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bstract

The electrochemical deposition of TiB2 out of a NaCl–KCl–NaF–KBF4–K2TiF6 electrolyte at 600 ◦C was tested on steel and molybdenum
ubstrates using various current programs. The characterisation of the deposited layers has been carried out by X-ray diffraction methods, scanning

lectron microscopy and microhardness measurements. The pulse sequences and the current densities used influence in a significant way the
omogeneity of the layers deposited, the crystal size, the texture and other physical properties like electrical and thermal conductivity. The
icrohardness range was up to 2900 HV, smooth and dense layers were prepared at a pulse frequency of 100 Hz.
2007 Published by Elsevier B.V.
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. Introduction

Metals such as aluminium, magnesium, titanium, molybde-
um and compounds of these metals, e.g. borides, cannot be
eposited electrochemically out of aqueous solutions. Layers
f these metals and compounds prepared by chemical (CVD)
r physical vapour deposition (PVD) techniques show supe-
ior properties on various substrates. The preparation of thick
ayers with excellent quality within a short time scale can be
one by electrodeposition processes out of molten salt systems
t temperatures >600 ◦C.

The electrodeposition process shows many advantages com-
ared to CVD or PVD deposition methods. Irregularly shaped
pecimens can be covered easily with a homogeneous and coher-
nt layer and the deposition time is much shorter compared to
hese well established vacuum based techniques. Furthermore,
lectrochemical methods are more cost effective.
Titanium diboride (TiB2) is a well known ceramic material
ith high hardness, high melting point, very good chemical sta-
ility even at high temperatures and excellent wear resistance

∗ Corresponding author at: ECHEM Center of Competence in Applied Elec-
rochemistry, V. Kaplan Str. 2, A-2700 Wiener Neustadt, Austria.
el.: +43 2622 22266 13; fax: +43 2622 22266 50.

E-mail address: gerhard.nauer@echem.at (G.E. Nauer).

t
a
t
e

2

c

925-8388/$ – see front matter © 2007 Published by Elsevier B.V.
oi:10.1016/j.jallcom.2007.02.130
ical reactions

1,2]. Current use of this material, however, is inhibited by eco-
omic factors; particularly the costs of densifying a material
ith a high melting point. Moreover, due to its low value of

racture toughness (4.9–8 MPa m1/2) [1,2], massive TiB2 parts
re not suitable for applications exposed to fatigue or complex
tress situations.

Thin layers of TiB2 have a wide range of potential industrial
pplications due to the wear and corrosion resistance properties
hat TiB2 can provide to a cheap and/or though substrate. The
lectrodeposition of TiB2 layers has two main advantages com-
ared with vacuum based deposition methods: the growing rate
f the layer is 200 times higher (up to 10 �m/min) and the incon-
eniences of covering complex shaped products are dramatically
educed.

Among all the electrolytes reported in the literature [3–8], our
ork was focused on NaCl–KCl–NaF melt due to the high qual-

ty of the layers synthesised out of it and the high solubility of
he melt in water, which makes easier the washing of the sample
fter deposition. It is also important for industrial applications
hat the NaCl–KCl–NaF melt is much less aggressive to the
lectrochemical cell materials than an all-fluoride electrolyte.
. Experimental

The supporting electrolyte was prepared using KCl, NaCl and NaF in a con-
entration ratio of 43.3:43.3:13.4 mol%. The mixture was dried at 280 ◦C under
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Fig. 1. Detailed sketch of the electrochemical cell: (1) rod cooling water
inlet/outlet, (2) O-ring sealing, (3) prechamber, (4) prechamber cooling water
inlet/outlet, (5) valve, (6) stainless steel cooled lid, (7) lid cooling water inlet, (8)
stainless steel cooled top of the cell, (9) steel cell, (10) stainless steel or molyb-
denum rod, (11) Sigradur® glassy carbon crucible, (12) electrical isolator, (13)
crucible stage, (14) sample, (15) molybdenum sample holder, (16) thermocouple,
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17) cooled rod, (18) lid cooling water outlets, (19) inlets (3×): thermocouple,
rucible electrical contact, and reference electrode, (20) Ar-vacuum inlet/outlet,
21) cathode electrical contact, and (22) prechamber Ar/vacuum inlet/outlet.

acuum during 48 h prior to use. K2TiF6, KBF4, and metallic titanium were
dded as sources of boron and titanium. The concentration of KBF4, K2TiF6

nd Ti0 was 1.42, 0.71 and 0.11 mol/l, respectively.
All the deposition experiments were done galvanostatically in a high tem-

erature electrochemical cell (Fig. 1) at 600 ◦C using a glassy carbon crucible
electrolyte volume 170 ml) as anode.

For improving the quality of the layers pulse interrupted current (PIC)
equences (Plating Electronic Pe86-20-5-25 power supply) were applied.

The TiB2 layers synthesised were characterised with a scanning electron
icroscope (Philips XL-30 ESEM) equipped with an energy-dispersive X-ray

pectrometer (EDX), an X-ray diffractometer (Philips XR MPD) and an optical
icroscope (Olympus GX51) equipped with a microhardness tester (Anton Paar
HT-10). The Vickers hardness was determined on cross sections of the cath-

des with the deposited layers on it. The efficiency of the bath was calculated
easuring the gain weight of each sample and related to the charge flowing

uring the electrodeposition.

. Results and discussion

The mechanism of TiB2 cathodic deposition used in the cal-
ulations was proposed by Devyatkin and Kaptay [9] as follows:

i3+ + 2B3+ + 9e− → TiB2 (1)

ccording to this reaction, TiB2 is produced from the electro-
hemical reduction reaction of Ti3+ and B3+. Metallic titanium

dded to the melt is consumed in the production of the Ti3+ [10]
ccording to reaction (2):

i0 + 3Ti4+ → 4Ti3+ (2)

t

d
o

ig. 2. Influence of the amount of charge passed through the melt and time of
he current flow on the current efficiency of the deposition process for deposition
requencies of 50 and 100 Hz.

n the first deposition experiment a coulomb efficiency of
pproximately 100% was achieved, after passing the first
500 Coulombs (C) trough the electrolyte the efficiency
ecreases slightly.

This behaviour was observed in all the deposition exper-
ments using this electrolyte and steel and molybdenum
ubstrates. After passing up to 5000 C through the electrolyte,
he efficiency of the bath is dramatically reduced. This charge
orresponds to a consumption of approximately 7% of the initial
oncentration of boron and titanium. Within this charge range,
omogeneous and dense layers of TiB2 with a crystallinity of
1 �m and a microhardness in the range of 2000–3000 HV were
chieved. Fig. 2 shows a plot current efficiency versus charge
assed through the electrolyte for two groups of samples plated
ith square wave pulses with equal cathodic and off times at
00 and 50 Hz. After each experiment the inner surface of the
tainless steel cell was covered with a white, very hygroscopic
owder. Samples of this white powder analyzed by X-ray diffrac-
ion showed the presence of FeF2. The iron fluoride must be
ormed in the walls of the cell following the reaction:

HF + Fe → H2 + FeF2 (3)

here the HF is formed with the residual water that the system
ay contain (<30 ppm).
Melts containing tetrafluoroborates of alkali metals are

nown to undergo thermal decomposition following the reaction
4):

BF4 → KF + BF3(g) (4)

he formation of FeF2 and BF3 discussed above leads to
hanges in the chemical composition of the melt and therefore
ecreases the efficiency the electrochemical reaction (1), due to

he decrease of the B3+ complex concentration in the melt.

In investigating the effect of current density, TiB2 layers were
eposited on molybdenum samples using a plating temperature
f 650 ◦C. A current sequence with square pulses with equal
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ig. 3. Influence of the peak current density on the hardness of the deposited
iB2 layers (measuring conditions: 200 p load for 10 s).

athodic and off times at 50 Hz was used. The amount of charge

owing for each deposition was kept constant. The microhard-
ess of the samples was measured, a plot of the values versus
he peak current density (Fig. 3) shows a minimum at 0.3 A/cm2.

ig. 4. Scanning electron microscopic picture of an electrochemically deposited
iB2 layer; magnification: (a) 100× and (b) 5000× (600 ◦C and deposition time:
5 min).
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ig. 5. X-ray diffractogram of TiB2 layer deposited on molybdenum substrate.
olybdenum peaks are denoted by “Mo”, the numbers refer to the crystal-

ographic indices of the TiB2 phase as given in ICDD-JCPDS database entry
5-0741.

he rise of hardness after the minimum can be a consequence
f the grain refinement when plating at higher current densities.
he hardness of the layers deposited at current densities below
.3 A/cm2 might be due to the change in the morphology of the
iB2 layers.

Metallic titanium was added to the melt in order to produce
he Ti3+ needed for reaction (1). Nevertheless, Shapoval and
arutskii [11] mentioned that the addition of Ti0 produces other

itanium oxidation states (reactions (5) and (6)) in addition to
2):

i4+ + Ti0 → 2Ti2+ (5)

Ti3+ + Ti0 → 3Ti2+ (6)

he presence of titanium(II) ions in the melt complicates the
etermination of the actual concentration of Ti3+. A concentra-
ion of Ti3+ in the range of the stoichiometric ratio (Eq. (1))
s of great importance for establishing a good quality of the
iB2 layers and for a sufficient process stability in an industrial
pplication.

The macroscopic appearance of the samples produced using
arious pulse sequences is very homogeneous. Fig. 4 shows a
canning electron microscopic picture of a TiB2 layer produced.
he TiB2 layer obtained presents a fine grain structure, ranging

rom 0.5 to 3 �m crystal size. EDX-spectra of the sample just
how the peaks corresponding to titanium and boron.

X-ray diffraction analysis (θ/2θ geometry) shows the pres-
nce of TiB2 reflections and reflections attributed to the substrate
olybdenum (Fig. 5). All layers exhibit a texture behaviour. A

etailed discussion will be reported elsewhere [12].
. Conclusions

The efficiency of the NaCl–KCl–NaF-KBF4–K2TiF6 elec-
rolyte decreases with the use of the bath due to the
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ecomposition of the electrolyte. The best frequency to obtain
mooth and hard TiB2 layers in this melt using square wave
urrent pulses was 100 Hz.

Dense TiB2 layers were obtained from the
aCl–KCl–NaF–KBF4–K2TiF6 melt by means of specially
eveloped pulse sequences.
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