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Abstract

The investigation of TiB2 electrodeposition was carried out using continuous current plating (CCP) and pulse

current plating (PCP), electrochemical techniques to produce a uniform and a very low porosity coating. The
solvent used is a ¯uoride mixture (LiF±NaF±KF) with solutes K2TiF6 and KBG4 in a mass relation of one to four
after treatment to remove moisture. The temperature was 6008C and all results were obtained on graphite electrodes

as substrate. When necessary, the working electrode potentials were monitored with a Ni/Ni2+//BN reference
electrode.
The electrodeposition with pulse current plating produces coatings with better quality, showing fewer cracks and

better adhesion to the substrate and no anode e�ect was observed, when compared with those obtained by
continuous current plating, for the conditions: frequencies between 5±100 Hz, tc/to� between 5/1±3/1 or ic/io�
between 1.5 and 1.8. # 1999 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The titanium diboride presents as special

properties [1]: high hardness (3350 Hv)0.5N, high melt-

ing point (29808C), low electrical resistivity (9 mO cm),

good absorption cross section for thermal neutrons

(1524 barns), high wettability and good thermal shock

resistance.

Furthermore, it has the property to resist the attack

of molten metals, HF, HCl and of molten salts; how-

ever, it dissolves in H2SO4 and in mixtures of

HNO3+H2O2 or HNO3+H2SO4.

Due to these properties, it is well suited for coating

on electrodes, turbine blades, combustion chambers,

chemical reactor vessels, crucibles, pump impellers,

protective shields for thermocouples and cutting tools.

There are several procedures available for the prep-

aration of borides, but always at high temperatures.

Those most used in industry are the following:

1. synthesis from the elements B and Ti or from B and

a hydride of the metal,

2. chemical vapor deposition (CVD),

3. aluminothermy,

4. reduction of the metal oxide with B4C+C and

5. electrolysis from a mixture of molten salts.

The electrolysis from molten salts media has, how-

ever, shown to be quite e�cient in the preparation of

deposits that are not only adherent, but as free of

pores and of impurities.

Andrieux [2], in 1929, considered the precursor of

the electrochemical preparation of TiB2, in molten

salts medium, prepared on Inconel and graphite sub-

strates, countless di�erent compositions of borides
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from two electrolytic mixtures, e.g. MgO, MgF2,

2B2O3,
1
2TiO2 and CaO, CaF2, 2B2O3,

1
4TiO2, at 7508C.

Schlain, McCawley and Smith [3], in 1969, used a

mixture of NaBO2+LiBO2+Na2TiO3+TiO2 at

9008C, using copper as substrate. After 3 years of con-

tinuous work, they obtained adherent deposits, hard

and brilliant and patented the procedure.

Giess [4], in 1972 and Kellner [5], in 1973, patented

a preparation in which the electrolyte was constituted

by mixtures of LiF±KF±KBF4±TiF3 and of LiF±KF±
BF3±TiF3 at 9008C. Three years latter Gomes, Uchida

and Wong [6] produced deposits with 98% of purity,

in the medium of Na2B4O7±Na2CO3±Na3AlF6±NaCl±

TiO2 at 10258C.
Makyta, Gjortheim and MatiasovskyÂ [7], in 1988,

consolidated the K2TiF6 as solute and the KF4 and the

mixtures of ¯uorides, LiF±KCl and KF±KCl as sol-

vent at 7508C. The results presented involved the fun-
damental aspects of electrochemical kinetics [8], as well

as several tests aimed at the improvement of the prep-

aration process of coatings on some substrates. Nearly

at the same time, Wendt et al. [9, 10], in 1989 and 1991

published two complete papers in which they described

the electrochemical behavior and the electrodeposition
in ¯uoride media on copper substrates.

New results were published between 1992 and 1996
by Makyta's group [11], all of them aiming at the op-

timization of the preparation process of TiB2 coatings,

changing the electrolyte mixture or the experimental

technique. There are several speci®c molten electrolytes
to prepare TiB2 coatings with low contents of contami-

nation. The most frequently used are: chlorides and/or

¯uorides, cryolite and oxides mixtures. Among these

electrolytes, the ones with ¯uorides, chlorides and the
mixtures of ¯uorides+chlorides give the best deposits.

The chloride electrolytes present some advantages in

relation to the ¯uorides: they are cheaper, less corros-

ive to the materials used in the apparatus and the salt
is more easily removed from the deposits. However,

the electrolytes composed by mixtures of ¯uorides

have been the most used for they allow thicker coat-

ings and better yield.

Previous studies have applied continuous current
plating; to the deposition of TiB2 the aim of the pre-

sent work is to compare the coating qualities of TiB2

Fig. 1. Cyclic Voltammogram of TiB2. u=200 mV/s, 6008C,
B3+/Ti4+=4/1 on copper electrode.

Fig. 2. Cyclic voltammograms of TiB2. u=200 mV/s, 6008C.
Curves: (I) 0.5 mol/L K2TiF6, (II) 1 mol/L KBF4 and (III)

0.5 mol/L K2TiF6+1 mol/L KBF4 and Pt-working electrode.
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prepared by electrodeposition by continuous current

and by pulse current plating.

2. Experimental

The solvent used in the electrodeposition was an

eutectic Flinak mixture (LiF±NaF±KF, 46.5±11.5±42
mol%) (m.p.=4548C and r=1.96 g cmÿ3 (7008C)
and the solute used was a mixture of K2TiF6 and

KBF4 in the concentration ratio of 1:4.
Impurities such as H+ , OHÿ , H2O and O2ÿ in the

electrolyte are undesirable because they interfere with

the quality of the electroplating, promote corrosion of
the apparatus and allow some undesirable electroche-

mical reactions. Therefore, the electrolyte has to be

dehydrated at 1408C for 48 h under vacuum in order
to eliminate the water present in KF. After homogeniz-

ation the melt was introduced into a high purity
graphite crucible placed in the interior of an electro-

lytic reactor [12].
The temperature used in this study was 6008C,

because in thermogravimetric tests it was observed that
at higher temperatures an accentuated decrease of the
yield occurs, due to the evaporation of KBF4 in the

form of BF3.
The working electrode was graphite, because it has a

thermal expansion coe�cient (4.3 mm/cm 8C) close to
the TiB2 (4.6 mm/cm 8C). A platinum wire was used as

a pseudo reference electrode and when necessary a Ni/
Ni2+//BN reference electrode [13] was used during the

deposition experiments.
The morphology of the electrodeposit changes with

the electrochemical techniques used. The main tech-
niques are the potentiostatic and the galvanostatic,
others are essentially modi®cations of the last one. If

the current is pulsed in the galvanostatic method, we
obtain a pulse current plating (PCP) [14]. The two

most frequent current pro®les in (PCP) are periodically
interrupted current (PIC), in which the current is an
unidirectional square-wave, and the periodic reverse

current (PRC), where a bidirectional square waves is
used.

The advantages of the PCP technique [15±18] are:

1. Uniform and dense deposits, ®ne grains without
pores.

2. High deposition rate.
3. Increase of current e�ciency and limiting current.

4. Increase of ductility and adherence.
5. Low concentrations of the electroactive species.

Fig. 3. The X-ray di�raction analysis of deposit over graphite from Flinak-1 mol/L K2TiF6 electrolyte.

Fig. 4. Thickness variation of the deposits with continuous

current density.
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6. Decrease of the anodic e�ect.

7. Alteration of the morphology.

The experimental (14) parameters of the pulse plat-

ing are: the pulse symmetry, anodic and cathodic cur-
rent density (ic and ia), the duration in which the
pulses are applied (cathodic time, tc, anodic time ta
and o� time to�) and the pulse frequency.

3. Results and discussion

3.1. Cyclic voltammogram

Previous studies [19] allowed us to establish import-

ant experimental conditions for the application of the
PCP and the continuous current plating (CCP) tech-
niques. Fig. 1 exhibits at E=ÿ1.5 V a cathodic cur-

rent peak due to the formation of TiB2 on a copper
electrode, for a ratio between B/Ti=4/1, scan rate of
200 mV/s, at 6008C. The other peaks are due to the

oxi-reduction of K+ +eÿFK at ÿ2.5 V. On the
reversal sweep, in addition to the peak which corre-
spond to the K/K+ (ÿ2.5 V), there are two other oxi-
dation peaks at about ÿ1.0 and 0.25 V; the ®rst peak

(ÿ1.0 V) corresponds to the oxidation of the TiB2 and
the second corresponds to the oxidation of the work-
ing electrode (Cu). A distinct behavior was

observed [20] for other experimental conditions.
Curve 1 in Fig. 2 depicts the cathodic behavior the

system LiF±NaF±KF±0.5 mol/L K2TiF6, where peaks

`a' and `d' correspond to the following two steps
Ti(III) to Ti(II) at ÿ0.33 V and Ti(III) to Ti at ÿ1.85
V for the KTiF6 reduction [21]. The small peak before

peak d is related to the intermetallic Ti±Pt formation

on the working electrode, as have been observed by

Makyta et al. [4].

Curve II corresponds to the LiF±NaF±KF±1 mol/L

KBF4 system. It can be seen that the boron reduction,

peak `b', occurs in only one step, B(III) to B at 1.20

V [22]. However, Polyakova et al. [22], in their boron

electrodeposition studies have observed two reduction

peaks, one of them corresponding to the intermetallic

B±Pt formation and the second one to a single step of

three electron reduction of boron ions.

Curve III corresponds to the system LiF±NaF±KF±

0.5 mol/L K2TiF6±1 mol/L, KBF4, where peak `c' cor-

responds to the TiB2 formation. A depolarization in

Fig. 5. Micrograph (MEV). Morphology of the continuous current deposit i=0.6 A/cm2, 20 min and 6008C.

Fig. 6. Thickness variation of the coating with deposition

time.
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the Ti reduction and a polarization of boron reduction

has to occurs simultaneously in order to allow the

TiB2 formation.

The small reduction peak `f' observed at the same

potential of peak `d', corresponding to the reduction

of the remaining Ti which has not reacted with boron.

When the ratio B/Ti is 4/1 (Fig. 1), peak f disappears,

since all Ti reacts to form TiB2. In presence of both

reactive species, the reduction step Ti (IV 4 III) was

not observed, probably due to a complex formation

among the involved electroactive species. Previous

studies [20] using the LiF±NaF±KF±1 mol/L K2TiF6

system have shown the possible formation of the

K2NaTiF6 double salt when analyzed via X-ray di�rac-

tion (Fig. 3).

3.2. Continuous current density deposition (CCP)

Fig. 4 presents the thickness variation of the TiB2

deposits on graphite as a function of the applied cur-
rent density applied, using CCP. When a constant cur-

rent density is applied for 20 min, the layer thickness
grows linearly for values around 0.45 A/cm2, following
therefore, the Faraday's law. At higher current den-
sities, the negative deviation from expected linear

dependence can be explained by the formation of a
nodular deposit.

Fig. 7. The thickness variation with the current pulses frequency.

Fig. 8. Micrograph (SEM), frequency 0.5 Hz for ic=0.45 A/cm2, io�=0 and tc/to�=10/1 and 30 min.
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Fig. 5 shows a typical nodular deposit obtained at

high current densities at 0.6 A/cm2 in 20 min. Even so

the substrate is well protected by a uniform layer

formed before the development of nodules begins.

In Fig. 6, the current density applied was ®xed at
0.45 A/cm2 corresponding to the end of the linear

region in the previous experiment increase of the depo-

sition time does not produce thicker deposits as
expected, because dendrite and nodule growth adds

uncertainties to the thickness measurements.

The pulse current deposition in the experiments

clearly improves the quality of the coatings [23], even

considering that an important parameter, thickness,

exhibits inferior values to CCP.

3.3. Periodically interrupted current (PIC)

3.3.1. Variation of the current pulses frequency
With PIC techniques the thickness variation of the

TiB2 coating with the frequency is presented in Fig. 7
for frequencies between 0.5 and 1000 Hz, current den-
sities ic=0.45 A/cm2, ®xed from the CCP experiments,

io�=0.00 A/cm2 and for a ratio tc/to�=10. In the
region of decreasing thickness, the deposit exhibits a

Fig. 9. Micrograph (SEM), frequency 100 Hz for ic=0.45 A/cm2, io�=0 and tc/to�=10/1 and 30 min.

Fig. 10. Micrograph (SEM), frequency 1000 Hz for ic=0.45 A/cm2, io�=0 and tc/to�=10/1 and 30 min.
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mixture of nodular, lamellar and dendritic crystalliza-

tion; as can be seen in Fig. 8 (in spite of some attack

caused by the dissolution), suggesting a similar beha-

vior as the one observed in the CCP (Fig. 5).

At frequencies above the minimum of 0.5 Hz, the

improvement in the deposit quality is substantial, as

can be observed by comparing Figs. 8±10, in spite of
the smaller thickness values at 100 Hz.

The nodules are leveled, which produces a metallic
brightness. The cracks originate from di�erences

between the thermal expansion coe�cients between

graphite and the TiB2 (Fig. 9). The thickness is quite

reasonable.

In Fig. 11 it can be observed, that, as frequency

increases, the open-circuit potential (io�) and reduction

potentials come closer. At low frequencies (0.5 Hz) the

deposition potential during a longer period of time, is

su�cient to form nodules. The time intervals in which

oxidation can occur is insu�cient to eliminate them in
order to make the coating uniform, even though the

potential of the open-circuit is closer to the current
oxidation peak presented at the cyclic voltammogram

in Fig. 1.
At high frequencies (1000 Hz) the periods between

the oxidation and reduction processes are shorter, the
deposition potential is reached, while the same does

not happen with the oxidation potential presented in
the voltammogram of Fig. 1. The obtained deposit is

thicker and has more nodules, similar to the one
observed in Fig. 8. Using frequencies higher than 2000

Hz the reduction and oxidation potentials are practi-
cally identical, looking like those obtained by CCP.

The hexagonal structure [24] of the TiB2 deposits
was identi®ed by X-ray di�raction and the results

obtained of the weight percentage of B and Ti in the
TiB2 by X-ray ¯uorescence are contained in Table 1.

No indication of other intennetallic compounds was
observed.

The small deviation between the theoretical value,

calculated or obtained from the phase diagram (30±
31.1%B) [25] and the average of the weight percentage
obtained by the X-ray ¯uorescence can be attributed

to the cylindrical surface of the electrode and, mainly,
to the fact that boron is a light element, almost at the

limit of detection of available equipment.

Between 5 and 100 Hz, smooth deposits without
nodules were obtained, 100 Hz corresponding to the

thickest coating in otherwise equal conditions. This fre-
quency was chosen for the next experiments.

At low frequencies (Fig. 12a) the TiB2 deposition
potential stabilizes closer to the reduction peak poten-

Fig. 11. Open-circuit potential and cathodic potentials resulting from frequency variation (io�=0 A/cm2, ic=0.45 A/cm2 and tc/

to�=1/10).

Table 1

Variation of the weight percentage of Ti and B in TiB2 in

function of frequency

Frequency (Hz) %B %Ti

0.5 30.3 69.7

1 36.5 63.5

20 30.5 69.5

100 29.2 70.8

1000 30.4 69.6

Average 31.3 68.6

Theoretical 31.1 68.9
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tial as shown in the cyclic voltammograms (Figs. 1 and

9), during a long time interval favoring the thickness

growing. The oxidation potential reached during the

current interruption time (to�=5 s) between the

applied pulses is also closer to the oxidation peak po-

tential.

The TiB2 layer dissolution occurred at ideal con-

ditions but the obtained coating is nodular as depicted

in Fig. 8 for 0.5 Hz, because the deposition process

occurred in a fashion similar to continuous current

plating (Fig. 5).

At intermediary frequencies (Fig. 12b) the TiB2 de-

position potential su�ers a ¯uctuation around the re-

duction peak potential (Fig. 1) producing only a

moderate growth. The oxidation potential reached

during the interruption current time (to�=2�10ÿ2 s)

between the applied pulses is far from the oxidation

peak potential Fig. 9. These combined events are

enough to ¯atten the nodular deposit as depicted in

(Fig. 9) for 100 Hz.

At high frequencies (Fig. 12c) the short current

interruption time (to�=3�10ÿ3 s) between the applied

pulses causes the TiB2 deposition potential being con-

stant during the entire process. The TiB2 oxidation po-

tential that can be reached generally is closer to the

deposition potential (Fig. 11) and does not change the

Fig. 12. E�ect of PIC frequency on current and potential. ic=0.45 A/cm2, io�=0 A/cm2, tc/to�=10/1 and 30 min. (a) 0.5 Hz, (b)

100 Hz and (c) 1000 Hz.

Fig. 13. TiB2 X-ray di�raction analysis. Frequency 100 Hz for ic=0.45 A/cm2, io�=0 and tc/to�=10/1 and 30 min.
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morphology of the deposits, resulting in a CCP beha-
vior as can be seen in Fig. 10.

At all applied frequencies the deposits retain the
same composition (Table 1) and the presence of TiB2

phase is shown at the X-ray di�raction (JCPDS No.
35-0741) (Fig. 13). There is practically no growth in

coating thickness, but it's quality and substrate adher-
ence are better as is shown in Fig. 14 for a 100-Hz fre-
quency.

3.3.2. In¯uence of tc/to� ratio
When the time interval in which the applied current

pulse (either cathodic or anodic) has a value not com-

patible with di�usion coe�cient of the ions to be

reduced/oxidized, the ®nal result is not acceptable.

Therefore, Figs. 15±17 show the in¯uence of tc/to� on

the quality/thickness of the TiB2 coating. The coating

thickness shows only a moderate growth, as can be

seen in Fig. 15, con®rming the behavior expected and

discussed in previous paragraphs.

The quality is very good, with the coating covering

the substrate uniformly, without nodules or dendrites,

few cracks and high re¯ectivity, as can be seen (Fig. 16)

for a tc/to� ratio of 3/1. As the variable (tc/to�)

increases, the coating turns opaque and presents some

nodule growth, but less accentuated. In Fig. 17, there

Fig. 14. Cross-section of a titanium diboride coating on graphite substrate. Deposition conditions as in Fig. 13.

Fig. 15. In¯uence of tc/to� ratio over the thickness.
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is an example of this behavior, closer to the one
observed during the CCP.
The tc/to� chosen for the next experiments was ®xed

at 5/1, because the layer obtained is thicker than that

for the 3/1 ratio and without nodules.

3.4. Periodic reverse current (PRC)

The variation of the applied current densities ic/ia
with frequency for tc/to�=5, shows that when the ic/ia
increases beyond 2, the thickness remains almost con-
stant, as can be seen on Fig. 18.
As the ic/ia relation decreases, the dissolution process

of the electrodeposited layer increases. The layer thick-

ness decreases together with the existing nodules and
dendrites, showing however cracks in the resultant

coating (Fig. 19).

Table 2 compares the CCP, PIC and PRC methods
used ®xing the average current density (0.34 A/cm2)

and the deposition time (30 min) constant for all. (The

average current density was established considering

interruptions for PIC and subtracting the anodic cur-

rent for PRC).

The CCP method attains the thickest coating with a

characteristic nodular morphology, similar to that

depicted at Fig. 5, obtained at high current densities.

At low current densities the morphology is similar to

that obtained using PIC showed at Fig. 8.

Fig. 16. Micrograph (SEM), for ic=0.45 A/cm2, io�=0, t=30 min and frequency 100 Hz, tc/to�=3/1.

Fig. 17. Micrograph (SEM), for ic=0.45 A/cm2, io�=0, t=30 min and frequency 100 Hz, tc/to�=11/1.
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Fig. 18. Variation of the current densities (ic/ia) ratio with the TiB2 coating thickness.

Fig. 19. Micrograph (SEM). In¯uence of ic/ia for tc/ta=5/1, t=30 min and frequency 100 Hz. ic/ia=1.8.

Table 2

Comparison between the three methods (CCP, PIC, PRC)

Method i (A/cm2) Thickness (mm) Morphology

CCP 0.35 140 nodules

PIC 0.33 120 smooth

PRC 0.33 105 smooth
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PIC (Fig. 9) and PRC (Fig. 19) methods do not
show di�erences in morphology; both methods show a

smooth deposit surface without nodules, where the
coating obtained by the PIC is thicker than that at
PRC.

4. Conclusions

1. The electrodeposition with PCP produces coatings

with better quality, showing less cracks and better
adhesion to the substrate, when compared with
those obtained by CCP.

2. The interval of frequencies more suitable for the ap-
plication of the current pulses is between 5 and 100
Hz; the best thickness obtained was at 100 Hz.

3. The best ratio of the duration of the pulses tc/to� is
between 5/1 and 3/1.

4. The best ratio between the currents iJia is between
1.5 and 1.8.

5. The addition of B ions depolarizes the reduction of
the titanium ion and the addition of titanium ions
polarizes the reduction of the boron ions resulting

in the formation of TiB2.
6. Even at high current densities no anodic e�ect was

observed, using deposition with current pulse.
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