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CuZr alloys are the basis of a family of metallic glasses with large glass forming ability and remarkable
mechanical properties. The corrosion response of prepared crystalline and amorphous Cu,Zrqgo-x alloys
(x =40, 50, 64 at%), as well as bare Cu and Zr, in a severe corrosive environment, was tested. The alloys were
immersed in 3 wt% NaCl aqueous solution. With the aim to increase the resistance of copper as less cor-
rosion alloy component, nine imidazole-based compounds with different functional groups were tested as
Keywords: potential corrosion inhibitors. Potentiodynamic polarization measurements, electrochemical impedance
Cuzr spectroscopy, and long-term immersion tests followed by X-ray photoelectron spectroscopy and micro-
scopy analysis were carried out. Overall, all the tested amorphous alloys exhibit a much better corrosion
resistance than their crystalline counterparts in the presence and absence of inhibitors. The main factor
controlling the corrosion resistance of the alloys appears to be the Zr-rich (or at least equiatomic) amor-
phous structure, the effect of the inhibitors being secondary. Results therefore show a complex relationship
between inhibitor performance, microstructure and composition of CuZr alloys.
© 2021 The Author(s). Published by Elsevier B.V.
CC_BY_NC_ND_4.0
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1. Introduction

CuZr alloys are the basis of one of the most widely studied fa-
milies of metallic glasses (MG) [1-4] and have become a de facto
archetypical MG. From early work, it is known that Cuygg-,Zry (at%)
metallic glasses can be obtained by melt-spinning in a wide com-
position range of x = 25-60 [5]. Potential industrial applications
taking advantage of their interesting mechanical properties [6,7]
require also to assess their chemical stability. MG surfaces are
smooth and free of voids, dislocations and/or atomic terraces,
which are features that often contribute to improved corrosion
resistance. The amorphous CuZr system is an excellent glass
former, and although the amorphous surfaces are wavy and
irregular, they show large chemical homogeneity and improved
corrosion resistance [8-14].
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Beyond the intrinsic interest of CuZr metallic glasses, it must be
noted that copper is used in a vast number of industrial applications
[15]. For this reason, several approaches have been used to control,
inhibit and eventually suppress corrosion in copper. Between them,
corrosion control in aqueous solution has been attempted by adding
both inorganic and organic inhibitors. Organic inhibitors show, in
general, a better performance than inorganic ones [16]. Among
them, azole compounds are known for their ability to inhibit the
corrosion on Cu based materials [17,18], with benzotriazole being a
notable example that has been widely used [19]. Mercapto based
azoles are also promising [20,21], but the search of less toxic and
effective alternatives is still an active research subject. Zirconium
metal has much less industrial importance than Cu, although it is
essential in the nuclear industry. It is a very reactive metal, prone to
fast oxidation. Zirconium oxide is an important component of fine
ceramics.

Comparison of the properties of crystalline and amorphous alloys
of the same composition is a very interesting way to understand the
effects of topology on their macroscopic properties [22]. The com-
parison of the corrosion mechanisms of crystalline and amorphous
alloys of the same stoichiometry would give valuable data regarding
the effect of crystalline structure on the corrosion performance. A
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number of literature studies are available discussing the properties
and corrosion mechanisms of CuZr-based metallic glasses
[11,23-26]. Although many CuZr based alloys show good corrosion
resistance, such as ZrssCu,oNijgAligTas (at%), ZrsoCuyeNijgAligTa g (at
%) or ZrssCuygNiqgAlioTis (at%), the parent CuZr alloy is not parti-
cularly corrosion resistant. The observed differences in corrosion
resistance may be attributed mostly to the different surface crys-
talline structure, i.e. the ordered - probably polycrystalline - atomic
structure in the crystal vs. the disordered but chemically homo-
geneous atomic distribution in amorphous alloys [27,28]. This is one
argument to choose a binary alloy; the comparison of corrosion re-
sistant multicomponent alloys with their crystalline counterparts
has much less significance as the role of the minor elements would
be undiscernible. It has also been noted that an additional source of
protection against corrosion in amorphous materials might be the
development of amorphous oxide layers; the absence of grain
boundaries in these oxide layers may reduce the ion mobility [23].

The different chemistry of Cu and Zr makes one assume that
corrosion inhibitors that are beneficial for one of the metals may not
have a similar effect for the other. We are dealing with alloys of two
different metals with Cu being more susceptible to corrosion,
therefore we address herein the potential of Cu corrosion inhibitors
on both crystalline and amorphous CuZr alloys. In this work, we test
the utility of organic compounds consisting of imidazole, mercap-
tobenzimidazole and hydroxybenzimidazole derivatives as corrosion
inhibitors for CuZr alloys in 0.51 M (or equivalently 3 wt%) NaCl
solution; these inhibitors were chosen from a larger set of inhibitors
from our previous publication [29]. Electrochemical and immersion
tests were conducted in order to investigate the inhibition perfor-
mance of these organic compounds on the CuZr alloys of different
composition (CugeZrsg, CusgZrsg and CugsZrsg) and microstructure
(crystalline and amorphous). X-ray photoelectron spectroscopy
(XPS) was utilized to investigate the composition of organic layers
formed on the surface of the alloys.

2. Materials and methods
2.1. Materials and chemicals

Crystalline samples for corrosion tests were produced from high
purity raw materials (Cu 99.9%, Zr 99.8% excluded Hf, Hf 2% nominal,
Alfa-Aesar). Samples were melted twice on an arc melter oven
(Compact Arc Melter MAM-1, Edmund Biihler GmbH) provided with
a water-cooled plate, on a Ti-gettered Ar (99.995% Nippon gases)
atmosphere at a pressure of ~700 hPa. Circular samples were cut
with a low speed diamond saw from the arc melted alloy, having a
surface area of 0.5-1.0 cm?. They were further welded on the back to
a copper wire and embedded with epoxy resin. Samples were then
sequentially ground with P600, P1200, P2000, P4000 SiC (CarbiMet)
abrasive paper and polished with 6 pm, 3 pm and 1 pm MetaDi
diamond suspensions (Buehler). Samples were then cleaned with
ethanol in an ultrasonic bath for 3 min, double-rinsed with distilled
water and dried with nitrogen gas.

Amorphous samples were produced with the same raw materials
as crystalline. Amorphous ribbon materials of approximately 40 pm
thickness and 1.5 mm in width were produced on an Edmund Biihler
melt spinner in Ar (99.995%) atmosphere at 1 mm of crucible-wheel
distance surface and wheel velocity of 40 + 1 m/s. Corrosion tests
for amorphous samples were performed on the free side of the
ribbons which acted as the working electrode. To prepare the ribbon
for measurements, it was connected to a pure copper (99.9%) strip by
a PTFE tape to get an electrical connection; the copper strip and the
wheel side of the ribbon were then covered by PTFE tape, see Fig. S1
in the Supplementary material.
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The choice of alloy compositions was driven by good glass
forming ability. The selected alloy compositions are denoted as
CuyZrigo-x (X = 40, 50 and 64 at%), i.e. CuyoZreg, CuspZrso and
CugysZrse.

Electrochemical corrosion tests were carried out in 3 wt%
(0.51 M) NaCl (Panreac Quimica (p.a.)) aqueous solution with or
without the addition of organic compounds tested as corrosion in-
hibitors. Nine compounds were tested. To facilitate the presentation
they are divided in three groups:

(1) imidazole derivatives: imidazole (ImiH, 99.5%), 2-mercapto-1-
methylimidazole (SH-ImiMe, 99%), 2-mercapto-4-phenylimida-
zole (SH-ImiH-4Ph, 97%),

(2) mercaptobenzimidazole derivatives: 2-mercaptobenzimidazole
(SH-BimH, 98%), 2-mercapto-5-methoxybenzimidazole (SH-
BimH-50Me, 99%), 5-amino-2-mercaptobenzimidazole (SH-
BimH-5NH,, 96%), 2-(methylthio)benzimidazole (Me-S-BimH,
97%), and

(3) hydroxybenzimidazole derivates: 2-hydroxybenzimidazole (OH-
BimH, 97%), benzimidazole-2-methanol (OH-Me-BimH, 97%.

All compounds were used at a concentration of 1 mM. Skeletal
formulae of the inhibitors are presented in Fig. 1. Note that Me-S-
BimH is strictly not a mercapto-compound (R-SH) because it con-
tains sulfur bonded to methyl group (R-SCH3) but it is nevertheless a
derivative of mercaptobenzimidazole and is therefore included in
this group of compounds. Benzimidazole-2-methanol was supplied
by Fluorochem and other inhibitors were supplied by Sigma-Aldrich.
Compounds were used as supplied.

2.2. Structural characterization

The crystalline and as-cast ribbons were examined using Bruker
D8 Advance X-ray diffractometgr (XRD) equipped with Cu Ko X-ray
tube with radiation (1=1.5418 A) in Bragg-Brentano geometry. The
thermal stability of the amorphous samples was evaluated using a
NETZSCH DSC 404 F3 differential scanning calorimeter (DSC) at a
heating rate of 20 K/min under a flow of high purity Ns.

2.3. Electrochemical measurements

Electrochemical tests were performed in a three-electrode cor-
rosion cell (volume 0.1 L, Bio-logic, France) at 25 °C in 3 wt% NaCl. An
Ag/AgCl (3.5M KCl) electrode (+0.205V vs. saturated hydrogen
electrode at 25°C) was used as reference electrode and a spiral
platinum wire (~3.6cm?) was used as a counter electrode.
Specimens’ surface exposed to solution was around 0.5-1.0 cm? for
crystalline samples and around 0.05-0.2 cm? for amorphous ones.
Measurements were carried out with a SP-200 Bio-Logic (Bio-Logic
Science Instruments, France) potentiostat/galvanostat operated by
the EC-Lab software. Crystalline samples were polished before every
measurement, while all measurements on amorphous samples were
performed on fresh ribbons (Section 2.1.).

2.3.1. Potentiodynamic measurements

The specimens were stabilized under open circuit condition for
1h before the measurements. During that time, the open circuit
potential was measured as a function of time. The stable, quasi-
steady state potential reached at the end of the stabilization period
is denoted the open circuit potential (OCP). Potentiodynamic polar-
ization curves were recorded starting at 250 mV negative to OCP,
then increasing the potential in the anodic direction at a potential
scan rate of 1 mV/s. A maximum positive potential of 650 mV, re-
lative to OCP, was applied to crystalline samples, and of 250 mV for
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Fig. 1. Skeletal formulae of the organic molecules and their shorthand labels, tested as corrosion inhibitors in this work, and their classification into three groups: (1) imidazole
derivatives, (2) mercaptobenzimidazole derivatives, and (3) hydroxybenzimidazole derivatives.

amorphous ones due to the smaller thickness of the ribbon. All the
measurements were performed at least twice, and the typical
standard deviation is below 12%.

2.3.2. Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy (EIS) measurements
were performed at open circuit conditions in the frequency range
from 10° Hz to 1072 Hz. AC excitation voltage was 10 mV (rms). EIS
spectra were recorded after 1h at the OCP and up to 120 h immer-
sion in periods of 24 h. The modulus of impedance |Z| at frequency of
1072 Hz was taken as a significant parameter of the corrosion re-
sistance of the metal covered by an inhibitor layer. The typical
standard deviation of the measurements is around 15%, and in all
cases below 30%.

2.4. Immersion Tests

Immersion tests were carried out in a sealed polyethylene con-
tainer with an electrolyte volume/sample surface ratio larger than
25 mL/cm?. Amorphous alloys CusZrso and CugsZrsg were immersed
for 5 days and CuyoZrgg for 12 days due to its good corrosion re-
sistance. All crystalline alloys were immersed for 5 days.

2.5. Surface characterization

The samples were analyzed using a scanning electron microscope
(SEM) at electron beam energy of 15 keV at a Neon40 Crossbeam™

workstation in a back scattered electron mode. Prior to analysis, the
surface was coated by a thin carbon layer to reduce charging.

X-ray photoelectron spectroscopy (XPS) was performed with a
SPECS system equipped with a Phoibos 150 MCD-9 detector and an
Al anode XR50 source operating at 150 W. Scan step for high-re-
solution analysis is 0.1 eV. The diameter of the analyzed spot was
1mm? CasaXPS program (Casa Software Ltd., UK) was used to
evaluate the XPS data. The spectra were normalized on the binding
energy scale relative to the position of C 1s peak at 284.8 eV. When
calculating the chemical composition, the intensity of carbon signal
was not taken into consideration. The spectra were not normalized
on the intensity scale.

3. Results
3.1. Characterization of as prepared alloys

As prepared amorphous and crystalline CuZr alloys were first
characterized by X-ray diffraction (XRD), differential scanning ca-
lorimetry (DCS) and X-ray photoelectron spectroscopy (XPS) to re-
veal their structure, phase transition properties and composition.

XRD patterns of the as-cast melt-spun amorphous samples with
different Cu/Zr ratio are shown in Fig. 2a. Three melt-spun alloys are
amorphous as indicated by a typical broad amorphous peak and the
absence of any detectable crystalline peaks. Fig. 2b shows the DSC
curves of the amorphous CuZr alloys. This termoanalytical technique
serves to determine crystallization and glass transition events (Ty
and T,). Both T, and T increase with the Cu content. The
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Fig. 2. (a) X-ray diffraction (XRD) spectra, (b) differential scanning calorimetry (DSC) curves of amorphous CuZr alloys and XRD spectra of (c) CugoZrgo, (d) CusoZrso and (e)

CugqZrsg crystalline alloys.

temperature range of the supercooled liquid (AT=Ty - T) is a sig-
nature of the glass-forming ability of the alloys, and it is similar in all
compositions.

XRD patterns of the as-cast crystalline samples with different Cu/
Zr ratio are shown in Fig. 2c-e. The main crystalline phase in
CuyoZrgp is identified to be CuZr,, although it may also contain traces
of CuqoZr;. CuspZrsg is composed of CuZr, and Cuq¢Zr7, while CuqpZr;
and CugZrs are identified in CugsZrse. All the identified phases are
coherent with the phase diagram [30] provided in the Supplemen-
tary material Fig. S2.

High energy resolution XPS spectra recorded for as-prepared
amorphous and crystalline CuZr alloys are presented in Figs. 3 and 4.
The surface consists of Cu, Zr and O; the chemical compositions
deduced from XPS spectra are given in Tables 1 and 2. For Cu, both
Cu 2p and LMM spectra are presented as to be able to differentiate
between Cu and Cu(I) species, which is not possible with Cu 2p
spectra alone [20,31]. The surface concentration of Cu in CuypZrgg
and CusgZrso amorphous alloys (Fig. 3) is negligible and the surface
predominantly consists of ZrO, oxide [31]. This layer is few nan-
ometers thick and allows the detection of Zr and suboxide peaks
[32,33] originating from the underlying alloy substrate. The Zr/O
ratio is smaller than the stoichiometric ratio of 0.5 (Table 1) which
may be attributed to exposure of the sample to air, as suggested by
the position of O 1s peak center in the hydrated region (OH™ and H,0
peaks). In Fig. 3¢, Zr/Zr suboxide peaks exist and ZrO, peaks are
strong; as shown in the reference, thin ZrO, native oxide film with
thickness of several nanometers is always present and below it are

Zr and Zr suboxide. The spectra of CugsZrsg alloy, however, show
different composition: copper can be now detected at 1.3 at% (note
that for the former two alloys the spectra are given but not com-
mented due to their low intensities). The Cu 2p spectrum proves that
the surface consists of Cu and/or Cu,O since there is no satellite
peak, which would indicate the presence of CuO [20]. The Cu LMM
spectra, however, corroborate the presence of Cu and small amount
of Cu,0 (Cu is probably originating from underlying substrate. The
Cu/Zr ratio is 0.06 reflecting a complete predominance of a uniform
Zr0, in the surface layer formed on amorphous CuZr alloys regard-
less of their composition.

CuZr crystalline alloys show higher Cu content than CuZr amor-
phous alloys (Fig. 4 and Table 2). The crystalline structures caused
different oxidation behavior than for amorphous alloys, where uni-
form ZrO, surface layer was formed. For crystalline alloys, the sur-
face layers contain both Cu and Zr (Fig. 4). Cu,0 oxide is the major Cu
compound on the crystalline surface, as evident in Cu LMM spectra
where the Cu,0 completely prevails over that of Cu, in contrast to
amorphous alloys (Fig. 3). In Zr 3d spectra, the ZrO, is the only peak
and no peak related to Zr/Zr suboxide appears. Note that the Cu/Zr
ratios are smaller than the stoichiometric ratios of 0.67, 1 and 1.7
(Table 2) still reflecting that also in crystalline alloys Zr oxide re-
mains a predominant surface oxide; however, the portion of Cu

! Note that the surface was air-exposed and in order to obtain the composition of
bulk alloy one should sputter-cleaned the surface.
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Fig. 3. High-resolution XPS (a) Cu 2p, (b) Cu LMM, (c) Zr 3d and (d) O 1s spectra of the surface of as-prepared amorphous alloys and immersed for 24 h in 3 wt% NaCl solution
(blank). Top: CugoZreo, center: CusoZrsg bottom: CugsZrse. Dash lines represent the position of peaks of reference compounds: (a) 1: Cu/Cu,0, 2: CuO/Cu(OH),, 3: Cu(ll) satellite
peak, (b) 1: Cu, 2: Cu0, 3: Cu,0, (c) 1, 2: Zr/Zr sub-oxide, 3, 4: ZrO,, (d) 1: 0%, 2: OH", 3: H,0. Note that the spectra were not normalized on the intensity scale.

oxide is much larger than in the case of amorphous alloys (Table 1).
The Zr/O ratio is somewhat smaller than for amorphous alloys
(Tables 1 and 2) but the position of O 1s peak center is pre-
dominantly in the oxide/hydroxide region (0>~ and OH~ peaks).
These spectra indicate that the surface layers formed on crystalline
alloys differ from those on amorphous alloys not only in composition
but also in thickness: the layers are richer in copper and thicker.

3.2. Characterization of Cu and Zr metals and CuZr alloys in NaCl
solution

Fig. 5 schematically shows the interface structure between
electrode and electrolyte, based on the model postulated by Xu et al.
[31]. The native oxide passive layer of the CuZr amorphous alloys

turns out to be ZrO, oxide, developed over a Cu-rich region above
the amorphous matrix. The thickness of the ZrO, layer increases
with the concentration of Zr and the formation of Cu-rich region is
caused by the diffusion of Zr to the surface. This model is exactly
corroborated by our XPS data (Figs. 3 and 4).

Due to the ultrafast initial oxidation process, the ZrO, ultrathin
passive film becomes the interface between sample surface and
electrolyte. Additionally, ZrO, has a large dielectric constant, 10-23,
and huge resistivity, 3.16x10° to 3.16x 10'® Qm, which provides
protection for the material in a corrosive electrolyte. Introduction of
inhibitors in the electrolyte is expected to induce a rapid physi-
sorption and may result in eventual chemisorption on the surface.

The spontaneously formed dielectric film is inhomogeneous, as
indicated in Fig. 5a. This anodic oxide layer is well described by
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peak, (b) 1: Cu, 2: Cu0, 3: Cu,0, (c) 1, 2: Zr/Zr sub-oxide, 3, 4: Zr0O,, (d) 1: 0%, 2: OH", 3: H,0. Note that the spectra were not normalized on the intensity scale.

Table 1
Concentration of Cu, Zr and O calculated from Cu 2p, Zr 3d and O 1s XPS spectra (Fig. 3) recorded on the surface of as-prepared CuZr amorphous alloys and after 24 h immersion in
3 wt% NaCl.

Sample Composition (at%) Ratio
Cu Zr ] Cu/Zr Zr|
o
As-prepared amorphous alloys
CuaoZrso <0.1 26.8 73.1 - 0.37
CusoZrso <0.1 214 785 - 0.27
CugaZrse 13 20.7 78.0 0.06 0.26
Amorphous alloys after immersion in NaCl
CugoZreo <01 20.5 79.4 - 0.26
CusoZrsg <01 26.4 73.5 - 0.36
CugaZrsg 11 16.7 82.2 0.06 0.20
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Table 2
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Concentration of Cu, Zr and O calculated from Cu 2p, Zr 3d and O 1s XPS spectra (Fig. 4) recorded on the surface of as-prepared CuZr crystalline alloys and after 24 h immersion in
3 wt% NaCl. Note that due to technical reasons the data for CugsZrsg could not be elaborated.

Sample Composition (at%) Ratio
Cu Zr 0 Cu/Zr Zr/O
As-prepared crystalline alloys
CuyoZrgo 1.5 16.9 81.6 0.09 0.21
CusoZrso 4.2 18.0 77.8 0.23 0.23
CugaZrss \ \ \ \ \
Crystalline alloys after immersion in NaCl
CugoZrgo 2.9 19.0 78.1 0.15 0.24
CusoZrsg 6.5 109 82.6 0.60 0.13
CupaZrsg 21 13.1 84.7 0.16 0.15

IZ‘ Solvent
A%
am-ZrO2 .‘... -~

am-ZrO2
Cu-enriched

Cu-enriched

Amorphous

Tons

[c] Inhibitor

am-ZrO2
Cu-enriched

Amorphous

Fig. 5. Schematic of interface structure between electrode and electrolyte. (a) Native oxide layer of CuZr amorphous alloy. (b-c) Simple model for the interface between CuZr

amorphous and electrolyte (b) without and (c) with inhibitor in solution.

Young’s model [34-36], which assumes that the nonstoichiometry of
the oxide film generates an exponential variation of the conductivity
with respect to the normal distance to the electrode. In this model
the measured impedance (Zy oxide) iS given by:

2 ( 1 + jwpgeen )
ZY,oxide = ——In .

Jowegg  \ 1 + jwpgeeoexp (—5/A) (1)
where j = /-1, w is the angular frequency, ¢ is the dielectric con-
stant of the oxide film, gy is permittivity of vacuum, é is the film
thickness, po is resistivity at a position of spatial coordinate per-
pendicular to the electrode surface equal to 0, and A is a material
dependent parameter. According to Eq. (1), the Nyquist plot of a
dielectric passive film shows a depressed semicircle, and for de-
creasing frequencies the impedance depends essentially on the re-
sistivity of the film (Fig. 5b). After adsorption of inhibitors the
impedance of the layer will increase, due to their dielectric nature
(Fig. 5c). Thus, the impedance modulus at 0.01Hz, labeled as
|Z|0.01 Hz» Will be used as a reference value to reflect the initial in-
hibition performance of the organic compounds. This initial perfor-
mance allows us to select the most promising organic compounds
and assess their performance on long-term tests. The results for the
most promising inhibitors were additionally modeled using
equivalent electrical circuits.

3.2.1. Electrochemical measurements in NaCl solution

Fig. 6 shows the Bode and Nyquist plots of CuZr alloys as well as
of Cu and Zr pure metals. Zr metal exhibits better protective char-
acteristics than Cu metal, as evidenced by (i) a broad range of linear
increase of impedance modulus with frequency and larger im-
pedance values over the whole frequency range (Fig. 6a); (ii) a broad
range of frequency where phase angle is constant at values of about

-80° indicating strong capacitive behavior (Fig. 6¢); and (iii) much
larger diameter of the Nyquist plot indicating much larger overall
resistance (Fig. 6e) [36].

Crystalline alloys, considered in Fig. 6a, show reduced values of
low frequency impedance as the Zr content decreases. CuypZrsg
shows an impedance behavior close to that of pure Zr, but both
CusoZrsg and CugyZrsg have impedances even lower than that of pure
Cu. Analogously, the phase angle plots of CusoZrsg and CugsZrsg
crystalline alloys reached a maximum at middle frequency range and
then decreased to ca. -20° indicating the initiation of corrosion
process (Fig. 6¢). This behavior is attributed to the different crys-
talline phases present in these alloys (Fig. 2¢), with different corro-
sion resistance, as well as to the existence of preferential corrosion
sites at grain boundaries. These features are also shown in the Ny-
quist plot (Fig. 6e), which shows spurious behavior in some of the
alloys. In contrast, the corrosion behavior of the amorphous alloys
(Fig. 6b,d,f) is similar to that of pure Zr, showing strong capacitive
behavior (Fig. 6b,d) and large semicircle (Fig. 6f) as expected for the
aforementioned Young's model.

Interestingly, the low frequency impedance of amorphous
CusoZrsg is somewhat larger than that of pure Zr (inset of Fig. 6b),
while those of CuygZrgg and CugyZrsg are lower than that of pure Zr.
According to the model presented in Fig. 5, larger Zr concentration
should stimulate the development of the protective amorphous ZrO,
dielectric layer. The fact that the equiatomic alloy shows the larger
low frequency impedance after one hour seems to indicate that not
only the Zr concentration is important for the creation of the ZrO,
film, but also the atomic mobilities of Cu, Zr and O play an important
role [37]. Given its smaller atomic size, Cu is known to have a large
diffusivity in metallic glasses [38]. Thus, the development of the
amorphous ZrO, layers in the Zr-rich amorphous alloys is probably
delayed by the lower atomic mobility Fig. 7.



C. Xie, I. MiloSev, EU. Renner et al. Journal of Alloys and Compounds 879 (2021) 160464

10° Crystalline Amorphous
34 O PurecCu
10 Unnn V' CuaeZr L". IO“ E g
o 40Zr60 |
T " e X cuzn || ey, P
S 1o ,oooooooo“ogggggg [% g::::?z’:s ’ooooooo“o‘,!ggg" o g_li x
g 10 36"0999“”9‘ 9998' ". 10
N qa-! ‘.’65 ML, ...
Nio ML ""
10°] a ‘“g??%vmem b ”””gﬂ
10" - - 1 . . A 9??1
(LTI LT T T
80 nnnun:gswwwwzzgggggggggg xx.':ggwm oooo°°°°oo§339§
v
60 :”D B oooog‘vSoggggeg,% °°?,9 g 00°° °L
x
o 40 vv:xx,‘vﬁxxalgxxx"x 68 ogg ;v"" c’ooo o:n x
? 2047 90° 55 o r o° ooggg
00000007 ”563833! [ooco0e0® o038
0 —v*
20]%¢ d
0?10 10 10 10 10 10 10t 1w 1w 10 100 10 10t 10
flHz flHz
1200 x
e 10 mHz f
1000 - -
o x o
~ 800
; a ; :
. x
< 600 ¢
= o o
N x ¢
400 o xuo v v v
. Py v
20010
o
Fvvvvv
% 200 400 600 800 1000 1200 0 200 400 600 800 1000 1200
-Z'IkQ - cm? =Z'1kQ - cm?

Fig. 6. Electrochemical impedance spectra in the form of (a,b) Bode impedance magnitude plot, (c,d) phase angle plot, and (e,f) Nyquist plot recorded for crystalline (left) and
amorphous (right) alloys as well as Cu and Zr metals in aqueous 3 wt% NaCl solution after 1h at the open circuit conditions.

049 — 1-purecu Crystalline 7 — t-Purecu Amorphous
—— 2-Pure Zr —— 2-PureZr
< 3 - CuaoZreo —— 3-CuaoZreo
§ 029 — 4-CusoZrso 1 — 4-cusozrso
% —— 5-CugaZrss —— 5-CugaZrse
< 0.0
>
<
9 -0.2+ 5
3 {
T -0.4-
8
® 0.6
a
1 1 1 1
10" 10° 10° 10" 107 10’
Current density(mA cm™2) Current density(mA cm~2)

Fig. 7. Potentiodynamic curves for Cu, Zr, and crystalline and amorphous Cu,Zrigo- alloys in 3 wt% NaCl. Quantitative electrochemical parameters are presented in Tables S1
and S2.



C. Xie, I. MiloSev, EU. Renner et al.

Fig. 7 shows the potentiodynamic polarization curves of Cu and
Zr in NaCl. In chloride solution copper shows a well-known curve
with cathodic reaction related to reduction of oxygen and anodic
reaction related to dissolution of copper as cuprous Cu(l) species
[19]. Current density increased starting from corrosion potential at
-0.14V up to an anodic peak at ~0V when the formation of CuCl
occurred [39,40]. At more positive potentials the current density
shortly decreased but then it increased again due to formation of
soluble cupric complexes [39,40]. In contrast, for Zr metal a rather
broad passive range was established; following the E., at -0.40V,
passive range extended up to potentials above 0.2 V. Tables S1 and S2
in the Supplementary material provide more data on the quantita-
tive electrochemical parameters derived from the polarization
curves.

All three crystalline alloys exhibit worse corrosion resistance
than Zr metal and the curves resemble more to that of Cu. Regarding
the alloy composition, the corrosion parameters deteriorate with
decreasing Zr content, as evidenced by the increasing corrosion
current density (Tables S3-S8). The position of E,, values is closer
to that of Zr metal than that of Cu. However, compared to Zr metal,
which shows a broad passive region, all crystalline and amorphous
alloys show much narrower range between E.,; and abrupt increase
in current density at more positive potentials. Amorphous alloys
exhibit better performance than crystalline counterparts and smaller
difference depending on Cu content that crystalline alloys (Fig. 7,
Tables S3-S8).

3.2.2. XPS analysis of CuZr samples immersed in NaCl

High energy resolution XPS spectra recorded on the surface of
amorphous and crystalline alloys after 24 h immersion in 3 wt% NaCl
solution are presented in Figs. 3 and 4; the related chemical com-
positions are given in Tables 1 and 2. For amorphous alloys no sig-
nificant change was observed (Fig. 3). ZrO, remained the
predominant oxide. For CuypZrgo and CuspZrsq alloys the ZrO, peak
shifted to a slightly higher energy, presumably related to further
oxidation during immersion. For CugsZrss alloy, opposite shift was
observed, probably due to partial degradation of the oxide layer
formed on this less corrosion resistant alloy.

For crystalline alloys, the immersion in NaCl caused more
changes on the surface. For CuygZrgo and CusoZrsg alloys the con-
centration of Cu increases with immersion (Table 2) indicating en-
richment of the layer with Cu. XPS spectra prove that during
immersion not only cuprous Cu(I) oxide but also cupric Cu(Il) species
are formed because the Cu(ll) satellite peak appears in the Cu 2p
spectra (Fig. 4). The presence of cupric species in chloride containing
solution is usually related to layer dissolution and formation of so-
luble copper chloride complexes [20]. These results corroborate
electrochemical results stating that CuZr crystalline alloys exhibit
lesser corrosion resistance than CuZr amorphous alloys regardless
the alloy concentration.

3.3. Characterization of Cu and Zr metals and CuZr alloys in NaCl
solution with added organic compounds

3.3.1. Short-term electrochemical results for Cu and Zr metals
Potentiodynamic polarization curves and quantitative electro-
chemical parameters derived from the polarization curves for Cu in
the presence of potential inhibitors are presented in Fig. 8 and Table
S1 in the Supplementary material, respectively. The effect of the
organic compounds for the pure metals is diverse. In the case of Cu
in NaCl solution, ImiH acted as an activator, while SH-ImiH-4Ph and
SH-ImiMe acted as inhibitors causing a decrease in current density
and shift in E,, to more anodic values [20,29]. Two mercapto-based
derivatives showed even better performance with the corrosion

Journal of Alloys and Compounds 879 (2021) 160464

current densities j.or decreasing in the following order: jcor(SH-
BimH) > jcor(Me-S-BimH), whereas SH-BimH-50Me and SH-BimH-
5NH, acted as activators. Hydroxybenzimidazole derivatives also
acted as corrosion activators. Efficient inhibitors on Cu acted as
mixed type inhibitors with a strong inhibition on anodic reaction.

Different performance was observed for pure Zr when inhibitors
are added to chloride solution (Fig. 8). Imidazole derivatives showed
no inhibition activity. The SH-BimH-5NH, acted as the most efficient
among mercaptobenzimidazoles, causing the largest shift of the E.o,,
to negative values and thus increasing the passive range; however,
the j.orr Was not significantly affected. In contrast to Cu, SH-BimH-
50Me acted as an activator, whilst SH-BimH and Me-S-BimH acted
as very mild inhibitors. Hydroxybenzimidazole derivatives also acted
as activators. Efficient inhibitors on Zr behave as cathodic type in-
hibitors. Quantitative electrochemical parameters derived from the
polarization curves for Zr presented in Fig. 8 are given in Table S2 in
the Supplementary material.

EIS spectra recorded for Cu and Zr metals after 1 h immersion in
NaCl containing organic compounds are presented in Figs. S3-S5 in
the Supplementary material. For Cu, SH-ImiH-4Ph and SH-ImiMe
acted inhibitive, as well as all mercaptoimidazole derivatives except
SH-BimH-5NH,, whereas for Zr metal, the EIS response in the pre-
sence of organic compounds is less affected.

Comparison of the inhibition efficiency of the tested molecules is
not straightforward. On the one side, the presence of a uniform di-
electric film on the alloy surface makes it impossible to use common
linear sweep methods to evaluate the inhibition effect. On the other
side, the Nyquist plots shown in Figs. S3-S5 show clearly that dif-
ferent inhibitors could be fitted using different equivalent circuits.
No general model can be fitted to the recorded data, and inter-
comparison is not possible with different electrochemical descrip-
tions. Hence, we pursue here a feasible and simple approach that
utilizes as a comparison parameter the impedance modulus at
10 mHz, denoted as |Z|o01 uz. Fitting to electrochemical equivalent
circuits is restricted only to those inhibitor/alloy combinations that
show a positive interaction in this first screening, and is presented
below. The validity of |Z|oo1 1, as @ measure of the inhibition effi-
ciency relies on two facts: the low frequency impedance correlates
to the combined effect of diffusion and charge transfer and it shows
a huge drop in the case of localized pitting. Besides, such parameter
is adequate for fast screening.

The measured values of |Z|p 11, in the solutions containing the
studied organic compounds are presented in Fig. 9. It is evident that
organic compounds added to NaCl affect significantly the behavior of
Cu but only insignificantly that of Zr. The effect will be discussed
further in Section 4.

3.3.2. Short-term electrochemical results for CuZr alloys

3.3.2.1. CuyoZrgp. Polarization curves and quantitative
electrochemical parameters derived from the polarization curves
for CuyoZregp alloys are presented in Fig. 10 and Tables S3-S4 in the
Supplementary material, respectively. The inhibition performance of
all inhibitors is poor for the CuyoZrgg crystalline alloy, as dissolution,
indicated by the increase in current density, initiates in the anodic
branch at a similar potential, regardless the inhibitor. A more diverse
behavior is observed for the amorphous samples, where several of
them act as cathodic inhibitors as in the case of pure Zr.

EIS spectra recorded for CuygZreg crystalline and amorphous al-
loys after 1h immersion in NaCl containing organic compounds are
presented in Figs. S6-S8 in the Supplementary material. The com-
parison of |Z| 01 1, again shows much larger impact of inhibitors on
crystalline alloys than on amorphous alloys which show better
corrosion performance (Fig. 9).
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and S2.

3.3.2.2. CuspZrsp. None among compounds tested shows any
inhibition properties on crystalline CusgZrso alloy. The
potentiodynamic polarization curves are quite similar for solutions
with and without organic inhibitors as shown in Fig. 11. With
inhibitors added, in the cathodic range the current density is
slightly decreased but in the anodic range a fast dissolution of the
alloy takes place, similar as in the absence of inhibitor. Amorphous
CusoZrsg shows slightly better performance than crystalline alloy. A
passive range is induced on the sample, both in the non-inhibited
and inhibited solutions. When adding imidazole-based derivatives,
SH-ImiH-4Ph showed the best performance, shifting the E.,, more
negative and decreasing the cathodic current density. Even more
pronounced inhibitive behavior was observed for
mercaptobenzimidazole derivatives, with SH-BimH-50Me being
the most efficient (Fig. 11e) as it increased slightly the pitting
potential. Both hydroxy-derivatives acted as corrosion activators
(Fig. 11f). Quantitative electrochemical parameters derived from

10

the polarization curves for CuygZrgg alloys are presented in Tables
S5-S6 in the Supplementary material.

EIS spectra recorded for CusgZrsg crystalline and amorphous al-
loys after 1 h immersion in NaCl containing organic compounds are
presented in Figs. S9-S11 in the Supplementary material. The com-
parison of short term EIS behavior is given in Fig. 9.

3.3.2.3. CugqZrss. Almost no inhibition effect was achieved with any
of the compounds for crystalline or amorphous samples of CugsZrsg
in 3wt% NaCl aqueous solution in the presence of the organic
compounds studied, as shown in Fig. S12 in the Supplementary
material. Quantitative electrochemical parameters derived from the
polarization curves for CuygZreg crystalline and amorphous alloys are
presented in Tables S7 and S8 in the Supplementary material. Due to
fast dissolution of materials, the Tafel parameters could not be
determined for crystalline CugsZrsg.
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EIS spectra recorded for CugsZrsg crystalline and amorphous
1h immersion in NaCl containing organic

alloys after
compounds are presented in Figs. S13-S15 in the Supplementary
material. The comparison of short term EIS behavior is given

in Fig. 9.

1

3.3.2.4. Modeling of EIS data. Based on potentiodynamic and EIS
results on amorphous alloys, three inhibitors were selected for
further study using modeling of EIS data. In contrast, the inhibitive
effect of organic compounds on crystalline alloys is too weak and,
therefore, it will not be studied further by EIS modeling.
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compounds: (top) imidazole derivatives, (middle) mercaptobenzimidazole derivatives, and (bottom) hydroxybenzimidazole derivatives. Quantitative electrochemical parameters

are presented in Tables S3 and S4.

As shown by the XPS data (Figs. 3 and 4), the uniform oxidation
of amorphous CuZr alloy and pure Zr results in a dielectric ZrO, film
covering the surface [31]. The charge transfer resistance is high and
the corrosion current is low, as shown by Tafel parameters tabulated
in Tables S2, S4, S6 and S8. Thus, two simple equivalent electric
circuits (EEC) were selected to model the amorphous alloy/electro-
lyte interface with and without inhibitors (Fig. 12). As the Warburg
resistance is negligible in these systems, in the absence of inhibitor
only the resistance of the solution (R;), the charge transfer resistance
(R¢t) and the capacitance of oxide layer and double layer (Q,) are
taken into consideration [41,42]. In the presence of inhibitor, the
adsorbed organic molecules modify the EIS response of the ZrO,
layer, hence the capacitance (Qr) and the resistance of the inhibitor
film (R¢) are added to the EEC. Fig. 13 shows the modeled and original
Nyquist plots and Bode plots of the amorphous alloy CuyoZrgg (fitted
EIS data are in Table S9). Fitted EIS data for the other two amorphous

12

alloys are given in Figs. S16 and S17 and Tables S10 and S11 in the
Supplementary material. The sum of R, and R is equal to the po-
larization resistance (R,) [43], where the R . parameter is the charge-
transfer resistance describing the faradaic reaction at the metal/
electrolyte solution interface occurring as a result of structure de-
fects in the layer upon immersion in NaCl solution and Ry is the
resistance of the inhibitor layer. The value of R, reflects the corrosion
rate of the metal according to the theory of the kinetics for corrosion
processes at the metal/electrolyte solution interface [44].

Herein, results are presented graphically as R, for all three
amorphous alloys (Fig. 14). The higher values of R, are obtained for
CuyoZrgp and CusoZrsg in the presence of two selected inhibitors
compared to the value in NaCl solution confirming the protective
character of the adsorbed organic layer. For the CugsZrse, the R,
values are smaller than for the other two alloys reflecting poor
corrosion performance of this alloy.
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Fig. 11. Potentiodynamic polarization curves of crystalline (left) and amorphous (right) CuseZrso in 3 wt% NaCl aqueous solution with and without 1 mM of different organic
compounds: (top) imidazole derivatives, (middle) mercaptobenzimidazole derivatives, and (bottom) hydroxybenzimidazole derivatives. Quantitative electrochemical parameters

are presented in Tables S5 and S6.

3.3.3. Long-term electrochemical and microscopy results
Time-resolved performance of the studied inhibitors was de-

termined by measuring the EIS spectra of the crystalline and

amorphous alloys over an immersion time of 120 h in the presence

Electrolyte
Zr0, layer &
R, Electrolyte inhibitors ~
Qf —1
Qo =X Ry | Z1O, layer
Amorphous P s

Fig. 12. Schematic equivalent electric circuits for amorphous alloys in NaCl (left) and
NaCl with added inhibitors (right).
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of the most promising inhibitors, chosen from the results of po-
tentiodynamic polarization measurements (Figs. 10, 11 and S12).
Fig. 15 displays in a compact way the long-term EIS behavior of the
alloys in blank NaCl and with added inhibitors selected for each
alloy.

The |Z|o.01 1z of the amorphous CuygZreg alloy in chloride solution
was about two orders of magnitude higher than that of the crys-
talline alloy. In the presence of SH-ImiMe, SH-ImiH-4Ph and SH-
BimH-5NH, the low frequency impedance values remained two or-
ders of magnitude higher than those of the crystalline samples, and
even showed a small but steady increase with time which may
correspond to the formation of a passive film. The EIS findings are
confirmed by direct observation of the samples after 5 days im-
mersion tests. Fig. 16 shows the SEM images of the CuyoZrgp amor-
phous samples in the presence of several inhibitors. The most
protected surface was the one corresponding to the immersion in
the presence of SH-ImiMe (Fig. 16e). Other samples showed some
corrosion damage.

The initial |Z|o.01 1, values in NaCl for crystalline CusgZrso were
smaller than those for CuyoZrgg, whereas for amorphous alloys were
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Fig. 13. Measured (symbols) and modeled (solid line) Nyquist plots (right) and Bode plots (left) of CuyoZrgo amorphous alloy recorded after 1 h immersion in (a,b) 3 wt% NaCl, and

with added (c,d) SH-ImiH-4Ph, (e,f) SH-BimiH-5NH,, and (g,h) SH-ImiMe.

similar (Fig. 15). However, amorphous CusgZrso alloy deteriorated
noticeably with time. The best inhibition ability was shown by SH-
BimH-5NH,, which kept a high and quite stable impedance in all
measurements. The performance of SH-BimH-50Me and SH-ImiH-
4Ph decreased as a consequence of an incipient pitting process. SEM
images confirm that among Cus¢Zrso crystalline samples only the
sample immersed in NaCl with added SH-BimH-5NH, (Fig. 17e) was
able to remain without apparent pitting after immersion over 5 days.
Some inhibitors were not able to protect the alloys (SH-BimH-50Me,
SH-ImiH-4Ph, OH-Me-BimH) and after 60 h a sudden decrease is
observed for blank (NaCl) and OH-Me-BimH samples (Fig. 15).
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Following the breakdown, either the sample was partially dissolved
or the surface was covered by corrosion products, and EIS mea-
surements were no longer trustable.

The long-term EIS measurements confirmed a low corrosion re-
sistance of Cugs4Zrsg alloys, which quickly deteriorate with time
(Fig. 15), as evidences also by SEM images (Fig. S18).

4. Discussion

The summarized comparison of impedance modulus at 0.01 Hz
(1Z]0.01 1z) of Cu and Zr metals as well as of all the tested crystalline
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Fig.15. Long-term tests of the impedance modulus at 0.01 Hz in the presence of selected inhibitors. Each bar corresponds to the 120 h period of testing of the alloy in the presence

of the inhibitor in the 3 wt% NaCl aqueous solution.

and amorphous alloys after immersion for 1 h in 3 wt% NaCl aqueous
solution is shown in Fig. 9. Some of the inhibitors appear beneficial
for Cu, particularly the mercapto compounds Me-S-BimH, SH-BimH,
SH-ImiH-4Ph and SH-ImiMe, as they increase the low frequency
impedance by a factor of 10 or more compared to that in blank NaCl
solution. Contrarily, the low frequency impedance of Zr in the pre-
sence of all tested inhibitors is very similar to that of blank Zr. It is
therefore clear that the inhibition efficiency of the selected in-
hibitors on Cu is much higher than on Zr.

As for the crystalline alloys, the inhibition performance, deduced
either from reduced current density or impedance modulus, of all
the inhibitors is rather limited. Even the best case is not able to reach
the low frequency impedance of non-inhibited Zr. The corrosion
resistance of Zr is rapidly degraded by the addition of Cu. The cor-
rosion resistance of all crystalline alloys in the presence of any or-
ganic compound is lower than that of bare Zr. As an example, the
inhibition performance of Me-S-BimH, which is the best inhibitor for
Cu and almost neutral for Zr, is clearly lower for all the crystalline
alloys. This is attributed to the presence of different crystalline
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phases, and especially the corresponding grain boundaries which
may become preferential sites for accelerated corrosion.
Amorphous alloys, on the contrary, show a different behavior
(Fig. 9). All three amorphous alloys show an intrinsic corrosion re-
sistance similar to that of bare Zr. The performance of all tested
compounds for amorphous CuygZrsg and CusgZrsg is similar. In both
cases, SH-ImiH-4Ph increases substantially the low frequency im-
pedance. SH-BimH, Me-S-BimH, SH-BimH-5NH,, SH-ImiMe and OH-
Me-BimH are also protective for CuyoZrge. However, all organic
compounds are neutral or even accelerate corrosion for CugsZrse. It
is worth to mention that the phase diagram (Fig. S2) shows that the
stable phase for this composition is a solid solution of CugZr; and
CuqoZry, present in the crystalline alloy (Fig. 2e) [30]. Because the
chemical composition of the CuZr amorphous alloy varies con-
tinuously, the atomic environments are changing and the intrinsic
topology changes with them. According to the solute centered
cluster model [45], slight changes in the atomic composition affect
significantly the packing efficiency [46] and inhibitor-surface in-
teraction responds to these changes, which is presumably critical for
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Fig. 16. SEM images of CuyoZrgo amorphous alloy (a) prior to immersion and after 120 h immersion in (b) 3 wt% NaCl with added (c) SH-ImiH-4Ph, (d) SH-BimH-5NH,, (e) SH-

ImiMe, and (f) OH-Me-BimH.

| d [ SH-ImiH-4Ph

Fig. 17. SEM images of CusoZrso amorphous alloy (a) prior to immersion and after 120 h immersion in (b) 3 wt% NaCl, and with added (c) SH-BimH-50Me, (d) SH-ImiH-4Ph, and

(e) SH-BimH-5NH,.

the corrosion resistance. Furthermore, by changing the Cu/Zr atomic
ratio, the solute/solvent role of the atoms becomes inverted and both
the glass structure and the atomic diffusivities must inevitably be
different. These facts in turn affect the formation of the ZrO, rich
layer on top of the amorphous surface (Figs. 3 and 5). Zr-rich
amorphous alloys may show lower diffusivities which initially may
hinder the formation of the amorphous ZrO, film, but in the long
term they eventually develop passivation layers that in combination
with the proper inhibitors prevent localized corrosion. As the con-
centration of Zr is decreased, the ZrO, layer may be defective in Zr
thus resulting in a mixed (CuZr)-oxide layer, which probably allows
the removal of metallic ions. Thus, a Zr content equal or above 50% is
needed for an adequate inhibition performance.

The comparison of the initial performance, measured after 1h
immersion, of the tested inhibitors for the crystalline and
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amorphous phases is summarized in Fig. 18. The inhibitor perfor-
mances for bare Cu and Zr metals are shown on the diagonal, be-
cause bare metals lack the amorphous phase. It is clearly evident
that (1) all the tested amorphous alloys show a much better corro-
sion resistance than their crystalline counterparts in the presence of
inhibitors and that (2) amorphous CuygZrgg and CusgZrsg perform
better than amorphous CugsZrse, in line with the aforementioned
argument of the importance of the high content of Zr in alloys for
corrosion resistance. In view of the saturation of the low frequency
impedance for all the considered inhibitors it is therefore reasonable
to conclude that the main factor controlling the corrosion resistance
of the alloys is the Zr-rich (or at least equiatomic) amorphous
structure, the effect of the inhibitor being secondary.

It is also worth to mention that the initial performance of the
inhibitors is not sufficient to predict the long-term behavior of the
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Fig. 18. Impedance modulus at 0.01 Hz, measured after 1 h immersion, of the alloys in
the presence of the organic compounds, tested as corrosion inhibitors for the studied
alloys (¢). For comparison, also the values for bare Zr ([J) and bare Cu (Q) are plotted
on the dashed diagonal line.

corrosion rate for the alloys. Fig. 15 shows that the long-term cor-
rosion resistance degrades in all amorphous alloys except in CuggZrgg
in the presence of SH-ImiH-4Ph, SH-BimH-5NH, and Sm-ImiMe, and
in CuspZrsg in the presence of SH-BimH-5NH,. SH-BimH-5NH, is,
thus, the most effective inhibitor, provided the Zr concentration is
high enough (> 50%). Of all the tested compounds, this was the single
one containing the amino group. It is noteworthy that SH-BimH-
5NH; does not perform well for bare Cu, although it was computed
that interaction between the amino group and Cu is stronger than
with Au and Ag [47]. Besides, there is evidence of formation of ZrNH;
on annealing [48], which suggests some affinity of Zr for the amino
group. This suggests that the good performance on Zr-rich alloys is
consequence of the interaction of the amino group with Zr atoms.
The long-term behavior, on the contrary, correlates much better with
the results of modeled electrochemical data (Figs. 13 and 14).

5. Conclusions

Three CuyZrigo-x amorphous and crystalline alloys (x =40, 50,
64 at’%) were prepared and characterized in terms of microstructure,
composition and electrochemical properties. Pure Cu and Zr metals
were taken as reference materials. CuZr amorphous alloys are cov-
ered by a thin and homogeneous ZrO-, layer, which is spontaneously
formed on the surface. In contrast, crystalline alloys show higher Cu
content than CuZr amorphous alloys. The main crystalline phase in
CuyoZrgp is identified to be CuZr,, although it may also contain traces
of CuyoZr;. CusoZrsg is composed of CuZr, and Cuq¢Zr7, while CuqpZr;
and CugZrz are identified in CugyZrsg. The corrosion resistance of
crystalline alloys in NaCl solution is substantially lower than that of
bare Zr and even Cu metals. The corrosion resistance of amorphous
alloys in NaCl solution is higher than that of crystalline alloys and
more similar to Zr metal.

The inhibition performance of imidazole, mercaptobenzimida-
zole and hydroxybenzimidazole derivatives on CuZr crystalline and
amorphous alloys was studied. We utilized impedance modulus at
0.01 Hz, measured after 1h immersion, as a measure of the initial
inhibitor performance. On the basis of this initial evaluation we
selected the promising compounds for long-term tests. Amorphous
alloys showed always a higher corrosion resistance than their crys-
talline counterparts. This fact is attributed to the coexistence of
several intermetallic phases with different corrosion resistance and/
or the reduced corrosion resistance of dislocations and grain
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boundaries in the studied alloys. The addition of corrosion inhibitors
did not improve the corrosion resistance of the crystalline CuZr al-
loys, even those which showed a protective effect in bare Cu.

Amorphous alloys showed a good initial corrosion resistance even
without inhibitors, similar to that of bare Zr. In alloys with high Zr
content (equal or above 50 at%), the corrosion resistance is increased
by the two tested mercaptoimidazole based inhibitors and all tested
mercaptobenzimidazole based inhibitors. These data show that the
homogeneous surface structure of amorphous alloys is much less
prone to corrosion, and the tested corrosion inhibitors even improve it
to some extent. However, the increase of the low frequency im-
pedance modulus due to the presence of inhibitors tends to saturate
regardless the organic compound in solution, showing that the de-
terminant factor in the corrosion resistance is the smooth surface
topology of amorphous alloys and the stability of the oxide layer.

The long-term corrosion resistance degrades except in CuyoZrgg
in the presence of SH-ImiH-4Ph, SH-BimH-5NH; and SM-ImiMe, and
in CusgZrsg in the presence of SH-BimH-5NH,. SH-ImiMe induces the
highest polarization resistance of CugpZrge, but overall 5-amino-2-
mercaptobenzimidazole is the most promising corrosion inhibitor in
CuZr amorphous alloys. It is advised to deepen the study of the
surface interaction of the amino group with these materials.

This work shows that long-term low impedance measurements
are an adequate screening parameter in the determination of the
corrosion inhibition efficiency.
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