiments is the following: salinity: 22.17 g/L
NaCl, pH = 7, 6.27 meg/L - total water hardness,
0.051 mg/L Fe, 0.0033 mg/L Ni.
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The experimental setup used for studying the
mass loss in the cavitation field is presented in Fig. 1
[6, 14, 15]. The ultrasound generator operates at 20
kHz and three power levels: 80 W, 120 W, and 180
W. Vessel A (the generator tank) contains a ceramic

high-frequency generator that excites the transducer
to produce the ultrasound. Vessel B contains
electrodes of electrolytic copper that measure the
potential difference appeared between different points
at the cavitation zone boundaries.

transducer, with 3.7 cm diameter, connected to the
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Fig. 1. The experimental set up

The data acquisition board can be connected to
different electrodes. It converts analogical signals into
a digital sequence and stores the signal in the on-
board memory. The PC is then allowed to access the
memory and retrieve the data for further processing.

The setup works in the following mode: the
liquid is introduced in the bulk and the samples are
positioned at the distance of 30 cm from the
transducer. The ultrasound generator is switched on,
at one of the power levels. If one wants to study the
signal induced by the cavitation bubbles produced by
the ultrasonic field, the computer and the software of
data acquisition are also switched on. We don’t
discuss here the last aspect, treated in other work
articles [6, 9, 17-22]. We focus on the mass loss of
the four samples, in seawater in the presence of
cavitation. The working temperature has been kept
constant at 20 °C.

The samples have been kept in saline water
under cavitation produced by ultrasound for a total of
1320 minutes (380 minutes at 80 W, 480 minutes at
120 W, and 480 minutes at 180 W of the generator
power) and weighted every 20 minutes. All data were
put together and the model of the mass loss has been
determined.

2.2. Statistical methods

The material mass loss and relative mass in the
cavitation field have been modelled, and statistical
methods have validated the models. The following

statistical tests have been used to validate the
regression models:

+ The determination coefficients (R?) and the
residuals standard deviation (s) are reported. For a
good model, R? should be close to 1 the standard
deviation close to zero.

» The P-P plot and the Anderson-Darling test
[23], to check the hypothesis that the residuals in the
model are normally distributed.

P-P plot is used for assessing how closely the
given data and the theoretical normal distribution are.
If the distribution of the tested variable is normal,
then the points P-P describe a line superposed with
the straight line that represents the theoretical
distribution.

In this study, the theoretical confidence intervals
at a 95% confidence level are also provided.

The Anderson-Darling test has been performed
at a 5% significance level. If the p-value associated is
less than 0.05, the normality hypothesis cannot be
rejected.

+ Testing for the absence of the residuals’
correlation by using the autocorrelation function. If
the values of the autocorrelation function are inside
the confidence interval at the confidence level of
95%, then the residuals are not correlated.

* To check the null hypothesis that the residuals
are homoskedastic (they have the same variance), the
Bartlett test is used [24] by dividing the residuals
series into three groups containing n; = 11, np = n3 =
12 values. At a significance level a = 0.05, if the p-
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value corresponding to the test is greater than 0.05,
the homoscedasticity hypothesis cannot be rejected.

The Kruskal-Wallis nonparametric [25] test has
been performed to determine whether data series
originate from the same distribution. Since the null
hypothesis was rejected, the non-parametric
Wilcoxon test [26] has been performed to test the
same hypothesis for pairs of series.

To quantitatively appreciate the corrosion-
erosion, the absolute mass variation on the surface (S)
has been determined. It is computed by the equation:

Amg /S = (my —my)/S 1)

where S is the sample surface, my is the initial mass of
the sample and m; is the mass at the moment t.
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Finally, the gravimetric index is presented, to
assess the mass loss in time per surface.

3. Results and discussion

Let us denote by t - the time, m; - the sample
mass at the moment t, s - the standard deviation, Ry -
the determination coefficient, S - the total surface of a
sample.

Figures 2 (a-c) present the evolution of the mass
loss of the copper sample in time, at each power level
of the generator, together with the trends and their
equations, while Fig. 2 (d) presents the overall
evolution of the mass loss in time of this sample.

From Fig. 2 (a-c) we remark that the trend
equations are parabolic and R? are 0.9832, 0.987 and
0.9931 respectively, so the models describe well mass
loss in time.
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Fig. 2. The mass variation of Cu sample: (a) at the power of 80 W, (b)at the power of 120 W, (c) at
the power at 180 W, (d) during all the experiment. The continuous line represents the record data,
and the dotted ones represent the trend
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The equation of the overall mass loss of the Cu
sample is:

m, =11.731265-4.643760-10°t -1.615216-10°t*

with a standard deviation s = 0.0001637 and R, =
0.9968.

We discuss the residuals of the model (2).

R2 is very high and s is very small, so the model
is well fitted.

Figure 3(a) presents the P-P plot of the residual
in the model (2). Since the observed values
(represented by plots) are situated along the straight
line (the central one) which represents the theoretical
normal distribution, and they are inside the limit of
the confidence interval (represented by the exterior
continuous line) the hypothesis that the residuals are
normally distributed can’t be rejected. The value of
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the Anderson-Darling statistics is AD = 0.477, and
the corresponding p-value is 0.224 > 0.05, so this test
cannot reject the hypothesis that the residuals are
normally distributed.

Figure 3(b) contains the residuals correlogram,
together with the 95% confidence interval. Since all
the values of the autocorrelation function (represented
by vertical lines) are inside the confidence interval,
the residual autocorrelation can be rejected.

Applying the Bartlett test, the hypothesis that
the residuals in the model (2) are homoskedastic
cannot be rejected because the p-value = 0.184 >
0.05.
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Fig. 3. (a) Q-Q plot for residuals in the model (1); (b) The correlogram of the residual

The results of the Kruskal-Wallis nonparametric
test rejected the null hypothesis (p-val < 0.05). After
performing the Wilcoxon test, the hypothesis that
pairs of series have the same distribution has been
rejected as well. This means that the intensity of the
corrosion process in seawater depends on the
generator power.

To confirm this hypothesis, the absolute mass
variations on the surface have been computed for
each power level. From Figure 4, it results that the
absolute mass loss per surface in time is the lowest
when the power was 80 W and the highest at 180 W.
This is confirmed by the total mass loss, in time
(Table 1), which is respectively 0.024 (at 80 W),
0.0031 g (at 120 W) and 0.042 g (at 180 W).

The gravimetric indices [gm2h'] are computed
based on the results from Table 1. They are: 0.146706
(at 80 W), 0.150012 g (at 120 W) and 0.203242 g (at
180 W), and 0.168966 (total). The lowest is the

gravimetric index for the first power level and the
highest for the third one.
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Fig. 4. The absolute mass variations per surface.
The vertical red lines delimitate the values
obtained at different power of generator
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Table 1. The total mass loss(g) in time (min) in seawater in the ultrasonic field

Power Time Copper
(W] [min] [a]
80 380 0.0024
120 480 0.0031
180 480 0.0042

4. Conclusions

The experiments proved the dependence of the
erosion/corrosion speed in seawater on the generator
power, increasing with the power level. This finding
is in concordance with other studies. Also, it can be
shown that the corrosion speed is higher than in
freshwater, due to the accentuated chemical corrosion
that appears due to the salt content. In the next study
we shall present the comparative results of the
corrosion-erosion of other copper-based materials in
saline water, given the importance of these materials
for the naval constructions.
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