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ABSTRACT

In order to expand the utilization of γ-TiAl for high temperature structural applications,
constant efforts have been dedicated to the development of coating systems to provide adequate
oxidation resistance above 800oC. However, most coating methods currently employed, such as
magnetron sputtering, plasma spray, and EBPVD are regarded as line-of-sight techniques, which
limit the possible geometries to be coated. In this study, the possibility of electrodeposition,
which emerges as a cost-effective and non-line-of-sight method, of metallic bond coats on TiAl
was explored. Based on the practical feasibility, this research was targeted on Al-Ni-Cr alloy
coatings.
Lewis acidic chloroaluminate ionic liquid, consisting of 66.7 at.% AlCl3 and 33.3 at.%
1-ethyl-3-methylimidazolium chloride, was adopted as the baseline plating bath. The alloying
elements, such as Cr and Ni were introduced by anodic dissolution of pure metals. The
concentrations of Ni(II) and Cr(II) ions as a function of applied charge were measured by
ICP-AES. With the conditions adopted for the experiments, the highest concentration of Ni(II)
ions was 141 mM, while the concentration of Cr(II) ions was around 30 mM due to its limited
solubility.

The

electronic

absorption

spectrum

indicated

that

Cr(II)

ions

were

tetrahedrally-coordinated, while Ni(II) ions were octahedrally-coordinated. The diffusion
coefficient of Cr(II) ions was almost 10 times that of the Al(III) ions. With the large difference
between the work functions of Al and Ni, Al(III) ions could be reduced by under-potential
deposition in Ni solution, where the highest reduction potential was at least 0.55 V above
ii

Al(III)/Al reversible potential. In Cr solution, Al(III) ions could also be reduced
under-potentially, but the under-potential was less than 0.1 V. However, in the Ni-Cr solution, no
under-potential reduction of Cr(II) was observed at the presence of Ni(II). The morphologies and
microstructures of the electrodeposits differ significantly as potential goes from under-potential
through equilibrium potential to over-potential, and accordingly, similar microstructures can be
obtained at corresponding current densities. The in-situ phase composition of Al-Cr deposits was
measured by anodic stripping voltammetry as a function of deposition potential and convection.
The addition of toluene as a co-solvent for Al-Cr electrodeposition was also studied, which led to
the effect of decrystallization. The potentiostatic current transient for Al-Ni-Cr electrodeposition
demonstrated three stages of the deposition process including nucleation, diffusion controlled
growth and steady state growth, and illustrated the effect of convection on the last two stages.
The pitting corrosion behaviors of the coatings were tested in both Na2SO4 and NaCl
solutions by cyclic polarization. The oxidation tests were conducted on electrodeposits obtained
in the over-potential region, which contains a duplex structure of Al matrix and embedded
AlNiCr amorphous particles. An under coat of Ni was introduced between the TiAl substrate and
Al-Ni-Cr top coat by nickel strike and nickel plating to provide adequate adhesion. Severe
inter-diffusion occurs between Ni and TiAl. A continuous Al2O3 was formed in the top coat
which provided good oxidation resistance.
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CHAPTER 1
INTRODUCTION

Gamma-TiAl is a successful story in the development of high temperature structural
materials during the last decades. It possesses good strength and modulus at high temperature as
well as excellent creep resistance, which make it potential candidate material for gas turbine
blades. While in today’s context of fuel economy and high energy efficiency, the most
remarkable feature of TiAl is its low density, which is only 3.8 g/cm3 as compared to 8.4 g/cm3
of Ni-based superalloys, thus it has a strong potential to increase the thrust-to-weight ratio.
However, pure TiAl shows very poor oxidation resistance at temperature above 700oC, so it can
only be used in moderately high temperature environment, such as low pressure turbine.
Adequate oxidation resistance is usually provided by an adherent, dense and continuous
aluminum oxide layer formed upon exposure to high temperature air, but this is not the case for
the oxidation of TiAl. Since the content of Al in TiAl is lower than the critical concentration (59
at.% according to the model proposed by Wager[1]) for the formation of continuous Al2O3 layer,
a mixed oxide scale will be formed by competitive oxidation of Ti and Al, and because the
volume expansion of the formation of TiO2 (77%) is much larger than that of the formation of
Al2O3 (29%), TiO2 grains will grow out of the surface, interrupt the growth of Al2O3 layer and
led to very high internal strain in the oxide scale. Owing to the porous structure of TiO2, oxygen
will keep diffusing into the bulk material and continue the oxidation process. Additionally,
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oxidation in air can also lead to the formation of nitrides beneath the oxide scales, and it will be
detrimental with the consequence of accelerating oxidation.
In order to improve oxidation resistance of TiAl at temperature above 700oC, many
efforts have been made by introducing alloying elements. It was shown that the most beneficial
element is Nb, because it has a higher valence than Ti and functions as a dopant, which can
decrease the oxygen vacancy concentration.[2] Since TiO2 grows mainly by oxygen diffusion
through oxide scales via a vacancy mechanism,[3] doping with Nb can suppress the formation of
TiO2. However, the effect brought by additive elements is still not enough to support the
application of TiAl above 800oC, therefore a protective coating is required.
Various coatings have been proposed, but the most studied coatings are MCrAlY (M =
Fe, Co, Ni), AlTiCr and enamel coatings. MCrAlY coatings have been widely accepted for high
temperature protection of Ni-based supperalloy, but when it is applied to TiAl, there will be
severe interdiffusion between the substrate and the coating. This will degrade the stability of
coating for long-term service. Enamel coatings can provide good oxidation resistance, but it
shows poor adhesion and spallation after long term exposure at high temperature. The AlTiCr
coating rich in Al currently shows acceptable performance. Generally, the coatings are made by
plasma spray, electron beam physical vapor deposition and sputtering, but these methods are
line-of-sight techniques, which make it very difficult to coat components with complex
geometries. Also, these methods require high investment in equipment and maintenance. Thus, a
cost effective and non-line-of-sight method is desirable.
Electrodeposition is the most common and inexpensive non-line-of-sight method.
Recently, electrodeposition of aluminum-transition metal alloys has been vigorously investigated
in room temperature ionic liquid. For example, Al-Ni[4] and Al-Ti[5] alloys were obtained in
2

1-ethyl-3-methylimidazolium chloride (EmimCl) ionic liquid, and Al-Cr alloy was obtained in
1-butylpyridinium chloride (BpyCl) alloy.[6] Therefore, it is highly possible to prepare
oxidation-resistant coatings via electrodeposition.
As mentioned before, AlTiCr coatings is the most acceptable coatings for TiAl, but
electrodeposition of Ti-containing alloys from ionic liquid is very difficult. Ti can exist in three
oxidation states in the plating bath: Ti(II), Ti(III), Ti(IV). However, TiCl2 is too expensive to be
financially feasible; TiCl3 has very limited solubility; and TiCl4 is so volatile that demands both
high requirements for equipment and complicated operational procedures. Therefore, the target
in this study is set on Al-Ni-Cr coatings. Although NiCrAlY coatings degrade after long-term
oxidation due to interdiffusion with the substrate, there have not been any reports about the
oxidation performance of aluminum-rich Al-Ni-Cr coatings, so this may be cause for concern.
Additionally, since it is always necessary to introduce an intermediate layer of Ni by nickel strike
and plating to enhance the adhesion between electrodeposits and Ti alloys, Al-Ni-Cr coating
should be more compatible with the intermediate layer.
This dissertation is organized as follows: the introduction of γ-TiAl is given in Chapter
II regarding its mictrostucture, mechanical behaviors, and high temperature oxidation behaviors.
The progress in protective coatings on TiAl and electrodeposition of Al-transition metal alloys
are also reviewed. Some general electrochemical experimental techniques, sample preparation
procedures and materials characterization methods are described in Chapter III, although more
detailed experimental procedures will be covered in the following chapters. In Chapter IV, a new
method of electrodeposition of Al-Cr alloys from chloroaluminate ionic liquid with addition of
chromium powders will be investigated. Another method of electrodeposition of Al-Cr from
chloroaluminate ionic liquid with anodically dissolved Cr(II) ions will be discussed in Chapter V.
3

Chapter VI will describe the electrodeposition of Al-Ni and Al-Ni-Cr from the same ionic liquid
with anodically dissolved Ni(II) and Cr(II) ions. Although similar research has been conducted
before on under-potential co-deposition of Al-Ni alloy, the focus of this study will be
over-potential co-deposition, where the deposits obtained will be rich in aluminum. In Chapter
VII, the aqueous corrosion and high temperature oxidation behavior of the coatings will be
studied with respect to their composition and microstructure. In Chapter VIII, the most important
findings in this study will be summarized, and through which the direction for future work will
be discussed.

4

CHAPTER 2
BACKGROUND AND LITERATURE REVIEW

This chapter reviews advanced microstructure and promising mechanical behaviors of
γ-TiAl for potential gas turbine applications. As a major concern, the high temperature oxidation
behaviors of TiAl and the state-of-the-art protective coatings are demonstrated. Finally, the
possibility of utilizing electrodeposition of protective coatings on TiAl will be discussed.

2.1 Introduction to γ-TiAl

For decades, researches have been focused on high temperature structural intermetallics
for applications in extreme environments. These intermetallics include transition metal
aluminides and silicides.[7, 8] Of these materials, γ-TiAl is the most promising candidate for
future gas turbine applications. Extensive tests of γ-TiAl components such as low-pressure
turbine blades, transition-duct beam and radial diffuser castings for engine components, and
corner-beam and closeout beam castings for the outlet-nozzle have revealed no serious
limitations.[9] General Electric has announced that γ-TiAl low pressure turbine blades will be
used on its GEnx engine, which will power Boeing 787 and Boeing 747-8 aircrafts.
Of the intermetallic compound phases in Ti-Al binary system, Ti3Al (α2), TiAl (γ),
TiAl2, TiAl3 are stable at room temperature. However, only γ-TiAl with Al content ranging from
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46% to 49% is widely and intensively investigated (Fig. 2.1).[10] This is partly attributable to its
properties such as low density, high strength at high temperature, some ductility at room
temperature, high fracture toughness, and good creep and fatigue performances. It is also because
γ-TiAl can be processed more or less similarly to metals and alloys through conventional
manufacturing processes such as melting and casting using conventional equipment.[9]

2.1.1 Processing and microstructure of γ-TiAl

Gamma-TiAl does not consist only of the γ phase but it also contains the α2 phase (Fig.
2.2).[7] When titanium and aluminum with stoichiometry slightly greater than 1 are melted and
casted, a polycrystalline lamellar structure is formed. However, the as-cast microstructure is
usually coarse, porous and inhomogeneous. It consists of columnar lamellar grains and γ
dendrites.[11] In order to close the porosity retained from casting, a hot-isostatic pressing (HIP)
process is necessary, but this process has little effect on microstructure.
After HIPing, multi-step hot-workings and various heat treatment schemes are applied
to control the microstructure. Forging results in a banded microstructure which consists of
partially recrystallized fine γ grains and α2 grains. Then the sample will go through heat
treatments to form the final microstructure. Generally, the final microstructures can be
categorized into 4 types: full-lamellar (FL), near-lamellar (NL), duplex, and near-gamma (NG)
(Fig. 2.3).[12]
If the as-forged specimen is annealed above the α-transus temperature (Tα) and then
aged below the eutectoid temperature (Te) (Fig. 2.1), it will form a large-grain FL structure. If
the annealing temperature is just below Tα, a fine-grain NL structure will be generated. The NL
6

Figure 2.1. Ti-Al Phase diagram (Adjusted from [10]).

(a) L10

(b) D019

Figure 2.2. Crystal structures of (a) γ phase and (b) α2 phase.[7]
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Figure 2.3. Micrographs of the different microstructures of Ti–48Al–2Cr:
(a) NG; (b) duplex; (c) NL; and (d) FL.[12]

Table 2.1. Relation between heat treatment conditions, microstructures
and mechanical properties.[13]
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structure consists of majority of lamellar grains and very small amount of γ single-phase grains.
Further decreasing annealing temperature into the α+γ region will result in the finest duplex
structure with roughly equal volume fraction of lamellar grains and γ grains. If the annealing
temperature is below Te, an NG structure with majority of γ grains will form.[13] All of these
schemes could be concluded into the reaction α → L(γ/α2) or γ+α → L(γ/α2). Of these variants,
the NL structure possesses the most balanced properties for industrial application (Table 2.1).[13]
The γ and α2 lamellae in the lamellar microstructures are stacked such that a {111}
plane is parallel to {0001} 2 and the closely packed directions on {111} are parallel to those
on {0001} 2 . Since the [1 10] direction is not equivalent to the other two [10 1] and [0 11]
directions, while the  1120  directions in the α2 phase are all equivalent, there will be six
possible orientation variants (Fig. 2.4).[14]
These variants are categorized into matrix variants and twin variants which are
schematically illustrated in Fig. 2.5.[15] When two γ plates impinge on each other, they will form
three different types of boundaries. Pseudotwin interfaces occur between the variants (1)/(6),
(2)/(1), (3)/(2), (4)/(3), (5)/(4) and (6)/(5). The 120o rotational faults occur between the variants
(1)/(5), (2)/(6), (3)/(1), (4)/(2), (5)/(3) and (6)/(4). True twins occur between the variants (1)/(4),
(2)/(5) and (3)/(6).

2.1.2 Mechanical properties of γ-TiAl

From the perspective of balance of engineering properties and state of maturity,
gamma-TiAl is the only alloy that appear to be successfully advancing toward structural
applications in near future.[16] The properties of TiAl are not very distinguishable when

9

Figure 2.4. Six orientation variants of γ lamellae with respect to α2 lamellae.[14]

Figure 2.5. Schematic illustration of the lamellar structure of Ti-Al based alloys:
1M-3M are matrix variants, 1T-3T are twin variants.[15]
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compared with other alloys or intermetallics, but when low density and high temperature
resistance are important, its properties will become interesting. For example, TiAl only exhibits
intermediate values of modulus and yield strength, but when the values are normalized by
density (shown in Fig. 2.6a and Fig. 2.6b), it will exhibit much better specific values than most
alloys, and such specific values can also be preserved at high temperature.
However, for intermetallics which are used for long term applications, the durability is
another important concern. As Fig. 2.6c demonstrates, the fatigue resistance of γ-TiAl exceeds
that of nickel and titanium alloys, when fatigue strengths are normalized by ultimate strength of
the materials. This finding indicates that the intrinsic fatigue resistance of γ-TiAl is quite high
when an intrinsic process is applied. Also, the high temperature creep properties of selected
alloys are shown in Fig. 2.6d. From these data, it is evident that γ-TiAl is one of the best
materials, only second to Ni-based superalloys, which can offer competitive creep properties at
temperature above 1000K.
With the review presented above, γ-TiAl shows impressive mechanical properties and
mature processing technologies, thus there should exist many opportunities for γ-TiAl. However,
there are some other issues, such as oxidation and hot corrosion, which need to be addressed
before actual applications.

2.2 High temperature oxidation of γ-TiAl

The oxidation behavior of undoped γ-TiAl is very poor at temperature above 700oC,
because of the lack of sufficient Al transport to assist the formation of a continuous and dense
layer of Al2O3.[17] In detail, the oxide scale is composed of three layers: an
11

(a)

(b)

(c)

(d)

Figure 2.6. Comparison of mechanical properties for various structural alloys and
intermetallics: (a) room temperature specific modulus versus specific strength; (b)
room temperature fracture toughness versus density; (c) fatigue resistance; (d) high
temperature creep performance.[16]
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outward-growing layer, a middle layer and an inward-growing layer. The outward-growing layer
consists of TiO2, the middle layer is primarily of Al2O3, while the inward-growing part is
composed of a mixture of TiO2 and Al2O3.[18,

19]

Fig. 2.7a shows the SEM image of the

cross-section of the oxide scale on a Ti-47at%Al alloy without any additive element. In this case,
the oxide layer is very porous and is not able to form a barrier to prevent diffusion of Ti, Al and
O. A schematic diagram is also shown in Fig. 2.7b. It was also proven that nitrogen has a
detrimental effect which can accelerate the oxidation, because the oxidation was generally faster
in air than in pure oxygen.[20, 21] The formation of nitrides, such as TiN and Ti2AlN, was also
confirmed by TEM study.[22, 23] Since the coefficients of thermal expansion (CTE) are different
between the substrate and the formed oxide scale, the scale spallation was widely observed in
both isothermal and cyclic oxidation tests, which led to great mass loss upon extended exposure
and significantly downgraded the durability of γ-TiAl.[24]
In order to improve oxidation resistance, a dense and continuous Al2O3 scale should be
formed, and the rapid growth of TiO2 (rutile) should be suppressed. However, this is not easy,
because thermodynamically the oxygen equilibrium pressures of Al/Al2O3 and Ti/TiO are very
similar.[25] Therefore, various ternary or even more additives were tried either to accelerate
aluminum diffusion rate or inhibit titanium transportation (Fig. 2.8).[18, 19, 26-30] Among all of the
tested elements, the most generally beneficial alloying addition is niobium, which is considered
as a dopant element with higher valence than titanium, thus decreasing oxygen vacancy
concentration and suppressing titanium diffusion.[18,

19]

The best behavior is obtained at Nb

content in the vicinity of 10 at.%. The addition of Nb can also enhance the yield stress of TiAl by
increasing the critical resolved shear stress (CRSS) of dislocation loops.[31] Although chromium
is a common additive for oxidation resistance, and it is believed to be able to accelerate
13

(a)

(b)

Figure 2.7. Surface oxide scale on free TiAl with no other additives. (a) SEM image
of the cross‐section of the oxide scale on TiAl at 900oC for 16 hours. (b) Schematic
diagram of the oxide scale.[18]

Figure 2.8. Summary of effect of alloying additions on the oxidation behavior of
titanium aluminide alloys. (+) beneficial, (-) detrimental,(=) neutral.[26]
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aluminum diffusivity, the results showed that small amount of chromium (<4 at.%) is clearly
detrimental to TiAl oxidation behavior.[27, 29] This effect is attributed to the lower valence of Cr
than that of Ti. However, large amounts of Cr addition can be beneficial.[32] The combination of
Cr and Nb is also proven to be very effective. Some examples are Ti-48Al-2Nb-2Cr quaternary
alloy, the second generation TiAl and Ti-45Al-8Nb, the third generation TiAl. Other alloying
elements that have been tried are shown in Fig.2.8.[26] Although alloying addition has improved
the oxidation resistance, the degradation of mechanical behavior caused by long term oxidation
above 800oC is still significant. In order to fulfill the application of TiAl at temperature above
800oC, a protective coating is required.

2.3 Protective coatings

The coating system for current superalloys consists of an exterior thermal barrier
coating (TBC) and an interior bond coat (Fig. 2.9).[33] The TBC layer is typically a 100-400 μm
thick ceramic made of Y2O3-stablized ZrO2 (YSZ). The TBCs are produced by electron-beam
physical vapor deposition (EBPVD). This method results in a specific microstructure: columnar
YSZ grains grow out of the metallic and ceramic interface with separating channels normal to
the substrate. Such microstructure along with low thermal conductivity of YSZ provides a very
good thermal insulation which can lower the surface temperature of the substrate by up to
170oC.[34] However, due to the presence of channels and oxygen vacancies, the TBC layer is
oxygen transparent and thus provide no oxidation resistance.
The bond coat is a metallic layer for oxidation resistance, 75-150 μm in thickness. This
layer is typically made of a MCrAlY alloy, where M could be Fe, Co, Ni or any combination of
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these elements. A coating of this type is called an overlay coating and is deposited by using
either vacuum plasma spray (VPS) or EBPVD. Another type of bond coat is diffusion coating
which is made of aluminide of Pt or Ni, where Pt or Ni is first electroplated on the substrate and
then followed by aluminization using either pack cementation or chemical vapor deposition
(CVD). The oxidizing environments in the gas-turbine engine will result in a thermally grown
oxide (TGO) layer between the bond coat and the TBC. The ideal bond coat is engineered to
ensure the formation of a dense and slowly growing α-Al2O3. The TGO has very low oxygen
diffusivity and thus is highly oxidation resistant. It has been shown that overlay coatings exhibit
better behavior than diffusion coatings. Since the composition of overlay coating is nominally
independent of the substrate, it could be well designed to prevent interdiffution between the
coating and the substrate, which is always the problem concerning diffusion coatings. Besides,
the addition of Cr could provide better hot corrosion resistance.
As stated above, MCrAlY coatings have been extensively tested and generally accepted
for Ni-based superalloys, but for TiAl, researchers have not achieved any common perspective.
Tang et al have tested Ti-50Al-10Cr, Co-31Cr-11Al-0.3Y and Ni-32Cr-11Al-0.3Y on Ti-50Al.[35,
36]

The results showed that Ti-50Al-Cr provided excellent protection for 1000 hours, and the

coating was compatible with the TiAl substrate. Although the MCrAlY coatings rich in Ni or Cr
could provide good oxidation resistance, there was severe inward diffusion of Ni and Cr into the
TiAl substrate, therefore the protective effect cannot last for a long time.[35,

36]

Further

investigation on Al-Ti-Cr alloy coating showed that an Al-rich L12-based Al-21Ti-23Cr alloy
provided better long term protection on TiAl than a Ti-rich γ-based Al-37Ti-12Cr. This indicated
that high Al content in the coating is a very critical factor for oxidation resistance.[37, 38] Enamel
coatings were also tested, and they significantly decreased the weight gain in both isothermal and
16

Figure 2.9. Cross-section of SEM image of the coating system on superalloy,
superimposed on a schematic diagram of temperature profile.[33]

17

cyclic oxidation tests,[39] but some recent researchers stated that after long-time exposure, some
new phases formed at the interface between the enamel coatings and the TiAl substrate, which
deteriorated adhesion and even caused spallation.[40-42]
The traditional overlay coating methods, such as VPS and EBPVD, have some
disadvantages. For example, they require a high capital equipment cost and they are line-of-sight
method, which makes coating complex geometries very difficult.[43] Therefore, to find a low-cost
and non-line-of-sight method to make the alloy coatings on TiAl is of great interest.

2.4 Electrochemical deposition

Electrodeposition is emerging as a low-cost and non-line-of-sight method. However,
electrodeposition on TiAl will be very challenging, because there is always an oxide film, which
prevents the coating from adhering to the surface. Even after etching with hydrofluoric acid, the
oxide film will quickly form after the surface is dried. A common pretreatment method before
electrodeposition on Ti alloys is nickel striking followed by nickel plating, by which a thin layer
of Ni will be plated, and this intermediate layer serves to bond the electrodeposits with the
substrates. In order not to increase the complexity of the problem, in this study we only tried
electrodeposition of Al-Ni-Cr alloys instead of Al-Ti-Cr alloys. Also in the previous studies,
people only focused on the MCrAlY coatings, which were rich in M (Fe, Co, or Ni), but few
investigations were conducted on coatings rich in Al, i.e. Al-Ni-Cr coatings, which will be the
focus of this study.
Electrodeposition of the ternary alloy Al-Ni-Cr will be the second challenge, because
the reduction potential of aluminum is lower than that for water splitting, so it is impossible to
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reduce aluminum in aqueous solution. If the three elements need to be deposited simultaneously,
a nonaqueous solution for aluminum reduction should be the starting point. Such solution
systems could be organic solvents, molten salts or ionic liquids.

2.4.1 Organic solvents

The organic solvents which have been successfully used for electroplating can be
categorized into three classes: ethers, aromatic hydro-carbons and dimethylsulfone. In etheric
solvents, AlCl3 is used in combination with LiAlH4 as the electroactive species, and the resulting
solutions are AlCl3-LiAlH4-diethylether bath (NBS bath)[44, 45] and THF-benezen-AlCl3-LiAlH4
bath (THF bath).[46, 47] The first industrial application of NBS bath was reported by General
Electric, but it had several drawbacks such as flammability, limited life-time, low current
efficiency for the dissolution of aluminum anodes and lack of effective additives to improve the
quality of the deposits. The THF bath was less flammable and also showed better anode
dissolution and therefore a longer bath life. Toluene and 1,2-dichloroethane were used to
improve the quality of the deposites, but it was proven that they had an detrimental effect on the
dissolution of aluminum anode.
With weak co-ordination centers, aromatic hydrocarbons were found to be good
solvents for aluminum halides. Some common solvents are benzene, toluene and xylene. Since
AlF3 is insoluble in aromatic hydrocarbons and AlCl3 is only slightly soluble, the most
acceptable aluminum halide is AlBr3. So the simplest two-component electrolytes for
electrodeposition of aluminum are AlBr3 and aromatic hydrocarbons.[48,

49]

Additionally, the

effects of different additives were systematically studied. For example, alkali halides were added
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to increase the conductivity and the throwing power[50] and ammonium quaternary bromide was
proven to be able to stabilize the solution.[51] The most accepted additive is organoaluminium,
with which an industial scale process (Sigal Process: Siemens Galvanoaluminium) has been
developed. This solution consists of alkylaluminium, alkali halides, and quaternary onium salts,
which are dissolved in the aromatic solvents.[52, 53] However, the disadvantage of this bath is the
cost of organoaluminium.
Dimethylsulfone (DMSO) is another solvent used for electrodeposition of aluminum. It
has a number of attractive features, such as: high conductivity, good thermal stability, ability to
dissolve many metallic salts and weak coordination with metallic cations.[54,

55]

Previous

investigation showed that aluminum can be deposited in a mixture of 2AlCl3-LiCl dissolved in
DMSO by forming a reducible aluminum-containing complex:[56-58]

4AlCl3  3(CH 3 ) 2SO 2  Al  (CH 3 ) 2SO 2 3  3AlCl4

(2.1)

Al  (CH3 ) 2SO2 3  3e  Al  3(CH3 )2SO 2

(2.2)

3+

3+

It was shown that dense, bright and adherent Al coatings can be obtained over a wide range of
molar ratio (0.1~0.8) and current density (5~20 A/dm2), but the deposition process must be
conducted under argon protection and at temperature above 100oC, which requires relatively
complicated handling.[59]
Although organic solvents have been successfully used for electrodeposition of Al, there
is no reference about electrodeposition of Al-Ni or Al-Cr alloys in organic solvents, probably
due to the limited solubility of Ni and Cr ions in these systems.
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2.4.2 Molten salts

Al can be reduced in both AlCl3-NaCl[60] and AlCl3-NaCl-KCl[61, 62] systems, but since
AlCl3-NaCl-KCl can be used at lower temperatures (80~140 oC) than AlCl3-NaCl (above 160
o

C), it is the most studied system. It is well known that there are two anions in the melts, i.e.

AlCl4- and Al2Cl7-,[60, 63] and that their concentrations change with the AlCl3-MCl ratio (where M
is alkali cations).[64-67] When the AlCl3 in the melt is higher than 50 at.%, the melt will become
acidic, and Al2Cl7- will be generated, otherwise, the only Al(III)-containing species will be
AlCl4-. According to Tremillon and Letisse, Al(III) is reduced in two consecutive steps:[65]
4Al 2 Cl7  3e   Al  7AlCl 4

(2.3)

AlCl 4  3e   Al  4Cl 

(2.4)

It was shown that aluminum deposits occurred in melts over a wide range of Al concentration,
but bright, dense and adherent deposits can only be obtained in acidic melts. Otherwise if the
melt is basic, dendrite deposits will be formed.[62]
Al alloys were also reduced from the molten salts with the addition of corresponding
metal chlorides. Amorphous Al-Mn alloy was obtained from AlCl3-NaCl-KCl molten bath with
the addition of MnCl2.[68] Al-Ti alloys could be reduced from 2AlCl3-NaCl melt with anodically
dissolved Ti(II). Single phase Al3Ti alloy with ordered face-centered cubic structure (L12) could
be obtained if the Ti partial current is not diffusion limited.[69] Al-Ni alloy was electrodeposited
from a molten 2AlCl3-NaCl electrolyte containing up to 0.17 mol/L Ni(II), which is anodically
dissolved into the melt.[70] Al-Cr alloy was obtained in the AlCl3-NaCl-KCl-CrCl2 molten salt.[71]
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But obviously, the primary drawback of using molten salt is the requirement of high temperature,
which complicates the procedure.

2.4.3 Ionic liquid

Recently, more and more attention has been given to ionic liquids because of their
attractive properties such as low melting points, excellent chemical and thermal stabilities,
negligible vapor pressure at elevated temperature and high intrinsic electrical conductivities.[72, 73]
The electrodeposition of aluminum from various ionic liquids was also widely studied.[74-79]
Generally, ionic liquids used in Al electrodeposition are AlX3/MX, where X- is a halide such as
Cl- and Br-, and M+ is an organic cation. In order to form low temperature melts, the charge
needs to be delocalized by large cations or well screened by ligands. The commonly used cations
are alkylpyridinium, alkylimidazonium, and quaternary ammonium. Of these, some of the most
studied examples are: 1-ethylpyridinium bromide (EpyBr), 1-ethyl-3-methylimidazonium
chloride (EmimCl) and trimethylphenylammonium chloride (TMPAC). When AlX3 mixes with
MX, the constituents and acidity of the ionic liquid are determined by their molar ratio, q/p,
based on the following reactions:
pM  X   qAlX 3  qM  AlX 4  ( p  q )M  X  (q / p  1, basic)

(2.5)

M  X   AlX 3  M  AlX 4 ( q / p  1, neutral)

(2.6)

pM  X   qAlX 3  (2 p  q )M  AlX 4  ( q  p )M  Al 2 X 7 (1  q / p  2, acidic)

(2.7)

Since organic cations are reduced at less negative potentials than that of AlX 4 , aluminum can
only be deposited from acidic melts.[80] To reduce viscosity and simultaneously protect ionic
liquid from oxidation and moisture, some co-solvents could be added to the melts such as
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benzene and toluene. Furthermore, the most recent works developed a new generation of air and
moisture stable ionic liquids with large organic anions such as BF4 , PF6 and Tf2N-. These
anions are considered weakly coordinating anions and can further decrease the melting point.
There are some reports about electrodeposition of Al in Tf2N-containing ionic liquids[78, 81], but
this ionic liquid is very expensive.
All of the ionic liquid systems described above could serve as the baseline plating bath
for electrodeposition of Al alloys by addition of the corresponding ions. The alloying elements
could be introduced into the ionic liquid either by adding the salts or by anodic dissolution of the
pure metals. To date, the choice of co-deposited elements has been focused on transition metals.
Roughly, the elements in group 8 to 12 such as Fe,[82] Co,[83] Ni,[4] Cu,[84] Ag[85] and Au[86] are
noble, and they are able to induce Al under-potential deposition, which mean Al can be reduced
along with the alloying elements at potentials positive to its Nernst potential. In contrast, those
elements in group 3 to 7 such as Ti,[5] Nb,[87] Mo,[88] Mn,[89] V[90] and La[91] are active, and the
codeposition can only occur at potentials equal to or more negative than the Nernst potential of
Al. However, Cr makes an exception. Although Cr is in group 6, the co-deposition potential of
Al-Cr alloy was shown to be slightly nobler than the Nernst potential of Al, so Al was reduced
under-potentially at the presence of Cr(II) ions.[6]
So far, the Al-rich L12-based Al-Ti-Cr coatings exhibited the best protection on TiAl.
However, the electrodeposition of Al-Ti-Cr coatings is not feasible. Tsuda studied the
electrodeposition of Al-Ti alloys from 2AlCl3-EmimCl ionic liquid by adding TiCl2,[5] but TiCl2
is a very expensive and unstable chemical, which is not economically acceptable. TiCl3 has very
limited solubility in the melt and TiCl4 is highly volatile. Additionally, Ti alloys have an innate
oxide layer, which is instantly formed if the fresh surface is exposed to air, and always results in
23

poor adhesion of the coatings. So a common method is to pre-coat TiAl with Ni by nickel strike
and nickel plating. Therefore, in order to get a coating compatible with the Ni layer, the Al-Ni-Cr
coatings are selected, and the electrodeposition of Al-Ni-Cr alloys appears to be both
economically and practically feasible. Previous studies on Al-Ni and Al-Cr alloys were targeted
on the undepotential deposition, where the alloys were rich in Ni or Cr. But Ni and Cr undergo
severe interdiffusion with TiAl at high temperature, so the over-potential deposition of Al-Ni-Cr
alloys which are rich in Al will be the focus of this study.
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CHAPTER 3
EXPERIMENTAL PROCEDURES

This chapter covers plating bath preparation, electrochemical experiments, and materials
characterization methods. It includes the instruments and operational principles for the main
experiments. More details for specific experiments will be covered in each chapter.

3.1 Preparation of plating baths

The baseline plating bath used in this study is a chloroaluminate melt prepared by
mixing anhydrous AlCl3 (Sigma-Aldrich 99.99%) and EmimCl (Sigma-Aldrich, 95%). Both
were used as received. Since the chemicals are very hygroscopic, the preparation process was
conducted inside an argon-filled glove bag. Before use, the glove bag should be purged with
argon three times to ensure low content of air.
According to the Lewis definitions of acids and bases, AlCl3 is an acid, and EmimCl is a
base. As mentioned in chapter II, in this room temperature melt, Al can only be reduced from an
acidic melt containing Al2Cl7-, which requires that the molar content of AlCl3 is higher than that
of EmimCl. Therefore, the baseline plating bath is made by adding two molar parts of AlCl3 to
one molar part of EmimCl. Since the mixing is very exothermic, this process is performed very
slowly. The mixture is then stirred for 5 minutes until a transparent yellow liquid is formed. The
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liquid is poured into a glass vial, which is then sealed with a rubber stopper. The electrodes are
assembled on the rubber stopper, and the outlets for the copper wires are sealed with wax to
ensure air-tightness. Once the rubber stopper is in place, the cell will be moved out of the glove
bag to conduct electrochemical experiements.

3.2 Inductively coupled plasma atomic emission spectroscopy (ICP-AES)

ICP-AES is also referred to as inductively couples plasma optical emission
spectroscopy (ICP-OES). It uses an ICP torch in argon gas to fire the injected aqueous or organic
samples, which are heated up to 7000 K immediately and ionized. The ionized atoms from the
samples loosen and recombine with electrons repeatedly to generate radiation characteristic of
the elements. The light intensity of different wavelengths is measured, based on which the
concentration of each element can be derived. In this study, a PerkinElmer’s Optima 3000DV
ICP-OES was used. Nickel and chromium solutions in the chloroaluminate melt were dissolved
in 5 wt.% HNO3 water solution and diluted 4000 times. Then the aqueous solutions were used
for ICP-AES tests.

3.3 Ultraviolet-visible spectroscopy (UV-Vis)

UV-Vis is an absorption spectroscopy used in the ultraviolet and visible region of light.
It is also called electronic absorption spectroscopy, because the electromagnetic radiation of this
region can cause electronic transitions, i.e. the electrons can be agitated from the ground
electronic state to an exited electronic state. Since the transition metals have incomplete d sub
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shell, the d electrons within the metal atoms can be excited from one d energy level to another d
energy level by absorbing certain wavelength of light. Therefore, UV-Vis is routinely used to
qualitatively or quantitatively determine the transition metal ions in solutions. In this study,
UV-Vis was carried out by a Varian Cary 50 spectrophotometer. The sample solutions were
filled into a quartz cuvette with 2 mm optical path length in the glove bag with argon gas, and
then it was covered with a PTFE stopper to ensure air tightness. Then it was moved out from the
glove bag to perform the UV-Vis tests.

3.4 Preparation of electrodes

Two reference electrodes were used in this study: aluminum wire and Ag/AgCl wire.
The aluminum wire was 0.5 mm in diameter. It was polished with 1200 gric SiC sand paper to
remove the oxide layer on the surface, and then soaked in acetone for ultrasonic cleaning and
degreasing. Finally, it was washed with water and dried in air. The Ag/AgCl wire was also 0.5
mm in diameter. It was first ultrasonically cleaned by acetone, washed with water, and then
soaked in saturated HCl solution for 30 minutes to bring out a fresh and white AgCl coating on
the surface. Finally, it was cleaned with water and dried in air.
In the baseline plating bath, the electrode potential of Al wire was the equilibrium
potential of Al(III)/Al couple. While in the plating bath with the addition of Ni(II) and Cr(II), the
electrode potential is the mixed potential of more than one redox couple with the net electrode
current being zero. However, Ag/AgCl electrode was much more stable, because its potential is
determined by the following reaction:
AgCl(s)  e   Ag(s)  Cl

(3.1)
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The equilibrium potential of this reaction is only dependent on the concentration of Cl- ions,
which was a constant during the experiments.
The working electrodes and counter electrodes were different for each specific
experiment, which will be covered in the corresponding chapters. All of the electrodes were
polished with 1200 grit SiC sand paper, cleaned and degreased with acetone, washed with water
and finally dried in air.

3.5 Nickel striking and nickel plating

As mentioned before, TiAl instantly forms an oxide film, which prevents the formation
of an adherent coating. So the surface of TiAl needs to be coated with an intermediate layer of
nickel before electrodeposition. This pretreatment process consists of multiple steps including
degreasing, rinsing with deionized water, deoxidizing, nickel strike and nickel plating. The
detailed solution composition and experimental conditions are shown in Table 3.1-3.4.

3.6 Electrochemical experiments

The electrochemical experiments were carried out with an EG&G Princeton Applied
Research model 273A potentiostat/galvanostat. The potentiostat/galvanostat was connected to a
remote PC via an IEEE-488 interface and was accessed by the PowerSuite software package.
Maximum stability was always enabled for all electrochemical tests to reduce the oscillation
during the tests. Electronic resistance compensation was employed whenever possible.
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Table 3.1 Solution composition and experimental condition for degreasing.
Chemical

Concentration

NaOH

50 g/L

Na2CO3

50 g/L

Condition

Parameter

Temperature

40oC

Time

10 min

Magnetic Stirring

250 rpm

Table 3.2. Solution composition and experimental condition for deoxidation.
Chemical

Concentration

HNO3

35 wt.%

HF

4.8 wt.%

Condition

Parameter

Temperature

25oC

Time

2 min
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Table 3.3. Solution composition and experimental condition for nickel strike.
Chemical

Concentration

NiCl2·6H2O

2 mol/L

HCl

1.5 mol/L

HF

0.5 mol/L

Condition

Parameter

Temperature

25oC

Deaeration

30 min

Anodic current density

-10 mA/cm2

Anodic current time

1 min

Cathodic current density

60 mA/cm2

Cathodic current time

30 s

Counter electrode
Magnetic stirring

nickel plate (3cm × 1cm)
750 rpm

Table 3.4. Solution composition and experimental condition for nickel plating.
Chemical

Concentration

NiSO4

0.6 mol/L

NiCl2

0.3 mol/L

H3BO3

0.5 mol/L

Condition

Parameter

Temperature

25oC

Current density

40 mA/cm2

Time

15 min

Counter electrode

nickel plate (3cm × 1cm)

Magnetic Stirring

750 rpm

30

3.7 Scanning electron microscopy (SEM)

SEM is one of the most used characterization methods for materials research. It
produces a beam of electrons which is focused on the surface of the sample, and the beam is
swept in a raster scan mode. The electrons interact with the atoms at or near the surface of the
sample and generate various signals such as secondary electrons (SE), backscattered electrons
(BSE) and characteristic X-rays. These signals are collected by the respective detectors. In the
most common mode, the secondary electron imaging is produced by combining the beam
position and the intensity of SE signals. The SE signals result from the low-energy electrons
generated in the inelastic scattering of the incident electrons. The intensity is then highly
dependent on the topography of the surface features, so the variation of SE intensity creates an
image contrast of surface morphology. However, in the backscattered mode, the BSE are emitted
from elastic interaction. Since these high-energy electrons are backscattered more strongly by
heavy atoms (high atomic number) than light atoms (low atomic number), the BSE imaging can
produce a contrast due to composition.
A JEOL 7000 FE scanning electron microscope was used in this study. SE images were
collected on the surface of electrodeposits to determine the relationship between the plating
parameters and the surface morphology. BSE images were collected on the cross-section of the
samples before and after oxidation tests to reveal the distribution of elements. The voltage was
set at 20 kV, and the probe current was between 8 and 10. The samples for surface SE imaging
were used without further preparation. The cross-section samples were prepared by acrylic cold
mounting, and then ground with sand paper from 240 grit to 1200 grit (Struers), and finally
31

polished with 3 μm diamond (Struers) and 0.04 μm colloidal silica (Struers). The polished
samples were coated with a 40 nm thick layer of carbon by carbon evaporator to ensure electric
conductivity and inhibit charging.

3.8 X-ray diffraction (XRD)

XRD is another commonly used technique to characterize the crystal structure of
materials. When the X-rays strike on a crystalline material, they will be scattered by the atoms in
the material, most scattered X-rays will cancel each other due to destructive interference, but in a
few specific directions, the interference can be constructive. These directions are determined by
Bragg’s Law:

n  2d sin 
Where n is an integer, d is the spacing between diffraction planes, θ is the incident angle and 
is the wavelength of the X-ray beam.
By conducting a theta-2theta scan, where the sample is tiled θ with respect to the
incident beam, and the detector will be tilted 2θ to collect the reflected beam, a diffractogram
with correspondence between diffraction intensity and 2θ can be constructed. With certain
wavelength, the diffraction peak positions (2θ) are characteristic of the crystalline phase. Each
peak represents a specific crystal plane, therefore the crystal structure can be determined. In this
study, a Philips APD 3720 and a Philips X’Pert MPD were used. Both are equipped with a Cu
Kα source. The former one was operated at 35 kV and 30 mA, and the latter one was operated at
40 kV, 35mA. The scanning was ranged from 20o to 100o, and the step size was 0.01o. The
scanning rate for the former one was 0.02 degree/s and that for the latter one was 0.1 degrees/s.
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The obtained diffractograms were compared with the standard JCPD data to determine the
phases.

3.9 Transmission electron microscopy (TEM)

Transmission electron microscopy (TEM) utilizes a much higher voltage than SEM. By
using such a high voltage, typically 200 kV, electrons can be accelerated to pass through the
specimen, which is thinned below 100 nm. In this study, a FEI Tecnai F20 transmission electron
microscope was used. The main techniques that employed in this study were selected area
diffraction (SAD) and scanning transmission electron microscopy (STEM).
When the electrons pass through the specimen, they will be elastically scattered by the
crystal planes, if the conditions meet the requirement of Bragg’s Law. The scattered beams
impinging on the screen then form a diffraction pattern, which is characteristic of certain zone
axis of a specific crystalline phase. By using an SAD aperture, an area of interest was chosen to
form the diffraction patterns, and then the microstructure of that area was determined.
To determine information about the composition, Z-contrast images were taken in the
STEM mode with a high-angle annular dark-field (HAADF) detector. The basic principle of
STEM-HAADF is similar to that of BSE imaging in SEM. The area with high-Z atoms scatters
the electrons more strongly, thus appears brighter in the image; while the area with low-Z atoms
will be darker.
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3.10 Energy-dispersive X-ray spectroscopy (EDS) and EDS X-ray mapping

Energy-dispersive X-ray spectroscopy (EDS) is a widely used analytical technique for
elemental analysis. As mentioned before, the interaction between the impinging electrons and the
sample generates X-rays with energies characteristic of the elements in the irradiated area. The
X-ray detectors attached to SEM or STEM can count the number of the X-rays with specific
energy and construct an energy-dispersive spectrum. The counts of the X-rays are not only
dependent on the concentration of elements but also affected by atomic number effect (Z),
absorption (A) and fluorescence (F). Quantitative analysis of the elements is then performed by
certain calculation methods with consideration of ZAF corrections. There are two main types of
window materials. Beryllium is highly robust, but strongly absorbs low energy X-rays, thus only
elements from sodium can be detected. Polymer-based thin windows can be made much thinner
than Be windows and therefore can be applied for the quantification of materials with constituent
element’s atomic number as low as 6 (from carbon upwards).
The EDS X-ray map is an image that shows the spatial distribution of elements of an
interested area. It is acquired by progressively scanning the focused beam point by point over the
area, and then the X-ray signals of each element is combined with the beam position to construct
the map for certain element. The resolution of the map can be improved by decreasing probe
current and step size, and the response is dependent on the probe current, voltage, and dwell
time.
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3.11 Focused ion beam (FIB)

Focused ion beam (FIB) was used here for TEM sample preparation. The FIB setup is
similar to that of SEM. However, it uses focused gallium ions instead of electrons to image the
specimens. When the high energy gallium ions strike the sample, they will sputter the atoms out
of the surface, so this imaging process is destructive, and should only be used in low current
mode, or in a short time at high current. Usually, FIB is incorporated in a system with both
electron and ion beam columns to allow the samples to be investigated by either beam in one test.
By using a high current, FIB can be used for site specific milling. Due to this feature, a TEM foil
with typical dimension of 10~20 μm long, 5~10 μm wide and 100 nm thick from the site of
interest can be prepared. In this study, an FEI Quanta 200 3D duel beam system was used, and
the TEM samples of the coatings were lifted out from the cross-section of the coatings.
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CHAPTER 4
ELECTRODEPOSITION OF AL-CR ALLOYS FROM CHLOROALUMINATE IONIC
LIQUID WITH ADDITION OF CR POWDER

4.1 Introduction

Electrodeposition of Al-Cr alloy was first reported in AlCl3-NaCl and AlCl3-NaCl-KCl
molten salt systems with small addition of CrCl2,[71, 92, 93] and then reported in AlCl3-BpyCl and
AlCl3-EmimCl room temperature ionic liquid systems, also with small addition of CrCl2.[6, 94]
However, CrCl2 is a very unstable and hygroscopic chemical, which can be easily oxidized to
CrCl3 in the presence of atmospheric oxygen. Its preparation and preservation are also a matter
of difficulty, thus making its price very expensive. In order to lower cost and simplify plating
process, a more stable chromium source is desirable.
In this study, the acidic 2AlCl3-EmimCl ionic liquid was utilized as the plating bath for
aluminum electrodeposition, but micron-sized chromium powders were used as the chromium
source. The original intention of using Cr powders was to form aluminum-rich composite
coatings. However, that was not the case. It was observed that if the chromium-containing
plating bath stirred with exposure to air for a long time, then Al-Cr alloys could be obtained after
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electrodeposition under certain conditions. Thus, this chapter investigates this phenomenon in
detail.

4.2 Experimental procedures

EmimCl (Sigma-Aldrich, produced by BASF, ≥95%) and anhydrous AlCl3
(Sigma-Aldrich, trace metal basis, 99.99%) were used without further purification. The Lewis
acidic 2AlCl3-EmimCl was prepared in a glove bag filled with argon gas. 0.015 mol AlCl3 was
slowly added to 0.0075 mol EmimCl. The reaction between AlCl3 and EmimCl was exothermic.
The mixture was melted by the heat generated, and 0.001 mol Cr powders (Alfa Aesar, metal
basis, average particle size < 10 μm) were added to the melt. The melt was then removed from
the glove bag and continuously stirred for 20 hours with exposure to air.
Fig. 4.1 shows the sketches of the three-electrode cells used in this study. A platinum
wire was used as the working electrode for cyclic voltammetry (CV) tests (Fig. 4.1a). The
dimension of the part exposed to melt was 0.5 mm in diameter and 10 mm in length. A Cu plate
with thickness of 0.1 mm was used as the substrate for electrodeposition (Fig. 4.1b). The surface
of copper plate was ground with 1200 grit SiC paper and then wrapped with Teflon tape to make
the exposed area 0.5 cm2. An Al plate and an aluminum wire were used as the counter electrode
and the reference electrode respectively. The electrodes were assembled on a rubber stopper and
then ultrasonically cleaned and degreased in acetone and finally dried in air. The rubber stopper
was not air tight, so the electrochemical tests were conducted with exposure to the atmosphere,
but the air flow on the surface of the melt was limited.
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Figure 4.1. Schematic diagram of the three-electrode electrochemical cell for
(a) cyclic voltammetry and (b) electrodeposition of Al-Cr on Cu plate.
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An EG&G 273A potentiostat/galvanostat was used for CV tests and electrodeposition.
The experiments were performed at room temperature. The voltammograms were obtained by
scanning the potential between -1.5 V and 2 V at 50 mV/s (with respect to Al pseudo-reference).
Electrodeposition was conducted in a constant current mode. Current densities of 2 mA/cm2, 4
mA/cm2 and 6 mA/cm2 were applied until 57.6 C of charge was passed. After deposition, the
samples were washed with toluene, then thoroughly cleaned by methanol and water and finally
dried in air. The morphology and chemical composition of the samples were examined by
scanning electron microscopy (JEOL 7000) and X-ray diffraction (Philips APD 3720).

4.3 Color change in plating baths

After mixing AlCl3 and EmimCl, the ionic liquid showed a transparent light yellow
color (Fig. 4.2a). As Cr powder was added and stirred for 20 hours, the bath became a
non-transparent dark green suspension (Fig. 4.2b). The Cr powder was so suspended in the melt
that it took about 1 day to settle. After settling, the liquid part of the bath exhibited a greenish
yellow color. Such a change in the color indicated that a small amount of Cr was dissolved in the
melt. Since there is no evidence that either [Emim]+ or Al 2 Cl7 can react with metallic Cr, it
was supposed that the Cr was oxidized by oxygen and water which was absorbed by the melt
during the stirring in air. This supposition is based on the facts previously reported by
Osteryoung et al.[95-97] In both AlCl3-EmimCl and AlCl3-BpyCl systems, it was noted that O2 was
capable of oxidizing species with E 0'  1.4 V vs. Al/Al(III) in acidic melt.[95, 96] Also proposed
in their study was the proton-coupled electron transfer, suggesting that the proton, which arise
from HCl or an Al-O-H entity formed by water addition, is a strong oxidant in acidic melt.[97]
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The oxidation of Cr by protons is further evidenced by the facts that the potential of standard
hydrogen electrode (SHE) is more positive than the standard reduction potentials of chromium
species:
Cr 3  3e   Cr -0.74 V

(4.1)

Cr 3  e   Cr 2+ -0.41 V

(4.2)

Cr 2  2e   Cr -0.91 V

(4.3)

Later results shown in the CV also indicated that the reduction potential of the protonic
impurities in the melt is much more positive than the reduction potential of the Cr ions.
After constant current deposition at 2 mA/cm2 and 4 mA/cm2, a non-transparent
purplish suspension was formed (Fig. 4.2c). The further transition of color was attributable to the
continuous dissolution of Cr prompted by the deposition process. Since the melt should have
been saturated with Cr ions during the 20-hour stirring, further dissolution of Cr will not be
available unless some of the Cr ions are extracted from the melt, for example by
electrodeposition on the cathode. The electrochemical reduction of O2 in the melt was also
suggested by Osteryoung et al. as the following mechanism:[95]
O 2  e   O 2 

(4.4)

O 2  HCl  HO 2   Cl 

(4.5)

2HO 2  O 2  H 2 O 2

(4.6)

Thus, to a small extent (due to very limited solubility of O2) the oxidation of Cr may be
accelerated by the electrochemically generated H2O2. In addition, due to the limited solubility of
CrCl3, the melt appears to be a purplish suspension. However, no color transition was observed
in the melt where deposition was conducted at 6 mA/cm2. The result of bulk electrodeposition,
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Figure 4.2. Color change in the plating melt: (a) 2AlCl3-EmimCl melt (light yellow),
(b) with addition of Cr powder after 20 hours stirring (non-transparent dark green),
and (c) after 8 hours deposition at 4 mA/cm2 (non-transparent purple).
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which will be shown in detail later, indicated that the deposits obtained at 6 mA/cm2 contained a
very small amount of Cr, which means that very few Cr ions were extracted from the melt. Thus,
the dissolution of Cr was also inhibited.

4.4 Cyclic Voltammetry

The oxidation and reduction reactions occurring at different potentials were
characterized by staircase cyclic voltammograms. The tests were conducted on a Pt wire in the
plating bath at room temperature. No stirring was conducted during the cyclic voltammetry (CV)
tests. In Fig. 4.3, black line shows the voltammogram obtained in the melt without addition of
chromium. In the cathodic scan Al reduction initiated at -0.2 V and peaked at -0.6 V. The -0.2 V
is partly due to the over-potential required for the reaction, and partly to the shift of the reference
potential from equilibrium potential of Al(III)/Al to the mixed potential between Cr(II) and Al.
As understood previously, the species in the melt were determined by the following reaction:[98]
[Emim]Cl  2AlCl3  [Emim]Al2 Cl7

(4.7)

and the metallic Al was reduced from the Al 2 Cl7 precursor:[99]
4Al 2 Cl7  3e   Al  7AlCl 4

(4.8)

In the anodic scan, oxidation reaction peaked at +0.7 V, and an evident shoulder was noticed at
+0.2 V. This shoulder has recently been explained as the oxidation of nano phase Al, and the
peak at +0.7 V is due to the oxidation of bulk phase Al.[100]
In the melt with Cr addition, CV was first performed immediately after stirring for 20
hours. The resulting diagram did not show any obvious evidence of reduction of Cr ions in the
cathodic scan (Fig. 4.3 green line). However, the peak current of Al(III) reduction was decreased.
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Figure 4.3. Cyclic voltammograms of Pt wire in the plating baths.
Scan rate is 10 mV/s.

Figure 4.4. Potential-time transition during galvanostatic polarization for
electrodeposition in the AlCl3/EMIC/Cr bath at various current densities.
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This should be due to the decrease in the concentration of Al 2 Cl7 after stirring for a long time
in the air. But in the anodic scan, an extended tail was observed exceeding +0.7 V, which was
attributed to the oxidation of Al-Cr alloys.
CV was then conducted after 8-hour electrodeposition at 2 mA/cm2, when the plating
bath had been turned into a purplish suspension. A new reduction peak was viewed before the
reduction of Al(III). This result is consistent with that observed by Ali et al., where CrCl2 was
directly added to the 2AlCl3-BpyCl melt, and the peak was assigned to the formation of Al-Cr
alloys.[6] The Al(III) reduction peak was further decreased due to continuous consumption of
Al 2 Cl7 . The Al reduction potential was slightly moved toward the negative side. Again, this is

due to the shift of the pseudo-reference potential from equilibrium potential of Al(III)/Al to the
mixed potential between Cr(II) and Al, and also it is partly due to the decrease of Al 2 Cl7 . In
anodic scan, both the oxidation peaks of nano phase and bulk phase Al were reduced, but the
oxidation peak of Al-Cr alloy was dramatically increased.

4.5 Chronopotentiometry

Variation of electrode potential versus time at different current densities is shown in Fig.
4.4. For the experiments conducted at 2 mA/cm2 and 4 mA/cm2, as Cr continuously dissolved
into the melt, the electrode potential was slowly decreased until the mixed potential on the
reference electrode was stabilized. However, the electrode potential was quickly stabilized in the
experiment conducted at 6 mA/cm2, because the continuous dissolution of Cr was inhibited in
this case. At 6 mA/cm2 where the steady potential was at -0.45 V, only bulk Al was obtained. At
4 mA/cm2, the electrode potential increased to -0.35 V, then Al-Cr alloy particles appeared
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together with bulk aluminum. Moreover, at 2 mA/cm2, the potential increased to -0.27 V, and
only alloy particles were observed. More details about the deposits will be covered in the
following section.

4.6 Surface morphology and composition

The plain-view SEM micrographs of the alloy deposits on copper are shown in Fig. 4.5.
At current density of 6 mA/cm2, a dense and flat surface was observed (shown in Fig. 4.5a). The
grains were highly crystallized with faceted shape clearly viewed on the surface. EDS data were
collected over the whole area of the micrograph, which indicated a dominating constituent of Al
along with a trace amount of chromium (shown in Fig. 4.5b). Other elements such as copper,
chlorine and oxygen were also detected. The copper signal was generated from the substrate, and
the chlorine came from the remaining chemicals. The oxygen content was the result of the
extended exposure to the environment. The normalized atomic percent of each element is given
in Table 4.1. Although there is a significant amount of oxygen, the main concern is the molar
ratio between Al and Cr, and here the ratio is 117.67 indicating a dominant composition of Al.
At 4 mA/cm2, a duplex microstructure was observed. Fig. 4.5c shows a mixture of
powdery particles and bulk grains. As further identified by EDS, the darker-colored bulk grains
were identical to those obtained at 6 mA/cm2, i.e. almost pure Al, while the lighter-colored
dendritic particles were Al-Cr alloy with molar ratio of approximately 2 (Magnified details
shown in Fig. 4.6). The EDS data over the whole area is shown in Fig. 4.5d, from which the
concentration of Cr was remarkably increased, and the Al/Cr ratio decreased to 8.03.
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Figure 4.5. SEM images and EDS results of the deposits from AlCl3/EMIC/Cr bath at
(a, b) 6 mA/cm2, (c,d) 4 mA/cm2,and (e,f) 2 mA/cm2.

46

Figure 4.6. Magnified SEM images of the deposits obtained at 4 mA/cm2 for 8 hours.

Table 4.1. Atomic percents of elements and Al/Cr ratios in the samples deposited
at 2 mA/cm2, 4 mA/cm2, and 6 mA/cm2.
Element

Al

Cr

O

Cl

Cu

Al/Cr

2 mA/cm2

53.43%

21.70%

19.79%

3.46%

1.63%

2.46

4 mA/cm2

42.16%

5.25%

50.99%

0.44%

1.16%

8.03

6 mA/cm2

64.72%

0.55%

33.11%

0.43%

1.19%

117.67
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At 2 mA/cm2, the deposits were entirely composed of the powdery particles (shown in
Fig. 4.5e). A dramatic increase in Cr concentration was noticed in Fig. 4.5f, and the Al/Cr ratio
here is 2.46. To explain the change of the Al/Cr ratio with respect to current density, it is
necessary to refer to the CV (Fig. 4.3). It was shown that Al-Cr alloy reduction potential was
much nobler than that of Al reduction. When a high current density is applied to the cell, the
cathode will be highly polarized and shift the potential to the left end where Al deposition is
preferred, then Al concentration will be high in the deposits. When the current density is low, a
weak polarization will promote the reduction of Al-Cr alloy, and therefore increase the content
of Cr.

4.7 XRD

X-ray diffraction patterns are shown in Fig.4.7 with the peaks labeled. For the sample
obtained at 6 mA/cm2, the Al and Cu peaks are both clearly observed. The Cu peaks were
generated by the substrate, while the Al peaks resulted from the deposits. For the sample
obtained at 4 mA/cm2, the Al peaks are still observable. For the sample obtained at 2 mA/cm2,
only Cu peaks were present in the pattern except for a very tiny point of Al (111) plane. This
result indicated that the Al-Cr alloy deposited at low current density was an amorphous phase.
Additionally, since x-ray could penetrate the coating, the tiny point of Al (111) peak was
supposed to be generated by the layer formed at the very first stage, and then it was followed by
the amorphous phase after Cr was continuously dissolved into the melt.
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Figure 4.7. XRD patterns of the deposits obtained at different current densities.
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4.8 Conclusions

In this study, the electrodeposition of Al-Cr alloy from Lewis acidic 2AlCl3-EmimCl
ionic liquid was investigated. From the color change of the plating bath, dissolution of metallic
Cr powders into EmimCl/AlCl3 melt was proposed under the effect of dissolved oxygen and
proton, as well as the applied current. The reduction of dissolved Cr ions was identified by CV
tests, which demonstrate a reduction peak of Al-Cr alloy nobler than that of Al.
Electrodeposition of the alloy was conducted in constant current mode. At high current density
of 6 mA/cm2, crystallized pure Al deposits were obtained, where Al reduction was favored by
the high over-potential. At a low current density of 2 mA/cm2, amorphous Al-Cr alloy particles
were formed. In particular, the transition from pure Al particles to Al-Cr alloy particles was
observed at an intermediate current density of 4 mA/cm2, where a duplex microstructure was
generated, which consisted of both bulk Al and Al-Cr amorphous particle phases.
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CHAPTER 5
ELECTRODEPOSITION OF AL-CR ALLOYS FROM CHLOROALUMINATE IONIC
LIQUID WITH ANODICALLY DISSOLVED CR(II) IONS

5.1 Introduction

Previous researchers showed that noble transition metals in group 8 to 12, such as Ni[4],
Cu[84], Co[83] and Ag[85], can be introduced into acidic AlCl3-EmimCl ionic liquid by anodic
dissolution. They also showed that Al can be co-deposited with these metals to form
corresponding alloys. The reduction of Al(III) usually undergoes an under-potential
co-deposition due to the significant difference between the work function of aluminum and that
of the noble transition metals.[101] However, the co-deposition of aluminum with active transition
metals in group 3 to 7, such as Ti[5], V[90] and Mo[88], is usually performed in the solutions with
direct addition of transition metal chlorides, because these elements usually have various
oxidation states in the form of chlorides, and some of these chlorides will form a passivating film
which can prevent the anodic dissolution, for example TiCl3 and VCl3. Since the active transition
metals have similar work functions as that of aluminum, the reduction of Al(III) in these
solutions usually undergoes over-potential co-deposition.
Electrodeposition of Al-Cr has been studied in acidic AlCl3-BPC system with addition
of CrCl2.[6] It was shown that the deposition potential of Al-Cr alloys was slightly higher than
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that of bulk aluminum deposition indicating a very weak under-potential co-deposition. However,
similar work conducted in acidic AlCl3-trimethylphenylammonium chloride ionic liquid and
acidic AlCl3-NaCl molten salt showed that the formation of Al-Cr alloys went through an
over-potential deposition.[92] These controversial results emerged because of the fact that
chromium sits relatively in the middle between the noble transition metals and the active
transition metals. Thus, a small variation in the coordination environment around Cr(II) will lead
to a switch between under-potential and over-potential deposition.
In this chapter, the anodic dissolution of chromium in AlCl3-EmimCl is studied. The
voltammetry of the dissolved chromium ions is also investigated. The bulk electrodeposition of
Al-Cr alloys was conducted at different potentials and current densities. Toluene was added as a
co-solvent, and its effects on the electrochemistry of the dissolved species were investigated.

5.2 Experimental procedures

EmimCl (Sigma-Aldrich, produced by BASF, ≥95%) and anhydrous AlCl3
(Sigma-Aldrich, trace metal basis, 99.99%) were used without further purification. The plating
melt was prepared in a glove bag filled with argon gas and purged three times before use. In
order to obtain a Lewis acidic melt with molar ratio of 2, the 0.015 mol AlCl3 was slowly added
to 0.0075 mol EmimCl. The solid AlCl3 and EmimCl reacted spontaneously at room temperature.
The mixture was stirred for 10 min until a homogeneous liquid was formed, and then the melt
was placed into a glass vial and covered with a rubber stopper. The electrodes were assembled
on the rubber stopper. The openings for the electrodes were sealed with wax. When the cell top
was in place, the vessel was removed from the glove bag for electrochemical tests. Later results
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showed that the reducible protonic impurities were hardly discernible when compared with the
reactions concerned, indicating adequate air tightness of the cell assembly.
All electrochemical tests were conducted in a three electrode cell. The reference
electrode was a Ag/AgCl wire. Prior to use, it was soaked in a saturated HCl solution for 30 min
to bring a fresh white coating. For cyclic voltammetry (CV) and square wave voltammetry
(SWV) tests, a Pt wire was used as the working electrode. The surface of the Pt wire was
wrapped with Teflon tape with the geometry exposed to the plating bath being 10 mm in length
and 0.5 mm in diameter. In order to refresh the surface of the Pt wire, it was also soaked in the
HCl solution for 30 min before use, and was conditioned at 1.4 V before each scan until the
anodic current magnitude dropped to less than 50 μA. The working electrode used for
potential-step chronoamperometry (CA) and anodic stripping voltammetry (ASV) tests was a
platinum plate (0.25 cm2). The same pretreatment and condition method of the working electrode
were applied as described above. Anodic dissolution was applied on a Cr plate (1 cm2) and bulk
alloy electrodeposition was performed on a Cu plate (0.5 cm2). Both were polished with 1200
grit SiC paper. The counter electrode for electrodeposition was a Cr plate (2 cm2) to ensure
continuous supply of chromium to the plating melt. The counter electrode for electrodissolution
of Cr was an Al foil of 0.5 cm2, and the counter electrode for all other experiments was an Al foil
of 2 cm2. All electrodes were ultrasonically cleaned with acetone, washed with water, and dried
in air. The parameters of each electrochemical test will be given in detail during the discussion.
When the samples of bulk alloy deposits were removed from the melt, it was soaked in
toluene and stirred with a magnetic bar for 10 min to remove the residual melt, and then cleaned
with acetonitrile, washed with methanol and water, and finally dried in air. The morphology,
composition and structure analyses were carried out with SEM (JEOL 7000) and XRD (Philips
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APD 3720) techniques. The concentration of Cr(II) ions in the plating baths was characterized by
a Perkin Elmer Optima 3000DV ICP-OES.

5.3 Anodic dissolution of Cr into 2AlCl3-EmimCl melt

In order to find out a suitable anodic current density for Cr dissolution, an anodic
polarization test of Cr plate in static pure melt was performed (Fig. 5.1). The electrodes were
soaked in the melt for 1 hour before a stabilized open circuit potential (OCP) was established.
The polarization curve shows no passivation between the OCP (-0.315 V) and the anodic limit of
the melt (+1.4 V). Further scanning the potential beyond 1.259 V causes the oxidation of Cl-, and
leads to an increase in current density. The limiting current density shown in the diagram is
around -5 mA/cm2, but higher current density can be expected when stirring is applied. So for
practical purpose, a current of -4 mA was applied to the Cr plate (1 cm2) during dissolution. With
stirring at a speed of 500 rpm by magnetic bar, the potential was around -0 V, indicating a
relatively weak polarization. In practice, the dissolution process is usually conducted a few
minutes after immersion, when the OCP has not been achieved yet, so the dissolution potential is
a little higher than that shown in the polarization diagram. After dissolution, the weight loss was
measured, and based on the calculation between weight loss and passed charge, the oxidation
product was confirmed to be Cr (II) ions.
The concentration of Cr(II) ions in the solutions by applying a total charge up to 4 mAh
was measured with ICP-AES (Fig. 5.2). The dash line shows the theoretical concentration of
Cr(II) ions calculated by Faraday’s law of electrolysis. The density data of the melt (1.3888±
0.0004 g/cm3) used for calculating the volume of solution was found in Fannin’s work.[102]
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Figure 5.1. Potentiodynamic polarization of Cr plate in 2AlCl3-EmimCl.
Vertical dash line: 4 mA/cm2. Scan rate is 0.167 mV/s.

Figure 5.2. Chromium concentrations in the solutions after electrodissolution.
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Initially, the measured concentration was very close to the theoretical one, but as the applied
charge increased, the measured data deviated from the calculated data. This was due to the
deposition of Cr on the cathode. The concentration of Cr(II) ions at 4 mAh was 27.6 mM. Cr was
further dissolved by applying a total charge of 8 mAh, and then a saturated solution was obtained
with some particles suspended in the melt. It was very difficult to tell the onset point of
supersaturation, but it is believed that the concentration at 8 mAh should not exceed 50 mM,
which is less than half of the concentration reported by Moffat, where CrCl2 was directly added
to the 2AlCl3-NaCl and 2AlCl3-TMPAC systems.[92]
The electronic absorption spectra of pure melt and the Cr solution are shown in Fig. 5.3.
In pure melt, an absorbance plateau with maximum at 340 nm was observed. Since this band lies
in the ultraviolet and violet portion, it was assigned to the charge transfer process. As the
wavelength became less than 300 nm, the absorbance ran out of scale.
In Cr solution, the spectrum became more complicated. Firstly, the cuvette used for
containing the solution was not air tight, so after exposure to air for some time, proton impurities
will be formed, which partially oxidize Cr2+ into Cr3+. Since CrCl3 has limited solubility in the
acid melt, it precipitates out as purplish particles. These particles blur the solution and results in
an average increase in absorbance throughout the scanning range. Secondly, the absorbance in
the ultraviolet part was more intense than that in the pure melt, indicating additional charge
transfer processes introduced by the chromium ions. Papatheodorou observed a charge transfer
band between 24000 and 35000 cm-1 (286~417 nm) in the vaporized CrCl3, CrCl3-CsCl and
CrCl3-LiCl, and it was assigned to the 4A2g(F) -4T1g(P) transition in the d3 configuration.[103] So
this highly increased charge-transfer intensity should be due to the Cr3+ ions. Thirdly, a broad
absorbance band was distinguishable between 650 nm and 900 nm. Several groups have studied
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Figure 5.3. UV-Vis absorption spectra of Ni solutions in 2AlCl3-EmimCl.

Table 5.1. Electronic absorption data of Cr(II) and Cr(III) complexes.
System

Coordination

Wavelength / nm (Temperature / K)

Reference

CrCl3 (vapor)

Tetrahedral

286, 385, 758 (1250)

[103]

CrCl3-CsCl (vapor)

Tetrahedral

370, 800 (1050)

[103]

CrCl3-LiCl (vapor)

Tetrahedral

323, 417, 800, 1000 (1030)
(665)

549, 800
; 556, 820
563, 840 (1020)

(873)

[103]
[103], [104]

CrCl3-LiCl-KCl

Octahedral

CrCl3-CsCl

Octahedral

575, 840 (970)

[103]

CrCl3-LiCl

Octahedral

548, 844 (970)

[103]

CrCl2-LiCl-KCl

Tetrahedral

1075 (1073)

[104]

Octahedral

546, 788 (303)

[105]

Tetrahedral

982 (303)

[105]

Cr(III) in 44.4:55.6
AlCl3-EmimCl
Cr(II) in 44.4:55.6
AlCl3-EmimCl
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(a)

(bb)

Figuure 5.4. Tanaabe-Sugano diagram of (a)
( d3 configguration and (b) d4 configguration.[106]]
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the d-d transitions in Cr3+ and Cr2+ ions, which are summarized in Table 5.1.[103-105] Cr3+ has a d3
configuration with two bands located around 560 nm and 800 nm. Cr2+ has a d4 configuration.
According to Tanabe-Sugano diagram (Fig. 5.4)[106], the energies of the allowed d-d transitions
are very close to each other, so the corresponding bands in the spectrum are overlapped with
each other and widely spread over the region between 700 nm and 1300 nm. Also noted in Table
5.1 is that the chromium bands are shifted towards short wavelengths (blue shift) in the
chloroaluminate ionic liquid. However, the continuous deterioration of the solution coupled with
time prevented us from making quantitative analysis.

5.4 Voltammetric test of Cr(II) solution in 2AlCl3-EmimCl melt

Cyclic voltammetry was conducted on a Pt wire at the speed of 10 mV/s in pure melt.
The CV scans were initiated at OCP, which is believed to be the redox potential of protonic
impurities given the experimental condition. This redox reaction has been described by Campbell
and Johnson as the following formula:[107]
A12 C17  HC1– + e   1/2H 2 + C1– + Al 2 Cl7 –

(5.1)

In their study, the starting point of this reaction was about 1.2 V positive of the onset potential
for aluminum deposition, which is consistent with the observation in the current study. For either
pure melt or Cr solution, the OCP was 445±10 mV, which means that the Ag/AgCl
pseudo-reference was fairly stable, because the reference potential was only dependent on Cl﹣
concentration given by the reaction:
AgCl(s)  e   Ag(s)  Cl

(5.2)

Thus, the concentration of Cl﹣ was supposed to be a constant during the dissolution process.
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CV and SWV were conducted in two Cr solutions, into which Cr(II) ions were
introduced by applying 4 mAh dissolving charge and 8 mAh dissolving charge. They were called
the 4 mAh Cr solution and the 8 mAh Cr solution, respectively. For comparison, these tests were
also conducted in pure melt.
The CVs (shown in Fig. 5.5a) were scanned from OCP to -1.4 V and then reversed
towards 1.6 V and finally back to OCP. In pure melt, there was only one cathodic wave, C2,
initiated at -0.82 V, which is associated with the reduction of Al 2 Cl7 to Al:
4Al2 Cl7  3e   Al  7AlCl4

(5.3)

In the Cr solutions, an additional wave, C1, appeared at -0.75 V. A later result will show
that the electrodeposits obtained at -0.76 V, which is within C1, contains 67 at.% of Al and 33 at.%
of Cr. Thus, the additional reduction wave C1 in Cr solutions should be assigned to the
co-deposition of Al and Cr. This also indicates that Al(III) ions are reduced under-potentially in
parallel with the over-potential deposition of Cr.
When potential was made more negative, the over-potential aluminum deposition was
initiated, i.e. the C2 wave. A recent report proposed that this reduction process consists of two
regimes: nano Al at low over-potential and bulk Al at high over-potential.[100] Similarly, in the Cr
solutions, the corresponding regimes are assigned to nano Al(Cr) solid solution and bulk Al(Cr)
solid solution, because Cr is always detected at any point in any deposit. For simplicity, this will
be referred to as Al waves instead of Al(Cr) solid solution waves in the following part of this
dissertation. In the forward scan, these two regimes of Al deposition were not distinguishable,
but in the reverse scan they give two different oxidation waves: A21 for nano Al and A22 for bulk
Al. Further identification of these waves will be covered later in the analysis of CVs with
different switch potentials. The third oxidation wave A1 was assigned to the oxidation of
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Figure 5.5. Comparison of voltammograms of Pt wire between pure 2:1 AlCl3-EmimCl
melt and Cr solution: (a) cyclic voltammetry (scan rate = 10 mV/s); (b) square-wave
voltammetry (pulse height = 25 mV, pulse width = 0.2 s, step height = 10 mV).
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AlCr alloy, and this assignment will also be verified later.
As Cr(II) ions were first introduced into the melt, i.e. in the 4 mAh Cr solution, the C2
peak current in the forward scan was considerably increased. Also, as over-potential Al
deposition was initiated, the I~E relationship became a concave curve, instead of a convex curve
observed in the pure melt. Additionally, the current faded out more quickly after the peak.
However, a quantitative explanation of these phenomena would be very difficult, if it were
possible. Firstly, the partial current for over-potential Cr deposition is unknown, because it is
highly convoluted with another ambiguous process, the under-potential co-deposition of Al.
Secondly, it is not clear that if the under-potential co-deposition of Al will be suspended or still
proceed when the over-potential deposition of Al is initiated. Thirdly, further evidence and
principle are needed to identify and separate the partial currents for the two regimes of
over-potential deposition of Al. Generally, the superficial I~E curves in the Cr solutions involve
four charge transfer processes: over-potential Cr reduction, under-potential Al reduction,
over-potential nano phase Al reduction and over-potential bulk phase Al reduction. Therefore, a
detailed analysis of the variation of the I~E curves after adding Cr(II) ions into the solution is not
possible until the partial currents can be deconvoluted.
Exceptionally, qualitative interpretations for some other results are still available. For
example, the decrease in the C2 peak current in the 8 mAh Cr solution is primarily caused by the
precipitation of supersaturated Cr(II) ions, which means that further increasing the dissolving
charge will not increase the concentration of Cr(II) ions in the solution, but only consume the
Al(III) ions in vain. Also, the shrinkage of A21 and A22 waves and the increase in the A1 wave in
the 8 mAh solution can be naturally explained as the result of increased Cr(II) concentration and
decreased Al(III) concentration.
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Square-wave voltammograms were scanned from OCP to -1.4 V as illustrated in Fig.
5.5b. The pulse parameters were: pulse height = 25 mV, pulse width = 0.2 s, step height = 10 mV.
With increased sensitivity, the detailed features of the reactions could be viewed: (1) the AlCr
co-deposition wave C1 became more prominent than that shown in CV; (2) the two regimes for
Al over-potential deposition were distinguished into two peaks (C21 for nano phase Al and C22
for bulk phase Al). Additionally, the peak currents of C21 and C22 were significantly increased
due to the involvement of the reduction of Cr(II) ions. A semi-quantitative explanation can be
conducted by employing the following expression of the peak current in SWV,

I p 

nFAD1/2 c
 p
 1/2tp1/2

(5.4)

Here, tp and  p are only dependent on the pulse parameters, which are invariable for all
SWV tests. So, the peak current should be only determined by the product nD1/2 c . Since the
dissolution process can be expressed by the following reactions:
8Al2 Cl7  6e  2Al  14AlCl4
3Cr  6e   3Cr 2
8Al2 Cl7  3Cr  2Al  3Cr 2  14AlCl4

(5.5)

This represents the substitution of Al 2 Cl7 by Cr2+. For example, if 0.2 mol/L Al 2 Cl7 are
replaced by 0.075 mol/L Cr2+, while nAl Cl /Al is 0.75 and nCr 2+ /Cr is 2, then the product nc
2

7

does not change. Therefore, the increased peak current should be only attributed to the increased
diffusion coeffienct, suggesting that the Cr2+ should have a higher diffusion coefficient than that
of Al 2 Cl7 . However, in 8 mAh Cr solution the C21 and C22 peak currents were decreased, and
this was again attributed to the precipitation of supersaturated Cr2+ and unproductively consumed
Al 2 Cl7 .
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A series of CVs with different switch potentials, Eλ , are shown in Fig. 5.6. This
technique is generally used to establish the relationship between the cathodic waves and the
anodic waves. In Fig. 5.6a, two stripping waves were observed in the pure melt, which have been
reported before.[76, 108] However, not until recently has an explanation been attempted to address
the cause of these two peaks. Abbott et al. proposed that the first stripping wave corresponded to
the oxidation of nano Al obtained at low over-potential, while the second wave was attributed to
the dissolution of bulk Al.[100] To test this supposition, a pure aluminum wire, with exposed
geometry of 10 mm in length and 0.5 mm in diameter, was used as a working electrode with the
potential varying from OCP (-0.65 V) to 1.6 V. The bulk aluminum wave, A22, was shown (Fig.
5.6b). However, if the potential was first swept to a potential which is negative of OCP, an
additional aluminum oxidation wave, A21, was observed and assigned to nano phase aluminum.
As the switch point became more negative, the anodic peak of nano aluminum grew up due to
the accumulation of nano aluminum. On the other hand, the anodic peak of bulk aluminum did
not change with switch point, because the dissolution of bulk aluminum was suppressed at -0.2 V,
where passivation happened. It was also shown that the anodic limit of the melt, i.e. the oxidation
of chloride ions into chlorine gas, can be concealed (the region between 1.4 V and 1.6 V) if the
working electrode is composed of or covered by bulk aluminum.
In 4 mAh Cr solution (Fig. 5.6c), since the first switch potential (-0.8 V) was within the
C1 wave, the only oxidation wave, A1 on the green line, was verified to be the oxidation of AlCr
alloy. Additionally, it was confirmed that the electrodeposits obtained at -0.76 V were an
amorphous phase, which will be shown later in the microstructure analysis. The A1 wave was
further assigned to be the oxidation of amorphous AlCr. To better understand this, an oblique
dash line was drawn on the diagram, where the peaks on the left side (A1 wave) correspond to
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Figure 5.6. Cyclic voltammograms switched at different cathodic limits (a) on Pt
wire in pure melt; (b) on Al wire in pure melt; (c) on Pt wire in 4 mAh Cr solution;
(d) on Pt wire in 8 mAh Cr solution. Scan rate is 10 mV/s.
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Figure 5.6 (continued). Cyclic voltammograms switched at different cathodic limits
(a) on Pt wire in pure melt; (b) on Al wire in pure melt; (c) on Pt wire in 4 mAh Cr
solution; (d) on Pt wire in 8 mAh Cr solution. Scan rate is 10 mV/s.
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the oxidation of amorphous AlCr, while those on the right side (A2 wave) were due to the
oxidation of Al(Cr) solid solution. From -1.0 V to -1.2 V (blue line to red line), A1 was only
marginally increased, but the A2 wave increased significantly. This can be easily explained as
aggressive Al deposition as over-potential goes high. However, from -1.2 V to -1.4V (red line to
black line), the A1 wave still increased, but the A2 wave was shrunk. Similar results were also
observed in 8 mAh Cr solution (Fig. 5.6d). The reason for this phenomenon at the potential less
than -1.2 V is yet to be determined. One supposition is that the cathodic limit of the melt was
higher than -1.4 V. It was not discernable until -1.4 V because of the fast scan rate. Thus when
potential was swept over the limit, for example -1.3V, decomposition of Emim+ was initiated and
the deposition of Al(Cr) solid solution was somehow suppressed. Other evidence can be viewed
in the pure melt (Fig. 5.6a) where the increased area under the curve from -1.2 V to -1.4 V in the
forward scan was larger than the increased area in the reverse scan, thus indicating a great loss in
current efficiency.
In Fig 5.6c, the inset shows a CV with switch potential at -0.7 V, which is before the
onset potential of Al and Cr deposition. The only reactions shown here (C3 and A3) are the redox
reactions of protonic impurities described by equation 5.1. Therefore, it is confirmed that there is
no oxidation of Cr(II) into Cr(III) within the electrochemical window.
Anodic stripping voltammetry was conducted on a platinum plate (5 mm × 2.5 mm ×
0.25 mm), which was first coated with alloy deposits by passing 0.2 C charge at different
potentials in the 4 mAh Cr solution. The solution was either static or stirred at 500 rpm by
magnetic bar. The deposits were then stripped by scanning the potential from rest potential to 0.2
V at 2 mV/s, and the solution was stirred at 500 rpm by magnetic bar. Fig. 5.7a shows the
stripping voltammograms recorded on the deposits obtained in static solution. Only
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Figure 5.7. Anodic stripping voltammograms of Pt plate pre-coated at
different potentials in 4 mAh Cr solution: (a) stationary and (b) stirred.
Scan rate is 2 mV/s.
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Figure 5.8. Current efficiency at different deposition potentials.

Figure 5.9. Cyclic votammogram of pure EmimCl at 92oC.
Scan rate is 10 mV/s.
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two oxidation waves were observed instead of the three that were observed in the cyclic
voltammetry. Similar observation was reported in Ali’s work,[6] where the first anodic wave of
Al oxidation vanished when the scan rate for cyclic voltammetry was lowered to 1 mV/s, but the
reason for this phenomenon is still unclear. During the anodic scan, Al(Cr) solid solution (A2
wave) was stripped first and followed by the amorphous AlCr alloy (A1 wave). As expected,
with deposition potential increased, the ratio between amorphous AlCr and Al(Cr) solid solution
was increased. The effect of forced stirring is shown in Fig. 5.7b, where a remarkable transition
from Al(Cr) solid solution to amorphous AlCr alloy was observed, suggesting that mass transfer
plays an important role in the formation of the amorphous AlCr alloy, especially for the
reduction of Cr(II), which has very limited concentration in the solution.
The areas above the stripping curves were integrated to get the total charge of oxidation,
and then divided by the total charge of deposition (0.2 C) to give the current efficiency. Fig. 5.8
shows that as the deposition potential goes negatively the current efficiency decreases, this is
again ascribed to the possible side reaction, i.e. the decomposition of Emim+. To testify this
supposition, a CV was conducted in pure EmimCl at 92oC (Figure 5.9). It shows that when the
potential was lower than -1.1 V, the decomposition of Emim+ was initiated. The dashed line in
Fig. 5.9 is the magnified view of the CV curve, and the C* peaks are considered to be the
reduction of impurities. Therefore, the decomposition of Emim+ as a side reaction below -1.1 V
was confirmed. It was also observed that the current efficiency drops at -0.9V, where the
amorphous AlCr accounts for a large portion of the deposits. Later results of the bulk
electrodeposits will show that the amorphous AlCr obtained at -0.9 V have a very porous
structure, so it is very likely that the decreased current efficiency at -0.9 V is because of the
deposits falling off the electrode, especially when forced stirring is applied.
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5.5 Potential-step chronoamperometric tests

Potential-step chronoamperometry was studied on the platinum wire in both pure melt
and Cr solution. The current transients at different potentials are shown in Figure 5.10.
Theoretically, as potential goes negatively, the current transients obtained at high over-potential
should converge to the limiting current. As shown in Fig. 5.10a, the limiting current in the pure
melt was reached at -1.075 V after 30 s, while in Cr solution (Fig. 5.10b) the limiting current was
reached at -1.05V.
In order to study the change of the current response after dissolving Cr, the difference
between the current transients before and after Cr dissolution should be calculated, and also the
consumed Al 2 Cl7 must be taken into consideration. From the ICP-AES data, the Cr(II)
concentration in the Cr solution was 27.6 mM, and according to equation 5.5, the consumed
Al 2 Cl7 should be 73.6 mM. The original Al 2 Cl7 concentration was 3.360 M, which means a

2.2% decrease in concentration. Based on the Cottrell equation, the current is proportional to the
concentration, so before calculating the difference, the current obtained in the pure melt should
be multiplied by a factor of 97.8%. The result after subtraction is shown in Fig. 5.11. It was
observed that the effect of dissolving Cr on current response is positive, and this is consistent
with the result observed for CV and SWV (Fig. 5.5).
If, in the over-potential region, the deposition of Cr is assumed to be independent from
the deposition of Al, then the current transient shown in Fig. 5.11 should be totally attributed to
the deposition of Cr. However, the variation of current transients in Fig. 5.11 does not behave
like over-potential deposition of a single metal, because after a certain period of time, the current
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obtained at low over-potentail outpaced the current at high over-potential. Therefore, a strong
interaction is supposed between the depositions of Al and Cr.
The currents were then sampled at 30 s, and the relationship between log[(IL-I)/I] and E
was plotted in Fig. 5.12. For a redox reaction O  ne  R , the data points should be on a
straight line as predicted by the equations:
E  E 0' 

RT DR RT iL  i
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For an electrochemically reversible reaction, a 0.75-electron charge transfer process, for
example the Al(III)/Al reduction reaction in the pure melt, should give a slope of 34.25 mV,
while a 2-electron charge transfer process should have a slope of 12.85 mV. However, if the
reaction is not so reversible, the slope is also affected by the charge transfer coefficient. As
shown in Fig. 5.12, the slope in the pure melt is 56.61 mV, then by using equation 5.7, the charge
transfer coefficient for Al(III)/Al reduction should be 0.61, which means the redox reaction is not
so symmetric, with the reduction reaction more likely to happen than the oxidation reaction. As
Cr(II) ions are introduced into the pure melt, the slope is decreased, because the 2-electron
reaction has a smaller slope. The deviation at low over-potential is because the current is still
primarily controlled by the nucleation process, while the deviation at high over-potential is
ascribed to the random errors, which highly affect the difference between the current obtained at
high over-potential and the limiting current.
The potential-step data can also be used to obtain the diffusion coefficient. A typical
method is to make an I vs. t-0.5 plot, of which the slope should be a constant proportional to the
diffusion coefficient by using the Cottrell equation:
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Figure 5.10. Potential-step current transient in (a) pure melt and (b) 4 mAh Cr solution.
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Figure 5.11. Difference between the currents obtained in Cr solution and in pure melt.

Figure 5.12. Log[(IL-I)/I] vs. potential plot for the currents samples at 30 s.
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I cottrell 

nFAD1/2 c
 1/2t1/2

(5.11)

However, there are two preconditions of using this method. Firstly, the current should be fully
controlled by diffusion, and a planar diffusion zone is established. Secondly, the semi-infinite
condition should be satisfied, requiring that the electrode be infinitely large and planar, and thus
assuring the validity of using the Cottrell equation.
The first condition limits the time range, from which the data can be used for this
method. Because when the time is too short, the diffusion zone is not completely established
over the entire surface of the electrode. The current transient will be considerably affected by the
nucleation process. When the time is too long, a time-independent steady-state current will take
place. Therefore, it is necessary to find out a suitable time range.
As for the second condition, the actual electrode used for recording current transient
always has a finite dimension, thus there is an inevitable deviation from the value given by
Cottrell equation. In the present case, the Pt wire was of cylindrical shape, for which an
approximate result, valid within 1.3%, have been reported by Szabo et al.[109]:

I cylinder 


nFADc  exp(0.1 1/2 1/ 2 )
1


1/2 1/2
1/ 2 
r
 
ln(5.2945  1.4986 ) 


(5.12)

where   Dt / r 2 , and r is the radius of the cylinder. By substituting the parameters ( n  0.75 ,

c  3360 mol/m3 , A  2 rl , r  0.0005 m , l  0.01 m ) into equation 5.12, a log(I)-log(t)
relationship can be plotted (Fig. 5.13). For the Cottrell equation, the slope was -0.5, and was
independent of diffusion coefficient, but for the cylindrical electrode, the slope is flattened with
increasing diffusion coefficient. Nonetheless, for a short period of time or for a low diffusion
coefficient, the log-log plot is still a linear line. Therefore, to evaluate the diffusion coefficient, a
time range, within which the log-log plot is linear, should be selected.
75

Figure 5.13. Log(I) vs. log(t) plot calculated by Szabo’s equation.

Figure 5.14. Experimental log(I)-log(t) plot of the current transients
obtained at different potentials in pure melt.
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Figure 5.14 shows the log(I)-log(t) plot of the current transients obtained at different
potentials. The first descending portion is attributed to the diffusion-controlled reduction of
protonic impurities, and then the curves exhibit a classic shape of the nucleation process (rising
portion) and the diffusion controlled growth (second descending portion) of Al electrodeposition.
The second descending portion is very linear, thus a small time range between 25 s and 30 s was
chosen to evaluate the diffusion coefficient.
Since the diffusion coefficient of Al 2 Cl7 has a value of approximately 5×10-11 m2/s
based on previous reports[110-113], and r0 is 0.25 mm, at 30 s,  is only 0.024, then the first
term in the bracket of equation 5.12 can be expanded into Taylor’s series at 0. Also, between 25
s and 30 s, the second term in the bracket of equation 5.12 is only slightly varied. Thus, it can be
viewed as a constant and replaced by its average value over the short time range. With
appropriate manipulation, it turns out to be:
I

nFAD1/2 c
nFADc
 ( B  0.1)
1/2 1/2
r
 t

(5.13)

where only the first two terms of the Taylor series are taken into account and B is the average
value of the second term in the bracket of equation 5.12. The deviation between equation 5.12
and 5.13 is less than 0.146% within the 5-second time range and by assuming that the diffusion
coefficient is 5×10-11 m2/s. Using equation 5.13, the plots of I vs. t 1/ 2 will provide a slope
and a intercept (Fig. 5.15), both of which can be used to calculate the diffusion coefficient of
Al 2 Cl7 . When the intercept is used, B is 0.585, which is calculated by presuming that the

diffusion coefficient is 5×10-11 m2/s.
Fig. 5.15 displays that as deposition potential goes negatively, the I vs. t 1/ 2 plot is
rotated counter clockwise, then the slope increases and the intercept decreases. Accordingly, in
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Fig. 5.16, the diffusion coefficient obtained by slope is increased, while that obtained by
intercept is decreased. However, there is still a large discrepancy between the diffusion
coefficients obtained by these two parameters, but it seems reasonable to expect that when the
potential is negative enough, both the slope and the intercept should give the same diffusion
coefficient. Unfortunately, it is not feasible to further decrease the deposition potential, because
otherwise, the decomposition of Emim+ will be initiated. But it was observed that as the I vs.
t 1/ 2 plot rotates with decreasing potential, the pivot (shown as a black solid circle in Fig. 5.15)
does not change, thus this result can be adopted as a condition to extrapolate the diffusion
coefficient, although the mechanism behind this phenomenon is yet to be determined. By
assuming the I vs. t 1/ 2 plot is in the following form:
I  0.00197  m(t 1/2  0.096)

(5.14)

where (0.096, 0.00197) is the coordinate of the pivot. Then by comparing equation 5.14 to 5.13:
m

nFAD1/2 c

(5.15)
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(5.16)

Thus, by solving the above two equations, the diffusion coefficient is obtained to be 5.63×10-11
m2/s, which is consistent with the values reported previously.[110-113]
Similarly, the log(I)-log(t) plot and the I vs. t 1/ 2 plot obtained in Cr solution are
shown in Fig. 5.17 and Fig. 5.18. By assuming that the total current in the Cr solution is given by
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Figure 5.15. I vs. t-1/2 plot of the current transients obtained at
different potentials in pure melt.

Figure 5.16. Diffusion coefficients obtained by using slope
and intercept of I vs. t-1/2 plot.
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Taking account of the substitution of Al 2 Cl7 by Cr2+ during the dissolution process, the
diffusion coefficient of Cr2+ was calculated to be 4.83×10-10 m2/s, which is about ten times
greater than that of Al 2 Cl7 .
Additionally, potential-step data can be used for the study of the nucleation process. In
the pure melt, each current transient shown in Fig. 5.10a has a local maximum, before which the
current is controlled by the nucleation process, and after which the current is controlled by
diffusion. In the Cr solution, the current transients (Fig. 5.10b) obtained at low over-potential
still exhibit the classic shape for the nucleation and diffusion-controlled growth, but the local
maximum is absent in those obtained at high over-potential, indicating a very instantaneous
deposition process. More stringently, the following equations can be to describe and identify
instantaneous and progressive nucletation processes:
2
I 1.9542

1  exp  1.2564(t / tm )  (Instantaneous)

2
Im
t / tm

(5.18)

2
I 1.2254

1  exp  2.3367(t / tm )  (Progressive)

2
Im
t / tm

(5.19)

Where I m is the maximum current, and tm is the time point at which the maximum current is
reached. These two equations define two curves in the I / I m vs. t / tm plot, which correspond
to instantaneous nucleation and progressive nucleation respectively. The identification of the
nucleation mechanism is done by comparing the experimental curves with these two theoretical
curves. In Fig. 5.19a, the experimental data clearly shows that the Al deposition process involves
the instantaneous nucleation process, but as t passes tm , the diffusion-controlled growth is
deviated from the theoretical curve. The reason for this result can be attributed to the shape of the
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Figure 5.17. Experimental log(I)-log(t) plot of the current transients
obtained at different potentials in 4 mAh Cr solution.

Figure 5.18. I vs. t-1/2 plot of the current transients obtained at different
potentials in 4 mAh Cr solution.
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electrode. Equations 5.18 and 5.19 were derived from Scharifker and Hills’ model[114]:
nFAD1/2C nFAD1/ 2C
I

[1  exp( ex )]
 1/ 2t1/2
 1/2t1/2

(5.20)

This equation can be divided into two parts. The first part is a Cottrell equation (equation 5.11),
which describes the diffusion process; while the second part,  , represents the fraction of the
electrode surface covered by the diffusion zone, thus describing the nucleation process. However,
the prerequisite of using the Cottrell equation is based on the semi-infinite condition, which
again requires an infinitely large and planar electrode, therefore, the experimental current should
be corrected by using the equation derived by Szabo et al. (equation 5.12). Therefore in order to
take the shape effect into account, a time-dependent function  (t ) is defined as:

 (t ) 

I cylinder

(5.21)

I cottrell

Then at each time point, dividing the experimental current by  (t ) results in:
I * (t )  I (t ) /  (t )

(5.22)

So I * acts as if it were tested in the semi-infinite condition. After taking into account the shape
effect, the I * / I m* vs. t / tm relationship can be plotted in the same way as shown in Fig. 5.19b.
Here the experimental curves are a bit closer to the theoretical one. However there is still a large
discrepancy, which indicates that Szabo’s equation is still not accurate enough to describe the
diffusion layer and current transient on the platinum wire working electrode. This is probably
because that the length-radius ratio of the platinum wire is not large enough to neglect the edge
effect. The I * / I m* vs. t / tm plot of the current transients in Cr solution is shown in Fig. 5.19c.
It also exhibits a very instantaneous nucleation process.
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Figure 5.19. Comparision of experimental nucleation processes to the
theoretical nucleation processes: (a) in pure melt, (b) in pure melt with
shape effect corrected, (c) in 4 mAh Cr solution.
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5.6 Bulk Electrodeposition of Al-Cr Alloys

Bulk alloy deposition was conducted in constant potential mode and constant current
mode. The plating bath was a 4 mAh Cr solution and stirred at 500 rpm. A Cr plate was used as
the counter electrode to guarantee a continuous supply of chromium ions. The samples were
electrodeposited on copper plates until 16 mAh was passed to get an approximately 40 μm thick
film assuming that the layer was dense and flat. The EDS data were collected over 0.2 mm2 from
3 areas in the center portion of the samples, and showed the presence of aluminum, chromium,
copper, chlorine and oxygen. The Al and Cr contents were normalized and the stoichiometric
formulas are labeled in Fig. 5.21. The sample produced at -0.9 V contained 36 at.% of Cr. It
consisted of nodular, or near dendritic particles (Fig. 5.20a), which are believed to be the
amorphous AlCr alloys arising from diffusion-controlled conditions. When the potential was
lowered to -1.0 V, the deposits were composed of two phases (Fig. 5.20b): a dense and
crystallized matrix and dispersed nodular particles. The matrix was assigned to the bulk Al(Cr)
solid solution. Further decreasing the deposition potential to -1.1 V resulted in the same
morphology (Fig. 5.20c). XRD patterns are shown in Fig. 5.21. It shows that as the potential
became negative, the intensity of the Al solid solution increased. Although, it is believed that the
porous particles shown in Fig.5.20a are the amorphous phase, the bulk Al peaks are still visible
in the sample obtained at -0.9 V. Further investigation revealed that there is some bulk aluminum
formed on the edge of the copper plate due to the non-uniform distribution of current density and
over-potential.
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Figure 5.20. Bulk Al-Cr electrodeposits obtained on Cu plate at
(a) -0.9 V; (b) -1.0V; (c) -1.1 V.
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Figure 5.21. XRD patterns of Al-Cr electrodeposits obtained
on Cu plate at different potentials.
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COMSOL Multiphysics® software was used to simulate the current density and
over-potential distribution. To simplify the modeling, the cases studied here only considered the
electrodeposition of pure Al. The assumptions used in this modeling include:
All mass transfer processes of the charged species in the electrolyte including diffusion,
migration and convection are taken into account, although no forced convection field was
introduced.


Both initialization and time-dependent transition are studied.



The change of the geometries of the electrodes and the electrolytes are affected by
the deposition process.



Electroneutrality is valid in the electrolyte.

The governing equations in the electrolyte include:


Mass flux in the electrolyte

J i   Di ci  zi i Fci l  vci



(5.23)

Current density in the electrolyte

il  F  zi (  Di ci  zi i Fci l )

(5.24)

i



Mass conservation in the electrolyte

  (  Di ci  zi i Fci l )  v ci  N i (Initialization)

(5.25)

ci
   ( Di ci  zi i Fci l )  v ci  N i (Time dependent)
t

(5.26)



Charge conservation in the electrolyte

  il  F  zi N i  Ql

(5.27)

i



Charge neutrality in the electrolyte
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zc

i i

0

(5.28)

i

The governing equations on the electrode include:


Current density in the electrode

is   ss



(5.29)

Charge distribution in the electrode

  is  Qs

(5.30)

The governing equations on the interface:


Electrode kinetics (Butler-Volmer equation)

ilocal,i  i0,i (cR,i exp(


 a,i F
RT

)  cO,i exp(

 c,i F

RT

)) ,  a   c  1

Mass flux in the diffusion layer

J i   Di ci



(5.31)

(5.32)

Mass conservation in the diffusion layer

  (  Di ci )  N i (Initialization)

(5.33)

ci
   ( Di ci )  N i (Time-dependent)
t

(5.34)



Faraday’s law on the interface

n  Ji 



iloc,i
zi F

(Assume 100% Faraday coefficient)

(5.35)

Definition of over-potential

  s  l  Eeq

(5.36)

The conditions on the boundaries of the electrolyte, except the boundaries on the
electrodes assume no flux and electric insulation: n  J i  0 ; n  il  0 . The boundary conditions
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on electrodes assume constant potentials. The anode potential was set at +0.1 V and the cathode
potential was set at -1.0 V with respect to the reference potential.
The measured or calculated parameters of the species or the reactions can vary due to
different methods, and some parameters may not have been tested in the same system. So the
values shown here are either arbitrarily selected within the range of the data reported or
extrapolated from the data in the references:
Diffusion coefficient of Al 2 Cl7 : 5.63×10-11 m2/s
Diffusion coefficient of Emim  : 2×10-11 m2/s[115] (Extrapolated)
Mobility of Al 2 Cl7 : 2.267×10-9 m2V-1s-1[102]
Mobility of Emim  : 9×10-8 m2V-1s-1[116]
Charge number of Al 2 Cl7 : -1
Charge number of Emim  : 1
Concentration of Al 2 Cl7 : 3360 mol/m3[102] (Calculated from density)
Molar mass of Al: 0.02698 kg/mol
Density of Al: 2700 kg/m3
Exchange current density of Al(III)/Al: 105 A/m2[117] (Extrapolated)
Cathodic charge transfer coefficient: 0.61
Number of participating electrons: 0.75
The simulated current distribution and over-potential distribution are shown in Fig. 5.22.
Clearly, the current density and the over-potential are considerably high on the edges of the plate,
where the bulk Al is formed. Since the SEM images were only taken in the central area of the
electrode, so Fig. 5.20a only reflects the deposits obtained at low over-potential. Similar
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(a)

(b)

(c)

(d)

Figure 5.22. Simulated current density and over-potential distributions on plate electrode
and wire electrode: (a) current density distribution on plate electrode, (b) over-potential
distribution on wire electrode, (c) current density distribution on wire electrode, (d)
over-potential distribution on wire electrode.
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simulation was also conducted on a wire electrode, which gives much more uniform distribution
of both current density and over-potential.
Therefore, the constant potential electrodeposition was then performed on Pt wire, and
the deposits are shown in Fig. 5.23. At -0.76 V, which is only 10 mV negative of the onset
potential of Al-Cr deposition, the deposits were very dense and adhere very well on the substrate.
At -0.82 V, which is the onset potential of Al deposition, the deposits were very porous and
similar to that in Fig. 5.20a, suggesting that the actual deposition potential in the central area of
copper plate at -0.9 V was only anournd -0.82 V. At -0.93 V, the deposits show a duplex
structure, where the Al-Cr particles were embedded in the Al matrix.
The XRD patterns of these deposits are shown in Fig. 5.24. The deposits obtained at
-0.76 V show no peaks except for those from the Pt substrate, indicating that the deposits are
completely the amorphous phase. At -0.82 V, since Al deposition was initiated, very small Al
peaks can be observed. As the potential further decreased to -0.93 V, the Al peaks became more
obvious.
Deposits produced in constant current method are shown in Fig. 5.25. As well, they
were electrodeposited on a copper plate until 57.6 C passed in the 4 mAh solution. The sample
obtained at 2 mA/cm2 (Fig. 5.25a) contains 54 at.% of Cr, and no Al peaks were detected in the
XRD patterns (Fig. 5.26). This indicates the absence of crystallized Al(Cr) solid solution. For the
sample obtained at 8 mA/cm2 (Fig. 5.25b), the duplex phase structure was observed again, and
accordingly the aluminum peaks were clearly viewed in the diffraction patterns.
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 5.23. Bulk Al-Cr electrodeposits obtained on platinum wire at (a) -0.76
V top view, (b) -0.76 V side view, (c) -0.82 V top view, (d) -0.82 V side view,
(e) -0.93 V top view, (f) -0.93 V side view.
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Figure 5.24. XRD patterns of Al-Cr electrodeposits obtained on
Pt wire at different potentials.
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Figure 5.25. Bulk Al-Cr electrodeposits obtained on Cu plate at (a) 2 mA/cm2; (b) 8 mA/cm2.

Figure 5.26. XRD patterns of Al-Cr electrodeposits obtained on Pt wire
at different current densities.
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5.7 Effect of Toluene

The effect of diluents such as benzene and toluene on the electrodeposition of Al alloys
from chloroaluminate ionic liquid has been discussed previously in a few studies.[4, 85, 100, 118] For
pure melt, Hussey found that the quality of deposits was improved by adding benzene.[118]
Similar observation was reported in Abbott’s work by adding toluene, and they supposed that the
decrease in grain size was due to the hindered under-potential deposition, resulting from
speciation shift from AlCl 4 to Al 2 Cl7 .[100] However, for alloy deposition, the effect of diluents
was varied case by case. After the addition of toluene, the concentration of chlorine ions was
changed. But based on observation, the effect on the reference electrode was very limited,
because the change in OCP and the potentials of featured reactions were still within ±10 mV of
the average values observed in the baths without toluene. Since subtle change in peak position
was not of concern in this study, the errors are tolerable.
The cyclic voltammograms of pure melts with and without toluene (Fig. 5.27a) were
similar to those reported by Abbott,[100] i.e. the total charge was increased in both cathodic and
anodic scans, indicating that the promoted mass transfer (by lowering viscosity) played a more
important role than the decreased concentration. However, by adding 20 vol.% toluene in the Cr
solution (Fig. 5.27b), the deposition of the alloy was suppressed with peak potential shifted about
0.1 V towards the negative side, and the peak current decreased markedly. A hypothetical reason
for the suppression is quite likely that the formation of the amorphous AlCr could occur
primarily with AlCl 4 at low over-potential and even under-potential, and secondarily with
Al 2 Cl7 and other higher order oligomers at high over-potential. Thus, when toluene was added,
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the reduction potential was moved towards the negative side as the speciation shifted to higher
order.
In the anodic scan(Fig. 5.27b), the wave for amorphous phase was enhanced and that for
Al(Cr) solid solution was reduced when compared to those obtained without toluene. Thus by
adding toluene, the formation of the amorphous phase is favored over that of Al(Cr) solid
solution. The Faraday efficiency was also increased due to the promoted mass transfer during
oxidation. Since the anodic limit of the melt was reduced to 1.15 V, the cyclic voltammograms
with different switch points were only scanned to 1.1 V (Fig. 5.27c). Again an oblique dash line
is drawn to separate the anodic waves of amorphous AlCr and Al(Cr) solid solution. From -0.9 V
to -1.0 V, only the amorphous AlCr wave was observed, then the Al(Cr) solid solution wave
increased substantially from -1.0 V to -1.3V, and finally when the potential was swept towards
-1.4 V (red line), the solid solution wave declined in the same way as that seen before.
In addition, there was only one wave for the oxidation of Al(Cr) solid solution after the
addition of toluene instead of two combined waves that were observed without toluene. Bulk
alloy deposits showed a nodular morphology after addition of toluene at current densities up to
16 mA/cm2 (Fig. 5.28a, b, and c), which means that the only oxidation wave should correspond
to the nano solid solution. The change of composition was shown to be less sensitive to the
current density (Fig. 5.29). Aluminum peaks were not discernible in the XRD patterns until 16
mA/cm2. Therefore, decrystallization is a favored result by the dilution with toluene, just as grain
size reduction described in previous studies.[100, 118]

96

Figure 5.27. Cyclic voltammograms of Pt wire in (a) pure melt with 20 vol.% toluene;
(b) 4mAh Cr solution with 20 vol.% toluene; (c) 4 mAh Cr solution with 20 vol.%
toluene switched at different cathodic limits. Scan rate is 10 mV/s.
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Figure 5.28. Bulk Al-Cr electrodeposits obtained on Cu plate in the solutions with
addition of 20 vol.% toluene: (a) 2 mA/cm2, (b) 8 mA/cm2 and (c) 16 mA/cm2.
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Figure 5.29. XRD patterns of Al-Cr electrodeposits obtained on Cu plate
in the solutions with addition of 20 vol.% toluene.
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5.8 Conclusions

Although the solubility of Cr(II) ions in AlCl3-EmimCl system is very limited, the
electrodeposition of Al-Cr alloys is still possible provided chromium is continuously supplied.
The diffusion coefficient of Cr(II) ions is almost ten times that of Al(III) ions. Al can be reduced
above its Nernstian potential and undergoes an under-potential co-deposition with Cr. The most
popular phases in the bulk electrodeposits were amorphous Al-Cr alloy obtained under-potential
ly (compared to Al Nernstian potential) and crystallized Al(Cr) solid solution over-potentially.
Due to the limited concentration of Cr(II) ions, the grains obtained at diffusion-controlled rate
exhibited a nodular or near dendritic morphology. The transition from Al(Cr) solid solution to
amorphous phase with increasing potential could be highly promoted by enhanced mass
transportation, indicating that the deposition rate of amorphous phase was more readily affected
by mass transfer than the crystallized solid solution. Addition of toluene preferred the deposition
of amorphous phase and made the variation of composition less sensitive to the change of current
density.
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CHAPTER 6
ELECTRODEPOSITION OF AL-NI AND AL-NI-CR ALLOYS FROM
CHLOROALUMINATE IONIC LIQUID

6.1 Introduction

Previous research on electrodeposition of Al-Ni alloys was only conducted in the
under-potential region (with respect to the equilibrium potential of Al(III)/Al couple), where the
alloy deposits obtained are rich in nickel.[4] However, as mentioned previously, the nickel-rich
coatings suffered severely from interdiffusion with the TiAl substrate, which limited the life of
the coatings. Therefore in this chapter, the electrodeposition of Al-Ni alloys in the over-potential
region will be investigated. As both Al-Ni and Al-Cr have been respectively obtained from the
solutions with anodically dissolved Ni(II) or Cr(II) ions, it is believed that the electrodeposition
of Al-Ni-Cr ternary alloys can be achieved by using the same strategy. Therefore, both Ni(II) and
Cr(II) ions were dissolved into the acidic 2AlCl3-EmimCl ionic liquid. The electrochemistry of
the solution was studied. Bulk alloy electrodeposition was conducted at different potentials or
current densities. The deposits were characterized and the microstructures were related with the
deposition parameters. The nucleation of the electrodeposition process was investigated.
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6.2 Experimental procedures

Preparation of the plating bath was conducted in a glove bag filled with argon gas and
purged 3 times before use. 0.015 mol AlCl3 was slowly added to 0.0075 mol EmimCl to obtain
Lewis acidic melt with molar ratio of 2. The solid AlCl3 and EmimCl reacted spontaneously at
room temperature. The mixture was stirred for 10 min until a homogeneous liquid was formed,
and then the melt was transferred into a glass vial and covered with a rubber stopper. Electrodes
were assembled on the rubber stopper, and the openings for the electrodes were sealed with wax.
When the cell top was in place, the vessel was removed from the glove bag for electrochemical
tests. The electrochemical results showed little peaks of protonic impurities which were
negligible when compared with the reactions concerned, indicating reliable air tightness of the
cell assembly.
All electrochemical tests were conducted in a three-electrode cell. The reference
electrode used in the melt was a Ag/AgCl wire, which was soaked in a saturated HCl solution for
30 min to bring a fresh white coating before use. A Ni plate (2 cm2) and a Cr plate (1 cm2) were
dissolved at -4 mA/cm2 to introduce the metal ions into the melt. The counter electrode was a 0.5
cm2 Al foil. Cyclic voltammetry tests were performed on a platinum wire with exposed geometry
of 10 mm in length and 0.5 mm in diameter. To remove remaining deposits on the surface, the
platinum wire was also soaked in a saturated HCl solution for 30 min before use, and was
conditioned at 1.2 V before each scan until the anodic current magnitude dropped to less than 50
μA. For potential-step chronoamperometry tests, a platinum plate (0.25 cm2) was used as the
working electrode. The same pretreatment and condition method were applied as described
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above. For cyclic voltammetry and chronoamperometry, the counter electrode was a 0.5 cm2 Al
foil. Bulk alloy electrodeposition was performed in either constant potential mode on a copper
plate or constant current mode on a zinc plate. Both were sanded with 1200 grit SiC paper. The
counter electrode for Al-Ni deposition was a 2 cm2 Al foil. The counter electrode for Al-Ni-Cr
deposition was a 2 cm2 Cr plate to ensure a continuous supply of chromium to the plating melt.
UV-Visible spectra were collected by a Varian Cary 50 spectrophotometer. The
solutions were contained in a quartz cuvette with 0.2 cm optical path length. It was covered with
a PTFE stopper and removed from the glove bag for testing.
When the samples of bulk alloy deposits were removed from the melt, it was soaked in
toluene and stirred with a magnetic bar for 10 min to remove the residual melt. They were
cleaned with acetonitrile, washed with methanol and water, and finally dried in air. The
morphology, composition and structure characterizations were carried out by SEM (JEOL 7000),
XRD (Philips APD 3720) techniques, FIB (FEI Quanta 3D Dual Beam), and TEM (FEI Tecnai
F20).

6.3 Anodic dissolution of Ni and Cr into the ionic liquid

Fig. 6.1 shows the anodic polarization diagram of nickel in 2AlCl3-EmimCl melt. As
shown, Ni can be readily dissolved into the melt in the potential region between its OCP (148
mV) and the anodic limit of the melt (1.4 V). But as the potential exceeds 1.48 V, which is
slightly above the anodic limit, Ni will be passivated. The highest anodic current density shown
in the diagram is around 10 mA/cm2, however in practice a current density over 4 mA/cm2
usually causes the electrode to be unstable and passivated after a short period of time, typically
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Figure 6.1. Potentiodynamic polarization of Ni plate in 2AlCl3-EmimCl.
Vertical dash line: 4 mA/cm2. Scan rate is 0.167 mV/s.

Figure 6.2. Time-dependent dissolution rate of Ni and Ni2+ concentration in
2AlCl3-EmimCl with an anodic current density of -4 mA/cm2.
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less than 1 hour. Therefore, the dissolution current density was set at -4 mA/cm2, which
generated a quite fast rate without incurring any instability of the electrode. The calculation
based on the weight loss of the electrode and the passed charge indicates that the oxidation
products were Ni(II) ions.
The concentration of the Ni(II) ions in the solutions by applying a total charge up to
172.8C (48 mAh) was measured with ICP-AES (Fig. 6.2). Initially, the concentration of Ni(II)
ions increased as predicted by Faraday’s law, and then it tended to approach a constant. Finally
the saturated concentration was around 140 mM. After two hours of dissolution, a black powder
started to suspend in the solution. This powder was magnetic and attracted to the magnetic stir
bar. It was found that the black powder does not dissolve in water, so it was confirmed to be the
Ni-alloy deposits detached from the counter electrode instead of supersaturated NiCl2.
The variation of concentration with the applied charge can be expressed by the
following equation:

dcNi2+
dt



i A
I
 Ni
nNi FV nNi FV

(6.1)

The first term on the right side describes the dissolution of the anode, and the second term
depicts the deposition of Ni on the cathode. For this experiment, I  8 mA , V  2.232 mL ,
nNi  2 and A  0.5 cm 2 , and then:

dcNi2+
dt

 6.69  102  0.418  102 iNi (mol  L-1  h -1 )

(6.2)

Since the solution was well stirred, the deposition on the cathode was assumed to be
activation controlled, and due to the large over-potential observed. The kinetics can be evaluated
by the Tafel equation:
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E  Eeq,Ni  aNi  bNi,c ln iNi

(6.3)

E  Eeq,Al  aAl  bAl,c ln iAl

(6.4)

iNi  iAl  16

(6.5)

where E is the cathode potential, Eeq is the equilibrium potential, a and b are Tafel
constants, and i is the deposition current density. Eeq can be obtained by the Nernst equation:

RT aNi2+
ln S
aNi
2F

(6.6)

(aAl Cl- ) 4
RT
ln S 2 7 7
E 
3F aAl  ( aAlCl- )

(6.7)

0
Eeq,Ni  ENi


0
Al

Eeq,Al

4

S
S
and aAl
are the activities of Ni and Al in the deposits. Since the activity coefficients
where aNi

are always unknown, they are usually replaced by their concentrations, and correspondingly, the
standard potential E 0 is replaced by the formal potential E 0' :

RT cNi2+
ln S
xNi
2F

(6.8)

(cAl Cl- ) 4
RT
E 
ln S 2 7 7
3F xAl  (cAlCl- )

(6.9)

0'
Eeq,Ni  ENi


0'
Al

Eeq,Al

4

The concentrations of Al(III) species can be derived by the following reactions
8Al2 Cl7  6e  2Al  14AlCl4
3Ni  6e  3Ni 2
8Al2 Cl7  3Ni  2Al  3Ni 2  14AlCl4

Which give:

cAl Cl-  3.360  2.667  cNi2

(6.10)

cAlCl-  4.667  cNi2

(6.11)

2

7

4
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The concentrations of Ni and Al on the surface of the deposits at each moment can be calculated
by their deposition current densities:
S
xNi


iNi / 2
iNi / 2  iAl / 3

(6.12)

S
xAl


iAl / 3
iNi / 2  iAl / 3

(6.13)

Rearranging the equations from (6.3) to (6.13) brings out a relationship between iNi and cNi2+ :

e

2F 0'
0'
 aNi  aAl )
( ENi  EAl
RT

 (iNi )



2F
bNi,c
RT

(16  iNi )

2F
bAl,c
RT



(3.360  2.667  cNi2 ) 2.667
(4.667  cNi2 )

4.667

 cNi2



3iNi
(4  iNi ) (4  2iNi )0.667
0.333

(6.14)
Theoretically, both iNi and cNi2+ as functions of time (or total charge) can be obtained
by solving equations (6.2) and (6.14). However, it is not possible to reach an analytical result,
0'
, EAl0' , aNi , aAl , bNi,c , and bAl,c .
because there are so many unknown parameters such as ENi

Therefore, a numerical method is needed to find out the best fitted parameters for the experiment
data. In the calculation for this study, the problem was further simplified by making some
S
is unity, then equation (6.14)
reasonable assumptions. For example, Eeq,Al is constant and xNi

can be reduced to:

 iNi

2+

1

(16  iNi2+ ) 2  cNi2+

(6.15)

where  , 1 , and  2 are constant parameters to be fitted. By setting ranges and step sizes for the
parameters, an optimal set with least square can be found, and the corresponding
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iNi and cNi2+

Figure 6.3. UV-Vis absorption spectra of Ni solutions in 2AlCl3-EmimCl.

Table 6.1. Electronic absorption data of Ni(II) complexes
System

Coordination

Wavelength / nm (Temperature / K)

Referenc
e

Ni(II) in AlCl3

Octahedral

476, 926, 1563(500)

[120]

Ni(II) in 45.3: 54.7
KCl-ZnCl2

Octahedral,
Tetrahedral

485, 696, 959(523)
555, 625,714, 1325(973)

[121]

Ni(II) in PyCl

Tetrahedral

655, 705(433)

[119]

Ni(II) in CsCl

Tetrahedral

641, 713(973)

[119]

Ni(II) in 0.8:1 AlCl3-BpyCl

Tetrahedral

658, 705(298)

[122]
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can be solved. The dissolution rate of Ni is expressed by I  I Ni , where I is the total
dissolution current of the Ni anode, and I Ni is the partial deposition current of Ni.
The electronic absorption spectrum of Ni solution is shown in Fig. 6.3. In order to have
the absorbance of the interested peaks be within a reasonable range (less than 2), a low
concentration solution (with 4 mAh passed charge) was used. Previous works indicated that Ni(II)
ions can exist in either tetrahedral- or octahedral- coordinated form. The former is more likely to
be found in alkali chloride,[119] and the latter occurs in AlCl3.[120] The transition between the
tetrahedral and octahedral species was also found in the ZnCl2-KCl system.[121] The wavelengths
of the observed bands are summarized in Table 6.1.[119-122] By comparing Fig. 6.3 with these data,
it is evident that the Ni(II) ions in 2AlCl3-EmimCl are octahedral-coordinated. The bands around
470 nm and 880 nm are assigned respectively to 3A2g(F) → 3T1g(P) and 3A2g(F) → 3T1g(F) in d8
configuration.
The Ni-Cr solution was prepared in a two-step method. First, a current of -8 mA was
applied on a 2 cm2 nickel plate for 2 hours (16 mAh passed), and then -4 mA was applied on a 1
cm2 chromium plate for 1 hour (4 mAh passed). To estimate the amounts of nickel and
chromium introduced into the melt, a 0.5 cm2 copper plate was used as the counter electrode, and
then EDS analysis was performed on the counter electrode after each step to determine the
composition of the deposits. After the first step, the deposits consisted of 96.07 at.% of Al and
3.93 at.% of Ni. After the second step, the deposits was composed of 80.78 at.% of Ni and 19.22
at.% of Al. The absence of chromium in the deposits after the second step is favorable, and it is
also predictable, because with sufficient nickel ions in the solution, the reduction of chromium
was prevented at such a low current density. By assuming 100% Faraday efficiency, the nickel
concentration was estimated to be 0.116 mol/L. However, the concentration of chromium was
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not obtainable, because it was saturated and some suspended particles were formed. The
solubility of chromium was decreased in the presence of nickel ions as compared to previous
observation in the pure melt which was shown in Chapter V, where no suspended particles were
observed after applying 14.4 C of dissolving charge.

6.4 Electrochemistry of Ni and Ni-Cr solutions

Cyclic voltammetry was conducted at 0.01 V/s in the Ni solution (Fig. 6.4a) and the
Ni-Cr solution (Fig. 6.4b). The Ag/AgCl pseudo-reference in the melt was quite stable, because
the reference potential was only dependant on the concentration of chloride ions, which was
almost constant during the dissolution process. The scanning was initiated from the open circuit
potential (OCP) and swept toward the cathodic limit then reversed to the anodic limit and finally
back to the OCP. In nickel solution, the first reduction wave started at -0.2 V, and the second
reduction wave was initiated when the potential was made more negative than -0.85 V. In the
nickel-chromium solution, there was a rising slope between -0.7 V and -0.9 V, while in the
nickel solution the curve was flat in this range. The increased current beginning at -0.7 V was
attributed to the onset of Cr(II) reduction.
A more detailed analysis was made based on a series of cyclic voltammograms recorded
as a function of the cathodic switching point, Eλ . In Ni solution (Fig. 6.4a), when Eλ was
equal or more positive than -0.7 V, there was a single oxidation peak initiated at 0.15 V. When
Eλ was made more negative, i.e. -0.8 V (red line), a second oxidation wave appeared with its

peak potential varying in the range from -0.2 V to 0 V. Therefore the first oxidation wave was
ascribed to the oxidation of nickel, while the second wave was associated with the Al dealloyed
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Figure 6.4. Cyclic voltammograms with different switch potentials recorded at a Pt
wire electrode in (a) Ni and (b) Ni-Cr solutions. Scan rate is 10 mV/s.
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from Ni-Al alloy. When Eλ was more negative than -0.85 V, an aggressive reduction of
aluminum was initiated. Accordingly, the third oxidation wave appeared (blue line). As Eλ
went more negative, two peaks were observed in the third oxidation wave. As previously
supposed by Abbott, the one with more negative peak potential is ascribed to the oxidation of
Al(Ni) solid solution in nanophase, while the one with more positive peak potential is owing to
the Al(Ni) solid solution in bulk phase.[4]
In the Ni-Cr solution (Fig. 6.4b), similar results were observed. For example, the
aluminum dealloying started to be viewed when Eλ was -0.8 V (red line), the oxidation wave of
aluminum solid solutions occurred when Eλ was less than -0.9 V (blue line) and finally this
wave was separated into two peaks, representing the nano phase and the bulk phase, respectively.
However, an additional oxidation wave between aluminum dealloy and nickel oxidation
appeared when Eλ was -1.4 V. This oxidation wave was attributed to the oxidation of Al-Ni-Cr
alloys. Similar results were viewed in the CVs recorded in the Cr solution in Chapter V, where it
was attributed to the oxidation of Al-Cr alloys. The growth of the Al-Cr oxidation wave was
found aggressively increased when the potential was made more negative than -1.2 V. This was
assumed to be the result of weakened aluminum deposition, which was probably caused by the
decomposition of Emim+ ions near the cathodic limit. In the same manner, this explains why the
oxidation wave of Al-Ni-Cr alloys can only be viewed at -1.4 V.
Sampled-current voltammogram (Fig. 6.5) was constructed from a series of
potential-step experiments, where the potential was held at 1.2 V for 5 s before each step, and the
current was sampled at 60 s after the potential pulse was applied. This diagram can be divided
into three regions. As potential proceeds negatively from one region to another, a different
deposit will be generated. The ascription of the products to each region was also confirmed by
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Figure 6.5. Sampled-current voltammograms constructed from a series of potentiostatic
chronoamperometry tests in Ni-Cr solution.

113

bulk electrodeposition. From -0.2 V to -0.7 V, Ni(Al) solid solution is formed. It was shown
above in cyclic voltammograms that the dealloying of aluminum from nickel did not appear until
Eλ was less than -0.7 V, but in the static potential condition, Ni(Al) solid solution can be

formed at potential as high as -0.2V. From -0.7 V to -0.9 V, the reduction of Cr(II) ions was
initiated. The deposits obtained in this potential range were Al-Ni-Cr alloys in the amorphous
phase, and no crystallized nickel alloy was detected. When the potential was less than -0.9 V,
aggressive deposition of bulk aluminum alloys started along with the diffusion-limited
deposition of amorphous Al-Ni-Cr alloys.
Fig. 6.6 shows the log chronoamperometric response of a 0.25 cm2 platinum plate in the
Ni-Cr solution. Each curve corresponds to a point in Fig. 6.5. The shape of the curves is
governed by three factors: nucleation, diffusion and limiting current. Typically, the current
transient for three-dimensional nucleation with diffusion controlled growth was described with
the model developed by Scharifker and Hills[114]:
i

nFD1/2 c nFD1/2 c
 1/2 1/2 [1  exp( ex )]
 1/2t1/2
 t

(6.16)

where i is current density, nF the molar charge involved in the half reaction, D the
diffusion coefficient, c the bulk concentration,  the actual fraction of area covered by the
diffusion zone and  ex is the fraction of area covered by the diffusion zone without considering
overlapping. This formula can be viewed as a combination of nucleation and diffusion. The part
without  is the classical Cottrell equation; while  depicts the growth of nuclei and the
portion of surface area covered by diffusion zone. For different nucleation processes, θex will
have different expressions. For example:

 ex  N  kDt (Instantaneous nucleation)

(6.17)
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(a)

(b)

Figure 6.6. Log(I)-log(t) plot of chronoamperometric responses of a Pt plate recorded at
different potentials: (a) stationary and (b) with magnetic stirring at 500 rpm.
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 ex  AN  k ' Dt 2 / 2 (Progressive nucleation)

(6.18)

where N is the number density of nuclei, N  the number density of active sites, A the
steady state nucleation rate constant per site, and k and k ' are the numerical constant
determined by experimental conditions. Thus for each case, when t approaches 0,  will be
equivalent to a polynomial of higher degree than t1/2 , which means that in the first short period
of time (region 1 in Fig. 6.6), current is primarily dependant on nucleation process. At high
over-potential, as the mechanism changes from instantaneous mode to progressive mode, the
nucleation period will be expanded (region 4). The expansion is also caused by the formation of
3D porous structure at high over-potential, which highly increases the surface area for the
nucleation sites. Once the surface is completely covered by the diffusion zone, there will be no
more change on θ and the current will then be controlled by diffusion (region 2). However, the
actual current will not approach zero with time as predicted by the Cottrell equation, because the
shape of the electrode will introduce a steady state term, which otherwise results in a limited and
time-independent current (region 3). Especially when a forced convection was applied, for
example stirring, the diffusion layer will be narrowed and the magnitude of the limited current
will be increased, as could be seen by comparing region 3 in Fig.6.6a and Fig. 6.6b.

6.5 Bulk alloy electrodeposition

Previous studies on electrodeposition of Al-transition metal alloys shows some rules
about the deposition potential and the microstructure of the deposits. For example, alloys formed
under-potentially were transition metal solid solution containing a small amount of Al. Alloys
formed in the vicinity of EAl(III)/Al were in the amorphous phase and the alloys formed
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over-potentially usually involve bulk Al. Also in Chapter V, it was shown that the
over-potentially formed Al-Cr alloys had a duplex structure with Al-Cr amorphous particles
embedded in the bulk Al matrix. The formation of these powdery particles was ascribed to the
limited diffusion and concentration of the alloying elements. Hussey’s previous study on
electrodeposition of Al-Ni alloys was carried out within the under-potential region[4], but what is
shown here are the Al-Ni deposits obtained near or less than EAl(III)/Al.
For each sample, 43.2 C of charge was applied which, in theory, was sufficient to
produce a 30 μm thick atomically flat layer of pure aluminum or nickel, but without exhausting
Ni2+ in the plating bath. As shown in Fig. 6.7a, the deposit obtained at -0.8 V was composed of
powdery particles, and the absence of any corresponding XRD peaks (Fig. 6.8) indicates that
these particles are in the amorphous phase. The deposit obtained at -1.1 V appears to have a
much denser structure (Fig. 6.7b), and its XRD pattern (Fig. 6.8) shows very strong Al peaks.
The magnified image (Fig. 6.7c) displays that the deposit consisted of both bulk materials and
powdery particles, and the element map (Fig. 6.7d) reveals that Ni atoms were concentrated on
the powdery particles while the bulk materials were almost pure Al. These results are highly
consistent with the morphologies which were expected.
Bulk electrodeposition of Al-Ni-Cr alloys was conducted in the Ni-Cr solution. The
samples were collected both in constant potential mode on a Cu substrate and in constant current
mode on a Zn substrate. The deposits obtained at -0.3 V (Fig. 6.9a) exhibited a compact layer of
nodules that adhered to the copper substrate very well. It contained 76.74 at.% of nickel with the
balanced being aluminum. As expected at this potential, chromium was not detected in the
deposits. When the applied potential was shifted to -0.5V (Fig. 6.9b), the feature of the nodular
particles became more prominent, and evolved into a near dendritic shape. The deposits
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(a)

(b)

(c)
(d)

Figure 6.7. SEM images of bulk alloy deposition obtained on copper plate from 16 mAh Ni
solutions at different potentials: (a) Al23.26Ni76.74, -0.8V; (b) Al30.02Ni69.98, -1.1V; (c) magnified
image of sample (b); (d) element map of sample (b).
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Figure 6.8. X-ray diffraction patterns of bulk electrodeposits obtained
in 16 mAh Ni solution at different potentials.
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contained more aluminum compared to those obtained at -0.3 V, but still there was no chromium.
It was also noticed that some cracks existed in the compact underlayer, which was supposed to
be due to the internal stress generated by the high content of Al. All of these features were
identical to those reported in Hussey’s work.[4] When the potential was -0.8 V (Fig. 6.9c), the
content of chromium was increased dramatically, and became the primary element in the
deposits. Again, the deposits exhibited an appearance of powdery particles. As the potential was
lowered to -1.1 V, a duplex structure was formed with a bulk aluminum matrix (the dark
background in Fig. 6.9d) and dispersed alloy particles (the light powders in Fig. 6.9d). These
shapes were previously observed in both the Al-Cr and the Al-Ni alloys. The morphologies
obtained in constant current mode (shown in Fig. 6.10) were similar to those obtained above.
The XRD patterns of the Al-Ni-Cr deposits are shown in Fig. 6.11. An extended band of
nickel (111) plane was observed in the -0.5 V and 8 mA/cm2 samples. The peak broadening
could be either due to the decreased crystallite size or the inhomogeneity of solid solution. In the
samples obtained at -0.8 V and 16 mA/cm2, there were no characteristic peaks of the deposits,
thus indicating that the chromium-rich powdery particles were the amorphous phase. When the
potential was -1.1V or the current density was as high as 32 mA/cm2, the aluminum peaks were
clearly viewed, and thus proved the formation of bulk Al.
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(a)

(b)

(c)

(d)

Al matrix (dark)

Amorphous powders (light)

Figure 6.9. SEM images of bulk alloy deposition obtained on copper plate from Ni-Cr
solutions at different potentials: (a) Al23.26Ni76.74, -0.3V; (b) Al30.02Ni69.98, -0.5V; (c)
Al44.06Ni5.84Cr50.10, -0.8V; (d) Al84.39Ni8.85Cr6.76, -1.1V.
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(a)

(b)

(c)

Figure 6.10. SEM images of bulk alloy deposition obtained on zinc plate from
Ni-Cr solutions at different current densities: (a) Al26.21Ni73.79, 8 mA/cm2; (b)
Al39.47Ni16.28Cr44.24, 16 mA/cm2; (c) Al64.26Ni11.16Cr24.58, 32 mA/cm2.
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(a)

(b)

Figure 6.11. X-ray diffraction patterns of bulk electrodeposits obtained in Ni-Cr solution:
(a) at different potentials on copper plate; (b) at different current densities on zinc plate.
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6.6 Conclusions

The electrodeposition of Al-Ni and Al-Ni-Cr alloys was investigated in the Lewis acidic
2AlCl3-EmimCl ionic liquid. Ni2+ and Cr2+ ions were introduced into the ionic liquid by anodic
dissolution. In both the Ni and the Ni-Cr solutions, the staircase cyclic voltammetry and
current-sampled voltammogram indicated that there were three potential stages for the reduction
reactions. As potential proceeded from one stage to another stage, deposits were obtained with
totally different compositions, phases and morphologies. At potential above -0.7 V (vs. Ag/AgCl
wire), Cr cannot be reduced. The deposit obtained was Ni(Al) solid solution by under-potential
codeposition of Al with Ni. At potential between -0.7 V and -0.9 V, amorphous Al-Ni or
Al-Ni-Cr particles were obtained. When potential was less than -0.9 V, a duplex structure was
formed, which contained an Al matrix and embedded Al-Ni or Al-Ni-Cr amorphous particles.
All of these results are consistent with those observed in Al-Cr alloy deposition. The formation
of the amorphous particles and the duplex structure is proposed to be caused by the limited
diffusion of Ni2+ and Cr2+ at a rapid deposition process.
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CHAPTER 7
AQUEOUS CORROSION BEHAVIORS AND HIGH TEMPERATURE OXIDATION
BEHAVIORS OF ELECTRODEPOSITED AL-NI-CR COATINGS

7.1 Aquesous corrosion behaviors
(c)
7.1.1 Introduction

One of the basic requirements for protective coatings is good environment resistance.
The high temperature oxidation resistance of bond coats is usually achieved by a continuous inert
oxide layer, which is formed by reaction between the environment and the metallic surface. Once
this oxide layer is formed, certainly they can also provide protection at room temperature.
However, the oxide layer can be defective sometimes. For example, fuels usually contain small
amounts of Na, S, and V, which can form very detrimental compounds during combustion, such
as Na2SO4 and V2O5.[123] These compounds can easily dissolve and flux the oxide layer, and the
corroded area cannot re-build a new protective layer.[124, 125] This is so-called hot corrosion that
takes place in gas turbines. At room temperature, the deoxidized area will become the anode and
the other area still under protection will become the cathode, leading to localized galvanic
corrosion, or pitting corrosion. Therefore, it is important to assess the pitting corrosion resistance
of the coatings when they are exposed to the environment which may contain NaCl and Na2SO4.
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7.1.2 Experimental Procedures

In order to evaluate the corrosion resistance and possible passivation behavior of the
coatings, cyclic polarization tests were conducted at room temperature in a 0.6 M NaCl solution
and a 0.6 M Na2SO4 solution. For comparison, a pure aluminum wire was also tested in the
solutions. These solutions were purged with air for 30 minutes before testing to ensure that they
were completely aerated. The alloy coatings were deposited on a Pt wire, because in this case
even if the coating does not achieve a complete coverage, there will be no oxidation of the
substrate in the uncoated area. The part of the Pt wire covered with the coating had a dimension
of 0.5 mm in diameter and 10 mm long. The other part was wrapped with Teflon tape and
prevented from exposure to the electrolyte. A Pt plate was used as the counter electrode, and a
Ag/AgCl electrode in saturated KCl solution was used as the reference electrode. Before
polarization tests, the samples were immersed into the solutions for 1 hour to establish a stable
open circuit potential (OCP).
There are several factors that should be considered while choosing the scanning range
of the polarization tests. Firstly, the starting point and the vertex point should not exceed the
threshold of water splitting. The standard voltage of water splitting cell is 1.23 V, but this value
is obtained by calculating the change of Gibbs energy. In practice, the real value should be
calculated by using enthalpy change, which gives the cell voltage to 1.48 V. In the tests for this
study, the pure aluminum wire had the lowest OCP, which was around -0.70 V in NaCl solution
and -0.65 V in Na2SO4 solution. Water splitting on the pure aluminum wire is not observable
until the potential was lower than -0.9 V, so the lower limit of the starting point was set at -0.85V.
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Certainly, this limit was only set for pure aluminum wire. For other samples, the starting point
was higher than this value because they have higher OCP. The vertex point should be set at 0.63
V by adding the theoretical cell voltage (1.48 V) to the lower limit. But actually in my tests, the
highest vertex potential is only set at 0.60 V, and no water splitting was observed at this potential.
Secondly, the vertex point should be set properly based on the behavior of each sample. If the
vertex potential is set too high for the samples, such as the pure aluminum wire and the
aluminum-rich coatings, the samples may be totally dissolved, and then there will be no useful
data during the reverse scan. Therefore, a trial was conducted before each formal scan to have a
general understanding of the behavior of the sample, and then a proper vertex point was chosen
for the formal test. Thirdly, the scanning range should be selected as wide as possible, provided
that it does not conflict with the first two rules, to reveal more information about corrosion and
passivation. The scanning rate was set at 1 mV/s for all polarization tests. All currents densities
were calculated by dividing the current with the geometric surface area.

7.1.3 Anodic Polarization Behavior of Ni-Al and AlNiCr Coatings

Before analyzing the cyclic polarization behavior, some parameters that are used for
discussion need to be clarified first. The corrosion potential, Ecorr , is the potential where the
current minimum occurs during the forward scan. The corrosion rate or corrosion current density,
icorr , is obtained by extrapolating the cathodic Tafel line to Ecorr . The protection potential, Eprot ,

is the potential where the current minimum occurs during the backward scan. The Pitting
potential, Epit , is the potential above Ecorr , where the current is suddenly increased and
passivation is broken down. The cathodic Tafel constant,  c , is determined by the slope of the
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Figure 7.1. Cyclic polarization curves in (a) NaCl and (b) Na2SO4 solutions.
Scan rate is 1 mV/s.
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cathodic Tafel line. The anodic Tafel line is derived from cathodic data near Ecorr , where the
applied current density, iapp,c is not equal to the cathodic current density, ic , and then the
anodic current density is:
ia  ic  iapp,c

(7.1)

where ic is the extrapolated data near Ecorr . The anodic Tafel constant,  a , is then determined
by the slope of anodic Tafel line. The polarization resistance is given by the Stern and Geary
relationship.[126]
Rp 

a c
ln10(  a   c )icorr

(7.2)

The polarization curves are shown in Fig. 7.1. For all the coatings, the corrosion
potential was ennobled by the involvement of Ni and Cr. Since Ni is the noblest element here,
the nickel-rich coatings have the highest corrosion potential. In the Na2SO4 solution (Fig. 7.1b),
all samples exhibited a passivation behavior. As the potential was reversed at the vertex potential,
all curves took a counter-clockwise path, as indicated by the arrows in Fig. 7.1. This means that
all samples were immune to the pitting corrosion. In the NaCl solution (Fig. 7.1a), pure
aluminum and aluminum-rich coatings were easily dissolved. The anodic Tafel slopes for these
two samples were very small. Their protection potentials were even lower than their corrosion
potentials, indicating that they will be readily corroded after incubation time period at corrosion
potential.[127] The chromium-rich coatings exhibited a pitting process. The anodic current density
suddenly increased at 149 mV, but a new passivation layer was re-established at 419 mV. The
nickel-rich sample remained passivated until the vertex potential.
The parameters obtained from the polarization curves are summarized in Table 7.1 and
7.2. Fig. 7.2 shows that for all samples, the corrosion potentials, protection potentials, and
129

Table 7.1. Corrosion parameters in NaCl solution.

(V)

a
(V)

c
(V)

(Ω)

34.3

-0.741

0.0302

-0.652

365.45

-0.497

53.8

-0.554

0.0891

-0.321

562.98

Al50.19Ni11.77Cr38.04

-0.366

15.6

-0.084

0.351

-0.255

4111.80

Al64.95Ni15.26Cr19.79

-0.200

20.6

0.126

0.230

-0.431

3161.68

0.6 M NaCl solution

Ecorr
(V)

icorr
(μA/cm2)

Eprot

Al

-0.684

Al14.67Ni85.33

Rp

Table 7.2. Corrosion parameters in Na2SO4 solution.

(V)

a
(V)

c
(V)

(Ω)

3.98

-0.619

0.294

-0.338

17157.16

-0.424

25.6

-0.388

0.583

-0.288

3270.28

Al54.29Ni15.16Cr30.55

-0.193

8.60

0.213

1.04

-0.342

12996.74

Al67.10Ni14.05Cr18.85

-0.125

2.06

0.289

0.566

-0.548

5364.30

0.6 M Na2SO4 solution

Ecorr
(V)

icorr
(μA/cm2)

Eprot

Al

-0.649

Al17.68Ni82.32
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Rp

Figure 7.2. Corrosion parameters in NaCl and Na2SO4 solutions: (a) corrosion
potential and protection potential, (b) corrosion rate and polarization resistance.
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polarization resistances in Na2SO4 solution are higher than their counterparts in the NaCl
solution. Conversely, the corrosion current densities in the Na2SO4 solution were lower than
those in the NaCl solution. All these results are consistent with the previous findings.[128-130] In
those studies, aluminum alloys and nickel alloys especially those containing chromium are
passivated in Na2SO4 solution, because the sulfate ions do not destroy the protective oxide layer.
In the NaCl solution, the chloride ions will accelerate the dissolution of Al2O3 and Cr2O3, which
causes pitting corrosion. However, nickel can be passivated in the presence of chloride ions and
even in acidic solutions.

7.2 High temperature oxidation behaviors

7.2.1 Introduction

Currently, based on the mechanical properties and oxidation resistance, TiAl is designed
to be used at temperatures up to 760oC, and this temperature is more determined by oxidation
resistance rather than creep or strength retention.[131] However, the theoretically highest
applicability temperature is limited by creep. It has been shown that the best creep performance
is given by TiAl with a fully lamellar microstructure, which can withstand temperatures as high
as 950oC.[132] Therefore, the oxidation test should be conducted between 760oC and 950oC. As
mentioned previously, the focus of this study is on the electrodeposited Al-Ni-Cr coatings which
are rich in Al, and a relatively low temperature at 800oC was chosen for the oxidation test.
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7.2.2 Experimental procedures

Specimens of TiAl were sectioned into square bars (20 mm × 1.5mm × 1.5mm) and
sanded with 1200 grit SiC paper. These square bars were connected using copper wires with
conductive tape and wrapped with Teflon tape to make the exposed TiAl area to be 0.75 cm2.
Then the samples were processed through a series of pretreatments before electrodeposition
including degreasing, deoxidizing, nickel strike and nickel plating. The technical parameters for
these steps were shown in Table 3.1-3.4. The flow map and the appearance of the sample at
certain steps are shown in Fig. 7.3.
The pure melt was made by mixing 0.045 mol AlCl3 and 0.0225 mol EmimCl. Then
electrodissolution of nickel was conducted on a nickel plate (3cm × 1cm) by applying an anodic
current of 24 mA for 2.25 hours, and followed by electrodissolution of chromium, which was
conducted on a chromium plate (3cm × 1cm) by applying an anodic current of 12 mA for 0.5
hour. The counter electrode for electrodissolution was an aluminum foil (2.5 cm × 0.3 cm).
Electrodeposition of the Al-Ni-Cr alloy coating was conducted on the TiAl square rods which
were pre-coated with a 10 μm layer of nickel. The counter electrode for electrodeposition was a
chromium plate (3cm × 1cm), and a Ag/AgCl wire was used for the reference electrode. The
electrodeposition was conducted in a constant current mode at 16 mA/cm2 (sample A) and 24
mA/cm2 (sample B). After electrodeposition, the samples were soaked in toluene and
magnetically stirred for 20 minutes to remove the residual melt and then thoroughly washed with
methanol and dried in air. All of the parameters were designed to coat two TiAl square bars
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Figure 7.3. Processing flow map for the pretreatment of TiAl and the electrodeposition
of Al-Ni-Cr coating. The appearance of the samples at certain steps are shown.
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simultaneously. One sample was characterized as deposited and the other sample was
characterized after the oxidation test.
The oxidation test was performed at 800oC for 100 hours. Four samples were tested
including the bare TiAl, the nickel-coated TiAl, the AlNiCr-coated TiAl sample A and
AlNiCr-coated TiAl sample B. The samples were put in an alumina crucible and heated in a tube
furnace. For every 20 hours, the samples were taken out of the furnace and weighed at the 4th
hour, 8th hour and 20th hour. The sensitivity of the balance used in this study was 10-6 g.

7.2.3 As deposited Al-Ni-Cr coatings

The SEM images of the as-deposited coatings are shown in Fig. 7.4.a and b. The
deposits obtained at 16 mA/cm2 have a duplex structure as discussed in Chapter VI, which
consisted of alloy particles and aluminum matrix. The deposits obtained at 24 mA/cm2 shows a
much more porous structure composed of coarser particles. The side-view backscattered images
(Fig. 7.4.c and d) display that the particles obtained in both samples exhibited a dendritic
morphology, and the aluminum matrix was absent in the sample obtained at the higher current
density.
Normally, the formation of dendritic or powdery particles during electrodeposition is
due to the diffusion limited aggregation (DLA), thus very likely to occur at low ion concentration
and high cathodic over-potential.[133, 134] In Chapter VI, the powdery particles rich in chromium
were resulted from the low solubility of chromium ions in the plating bath. Then as the potential
became more negative, the electrodeposition of bulk aluminum was initiated. Due to the vast
amount of Al(III) ions in the plating bath, the aluminum matrix can grow up with a flat surface.
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 7.4. Al-Ni-Cr coatings obtained at: 16 mA/cm2 (a) top view, (c) side view, (e) side view
EDS mapping and 24 mA/cm2 (b) top view, (d) side view, (f) side view EDS mapping.
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(a)

(b)

(c)

Figure 7.5. (a) STEM-HAADF image and (b) SAD patterns of the Al matrix and
(c) Al-Ni-Cr alloy particles deposited at 16 mA/cm2.
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However, as the potential became extremely negative at high current density, the diffusion of
Al(III) ions then became limited and led to the formation of dendritic particles. In the EDS maps
(Fig. 7.4.e and f), it is shown that nickel and chromium were only concentrated on the dendrite
particles. This is because the dendrite particles are the amorphous phase which can accommodate
more alloying elements without the restrictions that apply to crystalline structures.
The duplex structure obtained at 16 mA/cm2 was further characterized by TEM. The
TEM foil was lifted out from the cross-section using the FIB. The STEM-HAADF image (shown
in Fig. 7.5) gives an atomic number contrast (Z-contrast), which indicates that Ni and Cr were
concentrated on the particles embedded in the Al matrix. Further confirmation was conducted by
EDS, which shows that the matrix contained only 0.45 at.% of Cr, while the particles contained
17.97 at.% of Ni and 8.84 at.% of Cr. The diffraction pattern of these particles shows a typical
halo ring of the amorphous phase. However, the Al matrix is highly crystallized with a very clear
diffraction pattern.

7.2.4 Oxidation behaviors.

Fig. 7.6 shows the mass change with time during the discontinuous oxidation test. It is
not surprising that the bare TiAl had a very low weight gain at 800oC, because this is the second
generation TiAl which is alloyed with Cr and Nb. However, the surface oxide layer was still very
scalable, so much care had to be taken while weighing the sample to prevent flaking the surface.
If pieces of materials were peeled from the sample, then the oxidation test would have been
aborted. For all samples, there was a quick weight gain in the initial period followed by a
steady-state increase. Since the samples were directly exposed to high temperature oxidation test
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Figure 7.6. Discontinuous oxidation tests in static air for 100 hours.

Figure 7.7. XRD patterns of the samples after oxidation tests.
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(a)

(b)

(c)

(d)

Figure 7.8. EDS X-ray mappings of the cross-section of the samples after oxidation
tests: (a) bare TiAl, (b) Ni-coated TiAl, (c) Al-Ni-Cr coated TiAl obtained at 24
mA/cm2, (d) Al-Ni-Cr coated TiAl obtained at 16 mA/cm2.
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without a pre-oxidation annealing in air, all coated samples had a larger initial mass gain than the
bare TiAl. After 48 hours (shown in the boxed region), the oxidation process became stabilized.
The bare-TiAl, nickel-coated TiAl and AlNiCr-coated TiAl sample A kept oxidizing at a
constant rate, but the AlNiCr-coated TiAl sample B stopped gaining weight.
The XRD patterns of the samples after oxidation are shown in Fig. 7.7. The oxide layer
of the bare TiAl consisted of both Al2O3 and TiO2, but the peaks of Al2O3 were very weak. The
nickel-coated sample shows very strong NiO peaks, and other peaks were hardly seen. Al2O3
peaks can be clearly seen in the AlNiCr-coated samples, which also displayed the peaks of Ni,
NiO and very weak Cr2O3.
The spatial distribution of the elements is shown in the EDS X-ray maps (Fig. 7.8). Fig.
7.8a shows a typical spallation that happened on the bare TiAl. TiO was rich in the upper portion
of the scale and Al2O3 was concentrated in the lower portion. In the nickel-coated sample (Fig.
7.8b), Ti and Al can diffuse through the Ni layer and form TiO2 and Al2O3 at the interface below
the NiO layer. For the AlNiCr coated TiAl sample B (Fig. 7.8c), Ti and Al can also diffuse
through the Ni layer and in some areas where the NiO was absent, TiO can grow into the space
between the porous structures of the AlNiCr coating. However, for the AlNiCr coated TiAl
sample A (Fig. 7.8d), a continuous Al2O3 was formed, which effectively prevented both outward
diffusion of cations and inward diffusion of anions.

7.3 Conclusions

Aqueous corrosion resistance of different coatings which are either rich in Al, Cr or Ni
was investigated in both NaCl and Na2SO4 solutions. It was shown that all coatings were inert in
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the Na2SO4 solution. In the NaCl solution, the aluminum-rich coating was readily corroded at
Ecorr . The chromium-rich coating underwent a pitting corrosion at higher potential than Ecorr ,

but then it was passivated again, so it should be immune to the pitting corrosion. The nickel-rich
coating remained passivated until the upper limit of the potential scan, so it is totally inert in
NaCl solution. The oxidation test indicated that the aluminum-rich Al-Ni-Cr coating which has
an aluminum matrix can provide an excellent oxidation resistance after the initial formation of
the continuous Al2O3 layer.
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CHAPTER 8
CONCLUSIONS AND FUTURE WORKS

8.1 Conclusions

In order to find a cost-effective and non-line-of-sight method for applying an high
temperature oxidation resistant bond coat on γ-TiAl, the electrochemical deposition of Al-Cr,
Al-Ni and Al-Ni-Cr alloys from 2AlCl3-EmimCl room temperature ionic liquid system was
attempted. Effective plating baths were designed, and the electrochemisty of the cations in these
solutions was studied. The plating parameters was structured and optimized, and the dependence
of the microstructure of the deposits on the parameters was indicated. Both the aqueous
corrosion behavior and high temperature oxidation behaviors of the coating were tested. Some
conclusions can be drawn from the present work.
Micron-sized chromium powder can be introduced into the 2AlCl3-EmimCl melt as the
chromium source for electrodeposition of Al-Cr alloys. This process was not the composite
electrodeposition as originally supposed, but involved dissolution of Cr and reduction of Cr ions
after the suspension was stirred for 20 hours in air. The dissolution of Cr was caused by the
protonic impurities. At 2 mA/cm2, amorphous Al-Cr particles with molar ratio of 2.46 were
obtained. At 4 mA/cm2, a duplex structure of both crystallized bulk Al and amorphous Al-Cr
particles was formed. As current density was increased to 6 mA/cm2, only bulk Al was obtained
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with very small amount of Cr dissolved to form a solid solution. It was also noticed that the
reduction of Cr can in turn influence the dissolution of Cr powder. For example, at low current
density, where the co-deposition of Al-Cr was favored, the dissolution of Cr powder was
accelerated, while at high current density, where the reduction of Cr ions was overwhelmed by
the deposition of bulk Al, the dissolution of Cr powder was also inhibited.
Chromium can also be introduced into the plating bath by anodic dissolution of metallic
Cr into Cr(II) ions. The solubility of Cr(II) ions in the 2AlCl3-EmimCl was limited to about 30
mM. The Cr(II) ions are very unstable. They can be easily oxidized by dissolved protonic
impurities into Cr(III) ions and form CrCl3 precipitates. The diffusion coefficient of Cr(II) ions is
almost 10 times that of Al(III) ions. The nucleation process in both pure chloroaluminate melt
and Cr solution is instantaneous. The co-deposition of Al with Cr can happen at a potential of
about 0.1 V more positive than the equilibrium potential of Al(III)/Al couple. The co-deposition
in the under-potential region results in amorphous Al-Cr alloys in the form of nodular particles.
The co-deposition in the over-potential region formed a duplex structure, which was composed
of the alloy particles and a bulk Al matrix. The transition between and amorphous alloy phase
and the bulk Al phase with deposition potential can be promoted by the forced convection. By
the addition of toluene as diluent, the starting potential of the deposition of alloys was shifted
negatively, and the current was decreased remarkably. Also by adding toluene, the formation of
bulk Al was inhibited. Even at a very high current density of 16 mA/cm2, only the alloy particles
were obtained without any bulk Al.
The electrodeposition of Al-Ni alloys was also conducted in a 2AlCl3-EmimCl solution
of Ni, which was introduced by anodic dissolution. The electronic absorption spectrum showed
that the Ni(II) ions are octahedrally coordinated. The solubility of Ni(II) ions was much higher
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than that of the Cr(II) ions, and it can reach a concentration of about 140 mM. The co-deposition
of Al-Ni alloys in the vicinity of Al Nernstian potential led to the Al-Ni amorphous phase. The
co-deposition of Al-Ni alloys in the over-potential region resulted in a duplex structure of bulk
Al matrix and amorphous Al-Ni alloys. Similarly, the electrodepsition of Al-Ni-Cr alloys was
conducted in a 2AlCl3-EmimCl solution of both Ni(II) and Cr(II) ions. The deposition potential
can be divided into three regions. In each region, different deposits can be obtained. When the
potential was greater than -0.7 V (vs. Ag/AgCl reference), only Ni-Al alloys was obtained. When
the potential was between -0.7 V and -0.9 V, amorphous Al-Ni-Cr alloy was formed. When the
potential was less than -0.9 V, a duplex structure of bulk Al matrix and amorphous Al-Ni-Cr
alloys particles was formed.
Aqueous corrosion resistance of the coatings with different compositions was
investigated in NaCl and Na2SO4 solutions. Both the corrosion potential and the protection
potential of these alloy coatings were increased by the involvement of Ni and/or Cr. It was
shown that all coatings behaved very inert in Na2SO4 solution. In NaCl solution, aluminum-rich
coating was readily corroded at Ecorr . The chromium-rich coating underwent a pitting corrosion
at certain potential higher than Ecorr, but then a new passivation was established again, so
chromium-rich coating should still be immune to the pitting corrosion. The nickel-rich coating
remained passivated until the upper limit of the potential scan, so it was totally inert in NaCl
solution. The oxidation test indicated that the aluminum-rich Al-Ni-Cr coating which has an
aluminum matrix can provide an excellent oxidation resistance after the initial formation of the
continuous Al2O3 layer.
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8.2 Recommendation for future works

1. The parameters of electrode kinetics, diffusion and nucleation process should be
analyzed more precisely by fitting the experimental data with the numeric modeling of the
current response on electrode of specific shape.
2. The recorded current is a total response of concurrent reactions. In order to obtain the
parameters for the individual active species, both experimental and digital methods should be
applied to deconvolute the current.
3. The mechanism of under-potential co-deposition of aluminum with noble transition
metals, such as Ni, needs to be researched. A proposed mechanism is that the alloys are formed
through layer-by-layer assembly by alternating under-potential deposition of aluminum and
over-potential deposition of noble transition metals.
4. Due to the nonuniformity of the current and potential distribution over the plate
electrode, the investigation of the electrodeposits should be performed on electrodes with more
symmetric shape, such as wire and hemisphere electrode.
5. The phase transformation of the as-deposited alloy coatings should be performed at
elevated temperature under inert gas protection. A combination of microstructure
characterization and thermal analysis should be conducted.
6. Cyclic oxidation and hot corrosion test should be conducted to investigate the
long-term performance of the coatings in severe environment. Detailed characterization should
be done to reveal the defects, interdiffusion and phase transformation within the coatings and
interfaces.
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7. Due to the severe interdiffusion between the Ni intermediate layer and the TiAl
substrate, the Ni layer needs to be replaced with a Pt layer if it is financially possible. Because Pt
does not interdiffusion with TiAl, and as a intermediate layer, it can prevent the diffusion
between the top coat and the substrate. The electroplating of Pt on TiAl is also practically
feasible.
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