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Electrochemistry of Titanium and the Electrodeposition
of Al-Ti Alloys in the Lewis Acidic Aluminum
Chloride—1-Ethyl-3-methylimidazolium Chloride Melt

Tetsuya Tsuda®* Charles L. Hussey**? Gery R. Stafford,”*
and John E. Bonevicl?

aDepartment of Chemistry and Biochemistry, The University of Mississippi, University,

Mississippi 38677, USA

PNational Institute of Standards and Technology, Materials Science and Engineering Laboratory,
Gaithersburg, Maryland 20899, USA

The chemical and electrochemical behavior of titanium was examined in the Lewis acidic aluminum chloride-1-ethyl-3-
methylimidazolium chloride (AIGHEtMelmCl) molten salt at 353.2 K. Dissolved(Tlj, as TiCl,, was stable in the 66.7-33.3%

mole fraction(m/o) composition of this melt, but slowly disproportionated in the 60.0-40.0 m/o melt. At low current densities, the
anodic oxidation of Ti0) did not lead to dissolved Tii), but to an insoluble passivating film of Tigl At high current densities

or very positive potentials, 10) was oxidized directly to TIV); however, the electrogenerated ™) vaporized from the melt as
TiCl,(g). As found by other researchers working in Lewis acidic AI®aCI, Ti(ll) tended to form polymers as its concentration

in the AICl;-EtMelmCI melt was increased. The electrodeposition of Al-Ti alloys was investigated at Cu rotating disk and wire
electrodes. Al-Ti alloys containing up t619% atomic fractior(a/o) titanium could be electrodeposited from saturated solutions

of Ti(ll) in the 66.7-33.3 m/o melt at low current densities, but the titanium content of these alloys decreased as the reduction
current density was increased. The pitting potentials of these electrodeposited Al-Ti alloys exhibited a positive shift with increas-
ing titanium content comparable to that observed for alloys prepared by sputter deposition.

© 2003 The Electrochemical SocietyDOI: 10.1149/1.155491J5All rights reserved.
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The resistance of aluminum to chloride-induced pitting corrosion effects of the melt composition, (Tf) concentration, and hydrody-
can be improved significantly by alloying with transition metals namic transport rate on the Al-Ti alloy composition and to determine
such as Cr, Cu, Mo, Mn, Nb, Ta, Ti, V, and Zr and rare earths suchthe best route for introducing {f) into the electroplating bath.
as Er and Ce. However, improved corrosion resistance is not ob-
served unless these solutes are present at concentrations greatly ex-
ceeding their normal equilibrium solubilities, which in most cases is Experimental®
less than 1% atomic fractia@/o). This is because the pitting poten- . o
tial of aluminum is often related directly to the solute concentration, 1 he Procedures used for the synthesis of EtMelmCl, the purifi-
with greater concentrations leading to increased corrosioncation of AICL by sublimation, and the prepgrathn and purification
resistancé:2 However, if the solute metal forms a precipitate, then Of the AlCL-EtMelmCl molten salt were identical to those de-
the corrosion resistance of the aluminum is reduced because thgctibed in previous articleS:® Anhydrous titanium(il) chloride
precipitated solute forms microgalvanic corrosion c&l§us, non-  (Aldrich, 99.98%)and anhydrous titaniunilll) chloride (Aldrich,
equilibrium alloying methods such as rapid solidification or melt 99-999%)were used as received. Titaniufv) chloride(Matheson,
spinning®* ion implantatiort™® reactive plasma sprayirg;* sput- Coleman,_& Bell, 99.5%was useql after. dehydratlor!. All molten
ter depositio12®and thermal evaporatidhare needed in order salt experiments were carried out in a nitrogen gas-filled glove box

to prepare single-phase materials. However, a more advantageoi%/Ac Atmospheres NEXUS systeénwith O, and HO < 5 ppm.

method for producing these alloy films is electrodeposition becaus _olteln stalt voliar?:metry (:iexlpslr:@l?e;gas bv_verte ct(_)ndtuizted tby”ué'ng.tr?
this approach can lead to alloy coatings of uniform composition and ine nstruments ©.0. mode bipotentiostat controlied wi
structure. PineChem for Windows software running on a microcomputer. The

Titanium is one of several transition elements that have beenanodic polari_z_ation of a _titanium wire working elegtrode and the
found to improve the corrosion resistance of alumintdriihe elec- electrodeposition of Al-Ti alloy were performed with an EG&G

trochemistry of titanium has been studied extensively in Lewis PARC model 173 potentiostatigalvanostat equipped with a model

acidic chloroaluminate melf€?4 and it has been determined that rlgs?odr:grggla%%?:aonzneerftesrv%lelzjr%Igarr?%%ufdtmiﬁngr??ggglCPRISQgmcc?c;;el
Al-Ti alloys can be electrodeposited from solutions afilJiin these

. 263 potentiostat/gal tat.
melts?®?* In 66.7-33.3% mole fractiotim/o) AICI;-NaCl melt at potentiostaigaivanosta

23 ITi all L 28 a/o titani btained All electrochemical experiments were conducted in three-
423 K, Al-Ti alloys containing up to 0 titanium were obtained g|acroge cells. For experiments in the molten salt, the working elec-
by va (l)nzg the Ti(ll) concentration and/or the applied current

. ) . X trode was either a Pine Instruments Teflon-sheathed platinum rotat-
density: However, when the Ti(ll)concentration was raised .. sk electrodegeometrical area 0.099 cnf), a length of 0.5
above 150 mmol L in this melt_ at thls_temperature, the titanium mm diam titanium wirgAlfa Aesar, 99.98% or a small disk elec-
conte_‘nt of the_ aIon_ became virtually independent of the currentyqe prepared by sealing a length of the aforementioned titanium
density, and TiAl, with an ordered L3 crystal structure was pro- jre in a Pyrex glass tube and cutting off the end of the sealed tube
duced. . . o so as to expose the cross section of the wire. Coils of 1.0 mm diam

In this article, we report the electrochemistry of titanium in the gjuminum wire(Alfa Aesar, 99.999%were used for the counter and
Lewis acidic  AICk-1-ethyl-3-methylimidazolium  chloride reference electrodes. These electrodes were immersed in a melt with
(AICI;-EtMelmCI) molten salt at 353.2 K as it pertains to the elec- the same composition as the bulk melt, but were separated from the
trodeposition of Al-Ti alloys. The aim of this study is to clarify the bulk melt by a porosityE glass frit (Ace Glass). The aluminum

electrodes were cleaned with a mixture of concentratg8Qy,

* Electrochemical Society Active Member. 2 Certain trade names are mentioned for experimental information only; in no case
Z E-mail: chclh@chem1.olemiss.edu does it imply a recommendaion or endorsement by NIST.
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HNO;, and HPGQO,, rinsed with distiled HO, and dried under

Table 1. Solubility of Ti (Il) in acidic AICI ;-EtMelmClI.
vacuum before use.

Alloy samples of approximately 10m thickness were electro- AICI ;-EtMelmCl AICl3-NaCl
plated from solutions of Til) in the AICl;-EtMelmCI molten salt
onto a length of 1.25 mm diam copper wire or a copper digo- TemperatureK) 353 423
metrical area= 0.80 cnf). The elemental composition of each mol % AICl, 60.0 66.7 66.7
sample was determined by energy dispersive X(EYX) spectros- Solubility of Ti(ll) 60 = 12 170+ 2P 3251

copy. Potentiodynamic pitting corrosion measurements were carried (mmol L™
out on these alloy samples at room temperature in a 0.1 mbl L
solution of NaCl in distilled HO. This solution was deaerated with
nitrogen gas before each experiment. The reference electrode for
these measurements was a sodium-saturated calomel electrode
(SSCE), and the counter electrode was a large surface area platinuFXAFS results of Denet al.?® may be inadequate under these con-
wire coil. A known length of the plated Cu wire was exposed to the ditions. By contrast to TiGl, TiCl; was found to be insoluble in all
NaCl solution by using a heat-shrink Teflon tubing mask, and thecompositions of the acidic AlIgiEtMelmCI melt.
sample was scanned at 0.5 mVsy using cyclic staircase volta- A small amount of purple precipitate identical to solid Tj@las
mmetry. present in the 60.0 m/o melt after the dissolution of Jidbut was
UV-visible spectroscopy was performed with a Hewlett Packard not obvious in the 66.7 m/o melt. The presence of Ji@lsolutions
model 8543 diode-array spectrophotometer or a Varian CARY 5qf TiCl, could arise through several different routes, including slow

spectrophotometer employing Wilmad_no. 107-_7 closed type 0-10disproportionation of the dissolved(Tl) as shown in Eq. 2
cm path length quartz cells. The solubility of(IT) in the melt was

measured by using atomic absorption spectrosd@msrkin-Elmer
model 2380). Standard methods were employed.

The surface morphology and elemental analysis of alloy samplesor by oxidation of the Ti(ll)through reaction with adventitious im-
\é\gg el(nglgi/ltl)gg;i?p\;)vgg 3\,&]:]5 gLL‘i]nSkMegé%%s(;?gg'rg%g;ﬁgnsn;'ecg purit.ies in the melt or with oxygen in the gloye box a;mosph.ere.
trometer at the University of Mississippi SEM/EDX facility located S;ar:|e anld @)l’%g report_eql thlat Tl(u)tends to dlspro;)lor::onati n
in the Department of Mechanical Engineering or with a Hitachi AIC 3_'KC melts .conFalnlng esst_ an 60'0_ m/o AClw ert_at e_ )
S-4700 field-emission scanning electron microscope at the NationafrCla concentration is large, but is stable in strongly Lewis acidic
Institute of Standards and TechnologyIST). The electrodeposits ~Melts. . = , ]
were also examined by X-ray diffractidXRD) by using a Siemens In order to examine the stability of dissolved TjClthe room-
D-500 diffractometer with Cu K radiation. The lattice parameters temperature UV-visible absorption spectra ofiJiin both 60.0 and
of the deposits were refined using the Cu substrate reflections as &6.7 m/o AICL-EtMelmCl were recorded as a function of concen-
internal standard. Transmission electron microsc¢pgM) was  tration (Fig. 1). Dilute solutions of Ti(ll)appeared pale green in the
performed on selected deposits prepared for both plan view andormer melt and pale yellow-green in the latter melt. The principal
cross-sectional analysis. The plan view films were detached from th@bsorption bands in these spectra are summarized in Table II. In the
planar Cu substrate and affixed to a Mo support ring. Cross section§0.0 m/o melt, Ti(I)exhibits bands at 344 and 444 nm, whereas the
of Al-Ti, deposited onto Cu wires, were formed by first overplating spectra of Ti(ll)in 66.7 m/o melt show bands at 339 and 433 nm and
with Cu by using a cyanide Cu strike followed by bright Cu from a a shoulder at 407 nm. In addition, the(ITi spectra in these two
CuSQ, solution?” Cross-sectional cuts, 0.75 mm thick, were then Melts differed considerably at wavelengths greater than 500 nm. As
dimple polished down to 2@um thickness. Plan view and cross shown in Table I, the absorption bands recorded in the acidic
sectional samples were subsequently milled with 4.5 kV Ar ions at 5AICI3-EtMelmCl melt are in general shifted to higher energies com-
degrees incidence. Portions of the samples with electronic transpapared to those observed in acidic AJKCI melt.?® A shift in the
ency were examined at 300 kV by using a JEOL 3010 TEM. wavelengths of the absorption maxima was also observed with
changes in the acidity of the AIGIEtMelmCl melt. This shift is
probably caused by changes in ligand field strength brought about
by changes in the anionic speciation of the melt as the melt compo-
sition is changed.

Figure 2 shows the relationship between th@lliconcentration

Color of solutions?dark green’dark reddish-yellow.

3[Ti(AICl)3]~ + 3AICI; =2TiCly(s) + Ti + 6ALCI [2]

Results and Discussion

Dissolution ofTiCl,.—The dissolution of solid TiGlwas inves-
tigated as a method to supply Ti(ll)in Lewis acidic
AICl;-EtMelmCI melts for the electrodeposition of Al-Ti alloys.

TiCl, dissolved slowly in these melts at 353.2 K. The solubility of
TiCl, in the two melt compositions used for this investigation, 60.0-

and the absorbance at 444 nm in the 60.0 m/o melt and 433 nm in
the 66.7 m/o melt. These wavelengths correspond to the main bands
in the spectra shown in Fig. 1. The plot constructed with absorbance

40.0 and 66.7-33.3 m/o AlGIEtMeImCI, designated hereafter as gata in the 66.7 m/o melt shows good adherence to Beer’s law over
the 60.0 and 66.7 m/o melts, respectively, was estimated by prepatnhe composition range that was examined. However, the absorbance

ing saturated solutions of TigIn both melts at 353.2 K, dissolving  of the 444 nm band in 60.0 m/o melt was generally smaller than that
a weighed portion of the supernatant liquid from these saturatedor the corresponding band in the 66.7 m/o melt, and most signifi-
solutions in distilled Water, and determining thé”m concentration Cantly, it did not Obey Beer’s law. There was no obvious evidence of
with atomic absorption spectroscopy using standard methods. Thgjc|. or titanium metal in the dilute solutions of (Ti) in 60.0 m/o
results of these experiments are given in Table |. Because the solype|t that were employed for this spectroscopic investigation. How-
bility of TiCl, increases with increasing melt aciditye., with in-  ever, the spectra recorded in the 60.0 m/o melt exhibit a large
creasing AJCl; concentration, the TiGldissolution reaction must  wavelength-independent background absorbaifég. 1a-d). This

be phenomenon was most apparent at wavelengths above 500 nm and
was absent from Ti(llspectra recorded in the 66.7 m/o melt. This
large background absorbance is attributed to light scattering by
finely dispersed particulate matter in these solutions. We conclude
However, as is shown later in this article, théllli species is likely ~ from these observations and the nonlinearity of the Beer’s law plot
to be polymeric or aggregated, especially when th#)Tis present  that Ti(ll) slowly disproportionates in the 60.0 m/o melt. This im-
at high concentrations. Thus, the simple six-coordinate structure foplies that the potential of the (Ti)/Ti couple is very close to that for
dissolved Ti(ll) given in Eqg. 1, which can be inferred from the the Ti(lll)/Ti(Il) couple. Thus, in view of the uncertainty about the

Downloaded on 2012-10-05 to IP 128.143.23.241 address. Redistribution subject to ECS license or copyright; see www.esltbd.org
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Figure 2. Beer’s law plot for T{ll) in the AICl;-EtMelmCIl melt prepared
0.5r - from the data in Fig. 1{(®) 444 nm, 60.0 m/o meltO) 433 nm, 66.7 m/o
melt, and(A) the solution in Fig. 1j at 433 nm.
i
o = .
y AICl ;-EtMelmCI melt by reacting TiGl with Ti or Al metal. No
1000 1500 UV-vis spectrum was observed for(1) in the supernatant liquid
Wavelength (nm) of melts containing solid TiGl, attesting further to its virtually
complete insolubility in this melt. However, if sufficient powdered
Figure 1. UV-vis absorption spectra of {l) in the AICl;-EtMelmCI melt: TiCl; was added to a known volume of melt to produce a 4.86 mmol
(top) 60.0 m/g melt, Ti(ll) concentrations(a) 8.21, (b) 4.03, (c) 2.08, (d) L ! solution and if this suspension of TiQlvas stirred with a small
1.00 mmol L7 (m|dd|e) 66.7 m/o melt, T|(”)C0ncentrat|0ns(e) 816,(f) plece of aluminum metal at 353.2 K’ then the solution became

4.06, (g) 2.03, and(h) 1.01 mmol L' (bottom) 66.7 m/o melt,(i) after  yejiow-green and exhibited a spectrum identical to that fat)Ti

1
stirring with sufficient TiC} to prepare a 4.86 mmol L solution, (j) after (g 1)) Furthermore, the absorbance of the 433 nm band in this
the addition of Al metal to the solution i) and stirring for several hours, spectrum is in excellent agreement with the data féH Tsolutions

(k) after the anodic oxidation of a Ti electrode at 0.60 V, d@hdafter the . . o . .
addition of Al metal to the solution ifk) and stirring for several hours. Al Shown in Fig. 2, indicating complete conversion of the Fi@

measurements were carried out in 0.10 cm path length quartz cells. Ti(ll). This may be an important result because aluminum and tita-
nium metal, as well as Tig| are much less expensive than TiCl
Thus, thein situ reduction of TiC} to soluble Ti(ll) by titanium or
aluminum metal may be a useful route for introducinglITiinto an

Ti(Il) concentration and stability, we report herein only qualitative . . X
) y P y4a organic chloroaluminate plating bath.

data for experiments carried out in the 60.0 m/o composition of the

AICl 3-EtMelmCI melt. Electrochemical oxidation of Ti(I)—The electrochemistry of ti-
During previous investigations conducted in AJlaCl-KCl, tanium has been investigated extensively in the 65.0 and 66.7 m/o

Ti(ll) was introduced into the melt by the direct reduction of FiCl  AICI,;-NaCl meltd®*°and in the 66.7 m/o AIGFEtMeImCl melt®

or TiCl, with Al metal?? This method was investigated in 66.7 m/o However, somewhat different approaches were used in these studies.

Table Il. Summary of absorption spectral data.

lonic species Solvent Temperatui€) A (nm) Ref.
Ti(ll) AICI;-EtMelmCl (60.0-40.0 m/® ~298 344,444 This work
AICI;-EtMelmCl (66.7-33.3 m/® ~298 340,407,433 This work
AICI;-KCI (51.0-49.0 m/d 562 ~ 654 357,453,702 29
AICI;-KCI (66.7-33.3 m/® 471~ 629 464,702 29
Ti(lln) AICI 3-EtMeImClI (60.0-40.0 m/p ~298 — This work
AICI;-EtMelmCl (66.7-33.3 m/® ~298 — This work
AICI;-KCI (51.0-49.0 m/® 746 ~ 894 — 29
AlICI;-KCI (66.7-33.3 m/® 479 ~ 553 465,690 29
Ti(IV) AlCl;-EtMelmCl (60.0-40.0 m/p ~298 288 This work
AICI;-EtMelmCl (66.7-33.3 m/® ~298 287 This work
AICl ;-EtMelmCl (60.0-40.0 m/p ~298 290 19
aShoulder.
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Figure 3. Voltammograms recorded at a Pt-RDE at 353.2 K in the 66.7 m/o Figure 4. Voltammograms recorded at a Pt-RDE at 353.2 K in the 60.0 m/o
AICI;-EtMelmCI melt at 2000 rpm. The {l) concentrations weréa) 12.6, AICI ;-EtMelmCI melt at 2000 rpm. The {ll) concentrations weréa) 8.30,

(b) 25.2,(c) 50.3, and(d) 170 mmol L%, The sweep rates were 0.01 V's (b) 16.7, and(c) 52.5 mmol 1. The sweep rates were 0.01 Vs Inset:
Inset: Levich plot constructed from limiting current data at 0.75 V. Levich plot constructed from limiting current data at 0.75 V.

For example, experiments in former ionic solvent were carried out
with dissolved TiC} or electrogenerated (Ti) as the starting mate-
rial at elevated temperaturds-423 K), whereas experiments in-

formation of a polymeric or aggregated specigg(ll) },,3 in the
melt as the Ti(ll) concentration was increased, which leads to a
volving the latter melt were carried out at ambient temperature withd'ﬁrs'ng e”ntltyd_v;fnth_a Iargefrf_splvct)d}ll_ﬂgmlcl ra;dlgs atr_ld corrlespor_wd-
TiCl, as the titanium solute. Regardless of the oxidation state of the 9.y Smaller diliusion Coetlicient. This electronactive: polymeric
Species was postulated to be in rapid equilibrium with the electro-

starting species, all of these investigations revealed that the electro="- ; ; S
chemistry of titanium is dominated by the two one-electron, quasi_actlve monomeric Til) species. The data presented above indicate

: : that the formation of Ti(ll)polymers must also take place in the
reversible electrode reactions shown below . -
Lewis acidic AlICk-EtMelmCI melt. Furthermore, the @) aggre-

Ti(IV) + e =Ti(lll) [3] gation process seems to be dependent on the melt acidity, becoming
i R more extensive as the melt is made more acidic.
Ti(lY) + e"=Ti(ll) [4] Diffusion coefficients for Till), Dy, in the 66.7 m/o

. . AICI;-EtMeImCl melt at 353.2 K were estimated from the slopes of
Furthermore, at slow voltammetric scan rates or long times, both thg g\ ich piots at each of the formal Ti(lBoncentrationg.Uncertainty
oxidation of Ti(ll) and the reduction of Ti(IViare complicated by 4 the Ti(Il)concentration precluded such calculations for solu-
the insolubility of Ti(lll), which precipitates as red-violet or purple tions of Ti(ll) in the 60.0 m/o melt]. The viscosity data reported by
TiCl5. i i i i . Fanninet al>? were used for these calculations. The experimental
The electrochemical behavior of(Ti) varied considerably with yiniting current densitiesi,, and the estimated values Df() are
the melt composition. Figures 3 and 4 show Pt-RDE voltammo- yiven “in Table 11l along with the Stokes-Einstein products,
grams of Ti(ll) dissolved in the 66.7 and 60.0 m/o AlEtMelmCl Drigym/T, wheren andT are the absolute viscosity of the melt and
::noergZd rgfp;;'g‘r'g%’ 'ﬁt(lsggﬁzcef]-tr;[?oensse ¥?1|éar\7(;nngﬂﬁ,rgsr;vnfgeige'the absolute temperature, respectively. As shown in Table IlI, the
these figures are very similar in appearance to the samgled currelff!ue Of Dy decreases as the formal concentration dflTiin-
g Y app : : P creases in concordance with previous findings in acidic AKACI
voltammogram for Ti(Il)reported in the classic article by Fung and [t 18.21.30
Mamantm%18 in that they exhibit two waves that can be ascribed to mefhe second oxidation waves shown in Fig. 3 and 4 exhibit a
Which correspond {0 the reverse of £q. 4. exhibit well-defined lm- 9Stried appearance. In some cases, the limiing currens for these
iting currents in the 0.6 to 1.0 V potential range at all of thITi waves are larger than the limiting currents for the first oxidation
concentrations that were studied. Levich plets,, plots of the lim-
iting current or current densitys. the square root of the electrode
rotation rate, for this wave were linear and passed through the ori-
gins of the plotgsee insets of Fig. 3 and.4However, the limiting

Table Ill. Summary of electrochemical data for Ti(ll) at 353.2 K

current for the first wave at a fixed rotation rate did not scale linearly

Ti(ll) formal

with the formal Ti(Il) concentration as predicted by the Levich equa- Mol %  concentration i 10 Dy 102Dy /T
tion. This deviation was more obvious in the more acidic 66.7 m/o  AICl; (mmolL™) (mAcm? (cm’s Y (gems?K™
melt' than in the 60.0 m/o melt. A similar dgwgnon betyveen the 66.7 126 072 222 305
cyclic voltammetric peak current for the oxidation of(Mi at a 25.0 0.94 118 16.2
platinum electrode and the formal () concentration was also 50.3 1.78 10.9 15.0
noted during experiments carried out in the Lewis acidic 95.4 3.21 9.97 13.7
AICl;-NaCl melt!82130This unusual behavior was attributed to the 170 3.40 5.47 7.51
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E (V) vs. Al (I11) / Al Figure 6. UV-vis absorption spectra recorded in 60.0 m/o AlEltMelmClI
melt: (a) 1.57 mmol L ! TiCl, at room temperaturéb) after anodic polar-
Figure 5. Linear sweep voltammograms recorded as a function of tempera-zation of a Ti electrode in neat melt at 0.05 mA chrat 353.2 K, andc)
ture in the 66.7 m/o AIGHEtMelmCl melt: () Ti disk electrode, room  &fter the solution ina) was heated to 353.2 K for 12 h.
temperature(b) Ti disk electrode, 353.2 K(c) Ti disk electrode, 373.2 K;
and(d) Ptldisk electrode at room temperature. The potential sweep rates were
0.01Vs+
large oxidation overpotential is also consistent with the observed
temperature dependence of the potential at which the onset of tita-
waves, suggesting that the oxidation oflM) to Ti(IV) is a complex nium OX|dat|0n_ IS ob_served. o N .
process. Additional experiments beyond the scope of the present 10 further investigate the oxidation of titanium metal in the
investigation are needed in order to deduce the mechanism leadin)!Cls-EtMelmCl melt, the anodic polarization of a titanium elec-
to these results. rode with a large surface area was carried out in the 60.0 and 66.7
m/o melts at 353.2 K by using galvanostatic and potentiostatic meth-

Anodic dissolution of titanium metat-Anodic linear sweep vol-  ods. During galvanostatic electrolysis at low current den@sit9.05
tammograms that were recorded at a stationary titanium disk elecmA cm™), the potential was approximately 0.60 V at the outset of
trode in the 66.7 m/o melt as a function of temperature are shown irthe experiment, but quickly increased to 1.15 V. At the conclusion of
Fig. 5. At room temperature, the titanium electrode must be scannethis electrolysis experiment, the color of the melt was pale yellow
to approximately 0.60 V before dissolution commences. As the tem-and no TiC} precipitate was present in the cell. From the relation-
perature of the melt was raised to 353.2 K and higher, the potentiakhip between the charge passed and weight loss of the titanium wire,
for the onset of titanium dissolution decreased. At all of the tem-the number of electrons involved in the reaction was calculated from
peratures that were investigated, oxidation of the titanium metalFaraday’s law to be approximately 4, suggesting that the galvano-
electrode produced only a single well-defined wave and proceededtatic oxidation of titanium at the modest current density of this
until the electrode was covered with a passive film of 7{€), experiment produces Tigl The direct oxidation of Ti metal to
which blocked the electrode. At elevated temperatuees, 353.2  Ti(lV) at large positive potentials without the formation of a passive
and 373.2 K, this film breaks down when the potential is scannedijm of solid TiCl; was noted by Stafford and Moff&tduring pre-
above about 1.0 V as signaled by a sharp rise in the anodic currenjoys work carried out in 66.7 m/o AlGINaCl.
and the production of Ti(IVjn agreement with the voltammograms Figure 6 compares the UV-visible spectrum of the 60.0 m/o melt
in Fig. 3. However, if the potential of the titanium electrode is ontaining 1.57 mmol C* TiCl, and a spectrum of the solution
scanned above 1.0 V at room temperature, a small current flows, buleg ing from the galvanostatic polarization of Ti metal as described
there is no appreciable breakdown of the Ti@assive film that 1,6 the spectrum of the TiC$olution is in excellent agreement
would signal the generation of (TV). Because Ti(Il)is a stable | " 1o reported by Carliret al'® and consists primarily of a
oxidation state of titanium in the 66.7 m/o melide supra), it is single band centered at 288 rifable I). However, only a weak
unlikely that the first oxidation wave in the voltammograms shown band was found at this wavelength in the melt at ”[he conclusion of
in Fig. 5 arises from the direct, single-step, three-electron oxidationthe experiment. When a melt solution containing dissolved ;TiCI
of Ti(0) to TiCls. Instead, the first wave probably reflects the suc- | -« haated to '353.2 K with stirring, the spectrum T} gradJ—

cessive reactions shown below ally disappeared as the TiClhaporized from the melt. A cyclic
) - _ _ voltammogram acquired at the conclusion of the electrolysis experi-
Ti(0) + 3AICI,=[Ti(AICl,)s]" + 2e [5] ment gave a similar result. Taken together, the spectroscopic and

. _ _ . _ _ voltammetric results indicate that the(lM) produced by the anodic
[Ti(AICl4)s]™ + BAICI; =TiCly(s) + 3Al,Cl; + e [6]  qxjdation of titanium at 353.2 K evaporates from the melt during
and after the electrolysis as TiCl). These results suggest that
Because only a single oxidation wave is observed in the 0.5 to 1.0 Walvanostatic electrolysis is not a good method for introduciri)Ti
potential region, the potentials for these reactions must be closelpecause of the difficulty of controlling the oxidation potential.
spaced, and/or a large overpotential must be required to initiate the To circumvent the direct oxidation of Ti metal to(IW), poten-
reaction in Eqg. 5, which shifts the potential of this reaction to a tiostatic electrolysis was carried out in the 66.7 and 60.0 m/o melts
potential that overlaps with the reaction in Eq. 6. The presence of aat an applied potential of 0.60 V. However, the electrolysis current
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Figure 7. Cyclic voltammograms recorded aftap) stationary andbottom)
rotating Pt-RDE(2000 rpm)in the 60.0 m/o AIC}-EtMelmCI melt at 353.2
K: (——-) neat melt(— — —) 40.4 mmol L Ti(ll), and (—) 59.5 mmol
L~ Ti(Il). The potential sweep rates were 0.01 Vs
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Table IV. Al-Ti alloy composition as a function of the electrode
rotation rate.

Rotation rate(rpm)

Mol %

AICl4 0 250 500 1000 1500 2000
Titanium 60.0 2.4 99 11.2 10.9 — 11.2
content(a/o) 66.7 11.7 144 157 — 139 151

trode as it was formed. However, if this solution was stirred with Ti

or Al metal for several hours at 353.2 K, the TiGirecipitate dis-
appeared, and the absorption spectrum of the solution became iden-
tical to that for Ti(Il) (Fig. 1).

Electrodeposition of Al-Ti alloys—Figure 7 shows cyclic volta-
mmograms for stationary and rotating Pt disk electrodes in the 60.0
m/o melt with and without added {M). It was demonstrated during
a previous investigation in acidic AlgINaCl melt that the potential
of the Al stripping wave shifts positively after the addition of
Ti(11).?* This behavior occurs because Ti metal co-deposits with Al
metal to form Al-Ti alloy, which is more difficult to oxidize than
pure Al. Similar behavior was observed in AlCEtMelmCI con-
taining Ti(ll). Furthermore, the magnitude of this shift increased
with increasing Ti(ll)concentration. Virtually identical results were
observed in the 66.7 m/o AIGlEtMelmCI melt. However, the ad-
dition of Ti(ll) to acidic AICk-EtMelmCI melt did not increase the
overpotential for Al deposition as found for (Tl) solutions in
AICl3-NaCl. In fact, a small positive shift was evident.

In order to investigate the formation of bulk Al-Ti alloys, elec-

diminished to nearly zero, and the electrode became coated with Hodeposition was performed by using dc galvanostatic methods at a

reddish-purple film of TiG] shortly after the electrolysis com-

current density of—10 mA cm 2 in a Ti(ll)-saturated melt. The

menced. An absorption spectrum of this solution showed that ncSUbstrate for these experiments was a copper rotating disk electrode

Ti(Il) was obtainedFig. 1k). Vigorous stirring did not lead to a
different result, but merely dislodged the solid Tj@lom the elec-
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Figure 8. Relationship between the electrode rotation rate, the current den-

sity, and the titanium content of bulk Al-Ti alloys deposited frontl}Ji
saturated AIG-EtMelmCl melts at 353.2 K(@®) 60.0 m/o melt,—10 mA
cm™2, (O) 66.7 m/o melt,—10 mA cm?, and (A) 66.7 m/o melt as a
function of the current density at a rotation rate of 2000 rpm.

(Cu-RDE). As shown in Fig. 8 and Table 1V, the Ti metal content of
the Al-Ti alloys depends on the electrode rotation rate at small ro-
tation rates, but becomes independent of a rotation rate above 500
rpm. Therefore, all deposition experiments were conducted at rota-
tion rates exceeding 500 rpm.

In the 66.7 m/o AIC}-NaCl melt at 423.2 K at Ti(llconcentra-
tions greater than 150 mmol %, the Ti metal content of the Al-Ti
alloy became virtually independent of the current density, andsTiAl
with an ordered L1 crystal structure was the predominant alloy
produced>*° However, different results were obtained in the 66.7
m/o AICl;-EtMelmCI melt at 353.2 K. Although solutions contain-
ing more than 150 mmol T Ti(ll) can be prepared in this melt
without difficulty (Table 1), the Ti metal content of bulk Al-Ti alloys
prepared in these solutions was found to increase as the applied
current density is decreas€table V and Fig. 8). This result is to be
expected if the reduction potential of theMi/Ti couple is positive
of that for Al(lll)/Al because at low reduction current densities and
correspondingly less negative potentials, the partial current density
for the electrodeposition of Ti metal would be a larger fraction of the
total current density. At larger reduction current densities or more
negative potentials, the partial current for Ti metal probably reaches
its mass-transport-limited value, whereas the partial current density
for the deposition of Al metal continues to increase relative to the Ti
metal deposition current density, becoming a larger fraction of the
total current and resulting in alloy deposits with a smaller fraction of
Ti metal. The results of this investigation indicate that the titanium
content of Al-Ti alloys electrodeposited from the AlEtMelmClI

Table V. Electrodeposited Al-Ti alloys.

Electrodeposition current densitgnA cm™2)

mol %

AICl 3 —-2.5 -5.0 —-10.0 —-15.0 —20.0
Titanium 66.7 19.1 17.5 15.1 12.8 12.4
content(a/o)
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Figure 9. Field-emission scanning electron micrographs of Al-Ti alloys electrodeposited at 353.2 K from 66.7 myceAM&EIMCI melt containing 170 mmol
L1 Ti(ll). The current density and alloy compositions wéag —20.0 mA cm?, 7.0 a/o Ti;(b) —5.00 mA cn?, 11.4 a/o Ti;(c) —1.00 mA cmi?, 15.6 a/o;
and(d) —0.50 mA cm'?, 18.4 a/o Ti.

melt is limited by the solubility of TiGl and the minimum practical ~ the aluminum lattice parameter over this range of composition. This
current density that can be used for the timely preparation of sucHs to be expected as the smaller Ti atoms substitute for Al in the fcc
deposits. lattice. The second change was significant broadening of the X-ray
o ) ] ) reflections with increasing Ti metal content, suggesting a decrease in
Characterization of Al-Ti electrodeposksThe morphologies of  the deposit grain size. This latter result supports the SEM analysis
four electrodeposits are shown in Fig, 9. In this figure, the currentihat showed a decrease in grain size with an increase in the Ti metal
denszlty is .decreasec_J from20 mA cm “ in Flg. 9a to_—0.50 mA content(Fig. 9).
cm “in Fig. 9d. This corresponds to an increase in the Ti metal e chemically disordered fcc structure obtained in this study
content from 7.0 to 18.4 a/o. In all cases, the deposits were nodulakom the room temperature melt is a significant departure from the

compact, and dense. Many of the nodules showed crystallographi,yereq |3, crystal structure deposited from AIENaCI at 423.2
fa}cetlng, although no symmetry characteristic of a_partlcular growth 2033 Fjgure 11 shows the XRD patterns of Al-Ti films electrode-
direction was observed. It is clear that the nodule size decreases W'tEOSited at 353.2 K from AIGFEtMelmCl and at 423.2 K from

decreasing current density and increasing titanium content. Typi- . . )
cally one would expect an increase in grain size as the depositiojldiaCl' For comparison, a ?Slalculatgd diffraction pattern for
current density or overpotential is decreased. However, in this casdUlly ordered (L) AlTiis shown™ The diffraction pattern of the
the grain refinement is driven by the incorporation of Ti metal into 423.2 K deposit clearly shows the 100 and 110 superlattice reflec-
the alloy rather than the deposition overpotential. This nicely dem-tions of the ordered Listructure. High-resolution TEM indicates
onstrates the impact that impurities and alloying additions have orthat the L} domains are on the order of 5-10 nm in sfZeThis
deposit morphology. A high magnification view of the 18.4 a/o Al-Ti explains the significant line broadening seen in the superlattice re-
deposit(Fig. 9d) is shown in Fig. 10. The step faceting is clearly flections for the higher temperature electrodep@sig. 11b). The
seen in each nodule, confirming that the nodules are single crystalsuperlattice reflections are clearly absent from the diffraction pattern
It also suggests that although the macrodeposit grows by threeof the alloy deposited at 353.2 K. In addition, the 111 fundamental
dimensional nucleation and growth, each nodule grows primarily byreflection is shifted to lower values of 2reflecting the larger lattice
two-dimensional, layered growth. parameter as a result of the substoichiometric Ti metal content. Ex-
Electrodeposits containing 7.0 to 18.4 a/o Ti metal were exam-tensive broadening of the superlattice reflections might make them
ined by X-ray diffraction(XRD) methods. All of the diffraction  difficult to detect by XRD. A report in the literature describing a
patterns were indexed to a disordered face-centered dfiti¢ glancing angle X-ray examination of Al-Ti alloys electrodeposited
structure and were very similar to that of pure aluminum. Two dis- from eutectic AICL-NaCI-KCl containing Ti(lll) also shows the
tinct changes in the diffraction patterns with increased Ti metal con-fundamental reflections for fcc Al for compositions containing up to
tent of the alloy were observed. The first was a 0.33% decrease i27.5 a/o Ti metal. However, the authors were unable to confirm the
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Figure 10. Field-emission scanning electron micrograph with increased magnification of the alloy sample shown in Fig. 9.

L1, structure due to the lack of superlattice reflections in the XRD of all electrodeposits examined is on the order of 0.5 tpur.
pattern?? Deposits formed at 353.2 K are chemically disordered whereas those
In order to confirm the chemical disorder in the Al-Ti deposited formed at 423.2 K have Lildomains measuring 5-10 nm in size.
from AICIl;-EtMelmCI melt, electron diffraction analysis of selected Previous work suggests that these domains appear to have grown
electrodeposits in both plan view and cross section was performeghrough a first-order nucleation and growth process, independent of

(Fig. 12). A typical diffraction pattern taken on th@01]zone axis  the electrocrystallization proce®This type of domain structure is
from a deposit containing 18.4 a/o Ti metal is shown in Fig. 12a. 4 ite common in rapidly solidified alloys wherein the disordered

The pattern is consistent with single-phase fcc Al-Ti having a Iatticej}hase produced by the solidification process transforms to the equi-

parameter close to 0.405 nm. No superlattice reflections were foun L rium ordered phase quite rapidlv during solid-state cooling to
in any of the diffraction patterns indicating that the detected phas P d apialy 9 9
has a random ordering of Al and Ti atoms. For comparison, thel0OM temperaturé® Although this often occurs at temperatures that

diffraction patterns from films containing 16.0 a/o Ti and 24.0 a/o do not allow for significant bulk diffusion, the activation barrier to

Ti, both deposited from AIGFNaCI at 423.2 K are shown in Fig. the nucleation of ordered domains is rather small because both the
12b and c, respectivefy. The 100 and 110 superlattice reflections nucleus and matrix have essentially the same crystal structure and
are clearly visible, and their intensities grow progressively relative compositior® Consequently, nucleation tends to be homogeneous
to the fundamental 200 spots as the titanium concentration is inand independent of lattice defects. These results strongly suggest
creased. The presence of superlattice reflections indicates that that the Al-Ti alloy deposits in the disordered state and that ordering
crystal structure of the 423.2 K deposits is not disordered fcc be-occurs in the solid state, subsequent to the charge-transfer step and

cause the 100 and 110 reflections are forbidden for the fcc lattice. Ihdatom incorporation into the lattice. The degree of chemical order-
is also clear from Fig. 12 that the chemical disorder of the room yisorder is directly linked to the deposition temperature.

temperature melt deposit is not simply due to the low Ti content.

The 16.0 a/o Ti alloy deposited from Al&SNaCl clearly shows the Pitting potential measurememtsPotentiodynamic anodic polar-
superlattice reflections indicative of Llordering, Fig. 12b, even ization curves recorded in deaerated aqueous NaCl for Al-Ti alloys
though the composition is less than stoichiometrigTAl electrodeposited on copper wire electrodes are shown in Fig. 13. As

The electrodeposited ATi described above displays crystallo- noted for Al-Mn alloys examined under similar conditioHsAl-Ti
graphic features of distinctly different length scales. The grain sizealloys display a stable passive region characterized by a very small
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Figure 11. (a) Calculated XRD pattern for fully ordered (L)L Al;Ti** and experimental XRD pattert€u Ka) from as-deposited Al-Ti alloys containir()
26.3 a/o Ti that was deposited from 66.7 m/o AJMaCl at 423.2 K, andc) 18.4 a/o Ti that was deposited from 66.7 m/o A}EHtMelmCl at 353.2 K.

potential-independent current followed by a sudden rise in current apitting potential relative to pure Al. Thus, the greatest benefit is
the pitting potential. The variation of the pitting potential with alloy realized by the addition of a relatively modest amount of Ti metal.
composition is shown in Fig. 14. The addition 8 a/o Ti metal This same result was noted for electrodeposited Al-Mn alloys, ex-
increases the pitting potential of the alloy by about 0.30 V; however,cept that the formation of a two-phase fecglass structure for

alloys containing~15 a/o Ti metal show only a 0.45 V increase in alloys containing more than 5 a/o Mn led to a decrease in the pitting

Figure 12. Selected area diffraction patterns of Al-Ti alloys taken on[@l]zone axis from as-deposited Al-Ti alloys containif®j 18.4 a/o Ti deposited
from 66.7 m/o AICL-EtMelmCl at 353.2 K,(b) 16.0 a/o Ti deposited from 66.7 m/o AENaCl at 423.2 K, andc) 24.0 a/o Ti deposited from 66.7 m/o
AICI;-NaCl at 423.2 K2°
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