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Abstract

Various fields of application of the quartz crystal microbalance technique (QCM) and its
modification, electrochemical quartz crystal nanobalance technique (EQCN), in studies on
surface phenomena occurring during metal corrosion are discussed. The theory of the method,
design concepts of a quartz resonator, piezoelectric sensor, and experimental setups are
outlined. Factors affecting the frequency of oscillations of a quartz resonator, QCM and
EQCN studies of the interaction of gases, water vapor, and various organic compounds with
thin metal films are characterized. The processes of atmospheric corrosion, determination of
the mass of aerosols precipitating from air and of the component composition of the
atmosphere are described in detail. The prospects of using QCM and EQCN in studying the
regularities of corrosion processes in electrolytes, adsorption of corrosion inhibitors and
organosilicon monomers on the metal surface from gas and liquid media are discussed
together with the mechanisms of growth and dissolution of a passive film on metals. Examples
of application of the QCM method in combination with other physicochemical methods, such
as the measurement of the electronic work function, contact potential difference, Auger
spectroscopy, electron and atomic force microscopy, X-ray photoelectron spectroscopy, IR
spectroscopy, and a number of electrochemical methods, are provided.
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1. Introduction

Piezoelectric devices and equipment play an important role in radioelectronic industry.
Piezoelectric devices in particular occupy a prominent place. Quartz crystal resonators are
way ahead of other types of electromechanical resonance converters as regards the whole
set of key indicators (working frequency range, Q-factor, time and temperature stability,
reproducibility of parameters, dimensions, weight, cost) [1].

The production of quartz crystal resonators is characterized by a high technology level
and is based on using batch production methods typical of microelectronics, including
industrial growth of quartz crystals. Production of piezoelectric devices is constantly
expanding. The annual volume of a-quartz production was 3000 tons in 1997 and 2 bin
units in 2010, to the total amount of 4.5 bin dollars per year [2].

Starting from the second half of the twentieth century, the scope of application of
resonance piezodevices keeps expanding. While the main sphere of application of quartz
crystal resonators in the first half of this century involved radiotechnical systems and
communication devices, later the market of these devices was basically determined by the
demands of the clock industry, microprocessor technology, and a wide spectrum of
radiotechnical devices.

The first attempts of using piezoresonators in devices for the measurement of physical
values were made in the late forties of the twentieth century, though a wide application of
resonators in quartz crystal clocks started back in 1928 [3]. Widespread application of
sensors based on controlled quartz crystal resonators did not start until the early 1960s. It is
at this time that significant progress was achieved in the development of piezoelectric
devices for frequency stabilization, digital frequency measurement techniques were
introduced, and commercial artificial growing of quartz was started.

In 1959, application of quartz resonators for precision weighing (quartz crystal micro-
and nanobalance) was first suggested [4]: a high-sensitivity method for determining the
weight of substances applied (deposited) onto a surface with the accuracy better than an
atomic monolayer [5, 6].

The second half of the twentieth century was characterized by a rampant development
of innovative methods for studying the physical and chemical properties of materials, such
as Auger [7] and X-ray photoelectron spectroscopy (XPS) [8-11], scanning electron
microscopy [12], X-ray microanalysis [13], ionic and atomic emission spectroscopy [14],
Fourier transform IR spectroscopy [15-17], secondary ion mass spectrometry [18, 19], low
energy electron diffraction [20], etc. Owing to this, the options for studying surface
phenomena related to adsorption, oxidation and metal corrosion expanded considerably.
Nevertheless, the weighing methods that allow determining the mass variation of surface
substances still occupy an important place in research in physics and chemistry. Owing to
rapid development of various fields of science and technology related to the synthesis and
application of thin films, numerous studies of processes causing insignificant mass
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variation, namely variations of about micrograms or nanograms [21], use methods that
allow measuring such mass variations.

The most significant advances in the field of microbalance starting from the sixties of
the twentieth century are reflected in the proceedings of the “Vacuum Microbalance
Techniques” conferences [22—24]. Despite its long-term application, the method of quartz
crystal microbalance (QCM) continues to attract the attention of researchers owing to its
relative design simplicity. Thus, already in the late twentieth century, this provided means
for measuring masses of about 10~ to 10° g/cm® and in some cases 10 ™ to 10 ** g/cm?
[21]. The QCM method is practically inertialess (the response is about several
microseconds) [2, 21, 25, 26]. Crystal frequency variations caused by factors other than
mass variation can be minimized or corrected. Besides, the weighing results obtained using
the QCM technique are not affected by mechanical impacts or vibrations, as opposed to
beam, torsion, spring and other types of balances with mechanical hangers [25].

These advantages led to extensive use of QCM in studies of atmospheric corrosion,
adsorption of gas components and corrosion inhibitors, metal oxidation, formation and
mechanism of protective properties of ultrathin layers and films, kinetics of heterogeneous
chemical reactions, and sensitive detection in gas chromatography [21]. QCM is used to
solve the problems of water content measurements in air, determination of aerosol
concentrations and composition of corrosive atmospheric components, measurements of
surface diffusion, vapor pressure of solids and liquids, measurement and control of the
thickness of sputtered (vapor-deposited) metal films, measurement of adsorption, “true”
surface area, and roughness coefficient [21, 26—30].

After development of the QCM technique in liquid media suggested in early eighties
of the twentieth century [5, 31, 32] and used in combination with electrochemical quartz
crystal nanobalance (EQCN) [5], the scope of QCM application expanded considerably. It
included determination of the rate of deposition of galvanic coatings from electrolytes
[5, 6, 21, 31], studies of atmospheric corrosion processes [6, 21,27] and corrosion in
electrolytes [6, 26, 33—35], behavior of corrosion inhibitors [5, 6, 28, 30, 33—-36], as well
as growth and dissolution of passive films on metals [5, 37].

Thus, apart from radioelectronics, quartz crystal resonators are widely used in
research work for monitoring the mass variation of the surfaces of solids. Comprehensive
reviews on the application of various microbalance types in studies of surface phenomena
on solids are provided in [5, 21, 26, 38]. Besides, issues related to the QCM technique are
discussed in detail in [2, 6, 22—-24, 34, 39, 40]. The application of the QCM method in
studies of corrosion phenomena is not described in sufficient detail in monographs and
reviews. In view of this, the present work attempts to summarize the experience
accumulated by Russian and foreign researchers in using QCM in the studies on corrosion
and metal protection.
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2. Theory of the QCM method

The QCM method is based on the ability of a quartz plate (quartz resonator) in a certain
vibration mode to change its resonance frequency when some foreign material is applied
onto it or removed from it. This effect has been studied in detail and compared with a
torsion balance in [4]. Owing to the inverse piezoeffect characteristic of quartz [1] exposed
to an AC electric field, through-thickness shear modes appear in the quartz plate (standing
ultrasonic waves represent a superposition of two waves moving in the plate in opposite
directions).

For shear modes, the basic resonance frequency and the plate thickness are related
through relationship (1) [5, 21]:

fo=— 1)

where f, is the main resonance frequency (Hz), t is the plate thickness (mm), N is the
frequency constant of quartz depending on the orientation of the cut plate with respect to
the basic quartz single crystal crystallographic axes, i.e., the cutoff angle [1].

For AT-cut crystals (35°14") with a low temperature coefficient of frequency (TCF),
N = 1670 kHz-mm; for a BT-cut (—49°), T = 2500 kHz-mm [1, 21, 26].

Differentiation of equation (1) by the plate thickness and substitution of the quartz
plate thickness increment found through mass (2),

dr=—-dm 2)
pS
yields the resonance frequency variation as a function on the mass deposited onto the
quartz plate [21]:
df =——f0_am 3)
~ NpS ’
where drt is the quartz plate thickness increment, df is the resonance frequency variation
(Hz), p is the density of quartz, 2.65 g/cm® [1, 21, 26], dm is the mass of the material
deposited on the quartz plate (g), S is the area of the quartz plate (cm?) usually assumed
equal to the overall area of the exciting electrodes on the plate surface, as the vibrations in
the plate outside the electrodes are negligibly small and the presence of a foreign substance
in these regions contributes about 1% to the overall frequency variation [4, 21].

The correctness of relationship (3) was repeatedly tested using other weighing
techniques [25]. Besides, equation (3) was derived independently based on the theory of
propagation of vibrations in a highly elastic liquid medium [5, 6, 21].

AT-cut quartz resonators with the lowest TCF are most often used for weighing. For
example, the TCF for an AT-cut (35°20°) is 0 (°C)* at 30°C and is <+5-10® (°C) ™ in the
range of +£30°C [1,21]. Quartz thermostating is also used to decrease the effect of
temperature on the mass measurement accuracy [26].
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The sensitivity of the QCM method is expressed by the following relationship:

fo2
N_p =C fo (4)’

where C; is the sensitivity of mass determination.

The mass is calculated from the known quartz plate frequency [4].The experimentally
measured sensitivity value is very high and practically coincides with the value calculated
by equation (4) [6, 21]. In fact, when quartz with an initial resonance frequency of 10 MHz
is used, a frequency variation of 1 Hz corresponds to the mass variation of 4.5 ng/cm?,
which is equivalent to the mass of 4% of a metallic iron monolayer [5].

A linear dependence of resonance frequency variation on the amount of material
deposited on a quartz plate is preserved only until the thickness of the applied substance
layer is substantially smaller than the quartz layer thickness. The maximum resonance
frequency variation must not exceed 0.5% of the basic resonance frequency if the
acceptable deviation from linearity is 1%.The empirically found value of the maximum
resonance frequency variation for quartz plates with 5 MHz resonance frequency is in the
range of 5-100 kHz, which corresponds to 1-2 mg/cm? of a substance deposited on quartz
[26]. The corresponding thickness of a layer with mass M, d = AM-10° pS (A), changes
from 5000 to 50000 A for substances with various densities of deposited films.

A working quartz oscillator can be described by an equivalent electric circuit
(Figure 1).

— —o=c(||-=

Figure 1. Equivalent circuit of a quartz resonator. L, Cy, Ry are the equivalent inductance,
capacitance, and loss resistance, respectively; Cy is the static capacitance.

The electric circuit consists of two parallel branches: one of them is the so called
flexible bond consisting or Ry, Ly, and C; connected in series. It is a scheme that simulates
a vibrating element. The other is the so called static branch formed by capacitor C, related
to electric capacitance arising in a dielectric material placed between two electrodes, or a
static inter-electrode capacitance [1].

The resonator impedance can be expressed by the formula [42]:

_ R+
AT ad, + 5, ©)
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where a:ZAf—fQ is the generalized resonator mistuning; Af/fs = (f—f5)/fs; fs is the serial

S

resonator frequency; f is the resonator operating frequency; Q= JCE % Is the resonator
1

Q-factor; and 5, =2nfKC,R, is the ratio of the loss resistance to the reactive resistance of a

static capacitance.
The equivalent circuit (Figure 1) can be transformed into a serial equivalent circuit
(Figure 2) [42].

R, X,
Figure 2. Serial equivalent circuit of a quartz resonator.

The equivalent serial reactive and active components can be expressed as follows
[42]:

_ R
Ri= (1-ad,)? +53 ©
a(l-ad,) -8,

Xo=R, (1—05,)2 +52 7

Phase angle @i and the slope of the phase angle of a quartz resonator resistance as
functions of the mistuning are ((8), (9)) [42]:

tgp, =a(l-ad,)—9, (8)
do, _ 1-203, 2 9),
90 1+ a(1-0d) -5, |

where doy/da is the slope of the phase angle of the quartz resonator.

The following conclusions can be made from these equations. The dependences of X,
and Ry on the frequency are two-valued. For example, the same X, value can be observed at
two frequencies, i.e., two frequencies can be excited at the same value of the circuit
resonant frequency. For oscillatory schemes, the operating mode near the parallel
resonance is unstable and self-oscillations are impossible [1, 42]. An increase in the
mistuning causes an increase in active resistance Ry, so that the conditions of self-
excitation for serial resonance generators deteriorate.

With an increase in dg, the inductive resistance maximum of quartz decreases;
at 8o > 0.5, a quartz resonator is equivalent to a capacitor. In this case, excitation of quartz



Int. J. Corros. Scale Inhib., 2020, 9, no. 1, 92—-117 98

resonators is impossible in oscillatory schemes. An increase in o and 6, leads to a decrease
in the slope of the phase of the quartz resonator resistance. Here, the stabilizing ability of
the quartz resonator decreases [42].

To enhance the stability of the generator frequency, operation closer to the serial
resonance frequency is required, and quartz resonators with a small &y values hould be
selected.If 3, is large, then one should compensate static capacitance using an inductance
connected in parallel, which is possible only in some serial resonance generators.

At frequencies from 800 kHz to 30 MHz or higher, if a generator has to be adjusted, a
generator with an in-line resonator must be used. This scheme demonstrates stability at
frequencies of up to 90 MHz. In the range from 800 kHz to 90 MHz, one should use a
generator with a resonator in a feedback loop if high power is required. Here, one should
compensate static capacitance C, at frequencies above 30 MHz by an inductance connected
in parallel to the quartz.

According to equation (1), the reactive conductivity is capacitive in most of the
spectrum and the resonator manifests inductive behavior only in the narrow frequency
range from f, to f,. At frequencies f, and f,, the reactive conductivity component is zero.
The lowest of these frequencies, f;, is the resonance frequency, while the higher one, f,, is
the antiresonance frequency.

As to the other frequencies, f; and f;,, a conductivity maximum is observed at f; in the
L:, C1, Ry dynamic branch (Figure 1), while its minimum is observed at f,. f; is referred to
as the serial resonance frequency. It coincides with the mechanical resonance frequency of
a piezoelectric resonator and thus characterizes most accurately its mechanical properties

[1]:
1

f,=—-JLC
S 27[ Ll 1 (10)
The f, value is referred to as the parallel resonance frequency:
1 1 C,
= |—|1+2L 11
» =27 LG, {“ COJ (1)

As one can see from comparison of relationships (10) and (11), the inter-resonance
difference Af = f, —f; is determined by the ratio of the capacitances [1]:

m= C1/C0 (12)
Usually, m << 1, so:
f.—f. 1
p S __ &
2 m (13)

In general, serial resonance frequency f, differs from resonance frequency f, and
parallel resonance frequency f, differs from antiresonance frequency f,; for m << 1, f;=f;
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and f,=f, according to [1]. An estimate shows that the relative differences are negligibly
low for piezoelectric quartz resonators (m = 4-107):
fp_fs ~ fp_faz2'10_7 (14)
fs fa

The frequencies f,, and f,, which correspond to the total conductivity maximum and
minimum, also differ insignificantly from f; and f.. Therefore, only two characteristic
frequencies are mentioned in the literature instead of three pairs of characteristic
frequencies [1, 42]: serial or mechanical resonance frequency f; and parallel resonance
frequency f..

Alongside resonance frequencies, another practically important characteristic of a
piezoelectric resonator is its mechanical Q-factor determined according to (15):

2nf L, 1 _ T
R, 2afCR o

a

Q= (15)

where 0 is the logarithmic decrement of decay.
The mechanical Q-factor characterizes the ability of resonators to store the
accumulated mechanical energy [1, 42].

3. Quartz crystal resonator

Piezoelectricity can be defined [43] as electric polarization provided by mechanical stress
in some crystals. It is proportional to the voltage and changes sign alongside with it. This
situation determines the direct piezoelectric effect. It is closely related to the inverse effect
of appearance of mechanical voltage in a piezoelectric crystal under electric polarization
and the mechanical voltage value is directly proportional to the polarizing field. Both
effects correspond to reversible physical phenomena. The “direct” term is applied to the
first term only on historical grounds.

In the first half of the XX century, the research centers of the world studied the
properties and possibility of practical application of piezoelectric crystals [43], which
resulted in development of many useful devices. Besides, studying the properties of plates
of Seignette salt crystals in order to use them for underwater signaling systems allowed
detecting in 1918 some particular features of their electric behavior in the frequency range
close to the mechanical resonance [43].A piezoelectric resonator was developed on the
basis of these experiments and was used as a stabilizer, generator, and electric wave filter.
The functioning of such devices includes a combination of direct and inverse effects. It was
found in the above studies that quartz is the most suitable material for a resonator.

The first attempt to patent a piezoquartz resonator was made in 1918 [44], 38 years
after the discovery of the piezoelectricity effect in 1880 by Pierre and Paul-Jacques Curie.
In 1928, the first quartz clock was designed [3] that was used as a timing reference (time
standard) [2] until atomic clocks appeared in the 1960s.
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Studies of piezoresonators provided scientific information on the nature of vibration
in crystalline media and on the dynamic values of elastic and piezoelectric constants.
Compound resonators were also designed, in which, e.g., a metallic rod was maintained in
the resonance vibration state using a glued-on quartz piece. This method was used to
determine elasticity constants and internal friction coefficients of various solid substances.
Among the technical applications of resonating crystals, one can mention their practically
universal use in broadcast transmitting stations both for direct frequency adjustment in the
form of piezogenerators and indirectly, as monitors (control units) [1, 42].The combination
in quartz of remarkably weak decay with piezoelectric properties pronounced well enough
to respond to the frequency of electron tube generators and control them led to a technique
for obtaining much more constant frequencies than in the case of just electric tuning.
Cutting oriented quartz plates allows largely eliminating some distorting effects caused by
the relationship between different vibrations and also the effect of temperature variation on
frequency. This accuracy reaches its climax in a quartz clock where a vibrating quartz plate
or ring replaces a pendulum and thus provides a time meter that is more accurate than the
best astronomical clock [3, 43].

The main element of a piezoelectric resonator is a quartz vibrator. A quartz vibrator is
usually a crystal element of a resonator equipped with electrodes and, if required, with wire
current taps soldered onto it and used for its assembly in a holder [42, 45].

The features of vibrator design are primarily determined by the type of vibrations of
the quartz element. The most characteristic features are the configuration of the electrode
applied on the element, the choice of points of current tap fixation and their connection to
the holder current leads. The best combination of electric and mechanical characteristics of
resonators can be provided only in the case when the crystal is fixed in junction points, i.e.,
in its surface points that are not subject to displacement in the course of vibrations. As the
crystal holder elements are also usually conductors that connect it to the external electric
circuit, the metal electrode layer shape is determined by the necessity of applying the
corresponding external voltage phase directly through the junction points. In most cases,
every electrode, beside the main part that excites the given vibration type, is also equipped
with branches, necks, or pockets connecting the main part with the current tap soldering
points [2].

A characteristic example is a keyhole-shaped electrode (Figure 3) applied on
piezoelements with through-thickness vibrations. The working electrode part is a disc in
the crystal center, while a neck serves to supply electric voltage from fixation points
usually located on the plate edge in the exit points of axis Z" and the quartz is fixed
between two O-shaped rings [2, 5, 45].

As pointed out above, quartz is the most suitable material for a piezoelectric vibrator.
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Figure 3. Quartz resonator. A. Scheme of a resonator with a “keyhole” — shaped electrode.
B. Resonator outward appearance.

4. Electrochemical quartz crystal microbalance (EQCM)

At the turn of the XX—XXI centuries, a technique was developed that allows one to use a
quarts resonator in liquid media and combine quartz crystal microbalance and
electrochemical research methods, i.e., electrochemical quartz crystal microbalance
(EQCM) [5, 46]. The first works employing the EQCM method appeared in the eighties of
the twentieth century [47, 48].

Figure 4a shows a flow chart of two different methods of designing the EQCM
measurement scheme. Initially, the frequency was determined by measuring the difference
between a working quartz resonator in the measurement solution and a reference quartz,
converting this difference to voltage, and recording the result on a computer. The
suggested experimental setup requires no separate frequency meter and provides the time
resolution sufficient for the majority of QCM applications. Intense development of
electronics has enabled direct frequency measurements, which requires the QCM setup
time resolution synchronized with the internal timing frequency: the higher the timing
frequency, the better the time resolution. At present, frequency sensors with internal timing
frequencies above 1 GHz that are sufficient for obtaining millisecond resolution (for the
quartz crystal frequency of 10 MHz) are standard.

The process of frequency measurement is presented in more detail in Figure 4b. A
high frequency is applied to a quartz via a coaxial cable, where the working electrode side
IS connected to the screening coaxial cable armor. Simultaneously, the electrode output of a
potentiostatis connected to the working electrode. In such a configuration, the working
electrode is safely earthed.
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Figure 4a. Flow chart illustrating two frequency measurement methods.
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Figure 4b. Schematic diagram of a computer-controlled experimental EQCM setup.

The high frequency is measured using a central coaxial cable lead connected to the
rear resonator electrode. In this setup, a commercial generator can be used that can operate
a quartz crystal in the frequency range of 5 to 10 MHz with parasitic capacitance
compensation, which allows obtaining a high-frequency signal and measuring the voltage
value that can be used to calculate the crystal resistance. The potentiostat is controlled
using a computer that records the measured data. To increase the rate of data collection,
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one can temporarily store frequency data in the internal memory of a built-in frequency
meter in the device and/or in a computer.

EQCM is calibrated by providing conditions for an increase and decrease of the mass
on the working electrode, e.g., when copper is deposited from an acidic copper sulfate
solution under the conditions of the 100% current efficiency [5, 49] with the mass variation
calculated according to Faraday’s law and with the resonator frequency shift measurement.

5. Application of the quartz crystal microbalance method for metal surface studies

The high sensitivity and effective absence of inertia of the QCM method favor its wide
application, primarily, for studies of regularities of the initial stages of oxide film growth
on metals upon adsorption of oxygen, water vapors, and other corrosive gases
[21, 26, 32, 33, 37].

Accurate interpretation of processes resulting in mass variation at the micromolecular
level is difficult. However, the scope and quality of the experimentally obtained
information can be significantly enhanced by simultaneous employment of other physical
methods or (for gas phase QCM) application of ultrahigh vacuum setups for the formation
of pure films on the metals being studied [21].

The kinetics of low-temperature (~300 K) oxidation is characterized by fast and slow
stages of oxide film growth. The Kinetic regularities of adsorption processes obtained in a
number of works allowed calculating the variation of the sticking coefficient of oxygen on
metals characterizing the course of the process of oxygen atom capture as the surface is
covered with adsorbed gas molecules (atoms). It appeared that the sticking coefficient is
much smaller than unity at room temperature at initial time instants. For example, it is
3-10°2 for aluminum films, 10" for copper, and 2-10°° for zinc. With time, the sticking
coefficient further decreases by several orders of magnitude. A change in the sticking
coefficient as dependent on the surface coverage rate is most often described by a complex
curve, sometimes containing a maximum [21].

The initial stages of low-temperature oxidation in pure oxygen atmosphere have been
studied in most detail on thin films of iron, aluminum, zinc, titanium, and some other
metals [21, 43]. The fast initial interaction of oxygen with thin (100 A) aluminum films at
room temperature later turns to a slower stage, as the oxygen surface coverage approaches
unity. Here, the resistance of aluminum film changes dramatically and the electronic work
function passes a minimum. The proposed mechanism of the initial oxidation stages
includes dissociative adsorption followed by intercalation of oxygen atoms into the metal
lattice (exchange with aluminum atoms) resulting in the formation of several oxide layers
[21, 52]. Such oxygen intercalation can be considered as an intermediate process between
chemisorption and formation of a phase oxide.

In [53, 54], the adsorption of organosilicon monomers (organosilanes) on the surface
of freshly deposited aluminum was studied, along with the effect of surface organosilicon
(methyl-, amino-, vinyl-, and phenyl-containing) layers on the oxide film hydration. It was
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shown that if the surface was coated with an organosilicon layer, the surface oxide layer
hydration rate decreased more than by half.
Zinc oxidation in oxygen at Po, = 10! Torrat the room temperature is described by a

two-stage logarithmic law [21, 50]. The first stage, 20—30 s long, is related to surface
“oversaturation” with chemisorbed ionized oxygen followed by its regrouping into a phase
oxide layer. The slower second stage is determined by phenomena of diffusion into the
growing oxide film. If the oxygen pressure is decreased to ca. 10 * Torr, the oxidation rate
of zinc linearly depends on the pressure.

A model was suggested on the basis of the functional dependence of the sticking
coefficient on the amount of absorbed oxygen. According to this model, oxygen
chemosorption results in formation of ZnO is let nuclei at a higher rate at the corners than
on a pure metal surface. With time, the nuclei grow and form a stable film with the
thickness of up to 30 A on the entire metal surface [51].

Studies of oxygen chemisorption on zinc show that electric field created by
intercalated oxygen enhances the bonding energy of the incumbent cations with the
surface, i.e., creates an additional potential barrier and hampers the removal of these
cations into the reaction zone. lonized oxygen chemisorbed on these cations forms a field
of opposite polarity and promotes their transition into the oxidation zone. A development
of these concepts has shown that there is a direct relationship between phenomena
observed in the case of oxygen adsorption on a freshly formed metal surface in vacuum
and appearance of a transition region between the potentials of passivation initiation and
full passivation in aqueous electrolytes. Electrostatic fields formed in both cases when a
submonolayer oxygen amount is adsorbed cause a decrease in the electronic work function
and cutoff of the anodic dissolution current (ionic current from the metal or electronic
current from the electrolyte) [21, 50].

At a low temperature (77 K), the growth of metal oxide on potassium films obtained
in ultrahigh vacuum practically stops after formation of a few atomic layers. At room
temperature, the kinetics of potassium oxidation by oxygen (10 to 10° Torr) follows a
linear law, i.e., oxygen atoms diffuse into the metal bulk at a rate comparable to the rate of
their sorption on the potassium film surface [21].

If CO interacts with titanium films of various mass (0—8 A), the CO/Ti atomic ratio
in the film is very close to the theoretical CO/Ti ratio = 0.5. As CO is dissociatively
adsorbed on titanium, one can conclude that each titanium atom is bonded with C and O
atoms. “Saturation” is achieved more slowly than with oxygen, apparently because C
atoms remain on the surface and block the further adsorption of CO molecules [55].

A study of the sputtering process in case of argon etching of electrodeposited oxidized
nickel and iron allowed determining some Kinetic regularities of oxide degradation. In the
case of NiO, only a single degradation process was observed. Two different degradation
processes were distinguished for oxidized iron [21].
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Water molecules on corroding metals (Fe, Zn, Cu, Al, etc.) are sorbed irreversibly.
The metals react with water vapors more slowly than with oxygen. The observed oxidation
IS a multistage process including dissociation of water molecules, oxygen penetration into
the surface metal layer, and water adsorption on the oxide formed. Studies of water
adsorption on metal surface show that more than a single water monolayer is adsorbed on
the metal surface even at a relative humidity of 50%, while an increase in the relative
humidity to 80% results in an increase in the thickness of the adsorbed water layer to more
than 10 molecular layers [21, 27, 50].

After the initial fast stage of water adsorption on iron and aluminum films evaporated
in ultrahigh vacuum, the gas phase contains hydrogen (as a result of dissociation of sorbed
water molecules and desorption of the major fraction of hydrogen into the gas phase,
though its small fraction can be dissolved in the metal). At the initial stages, a mass
equivalent to four FeO layers is registered at the initial stages. It grows in 30—60 min to ten
equivalent layers of FeO, after which the oxidation rate drops abruptly. The formation of
an oxide film on iron is interpreted as a gradual release of hydrogen atoms in the gas phase
by a water molecule sorbed on the iron surface. Afterwards, oxygen is intercalated into the
crystal lattice; here, a pure iron surface is regenerated. On aluminum, water adsorption at
room temperature leads to appearance and lateral growth of oxide layer nuclei, on which
water is further adsorbed in the form of dipoles by a first order reaction [21, 26, 27, 50].

The interaction of zinc with water vapors may result in the formation of such surface
compounds as ZnO at P/Pq < 0.3 or Zn(OH), at P/P, > 0.6. A change in the electronic
work function (EWF) in the case of water vapor adsorption on zinc (a decrease in EWF
when less than a monolayer is adsorbed and a growth at high surface coverages) indicates
that water oxygen is adsorbed at initial stages of interaction on silver, same as on zinc and
iron, and is intercalated into the metal lattice. Zinc preconditioning in deoxygenated water
vapors hinders the further metal oxidation by dry air or pure oxygen [21, 50].

Combined or alternating exposure of an iron layer sputtered in vacuum (10 to
107° Torr) to water vapors and oxygen leads to the formation of a passivating film that
obviously represents a coordination-saturated hydrated surface oxide with FeOOH
composition [29, 56].

A change in the mass and resistance in the case of adsorption interaction between
water vapors and thin copper, aluminum, and nickel films (500—2000 A) oxidized in air
allows one to conclude that an increase in the water vapor pressure (with an increase in the
relative humidity) can cause a change in the localization of adsorbate—adsorbent bonds
(the number of metal—water bonds decreases and the number of oxide—water bonds grows)
[21, 50].

Thus, the QCM method gained wide recognition in experimental studies on
phenomena at gas—solid, gas—liquid—solid, and liquid—solid interfaces [5, 6, 21].0Owing to
its very high sensitivity, simplicity, and possibility of experimenting with diverse materials
and media, the method allows fast acquisition of high—quality scientific information on
processes occurring on the surface and is very promising for metal corrosion studies.
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6. Application of the QCM and EQCM methods in studies of corrosion processes

The EQCM method has been widely used for in situ studies of various corrosion processes
by measurement of mass variation due to metal dissolution or film growth on the surface
[5, 6, 40, 57]. Despite the obvious advantages of the QCM method, interpretation of
EQCM data requires in a number of cases that additional research methods be used that
allow analyzing the surface, e.g., XPS, IR spectroscopy, SEM, AFM, and electrochemical
impedance spectroscopy [5]. Hereafter, the use of EQCM will be considered for studying
the processes of atmospheric corrosion, corrosion in solutions, behavior of corrosion
inhibitors, and passive film growth on metals.

6.1. Atmospheric corrosion of metals

Exposure of a metal to a wet atmosphere results in formation of corrosion products that
usually remain on the surface. The corresponding increase in the sample mass can be
monitored by QCM used by different researchers in investigations on atmospheric
corrosion of metals [5, 6, 21, 27, 50]. Papers [27, 58] describe a setup consisting of a test
chamber providing a continuous gas flow. Besides, this setup combines QCM for studying
the kinetics of the occurring reactions and an IR spectrometer (Fourier Transform IR
spectroscopy (FTIR)) for obtaining information about the occurring chemical reactions.
1 nm thick oxide films on copper were studied using FTIR and 0.2 nm thick oxide films
were studied by QCM. The effect of relative humidity and content of sulfur dioxide, ozone,
and nitrogen oxides in the atmosphere on copper corrosion was also studied. A built-in
atomic force microscope (AFM) in the working setup allowed estimating the topographic
changes due to atmospheric corrosion of copper [58]. It was found that the overall mass
variation was greater when SO, was added to air with a humidity of 80%, but the largest
effect was observed when ozone was added [5, 27, 58]. The amounts of sulfate, water, and
copper oxide on the surface were estimated using FTIR to identify the corrosion products
formed under various conditions. A similar approach was used to study the formation of
ultrathin polysiloxane films on oxidized iron under glow discharge with subsequent
estimation of the anticorrosion properties of the thin films obtained [5, 6].

The practical application of QCM for corrosion monitoring at an automatic telephone
switching office was described in [59]. QCM sensors metallized with various metals, such
as copper, silver, nickel, and gold, were placed in air ducts and the mass variation was
measured for several months. At the end of a test, the sensor surface was studied using
Auger electron spectroscopy. It was shown that corrosion rates were much higher when air
was being removed from the system than when it was collected from the atmosphere for
addition into the system [5, 59].

Thus, the QCM method is successfully used in studies of atmospheric corrosion and
allows high precision determination in situ of a metal mass variation under atmospheric
conditions. Application of the EQCM method can allow studying the metal corrosion in
liquid media.
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6.2. Metal corrosion in electrolytes

EQCM allows measuring metal corrosion rates in electrolytes. In the course of formation
of soluble corrosion products, linear dependence between the variation of the
piezoresonance sensor frequency and mass variation due to corrosion was observed, which
was confirmed for cobalt in an aerated sulfuric acid solution and for copper in hydrochloric
acid [5, 6]. The EQCM method allows determining the anodic current as a function of
potential, as the partial anodic current density is proportional to the mass loss rate
according to Faraday’s law.

In the studies of uniform iron corrosion in deaerated neutral borate and phosphate
electrolytes, the quartz electrode was placed onto the wall of a flow-through cell. A linear
relationship between the frequency variation and time was observed under open-circuit
conditions, which indicated that only soluble corrosion products formed. The corrosion
rate was higher in phosphate solutions than in solutions containing borate ions. It was
shown quantitatively that addition of chloride caused an increase in the corrosion rate [5].

EQCM was used in combination with other electrochemical methods, such as
electrochemical impedance spectroscopy or cyclic voltammetry. Some researchers used
EQCM in combination with detection of reaction products using an in situ technique
similar to the rotating ring disc electrode [5, 62]. A quartz electrode was incorporated into
the electrochemical cell wall and was surrounded by a ring or split ring electrode separated
from the disc by a narrow gap. The electrolyte flow directed normally to the disc provided
reproducible mass transport conditions. EQCM was used to study copper dissolution in
chloride media by simultaneous measurement of sample mass variation and the amount of
dissolved monovalent reaction products. EQCM was used in combination with
electrochemical impedance spectroscopy in studies of copper dissolution in NaCl and
NaHCO; solutions using a scheme that allowed identifying intermediate products of
surface reactions. Studies of anodic dissolution of an Au—Cu alloy in a Na,SO, solution
with simultaneous EQCM and electrochemical impedance spectroscopy measurements
showed that the frequency shift due to selective Cu dissolution was smaller than the value
calculated by Faraday’s law. This effect was explained by the fact that water penetrating
the porous surface structure is removed from the surface during the dissolution. Studies of
the corrosion rate of Au—Pd—In alloys in physiological solutions showed an increase in the
alloy mass under open circuit conditions related to accumulation of corrosion products. An
increase in the mass was also observed on sputtered Fe—Cr—Ni—Ta alloys under exposure
to a neutral chloride-containing solution [5].

In [53, 54, 65, 67], EQCM was used to study the effect of surface self-organizing
nanolayers on local metal dissolution and showed that the EQCM method could yield
information in studies of not only uniform, but also local corrosion and that siloxane
nanolayers could successfully inhibit metal dissolution.

Thus, electrochemical quartz crystal microbalance allows studying the mechanisms of
both uniform and local metal corrosion.
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6.3. Studies of metal corrosion inhibitors

It is known that the EQCM method is quite suitable for studying the behavior of corrosion
inhibitors [5] and for estimating their corrosion protection efficiency. Thus, studies of the
corrosion behavior of nickel in HCIO, solutions in the presence of various corrosion
inhibitors [68] showed that the measured value equaled the difference between the mass of
the film formed and the dissolved metal mass. The authors described predominant nickel
dissolution that was confirmed by a decrease in the mass. Tributylbenzylammonium iodide
was the most efficient of the inhibitors studied, while acridine promoted dissolution [68].
EQCM was also used for studying the inhibition of copper corrosion [33, 40, 65].

Studies of biofilm formation on iron showed that bacterial adhesion resulted in a
measurable mass increase that depended on the presence or absence of biocides.
Hydrophilic and ionic biocides proved to be more efficient in decreasing the adhesion of
bacteria than hydrophobic biocides [5].

In the presence of corrosion inhibitors forming surface films, reliable interpretation of
data on mass variation requires the use of additional methods, such as cyclic voltammetry
[49] or electrochemical impedance spectroscopy [5]. For example, studying the film
formation on copper in the presence of benzotriazole demonstrated good agreement
between the data obtained by the electrochemical impedance spectroscopy and EQCM
techniques. Studying the effect of a phosphonate corrosion inhibitor and flow rate in the
case of sediment formation on a gold piezoquartz electrode placed into the wall of a flow-
through channel and exposed to mineralized water showed that scale formation was
promoted by electrochemical polarization and addition of an inhibitor or an increase in the
flow rate resulted in a decrease in the positive mass variation due to scale formation [5].

Owing to high QCM sensitivity in mass measurements, this method is used especially
often in studies of corrosion inhibitor adsorption on metals [28, 30, 36, 40, 45, 46, 60, 61].
For example, the adsorption behavior of organic inhibitors on iron and gold was studied in
neutral perchlorate and borate solutions [45, 46]. After an inhibitor was added to a
perchlorate solution, the mass was also measured using rotating EQCM to provide
reproducible mixing and using EQCM in combination with ellipsometry. Addition of an
inhibitor to the solution resulted in a positive frequency shift indicating a decrease in the
electrode mass. The results were interpreted assuming that the adsorbed inhibitor displaces
water from the region near the electrode surface. Indeed, the QCM response in these
electrolytes includes a solution region with a thickness of about 17 nm [5,6]. The
adsorption isotherms of sodium phenylanthranilate from a borate buffer solution on a gold
electrode surface obtained by EQCM and ellipsometry methods are similar in shape and
are described by the Frumkin equation [28].

Thus, analysis of the literature shows that the QCM method is successfully used in
studies of the mechanism of action of corrosion inhibitors and mechanisms of processes at
the metal interface in the presence of inhibitors.
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6.4. Application of EQCM in studies of processes of growth and dissolution of oxide films
on metals

Passive films on metals and alloys grow due to the interaction of oxygen anions in the
solution with the surface (Figure 5) [5]. This results in an increase in the electrode mass,
which can be monitored using EQCM. For a known film stoichiometry, comparison of the
measured mass variation with transferred charge allows separating the reactions of film
formation and metal dissolution [5]. Assuming that an anodic potential is applied to metal
M in its passive state with the potential difference resulting in formation of oxide MO,
(where v is the stoichiometric coefficient), the mass of metal oxidized at the metal/oxide
interface, Am, (g/cm?), proves to be proportional to the charge density g (C/cm?)
determined as (16):

M
Am, = qn—Fm (16)

where subscript | indicates the metal/oxide interface, My, is the atomic mass of the metal,
n = 2 is the number of electrons participating in the reaction, and F is Faraday’s constant.

Metal Oxide Electrolyte

—> “AMpM
{—— emy,

I Il

Figure 5. Schematic diagram of partial reactions related to the growth of anodic metal oxide
and passive film dissolution.

Only the Ry fraction of the oxidized metal remains in the film, while the rest of it is
dissolved at the film/solution (I1) interface (Figure5). The mass of fraction Ry is
determined by expression (17):
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_ Amy y +Am, “14 Amy

R
g Am, Am,

17)

In equation (18), Amy is negative, as all the values resulting in the film growth are
assumed to be positive. This definition corresponds to EQCM measurement, namely,
ingression (supply) of the substance into the film, results in an increase in the mass, and is
assumed to be positive, while the film dissolution corresponds to negative values [5]. The
measured mass variation Am includes a mass increase due to incorporation of anions into
the growing film Amj,, while Amy,, is the metal ion loss due to dissolution at the
film/solution interface, equation (18):

Am=Am +AM,, (18)

Il ,anion
Knowing the film stoichiometry, one can derive the relationship between the values of
Am[LA, AmLM, and Am[LM:
M
TMAmII,anion =My (Am; y +AM;; ) (19)

These relationships can be used to determine the fraction of the film growth according
to (20) [5]:

_ My +nF(Am/q)

R
9 My +vM,

(20)

Thus, the measured charge—mass ratio allows one to directly estimate the fraction that
determines the oxide film growth (21) [5]. Similarly, one can determine the differential or
instantaneous growth fraction ry (equation (21) that can be used for online characterization
of film growth, e.g., in metal anodic treatment [5].

i M,, +nF[om/at)/i]
g M,, +vM,

(21)

Variation of oxide film mass Am,, can be determined from the measured mass and
charge variation (equation (22):

M
AMg =AMy o FAM, G +HAM G = AM+AM, :Am+qn—|¥' (22)

In [37], EQCM was used to study the initial stages of iron passivation in neutral
solutions and it was shown that joint application of the in situ quartz resonator method and
pulsed chronoamperometry allowed determining the kinetics of the initial period of passive
film growth on iron. The film thickness measured with account for the “true” electrode
surface area (about 1 nm) reasonably coincided with the thickness of the oxide layer
formed on metallurgic metal. It was found that a primary passive film formed at iron
prepassivation potentials in a borate buffer solution (pH 6.7); the average film thickness
reached several monolayers of oxide/hydroxide compounds at less negative (—0.3V)
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potentials and did not exceed a single monolayer at more negative (—0.4 V) potentials.
In the initial period, the dependences of the passive layer thickness on time were linear in
logarithmic coordinates, with the slope independent of the potential. It was found that the
primary film growth at the potentials of iron passivation and prepassivation was described
by the same kinetic equation. The start of formation of a continuous barrier layer on iron
corresponded to a minimum in the dependence of the fraction of the anodic oxide
formation reaction on time (g;). According to this criterion, the time of the smallest-
thickness barrier layer formation is 2—3 s at the passivation potential (£ = 0 V), while no
compact layer of oxide/hydroxide compounds of Fe** was formed at the potentials of metal
prepassivation. This was confirmed by the shape of the dependences of g; on time [37].
Besides, it was shown that addition into borate buffer solution (pH 6.7) of a metal
hydrogenation promoter (thiocyanate ions) prevented the formation of a primary passive
film and accelerated iron dissolution at the prepassivation potential. Here, a relatively thick
(at least 2 nm) layer formed on the electrode surface has no inhibiting effect on the metal
dissolution [37].

Conclusion

The QCM and EQCM techniques find wide application in studies of processes at the
gas—solid, gas—liquid—solid, and liquid—solid interfaces and are versatile in situ methods
for the estimation of mass variation in time. They reflect the processes of adsorption, metal
dissolution, and growth of protective films or corrosion products. Owing to their very high
sensitivity, simplicity, and possibility of research in various media on many materials, this
method allows the fast acquisition of qualitatively new scientific information. It is of
particular interest to solve scientific problems by combined employment of QCM with
other methods of physicochemical surface analysis. Such methods include XPS, scanning
electron microscopy, atomic force microscopy, Auger and IR spectroscopy, and also
electrochemical impedance spectroscopy, voltammetry, and chronoamperometry. For
example, a combination with XPS allows studying the kinetics of growth of oxide films of
multicomponent alloy elements with very different chemical properties.

The efficiency of the QCM method for studying oxidation, corrosion, interaction of
inhibitors with metals, protective and destructive characteristics of thin—film coatings is
obvious. In fact, QCM is successfully used in corrosion to solve a variety of problems.
Undoubtedly, the further application of the QCM method for studying corrosion and metal
protection will allow considerably expanding the understanding of the mechanisms of
COrrosion processes.
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