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Abstract. Contrary to the widely accepted hypothesis that it is not possible, alu-
minum underpotential deposition (UPD) onto zirconium from a low tempera-
ture (200, 250 and 300 °C) equimolar chloroaluminate melt was recorded. Fur-
thermore, it was shown that aluminum UPD facilitates alloy formation between
the deposited aluminum monolayer and the zirconium substrate by interdif-
fusion. The aluminum/zirconium alloys formed at temperatures substantially
lower than those needed for thermal preparation of the same alloys were Al;Zr,
and Al;Zr. The experimental techniques linear sweep voltammetry, potential
step, scanning electron microscopy, energy dispersive spectroscopy and X-ray
diffraction were used for the characterization of the obtained electrode surfaces.
Keywords: electrochemical metal deposition; chloroaluminate melt; solid state
interdiffusion; intermetallics.

INTRODUCTION

Developments of various technologies over the last few decades have
resulted in an increased demand for aluminum/transitional metal alloys. Among
them, Al/Mn, Al/Ti, Al/V, Al/Cr, Al/Zr and others show promise for industrial
application.! The specific characteristics of aluminum, such as corrosion resist-
ivity, low toxicity and relatively low price, make it a very compelling choice as
the base or an alloying component for alloys.
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1330 CVETKOVIC et al.

Al/Zr alloys rich in zirconium are already used as getters for the adsorption
and extraction of gases in spaces under vacuum. One of most used among them is
St.101, which consists of 84 % Zr and 16 % Al, that within the working tempe-
rature range (200-450 °C) successfully absorbs all atmospheric gases.? Zr addit-
ion also influences the electric conductivity of Al alloys3 and the tensile pro-
perties of some alloys at higher temperatures.2 6061 T6 alloy (Al-Mn—Fe—Si) has
found application in the production of professional bicycle frames, which when
alloyed with Zr (less than 1 at. %), saw a five-fold increase in fatigue resistance.
The addition of Zr to alloys of the AA3003 (Al-Mn—Fe-Si) type has the same
influence through segregation of small deposits made of Al3Zr particles that
influence alloy recrystallization, which leads to an increase of microhardness.#->
New lithographic plates made of at least 99.5 at. % Al, as usual, but with 0.02—
—0.2 at. % Zr show four times greater effectiveness at working temperatures of
320 °C than the ones with no Zr present.

Electrodeposition as a method to obtain alloys has yielded good results.
However, in the case of aluminum alloys with transition metals, one has to take
into account the well-known fact that Al and many other transition metals cannot
be electrodeposited from aqueous solutions because hydrogen is generated before
they are deposited. Therefore, a number of non-aqueous media, including inorg-
anic molten salts, aromatic hydrocarbons, etheric solvents and ionic liquids, have
been studied as potential electrolytes. Chloroaluminate molten salts, based on
AICl3 mixed with an inorganic chloride salt, such as NaCl (at =170 °C) or an
organic chloride salt, such as 1-(1-butyl) pyridinium chloride or 1-ethyl-3-meth-
ylimidazolium chloride (at close to room temperature), were also investigated as
media for aluminum electrodeposition.67

Electrodeposition of metals, in general, occasionally includes underpotential
deposition of the metal as well.3-10 The phenomenon of underpotential depo-
sition (UPD) is described as the deposition of a metal onto another metal at a pot-
ential more positive than the reversible potential of the depositing metal. The
result, in principle, should be a monolayer of the depositing metal on top of
another metal. In 1974, Gerischer, Kolb and Przasnyskill-13 put forward the
hypothesis to explain the origins of UPD. They claimed that in order for an
underpotential deposition to appear, for a pair made of any two metals, there
should exist a work function difference between the substrate metal (@g) and the
deposited metal (@p) and it has to be negative. Soon thereafter, the formation of
aluminum alloys by interdiffusion between the underpotential atomic monolayer
and the substrate became obvious in the examples observed in melt-electrolytes
at elevated temperatures.%-14-21

Published works on the electrodeposition of Al/Zr alloys are rare. Kawase et
al. reported the electrodeposition of Al/Zr alloy films onto a carbon-coated cer-
amic substrate from LiCI-KCI eutectic molten salts at 550 °C.22 Tsuda et al.

Available on line at www.shd.org.rs/JSCS/

(CC) 2019 SCS.



Al/Zr ALLOY FORMATION BY UPD 1 3 3 1

electrodeposited Al/Zr alloys onto Cu wire from aluminum chloride+1-ethyl-3-
-methylimidazolium chloride melt at 80 °C.7 There is also an example of Al/Zr
alloy coatings electrodeposited on Cu from dimethylsulfone-based baths at 110
°C by Shiomi et al.?3 To the best of our knowledge, aluminum electrodeposition,
especially aluminum underpotential deposition, onto zirconium and subsequent
Al/Zr alloy formation from a chloroaluminate eutectic mixture has not been rep-
orted except in our initial announcement.24 The aim of the presented study was to
investigate aluminum underpotential deposition onto zirconium from low tempe-
rature chloroaluminate molten salt and to establish whether an Al/Zr surface
alloy was formed.

EXPERIMENTAL

All electrochemical measurements were realized in a three-electrode electrochemical
cell, under an argon stream, controlled with a potentiostat/galvanostat (Princeton Applied
Research, model 273A Oak Ridge, TN, USA) equipped with appropriate software (Power
Suite software). Zirconium (Zr, 99.99 %; EMS Corporation, USA) wire and a planar plate
were used as the working electrodes. An aluminum (Al, 99.99 %, Alfa Products, Thio-
kol/Ventron division, USA) rod (0.3 cm diameter) and plate (7.5 cm? surface area) were used
as the reference and counter electrode, respectively. Before each measurement, the electrodes
were polished with 0.05 um alumina powder (Merck, Germany) and washed with deionized
water. Subsequently, zirconium electrodes were etched in a solution of 50 vol % H,O + 1 vol
% HF + 1 vol % HNO; and the aluminum electrodes in the solutions of 50 vol % HF + 15 vol
% H,0 and NH40H + 5 vol% H,O,. Finally, the electrodes were rinsed with deionized water
and absolute ethanol, dried and mounted in the cell.

The procedures used for the preparation of the electrolyte — chloroaluminate molten salt
and pre-electrolysis of the melt were identical to those described in a previous work.!?

Linear sweep voltammetry (LSV) experiments were performed in the potential range
starting from an initial potential, E; (slightly negative to the zirconium reversible potential) to
a final negative potential, E¢ (15-100 mV negative to the aluminum reversible potential)
followed by a return scan. Voltammograms recorded in the aluminum underpotential depo-
sition range included a similar potential range scanned, except that the scan direction was
changed when the potential reached E; of 0.010 to 0.050 V positive to the aluminum rever-
sible potential, and sometimes this £y potential was held for 74 of 1, 5 and 10 min. After hold-
ing, the potential was swept back to the initial potential, E;.

Electrochemical potentiostatic deposition was realized at a constant aluminum underpot-
ential (0.010 V) or some chosen overpotential values (—0.010 V) at three different tempera-
tures (200, 250 and 300 °C), for 2 h, whereupon the working electrode was retrieved from the
cell under potential in order to preserve deposited material or possible alloys formed. The
working electrode was then washed with absolute ethanol (Zorka-Pharma, Sabac, Serbia) to
remove residues of the melt, and dried in a desiccator containing silica gel. All the reported
potentials of working electrodes in this work were measured relative to the equilibrium pot-
ential of the aluminum reference electrode in the melt used under the given conditions.

The morphology and composition of the deposits were analyzed by scanning electronic
microscope (SEM: JEOL, model JSM-5800, Tokyo, Japan), energy dispersive spectroscopy
EDS and EDX mapping (Oxford INCA 3.2, Abingdon, U.K.). After the potentiostatic electro-
deposition, the Zr working electrode was examined by X-ray diffraction (XRD) on a Philips
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1332 CVETKOVIC et al.

PW 1050 powder diffractometer at room temperature with Ni-filtered CuK, radiation (4 =
= 1.54178 A), a scintillation detector within the 15-75° 20 range in steps of 0.05°, and
scanning time of 5 s per step. The diffractograms identifying the phases formed during the
deposition were compared to the recorded diffraction peaks from the Joint Committee on
Powder Diffraction Standards (JCPDS) database.

RESULTS AND DISCUSSION

The potentiodynamic polarization curves (v =1 mV s~!) obtained on a zirco-
nium electrode from equimolar AICI3+NaCl molten salt electrolyte at the differ-
ent temperatures used are exhibited in Fig. 1. There are at least two apparent
reversible potentials positive to the aluminum reversible potential recorded at
each applied temperature. Those recorded at potentials close to the value of 0.0 V
should reflect the reversible aluminum potential in the electrolyte used. However,
there is at least one more reversible potential, positive to the aluminum reversible
potential, which could be attributed to some phase other than metal Al being
formed during the applied overpotential and underpotential regimes.
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Fig. 1. Potentiodynamic polarization curves
.0.054 — Ei=0.05V; E=0.250V vs. Al obtained on a zirconium electrode in equi-
107 10° 10° 10* 10° molar AICI;+NaCl molten salt at different

log (i / mA cm?) temperatures: a) 200; b) 250; ¢) 300 °C.

Typical voltammograms obtained from a Zr working electrode in the used
melt applying different sweep rates at different temperatures in the aluminum
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underpotential range are shown in Fig. 2. They show cathodic current waves with
small amplitudes as well as their equally small corresponding anodic current
counterparts.

a) b)
0+ 01
..... - 4]
-1 24
o o -3
5 2 5
<C < -4
E €
= -3 =~ 54
64
-4 4
——20mVis 74 —gg mws
/ ----50 mv/s ----50mV/s
51 e 100 MV o 100 mV/s
000 005 010 0715 020 025 030 0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18 0.20 0.22
E/Vvs Al E/Vyvs. Al
¢)
04
o 25
£
o
< -104
£
T s
20  20mVis Fig. 2. Voltammograms recorded on a zir-
----50 mV/s conium electrode applying different sweep
254 —=ms rates in equimolar AlCI;+NaCl molten salt
004 006 008 010 012 0.14 016 018 020 022 at different temperature: a) 200; b) 250; c)
EIVvs. Al 300 °C.

These current waves had no pronounced profiles or sharp peaks. However, a
continuous increase in the reduction current as the potential was changed from
0.150 V towards 0.0 V was observed. The same was the case with the anodic cur-
rent waves when the change in direction of the potential was made. The charge
encompassed by the cathodic current waves and corresponding anodic current
waves was similar in value and greater than the charge needed for the electro-
deposition of one close-packed aluminum monolayer. Increasing the working
temperature, as well as the sweep rates, induces higher current densities but does
not significantly change the profiles of the curves.

Characteristic results were recorded when the LSV cycle was interrupted for
a controlled period of time at the working electrode “holding potential” — Ef (the
most negative potential in the cycle), Fig. 3. The current at the “holding poten-
tial”, although in the Al underpotential region, increased slightly with increasing
holding time, as did the subsequent corresponding dissolution charges. An inc-
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rease in the working temperature, all other conditions being kept constant, led to
an increase in the charge limited by the dissolution current. The anodic current
waves became more pronounced and their peaks appeared at potentials similar to
those indicated by the polarization curves seen in Fig. 1. In any case, the increase
in the cathodic and corresponding anodic charges suggests an increase in the
underpotentially deposited and dissolved aluminum.
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Fig. 3. Voltammograms recorded on a Zr electrode in the used melt when the cathodic end
potential £=0.010 V was held for different period of time; v =10 mV s’!; a) t = 200 °C;
b) =250 °C.

The appearance of such reduction and oxidation current waves, which do not
show pronounced amplitudes in voltammograms recorded in the underpotential
range, are characteristic of metal underpotential deposition and dissolution in
some other cases.18:19 Those cases suggested that such voltammograms represent
underpotential deposition of aluminum onto Zn and Cd substrate even though,
according to Gerischer et al.,!1-13 underpotential deposition should not occur.
Namely, half of the difference of electron functions between Al and Zn, and Al
and Cd is negative or very close to zero and, as a result, there should not be a
driving force for Al underpotential deposition onto Zn or Cd substrates. How-
ever, aluminum was underpotential deposited in those cases and it was always
accompanied by alloy formation between the deposited Al and Cd or the Zn
substrate. It appears that the Al/Zr pair in the same electrolyte and under the
same temperatures used behaves very similarly to Al on Cd and Al on Zn pairs,
i.e., there seems to be an Al underpotential deposition onto the Zr surface, as well
as Al/Zr alloy formation.

Changes of the working electrode “open circuit potential” with time after
being held for 60 min at the Al underpotential of 0.020 V are presented in Fig. 4
for all three applied deposition temperatures (200, 250 and 300 °C). At least one
plateau was observed at a potential different from the one reflecting aluminum or
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Zr reversible potentials in the system used. The values of these plateau potentials
were close to the values of the reversible potentials in the aluminum underpot-
ential region recorded in Figs. 1a, b and c. By definition, these potentials define a
phase on the electrode surface in equilibrium with its ions in the electrolyte.
Since the plateau potentials are substantially more positive than the aluminum
reversible potential in the system observed, they should not reflect bulk alu-
minum on the surface of the Zr working electrode in equilibrium with potentials
of the zirconium/aluminum surface alloys made by aluminum underpotential
deposition onto zirconium and subsequent interdiffusion with the substrate. This
approach is supported by LSV results, Figs. 2 and 3, and agrees with findings
reported elsewhere.18:19

0.35+
0.30 4

0.25+

<
g 020
> -
W 0154 e
0.10- . .
__ondle Fig. 4. Change of the working electrode
T8 s ----250°C “open circuit potential” recorded after the
0004 * e 300°C electrode had been exposed to a potential of
0 100 200 300 400 s00 0.020 V for 60 min, at three different tempe-
tls ratures.

The results of LSV experiments with the cathodic end potential £¢ being led
into the aluminum overpotential region using the same sweep rate at different
temperatures are presented in Fig. 5.

i/ mA cm?

__ s Fig. 5. Voltammograms recorded on a Zr
----250°c working electrode with the cathodic end pot-

¢ s 300°C  ential in the aluminum overpotential region
005 000 005 010 045 o020 o025 (Ef = —0.050 V) in equimolar AlCl;+NaCl
E/Vvs. Al melt, v=10mV s

Two features were observed: i) there was a current increase announcing Al
bulk deposition at potentials cathodic of = —0.030 V and the anodic counterpart at
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potentials anodic of = 0.000 V, reflecting dissolution of the deposited bulk Al; i7)
at 250 °C, there was a hint of an anodic current increase at =~ 0.175 V, and at 300
°C, a visible anodic current wave formed with the peak at = 0.175 V. This group
of second anodic current waves appeared at anodic potentials very close to those
seen in Figs. 2—4, and most probably represent dissolution of the surface Zr/Al
alloys formed by aluminum underpotential deposition and interdiffusion with the
zirconium substrate.

il mA cm?
»
1

Fig. 6. Voltammograms obtained from a Zr

electrode in the used electrolyte at 250 °C

005 000 005 o010 o045  oo0 Wwith different holding times at the negative
E/Vvs Al end potential of the cycle, Ey.

These assumptions were supported by voltammograms obtained when the
negative end potential of the cycle was held for some time in the aluminum over-
potential range and then returned back to the starting potential of the cycle. The
resulting large anodic dissolution current waves, the amplitude and peak number
of which increased with increasing holding time of the chosen cathodic overpot-
ential, were recorded and are presented in Fig. 6. The charge under the anodic
current waves indicates dissolution of the previously deposited aluminum, but the
appearance of a multipeak structure obtained with increased holding time sug-
gests additional phase(s) being formed. The peak potential of the second anodic
peak at =0.175 V agrees well with the anodic peak potential values seen in vol-
tammograms Figs. 2, 3 and 5, and the plateau potential values recorded in polar-
ization curve and open circuit measurements, Figs. 1 and 4. It could be concluded
that part of the deposited aluminum enters the substrate and forms an alloy with
the substrate, which is then dissolved at anodic potentials close to ~0.175 V. The
finding that this alloy dissolution peak appears at the same potentials as a result
of similar experiments, Figs. 2—4, in the underpotential range, suggests Al/Zr
alloy formation by Al underpotential deposition onto Zr substrate in the inves-
tigated system.

SEM, EDS and EDX analyses of the working electrode surface exposed for
some time to aluminum underpotentials provided additional data on aluminum
being underpotentially deposited onto zirconium substrate in the investigated sys-
tem, Fig. 7. Particularly convincing were the results of EDS and EDX analysis
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that not only register the presence of aluminum on the zirconium substrate after
underpotential deposition, but give comparative maps of the distribution of alu-
minum and zirconium in the working electrode surface. The white areas in the
EDX maps from Fig. 7 indicate the positions and distribution of the elements: c)
zirconium, d) aluminum and e) oxygen present in the sample surface. These
results conclusively confirm aluminum underpotential deposition onto zirconium
proposed on the grounds of the experimental results presented in Figs. 2—6.

b)

2 il
LI I e |
30.0 um

Zr Ka1 Al Ka1 O Ka1
Fig. 7. a) SEM photographs of the surface of the working electrode exposed to a potential of

0.010 V for 2 h in the AICI;+NaCl melt at 250 °C, magnification 1500%; b) EDS analysis of
the sample and: c), d) and e) EDX maps of the surface shown in a).

Examples of XRD diffraction patterns of zirconium substrates exposed for
some time to aluminum underpotential (0.010 V) at the three chosen tempera-
tures are exhibited in Fig. 8. Each of them indicates the presence of at least two
Al/Zr alloys. The differences introduced in the XRD spectra for the substrate
samples obtained at different working temperatures are shown by the different
number of Al/Zr alloys formed as a result of aluminum underpotential deposition
in the investigated system. No spectrum for bulk aluminum was recorded. The
Al3Zr alloy was present in the substrate surface irrespective of the working tem-
perature after aluminum underpotential deposition. The same alloy was the only
one formed during overpotential Al deposition, see Fig. 9. This implies that the
significant supply of aluminum to the substrate surface, compared to underpot-
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ential deposition, continue to favor the formation of what seems to be the alloy
with the lowest energy of formation for the governing conditions in all the inves-
tigated systems.
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Final evidence of aluminum underpotential deposition and alloy formation
with the zirconium substrate in the chosen system under the chosen temperatures
and other conditions were provided by XRD analysis of the working electrodes
after prolonged time spent under the investigated aluminum underpotential, Fig. 8.

Formation of the first aluminum monolayer onto zirconium surface is fol-
lowed by diffusion of aluminum atoms into the substrate, the alloying process
being continuously supplied with material by newly underpotentially deposited
aluminum.

The results obtained in the present investigation of underpotential aluminum
electrodeposition onto zirconium from equimolar AICI3+NaCl melt at 200, 250
and 300 °C can nominate the formation of the following Al/Zr alloys:
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orthorhombic Al3Zr,, most intensive 26 values: 32.91, 34.68, 37.33,
54.04, 54.28 and 67.15° (JCPDS No. 00-048-1383);
tetragonal Al3Zr, most intensive 26 values: 27.35, 38.08, 53.95, 63.34,
65.86, 73.79 and 78.82° (JCPDS No. 00-048-1385).
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2 3 4 s 3 7 8 ] 1
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Fig. 9. a) SEM photo of Zr electrode
after 2 h of Al potentiostatic depo-
sition, £ =-0.010 V, at 250 °C, magni-
fication 100x; b) EDS analysis of the
sample from a); ¢) XRD analysis: ® —
AlZr; 0 — Al

In discussing the possibility of Al/Zr alloy formation, one should bear in
mind that among all the binary phase diagrams of aluminum with transition
metals, the Al-Zr diagram is one of the most complex.25-26 It consists of ten
recognized compounds of different concentrations, each of which appears in a
narrow concentration band (most often in the order of 1 at. %). Two of the phases
(namely ZrsAls and ZrsAly) are high temperature phases while the rest of the
phases decompose and transform into other phases at higher temperatures. Most
of the phases appear in hexagonal, orthorhombic, tetragonal and cubic structures
and four of them appear in new prototype forms. Maximum solubility of alu-
minum in zirconium is 26 at. % at 1350 °C.

Available on line at www.shd.org.rs/JSCS/

(CC) 2019 SCS.
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It should be noted that a detailed review of the available literature did not
provide reports on electrodeposition of aluminum onto zirconium from inorganic
melts or ionic solutions either by underpotential or overpotential electrodeposit-
ion to compare the present results with.

Meanwhile, the last twenty years have seen several published works’-23.27
on the subject of the electrolytical co-deposition of zirconium and aluminum
from ionic solutions. In one of these papers,’ the authors elaborate on the depen-
dence of the structure of the Al/Zr alloy deposited on the chemical composition
and temperature, and concluded that zirconium practically does not dissolve in
fcc aluminum at room temperature. However, they found that metastable solid-
state Al/Zr solutions show good thermal stability up to 400—450 °C. They explain
that the thermal decomposition of a saturated solid-state solution leads to nucle-
ation of the metastable Al3Zr phase ordered into a cubic LI, structure or to an
equilibrated Al3Zr phase of tetragonal structure. Alloys with a higher Zr content
(up to 16.6 at. %) should be entirely amorphous. Such two-phase regions are
common among alloys obtained by the co-deposition of aluminum with transition
metals when the concentration of the transition metal exceeds the saturation limit
of the solid solution fcc structure in Al.

However, there is literature that reports on developments in physical manu-
facturing methods designed around the intimate contact of aluminum and zirco-
nium thin layers, which to some extent resemble the interface studied in the pre-
sent work. There are examples where thin films of aluminum and zirconium,
made by vacuum vapor deposition brought into contact at a temperature between
553 and 640 °C show alloy formation by interdiffusion.28:29 In such cases, only
one intermediate phase was formed, namely Al3Zr. The authors proposed a
sequence of events in the diffusion zone of the process leading to the formation
of the said alloy:

a) saturation of the initial solution with atoms of the solute,

b) nucleation of the intermediate phase (Al3Zr), and

c) growth of the newly formed phase.

At 600 °C, the solubility of Zr in Al is only 0.07 at. % and of Al in Zr, it is
1.2 at. % and so it should be expected that the initial solid solution will be
saturated first with aluminum.

The ease with which the nucleation of the Al3Zr phase proceeds next to the
aluminum surface could be explained by the structure of its lattice. Aluminum
crystallizes as a fcc lattice with a first neighbor atomic distance of 2.86 A, Al3Zr
is a body centered tetragonal lattice of the DO3 type and it could be easily con-
sidered as a slightly deformed modification of a fec structure. In the Al3Zr struc-
ture, the Al-Al distance is 2.80 and 2.85 A, which approaches the value of pure
Al It is obvious that orderly incorporation and positioning of Zr atoms into the
Al atom matrix leads to the formation of Al3Zr without significant strain energy.
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The high formation rate of Al3Zr compared to other phases is most probably
the result of the relatively large diffusion coefficients of Zr and Al in that phase.
This suggests that concentration gradients are being formed through the defective
lattice as a result of increased concentration of vacancies (positions not occupied
by Al atoms in the AlsZr lattice). Each Al atom has eight Al and four Zr posit-
ions in its coordination shell. Simultaneously, a Zr atom is completely sur-
rounded only by Al positions. As a consequence, free Al positions, which are in
principle available to both Al and Zr atoms, will more probably be exchanged
with an Al atom then with a Zr atom because the latter has to overcome a lattice
order barrier in addition to the normal barrier needed to attain an Al position. For
this reason, the Zr diffusion coefficient through the AlzZr phase is smaller than
for Al

A previous work30 that elaborates on mechanical Al/Zr alloying of two
metal powders at room temperature agree with the above approach to zirconium
being alloyed by the diffusion of aluminum. During mechanical mixing (a mill
with balls) of Al and Zr powders, the Zr grains become covered with an Al layer.
Due to further friction, the Al layer dissolves and incorporates into the Zr struc-
ture by diffusion because of the high negative enthalpy of mixing between Al and
Zr. This leads to the formation of an Al concentration profile in Zr and to appro-
priate changes of the lattice parameters followed by a metastable disordered solid
state solution. When the Al concentration in Zr increases over 15 at. % (up to 40
at. % Al), the hexagonal Zr structure becomes unstable and transforms into a
glassy structure (amorphous phase of Zr3Al). Above 50 at. % Al, the metastable
face centered cubic lattice of the ZrAl phase is formed.

In another work,3! the authors pressed nanocrystalline powders of Al and Zr
at 76 to 100 °C and analyzed the obtained Al/Zr alloy at room temperature. They
found that even in the alloy made of 5-35 mas. % Zr, the metastable cubic Al3Zr
LI, phase was observed, which appears in processes of abrupt solidification. This
was contrary to the Al-Zr phase diagram that proposes the coexistence of Al with
changing quantities of ZrAlz of DO»3 phase. The assumption was that nucleation
of simple Liy cell requires less energy than the bigger and more complex DO3
structure. Smaller particles are more reactive and prone to higher diffusion rates,
which reduces the nucleation barrier of the LI, phase.

Recently, a number of reports appeared32-36 which analyzed the formation
of alloys by interdiffusion between zirconium and aluminum thin films, depo-
sited onto silicon or graphite by magnetron spattering. These films were heated at
temperatures from 100 to 700 °C for one hour. It was established that interdif-
fusion between the films starts above 200 °C. The first visible changes in the
structure of the multilayer system appeared at 250 °C followed by an increase in
the interdiffusion rate and initiation of mixing of the Zr and Al layers into an
amorphous alloy. At 290 °C, the interface consists of an amorphous Zr/Al alloy
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and a cubic AlsZr alloy. Above 295 and 298 °C, the interface phase alloys trans-
form completely into a polycrystalline mixture of hexagonal close packed ZrAl,
and cubic Al3Zr.

CONCLUSIONS

Half of the difference between work functions of zirconium and aluminum is
small and negative. Thus according to the Gerischer—Kolb hypothesis,?~!! there
should be no underpotential deposition of aluminum onto zirconium.

However, the present experiments of aluminum deposition onto zirconium
from equimolar chloraoaluminate melts at potentials positive to the aluminum
reversible potential performed at 200, 250 and 300 °C revealed underpotential
deposition of aluminum, resulting in the formation of Al/Zr surface alloys form-
ation. The alloys recorded were Al3Zr; and Al3Zr.

The alloys were formed at temperatures several hundred degrees lower than
the temperatures needed for the production of the same alloys by thermal
processes.

U3BOL
JIETYPE ATIYMUHUJYMA U TUPKOHUJYMA NOBHUJEHE EJIEKTPOXEMUJCKUM
TAJIOXKEHBEM AJIYMHUHUWIYMA TIPU ITOTIIOTEHLIUJAJTY HA HTUPKOHUJYMY U3
HUCKOTEMITIEPATYPHUX AlCl3+NaCl PACTOITA

BECHA C. IBETKOBHR', HUKO JOBUREBUR?, HATAIIIA M. BYKWREBHUR' 1 JOBAH H. JOBUREBUR'

TUXTM - 1 enindp 3a enexmwpoxemujy, Ynueepsuiuein y beoipagy, Fbeiowesa 12, beoipag u *Nissan Technical
Center North America, Inc.39001 Sunrise Drive, Farmington Hills, MI 48331-3487, USA

Hacynpot mupoxo npuxsaheH0j XUIOTE3H 10 KOjoj TO HHje BEPOBAaTHO, YCTAHOBJ/BEHO je
MOCTOjalke €IEKTPOXEMUJCKOT TalOKewa alyMHUHHjyMa INPH MNOTNOTEHLHjaly Ha LHMPKO-
HUjyMy U3 HUckoTemnepaTypHor (200, 250 u 300 °C) exBUMOJIApHOT XJIOPOATyMHHATHOT
pacromna. Hagase, OkasaHo je fa eeKTPOXEMHU)CKO TalOXKEHhe alyMUHUjyMa IPH NMOTIOTEH-
udjany omoryhasa dopmupame Jierypa u3mely HCTaIOKEHOT MOHOCIOja alyMHUHHjyMa U
LUUPKOHHjyMOBE TOMJIOTE MyTeM HWHTepaHdysuje. Jlerype alyMuHHMjyMa M LHMPKOHHjyMa
Al3Zr, u Al3Zr opmupaHe cy Ha TeMIeparypama Koje Cy 3HauajHO Mame Off OHUX NOTpedHUX
3a TEpMUYKO NPUNPEMame TakBUX Jerypa. Kopumhene ekcriepuMeHTaaIHe TEXHUKE OUIIe Cy
JVHEeapHe LUKINYKa BOJTaMeTpUja M IOTEHLMOCTATCKU IYJIC, CKeHHpajyha eleKkTpoHcka
MMKDOCKOIHja, EHEPreTCKOo AUCIEpP3WBHA CIHEKTPOCKONMja M Audpakuuja X-3paka KOpHULI-
hene cy 3a kapakTepusauyjy fodujeHe eleKTpOAHEe NOBPIINHE.

(ITpumsseno 20. jyHa, pesunupaHo 9 jyna, mpuxsaheno 11. jyna 2019)

REFERENCES

1. M. Ueda, J. Solid State Electrochem. 21 (2017) 641 (http://dx.doi.org/10.1007/s10008-
016-3428-8)

2. G. Garza-Elizondo, S. Alkahtani, A. Samuel, F. Samuel, in Light Metals 2014, J.
Grandfield, Ed., Springer International Publishing, Cham, 2016, pp. 305-314
(http://dx.doi.org/10.1007/978-3-319-48144-9)

3. T. Knych, M. Piwowarska, P. Uliasz, Arch. Metall. Mater. 56 (2011) 685
(http://dx.doi.org/10.2478/v10172-011-0075-7)

4. M. Pokova, M. Cieslar, J. Lacaze, in Met. 2012 Conf. Proc., Brno, 2012, pp. 1149-1155

Available on line at www.shd.org.rs/JSCS/

(CC) 2019 SCS.



10.

11.
12.
13.
14.
15.
16.
17.
18.

19.

20.

21.

22.

23.

24.

25.
26.
217.
28.

29.

Al/Zr ALLOY FORMATION BY UPD 1 343

M. Pokova, M. Cieslar, P. Malek, in Met. 2013 Conf. Proc., Brno, Czech Republic, 2013
M. Ueda, T. Teshima, H. Matsushima, T. Ohtsuka, J. Solid State Electrochem. 19 (2015)
3485 (http://dx.doi.org/10.1007/s10008-015-2861-4)

T. Tsuda, C. L. Hussey, G. R. Stafford, O. Kongstein, J. Electrochem. Soc. 151 (2004)
C447 (http://dx.doi.org/10.1149/1.1753231)

E. Budevski, G. Staikov, W. J. Lorenz, Electrochemical Phase Formation and Growth.
an introduction to the initial stages of metal deposition, Wiley-VCH, New York, 1996
G. R. Stafford, C. L. Hussey, in Adv. Electrochem. Sci. Eng., R. C. Alkire, D. M. Kolb,
Eds., Wiley-VCH, New York, Weinheim, 2001, pp. 275-348

A. Oveido, L. Reinaudi, S. G. Garcia, E. P. M. Levia, Underpotential Deposition: From
fundamentals and theory to aplications at the nanoscale, Springer International
Publishing, Cham, 2016 (http://dx.doi.org/10.1007/978-3-319-24394-8)

D. M. Kolb, M. Przasnyski, H. Gerischer, Electroanal. Chem. Interfacial Electrochem.
54 (1974) 25

H. Gerischer, D. M. Kolb, M. Przasnyski, Surf. Sci. 43 (1974) 662

D. M. Kolb, H. Gerischer, Surf. Sci. 51 (1975) 323

V. D.Jovi¢, J. N. Joviéevi¢, J. Appl. Electrochem. 19 (1989) 275
(http://dx.doi.org/10.1007/BF01062312)

B. Radovic, R. A. H. Edwards, V. S. Cvetkovié, J. N. Jovicevic, Kov. Mater. 48 (2010)
55 (http://dx.doi.org/10.4149/km_2010_1_55)

B. S. Radovi¢, V. S. Cvetkovi¢, R. A. H. Edwards, J. N. Jovic¢evi¢, Kov. Mater. 48 (2010)
159 (http://dx.doi.org/10.4149/km 2010_3 159)

B. S. Radovié, V. S. Cvetkovi¢, R. A. H. Edwards, J. N. Joviéevié, Int. J. Mater. Res. 102
(2011) 59 (http://dx.doi.org/10.3139/146.110443)

N. Jovicevi¢, V. S. Cvetkovié, Z. J. Kamberovi¢, J. N. Jovicevié, Int. J. Electrochem. Sci.
7 (2012) 10380

N. Joviéevié, V. S. Cvetkovi¢, Z. J. Kamberovié, J. N. Jovi¢evi¢, Metall. Mater. Trans.,
B: Process Metall. Mater. Process. Sci. 44 (2013) 106 (http://dx.doi.org/10.1007/s11663-
012-9750-3)

N. Joviéevié, V. S. Cvetkovi¢, Z. Kamberovié, T. S. Barudzija, Int. J. Electrochem. Sci.
10 (2015) 8959

V. S. Cvetkovié, L. Bjelica, N. M. Vukiéevié, J. N. Joviéevi¢, Chem. Ind. Chem. Eng. Q.
21 (2015) 527 (http://dx.doi.org/10.2298/CICEQ141205009C)

M. Kawase, Y. Ito, J. Appl. Electrochem. 33 (2003) 785
(http://dx.doi.org/10.1023/A:1025513222091)

S. Shiomi, M. Miyake, T. Hirato, J. Electrochem. Soc. 159 (2012) D225
(http://dx.doi.org/10.1149/2.079204]es)

V. S. Cvetkovié, N. Joviéevi¢, N. M. Vukiéevi¢, , in Proceedings of 49" Int. Oct. Conf.
Min. Metall., N. Strbac, I. Markovi¢, L. Balanovi¢, Eds., University of Belgrade,
Technical Faculty in Bor, Bor, Serbia, 2017, pp. 241-244

J. Murray, A. Peruzzi, J. P. Abriata, J. Phase Equilibria 13 (1992) 277
(http://dx.doi.org/10.1007/BF02667556)

M. Alatalo, M. Weinert, R. E. Watson, Phys. Rev., B 57 (1998) R2009

A. Stakénas, L. Simanaviéius, Chemistry (Vilnius) 12 (2001) 189

G. V. Kidson, G. D. Miller, J. Nucl. Mater. 12 (1964) 61 (http://dx.doi.org/10.1016/0022-
3115(64)90108-4)

K. E. Knipling, D. C. Dunand, D. N. Seidman, Acta Mater. 56 (2008) 114
(http://dx.doi.org/10.1016/j.actamat.2007.09.004)

Available on line at www.shd.org.rs/JSCS/

(CC) 2019 SCS.



1344 CVETKOVIC et al.

30.

31.

32.
33.

34.

35.

36.

H. J. Fecht, G. Han, Z. Fu, W. L. Johnson, J. Appl. Phys. 67 (1990) 1744
(http://dx.doi.org/10.1063/1.345624)

M. N. Rittner, J. R. Weertman, J. A. Eastman, Acta Mater. 44 (1996) 1271
(http://dx.doi.org/10.1016/1359-6454(95)00303-7)

J. Ho, K. Lin, J. Appl. Phys. 75 (1994) 2434 (http://dx.doi.org/10.1063/1.356267)

I. L. Soroka, J. Vegelius, P. T. Korelis, A. Fallberg, S. M. Butorin, B. Hjorvarsson, J.
Nucl. Mater. 401 (2010) 38 (http://dx.doi.org/10.1016/j.jnucmat.2010.03.016)

J. Vegelius, 1. L. Soroka, P. T. Korelis, B. Hjorvarsson, S. M. Butorin, J. Phys. Condens.
Matter 23 (2011) 265503 (http://dx.doi.org/10.1088/0953-8984/23/26/265503)

Q. Zhong, Z. Zhang, J. Zhu, Z. Wang, P. Jonnard, K. Guen, Y. Yuan, J.-M. Andr¢, H.
Zhou, T. Huo, Appl. Phys. A 109 (2012) 133 (http://dx.doi.org/10.1007/s00339-012-
7085-1)

Q. Zhong, Z. Zhang, S. Ma, R. Qi, J. Li, Z. Wang, P. Jonnard, K. Le Guen, J.-M. André,
Appl. Surf. Sci. 279 (2013) 334 (http://dx.doi.org/10.1016/j.apsusc.2013.04.094).

Available on line at www.shd.org.rs/JSCS/

(CC) 2019 SCS.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




