Lniversitat
wien

DISSERTATION

Titel der Dissertation
,Production of Titanium Diboride Coatings by

Electrolysis of High-Temperature Molten Salts*
Verfasserin
Nataliia Rybakova

angestrebter akademischer Grad

Doktorin der Naturwissenschaften (Dr. rer.nat.)

Wien, 2011

Studienkennzahl It. Studienblatt: A 091 419
Dissertationsgebiet It. Studienblatt: 419 Chemie

Betreuerin / Betreuer: Univ. - Prof. Dr. Peter Franz Rogl



ACKNOWLEDGEMENTS

| owe my deepest gratitude to Dr. Gerhard Nauertisrsupport, valuable advices
and helpful discussions that | have received dutimg work.

| would like to thank to Univ.-Prof. Dr. Peter Fra Rogl for the supervision and
helpful discussions he provided during the writaighis dissertation.

| wish to thank to Prof. Dr. Christoph Kleber whamk the time to read through my
thesis and whose comments and advices were highhg@ated.

My sincere thanks belong to Docent, Dipl.Eng., Diga Babushkina who was
anytime willing to share her knowledge and expaemdeimn encouraging discussions not
only about high temperature molten salts.

| wish to thank to Dr. Olga Linucheva, from NTUUPK in Kiev who provided
me with encouragement that resulted to a deciiarrive to Austria.

Furthermore, | am grateful to all colleagues frorBE€T Centre of Electrochemical
Surface Technology (formerly ECHEM Centre of Coempe in Applied Electrochemistry,
Wiener Neustadt, Austria) who friendly welcomed Mg.gratitude is also given to Dr.
Yuriy Andriyko, who was initiator to invite studeror the practice from Ukraine and who
helped me so much in practical things regardingstay in Austria.

The financial support within the COMET Program spared by the Austrian
Research Promotion Agency (Osterreichische Forsgsidmderungsgesellschaft FFG)
and the government of Lower Austria is gratefuttiraowledged.

Finally I wish to thank to my mother Galina, myhiat Viadimir, my sister Elena,
my niece Svetlana and my husband Dr. Vladimir Neklaskyi for all their unconditional

love, understanding and encouragement.



Table of Content

Y 0151 > T PP Y/ |
S0 174 = 7S U T iX
List of symbols and abbreviations.............c.coiiii Xi

I [ (o Yo [0 o3 (0] o TP |

2. LItErature OVEIVIEW ... ...u et et e e e e e e e e e e e eaes 4
2.1 Coatings by refractory materials: property and apgtion......................... 4
2.1.1 Carbide CoatingS.......ovviriie e e e e 5

2.1.2 NItride COALINGS ... ..u ettt et e e e e ee e eaeeee D

2.1.3 SIlICIdE COALINGS ... eu ettt e e e e e e e e 6

2.1.4 OXIde COALINGS. .. ..uuenerereeie e eie e e eeeeeiieieeneene e eneennenn D

2.1.5 AlUMINIAE COAtINGS ... vut et et ettt e e e et e e e e e e e ee e e enans 7

2.1.6 BONdE COALINGS....cuuittitee it et e e e e e e e e e e e e e e aen s 7

2.2Procedures for the preparation of refractory cogsn............................. 10
2.2.1 Chemical vapour deposition (CVD).......cccovviiiiiiii i, 11
2.2.2 Physical vapour deposition (PVD).......c.cooviiiiiiiiiiiiiiiiieivaeennn, 12
2.2.3 Thermal SPraying.......cccceeeueiieiecie e ie e e veeneiieienenee e el 3

2.2.4 Electrochemical deposition..........cooeiii i 14
2.3 Electrochemical deposition of TiB®ut of high temperature molten salt...... 16
2.3.1 Electrochemical synthesis of borides...............ccoiiieeee i 16

2.3.2State of the art.........cooviiii i LT
2.3.3 Some aspecisn molten salts and systems used for electrocla

deposition Of TiB......co oo e 22
2.3.4 Systems used for electrochemical depositidnRy........................ 25

2.3.5 Basic requirements to the container mateaiadsthe design of the cell.29

2.3.6 Deposition teCNNIQUES.......c. i e e e e e 30
2.3.6.1 Electrochemical techniques.............cccooi i, 30
2.3.6.2 Electroplating using pulse current..............cccooivicceeennnn. 32

2.3.7 Proposed mechanisms of Ti8ectrochemical deposition from high-
temperature molten saltS............cocoiiii i 033
23 7.1 Fluoride melt........c.coo i e 33
2.3.7.2 Chloride-fluoride melt.............coooei i .35
2.3.7.3 Fluoride-oxide melt.............ccooiviii i, 38



S EXperimental Part... ... ..ot e 40
XG0 I 1 1 oo 3 ox 1 o o I PSP 40
3.2Deposition eXPeriMENtS.......ccuverieieieie e e eenveiieiienenneeeneeneeneann. 40

3.2.1 Samples pre-treatMent..........o.vvviieie e eans 40
3.2.2 Preparation of the electrolyte............ocooiiiiiiiiiii e, 41
3.2.3 Electrochemical deposition experiments............... o ceeeneenn.n. 43

3.2.4 Cross section preparation of the samples........ccceceeeviveiiennn... 46

3.2.5 Characterization of the coatings ............ccoviiiiiiiiiiie i, 46

3.2.6 SPECtroSCOPIC MEASUIEMENTS. ... v it i v v e e e aaeeen s 47.

3.2.7 Corrosion characterization of the TIByers.............cccoovviiiininns 48

3.3 CYClC VORAMMELIY . ... e e e e 48
3.3.1 Electrochemical measurementsS. .........cc.ovv i i e e s 48

3.3.2 Preparation of the melts for cyclic voltammeL.............cccovviiiiiiinnnn 49

4. ReSUItS and diSCUSSION. ... ..ttt it e e et e e e e e e e et e aenaas 50

4.1 Control of the purity of the melt and electrentical stability of the electrolyte&50
4.1. 1 INtrodUCHION. .. ... vieie e et e e e e e e e ee e D0

4.1.2 FLINaK €leCtrolyte. .. ... ..o e 50
4.1.2.1 Fourier Transform Infrared (FTIR) Spect@sC................... 50
4.1.2.2 Cyclic voltammetry measurements..............ccovveveennennnn. 52

4.1.3 NaF-KF €leCtrolyte. .. ..o e e e e e e 55
4.1.3.1 Fourier Transform Infrared (FTIR) Spect@sC................... 55
4.1.3.2 Cyclic voltammetry measurementsS...........ccovveeveveniennennns 26

4.1 4 KF €leCtrolyte.......cuveiie e i it e e e e e DT
4.1.4.1 Fourier Transform Infrared (FTIR) Spect@sC................... 57
4.1.4.2 Cyclic voltammetry measurementsS...........ccovveeeeenneeninnnns 57

4.2 Electrochemical investigation on the synthesisTiB, out of FLiNak

electrolyte: Electrochemical behaviour of the compas, KB, K TiFs, K TiFg -

TiFz and KTiFg - Ti wire, KBR - KoTiFg. oo e e 59
4.2.1 INrodUCTION. ...ttt e et e e e e e e e e e e emne D9

4.2.2 Effect of the temperature on the electrochamieduction of Bll)

electrochemical active SPeCIES..........ovviiiiiii i 60
4.2.2.1 CV at different temperatures............ccooeiieiiieie e e enn, 60
4.2.2.2 Characteristics of the electrode reactiofd.iNaK-KBF,........ 62



4.2.3 Effect of the temperature on the electrockahieduction of Ti(IV)

5] 0L [ 68
4.2.3.1 CV at different temperatures............ccooeveiiineie e e enn . 68
4.2.3.2 Characteristics of the electrode reactiofd.iNaK-K;TiFe...... 69

4.2.4 Effect of the temperature on the electrockahieduction of Ti(IV)

and Ti(lll) species out of FLINaK electrolyte..........c.ccooeiiiiiiiiiinims 75
4.2.4.1 CV at different temperatures...............ccoeevvivinevinene e D
4.2.4.2 Characteristics of the electrode reaction&LiNaK-K,TiFe-
T g it e ————————————————— 77

4.2.5 Effect of the temperature on the electrockhahieduction of Ti(IV)

species out of FLiINaK electrolyte in the presenc&iavire.................... 82
4.2.5.1 CV at different temperatures............ccooeveiieie e enn . 82
4.2.5.2 Characteristics of the electrode reactinrSLiNaK-K,TiFg-Ti

4.2.6 FTIR spectroscopy of Ti (IV) SPECIES......cvvveire it i iimmmme e 88
4.2.7 Effect of the temperature on the electrockahreduction of B(IIl) and
TH(IV) SPECIES . ettt et et e e e e e e e e 89
4.2.8 FTIR spectroscopy of Ti (IV) and B (lll) spes.........ccecvvevvevneenen. 91
4.3 Morphology and mechanical properties of JiRyer deposited from
chloride-fluoride melt via pulse plating compare@hwTiB, layer deposited via

direct current ProCedure. .........ccoiiiiii i e 92

v400C 70 R [ 11 (o o 11 o 1o ] NPT 92
4.3.2 Morphology of TIBCoating.........ccooviiiiiiii i i e e 92
4.3.3 Roughness of THRE0atiNg......c.vvve i e e e e een s 95

4.3.4 MIiCrohardness........ovvuiiiiie i e e e e 98
4.3.5 SHIESS ...ttt e 99
4.3.6 CUurrent effiCIENCY ... ....oeuiiiie i 101

4.4 Electrochemical deposition of TGiBoatings out of FLiNaK electrolyte:

influence of additive, pre-treatment of the subistraemperature and current
distribution on the quality of the layer.............coooiiii 103

4.4.1 Electrochemical synthesis of Fiyers out of FLiNaK electrolyte in
the presence of Taghdditive................cccoe i e enn. 103
4.4.1.1 Cyclic voltammetry..........oovie i e e e 103



4.4.1.2 Phase analysis and chemical compositidimeofoatings......... 107

4.4.1.3 Surface morphology........ccovii i 112
4.4.1.4 Grain size, lattice parameters and thickioéshe coatings....... 113
4.4.2 Effect of the substrate pre-treatment on imaiggy, quality and
adhesion of the TiBlayer........ccooii i, 118
4.4.3 Effect of the temperature on the quality @ llayer....................... 122
4.4.4 Effect of the current distribution on thekmess of the layer............... 125
4.5 Stability of electroplated titanium diborideatmgs in molten aluminum alloy
at high temperature. ... ... e 127
4.5.2 INtrodUCHION. .. ...t e e e e e e e e 127
4.5.2 COALING PrOCESS. .. ittt ittt ae e et et e et e e e e aaeeaeeaeaens 127
4.5.3 Corrosion tests in molten Al alloys.............cooiiiiiiiiiiieieen, 129
S SUMIMATY . . e e e e e e e e et e e et et e et e e e e e aaaene 132

[ = LU T (=TT L0 (o) RPN BG 11
CURRICULUM VITAE

Vi



Abstract

This work is aimed at a more detailed investigabbthe electrochemical reduction
process of TiF and BR species at the temperature range of 600-700°@aiae the
optimal temperature for the electrochemical JiBrming and to contribute to a better
understanding on the overall reaction behaviolliiNaK electrolyte.

The influence of different factors such as currembde (pulse plating (PP)
techniques in forms of periodically reversed (PR@Y periodically interrupted current
(PIC), current density, frequency and pulse shapéstrate pre-treatment (chemical or
mechanical), additive (Tag}lin the electrolyte and the temperature of thecgss on the
mechanical properties, morphology and the qualitthe TiB, coatings deposited out of
FLiNaK and chloride-fluoride electrolytes was intigated to determine the optimal
conditions for the electrochemical deposition oBJicoatings of high quality. The
corrosion behaviour of molybdenum materials, prieegdy electrochemically plated TiB
coatings, in contact with liquid aluminium alloyssvstudied.

For determining the nature of the complexes in #lectrolyte, infrared
spectroscopy was used. The analysis of the coatives conducted using scanning
electron microscopy in combination with the enedigpersive X-ray spectrometry, the X-
ray diffraction analysis, optical microscopy, midrardness tester and atomic force
microscopy.

Correlation between the morphology of the deposstsictural properties and
deposition parameters was established. It was ftheitcdthe morphology and roughness of
the deposits depend strongly on the deposition mdetimd conditions. The coatings with
the lowest roughness (Ra=102+5 nm) were obtaineBR§ pulse plating. The values of
microhardness were in the range of 1800-2400 MPe&rai#ng on the pulse frequency in
PIC electrolysis. The residual stresses are retatéie frequency of deposition and vary in
the range of -0.7 GPa to -1.3 GPa, being the mimnati pulse frequency of 20 and 100
Hz. Results on the investigation of the influenéeraCls additive in FLiINaK electrolyte
on the properties of the deposited T1Byers show that a low concentration of Tai@lthe
melt significantly changes the chemical compositéond therefore the properties of the
coatings. Co-deposition of Talh TiB, layer decreases the grain size and improves the
smoothness of the layer. Addition of Ta@l the electrolyte permits to obtain LHaB,
layers of high quality and makes the process repmibte. It was established that TiB

vii



coatings effectively protect Mo surface againstr@sion in molten Al alloys. No visible
traces of corrosion were detected on the liquidametTiB, interface in corrosion tests.
The optimization of electrochemical deposition g for the production of homogeneous
and dense layers of TiBon various substrates from high temperature madtdts was
achieved to make the process reproducible ancctwiegor industrial application.

The work presented in this thesis was done at CES8iitre of Electrochemical
Surface Technology (formerly ECHEM Centre of Comepee in Applied

Electrochemistry) as part of a joint project witldustrial partners.
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Kurzfassung

Das Ziel dieser Arbeit ist es, die Elektrochemi@ viatan- und Borkomplexen bei
Temperaturen von 600 bis 700°C zu untersuchen, @noptimale Temperatur fir die
elektrochemische TiBBildung festzustellen. Der Einfluss der verschrezte Faktoren auf
die mechanischen Eigenschaften, Morphologie unddialitat der TiB Beschichtungen
von FLiNaK und Chlorid-Fluorid-Elektrolyte wurde ferscht um die optimalen
Bedingungen der TiBAbscheidung von hoher Qualitat zu bestimmen.

Folgende Parameter wurden variiert: Strom Moduds@om-Verfahren, die in
Form von bipolaren und unipolaren (periodischenpr8pulsen - statt der konstanten
Gleichstrom, angewendet wird), Stromdichte, FregquenStrom-Zeit Profile,
Probenvorbereitung (chemisch oder mechanisch),t&edn den Elektrolyten (Tag) und
die Temperatur des Prozesses. Der Einfluss auKdreosion an den TiBOberflachen
wurde in Kontakt mit flissigen Aluminium-Legierungebenfalls untersucht.

Die Struktur der Komplexe in den Elektrolyten wumidtels FTIR Spektroskopie
identifiziert. Die Analyse der Beschichtungen wurde mittels der
Rasterelektronenmikroskopie in Kombination mit d&mnergie-dispersiven X-ray-
Spektrometrie, Roéntgenbeugung, optische MikroskopMikro-Harteprifgerat und
Rasterkraftmikroskopie durchgefuhrt.

Es wurde eine Korrelation zwischen der Morphologler Schichten, den
strukturellen Eigenschaften und Abscheidungsbediggn beobachtet. Es wurde
festgestellt, dass die Morphologie und RauheitQtgrichten stark vom Strom Modus und
den Abscheidungsbedingung abhangt. Die Schichtém@nigeringsten Rauhigkeit (Ra =
102 £ 5 nm) wurden durch bipolare Strompulse eemalDie Werte der Mikroharte liegen,
abhangig von der Pulsfrequenz, zwischen 1800-246@.\MDie Eigenspannungen liegen
zwischen -0.7 bis -1.3 GPa, wobei das Minimum loeerePulsfrequenz von 20 bis 100 Hz
ermittelt wurde. Die Ergebnisse der Untersuchung Eieflusses von Tag€hls Additive
auf die Eigenschaften der TiESchichten zeigen, dass eine niedrige Konzentratam
TaCk in der Schmelze die Qualitat der Uberziige verlvesSe-Abscheidung von TaBn
TiB, Schicht verkleinert die Korngro3e und vermindee Rauhigkeit der Abscheidung.
Bei Zugabe von Taglerhalt man Schichten von hoher Qualitdt bei blesitig guter
Reproduzierbarkeit. TiBSchichten kénnen Mo Substrate gegen Korrosiofussigen Al-
Legierungen schitzen. Es wurden am Interface,-MBtallschmelze keine sichtbaren



Korrosionsspuren festgestellt. Die Optimierung deselektrochemischen
Abscheidungsverfahrens zur Herstellung von homagemel dichten Schichten aus TiB
auf verschiedenen Substraten aus HochtemperateseBahelzen flhrte zu einem
reproduzierbaren und attraktiven Prozess fir deuastmiellen Gebrauch.

Die vorliegende Arbeit wurde im CEST Kompetenzzemtrfir elektrochemische
Oberflachentechnologie GmbH (vormals ECHEM Kompetenmtrum fir angewandte
Elektrochemie), Wiener Neustadt, als Teil eines gjasamen Projekts mit industriellen

Partnern durchgefihrt.
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1. Introduction

Boron forms a wide range of binary compounds wtlik transition metals of
various structures and stoichiometries ranging frbfesB to MeBss. The diborides
(hexagonal system, showing the Adfype) are very important for many industrial
applications due to such properties as high hasjiegh melting point and high wear and
corrosion resistance.

For example, TiB exhibits excellent thermal and chemical stabilip/to 1700°C,
relatively low density of 4.52 g-cfand a high melting point of 3225°C [1, 2]. Owinyg t
its specific properties TiBis attractive to be used as coatings for high-txeore turbine
for aerospace applications, industrial cutting $oahd for wear-resistant surfaces. ZrB
HfB,, VB2, NbB,, WB, and MoB are isotopic with TiB, but their production is more
expensive.

The most common industrial methods for depositibrrefractory coatings are
physical vapour deposition (PVD) [3] and thermalraging [4]. High-temperature
electrochemical synthesis from molten salts canrdgarded as being one of the most
promising methods for the preparation of refractoogtings. It permits to vary thickness
of the deposits as well as the process speed amthtéon homogeneous, adherent and
dense layers on the metal surfaces of complex garaiion [5, 6]. Also, this method
seems attractive from the economic point of viemces the temperature of the process is
significantly lower and the equipment is quite sieap However, TiB layers are not
produced so far in industry due to the difficultiéfsplating homogeneous coatings with
defined properties on large and structured surfaces lack of the knowledge of the
deposition process of TiBut of high temperature molten salts.

As a result, much work is focused on the invesiogadf the cathodic processes in
the electrochemical synthesis of titanium diboiidelifferent molten salt electrolytes and
on establishing of the correlations between th&rmgaconditions and the properties of the
coating [7-18]. The mechanism of the cathodic pseda the electrochemical synthesis of
titanium diboride in different molten salts has estudied by Makyta and Utigard [8].
Based on the analysis of the available experimeddtd, the authors assumed that in all
fluoride melts the electrochemical synthesis of ;Tdan be described via two reactions

summarizing several single reaction steps [8]



TIF> +e - TiIFY

TiFS +2BF, +9 - TiB, +14F "

and in fluoride-chloride electrolytes by one overahction

TiCl,_,F> +2BF, +9¢ - TiB, + (6-X)Cl~ + 8+ X)F .

6-x" X

The effect of current density in DC mode electriysn the morphology of TiB

coatings on Mo substrate was studied in [12]. Maland Utigard [8] established the range
of the cathodic current densities, within 0.2-0.5mM?, for deposition uniform, coherent
TiB, coatings. The PP technique was applied to eldotroaal synthesis of TiBfrom
FLiNaK melt by Ett and Pessine [13].This techniguas than used in [14] where the effect
of substrate (Mo, steel, carbide) was investigatedn Li and Bing Li in their
investigations [15, 16] compared the electrochehtieehniques of DC and PIC. They
established that TiBcoatings deposited via PIC exhibit uniform thicke@nd less content
of pores and impurities compared with coatings diépd via DC. Analyzing these data,
one can conclude that PP technique has some adeantaer the DC plating with regard
to the quality of TiB coatings, though further studies of the PP proaessequired for its
industrial application.
Despite of all these studies, it seems there lisasthck of theoretical understanding on the
electrochemical reduction process in order to diescthe mechanisms and the rate
determining steps, making the method of JiBlectrodeposition mature for a wide
technical application.

The main objective of this thesis was to depodi;Tayer out of high temperature
molten salts on the large scale, which would ptotiee substrate material (namely Mo,
steel and WC) from corroding in liquid metal.

To this end, three fluoride systems, such as KF--KR and FLiNaK were
examined by means of FTIR spectroscopy as wellascosoltammetry measurements to
define suitable electrolyte for the investigatidnttte mechanism of the TiBdeposition.
FLiNaK electrolyte was chosen as supporting for KidiFs and KBFR electroactive
additives due to the lower melting point and widksctrochemical window in comparison
with the other two systems. The individual eledtemical behaviour of the starting

compounds, KTiFs, KBF4;, TaCk as well as their mixtures was investigated in FAKN



electrolyte in the temperature range of 600-700¢Gnleans of cyclic voltammetry. FTIR
spectroscopy was employed prior to the cyclic voltetry measurements for the
estimation of the purity of the melt as well as &stablishment and determination the
nature of the complexes in the electrolyte.

The influence of the electrolysis conditions sushygpe of the electrolyte (FLiNaK
and chloride-fluoride), mode and density of the lgpcurrent, substrate pre-treatment
(pickled or sandblasted), and temperature in tngeaof 600-700°C on the fundamental
properties of the coatings was investigated. Basedome unexpected findings in the
course of the improvement of the EiBeposition process, the influence of the additbn
TaCk to the FLiNaK electrolyte on the electrochemicapdsition process of TiBand the
properties of the layers deposited was examined.sTitucture and quality of the deposits
were analysed using scanning electron microscopygambination with the energy-
dispersive X-ray spectrometry, the X-ray diffractianalysis, optical microscopy, micro-
hardness tester and atomic force microscopy. Theosion behaviour of molybdenum
materials, protected by electrochemically plate@®,Tcoatings, in contact with liquid
aluminium alloys was studied.

The data obtained in this work could be used fer délectrochemical deposition of LB
coatings in a pilot scale.

All these aspects were treated in the four maitspzrthe dissertation: chapter 2 is
a literature review; the experimental methods umeddescribed in chapter 3; chapter 4
presents the experimental results and discusslmapter 5 contains the summary of the

experimental results.



2. Literature overview

2.1 Coatings by refractory materials: property and apgdication

Compounds with a melting point higher than thatiroh (1535°C) are called
refractory. There is however not any lower limitraglting temperature that defines this
group. Binary compounds of transition metals (&g, Ti, Zr, Hf, Nb, V and Ta) with
boron, carbon, silicon, nitrogen, and oxygen whbk telting temperatures above 1500-
1600°C belong to such high-melting compounds, amdh tcertain extent, sulphides,
selenides, phosphides, etc. High-melting compowandsextremely hard, chemically inert
in corrosive environments, resistant to wear, natatie at high temperatures and
electrically conductive [19, 20]. Owing to this gne combination of properties, they are
of great technical importance for several appla@asuch as nuclear, fossil and geothermal
energy environments, high-temperature turbine ngatifor aerospace applications,
industrial cutting tools, waste reclamation and ewatreatment plants, wear-resistant
surfaces, high-temperature sensors, systems usémlimary, automotive, heat-treating,
incineration and power generation industries. Sqmuperties of protective coatings of

high-melting compounds are summarized in Table 2.1.

Table 2.1: Selected properties of hard materials [2]

Density Melting Micro Thermal Electrical

Compound 3 . hardness conductivity  resistivity
(@em)  point®) o NmnD)  (WKImY) (108 Q-m)
TaC 14.5 4053 1790 22.19 20
wC 15.7 2873 2080 121.42 17
TiC 4.93 3340 3200 20.93 52
SiC 3.2 2473 3500 15.49 10
TaN 13.8 3273 3240 8.58 128
TiN 5.21 3223 2450 29.31 25
TaB, 11.7 3423 2200 21.35 68
TiB: 4.5 3173 3480 25.96 9
NbB; 7.2 3273 1300-2600 16.75 12
ZrB; 6.1 3273 2200 23.03 9.2
HfB. 11.2 3473 2800 430 10
TiO 4.19 2128 700-1100 5 1.240
ZrO, 5.6 3023 1200 0.7-2.4 10




2.1.1 Carbide coatings

Carbides of the IV-VI group transient metals hawghhmelting temperature and
hardness, low evaporation rates and vapour presstréhigh temperatures, excellent
corrosion resistance, and other important propert@l this makes them promising
materials for modern engineering. In the carbidsugr the most important are WC, TiC,
TaC, BC, SiC as well as VC, NbC and Mo cemented with cobalt or nickel [21]. Boron
carbide has a very high hardness and hence is asesl wear-resistant and abrasive
material. Boron-carbide-containing welding rods ased to improve the wear resistance
of a surface. Transition metal carbides such asavCuseful wear-resistant materials in
tooling and other industrial applications. They ggss extreme hardness and chemical

inertness [22].

2.1.2 Nitride coatings

Owing to their extreme high-temperature propertiggmd corrosion resistance and
hardness, nitrides coatings such as TiN and BN baee used widely for applications that
require withstanding high temperature and corrosositions.

Boron nitrides are of three types: hexagonal bandgride (hBN), cubic boron nitride
(cBN) and pyrolitic boron nitride (pBN). Chemicapour deposited (CVD) pBN crucibles
are used for the semiconductor industry. Bororidatcoatings offer excellent protection
for metallic and ceramic surfaces against chengicaiosion induced by molten metals like
aluminum, magnesium, copper, zinc and their allojganium nitride coatings are
changing both the appearance and performance lofspiged steel metal-cutting tools. The
life of TiN-coated tools increases by as much adotd, metal removal rates can be
doubled and more regrinds are possible before laigatiscarded. Another example of a
nitride coating is SiN, used as a structural cecamigas turbines to give more engine
efficiency, fuel savings and less environmentalytimin.

Hard coatings based on nitrides of transition nsetalg. Cr, Hf, Nb, Ta and Ti) may
protect the steel surface from erosion and soldesiith liquid metals (e.g. aluminum) and

improve the resistance against thermal cracking [22



2.1.3 Silicide coatings

All transition-metal silicides are metallic in clater and probably the most
important properties in practice are their high tingl points, stability and chemical
inertness against oxidation and other reactionsintaiaed up to high temperatures.
Because of these properties, silicide coatingsuiseel as protective layers on alloys using
in a high-temperature environment. The high therooalductivities of silicides assist their
thermal shock resistance and thus their attractasn high-temperature materials.
Chemically, silicides also possess good resistamd¢be mineral acids and, in the case of
titanium and molybdenum silicides, even to hydrofia acid and alkalis. The practical
field of application of silicides extends not ortly protective coatings on gas turbine
components, rocket nozzles and re-entry conegacesage’ applications (with their very
different temperature/time requirements; often sliares only at extreme temperatures)
but also to covering molybdenum wires or tapes umndce-heater windings [23].
Molybdenum disilicide (MoS) acts as an effective coating in improving thedation
resistance of furnace components, such as molyindegiactrodes [24]. Use of high-
temperature niobium alloys in propulsion systems lbeen limited primarily by their lack
of oxidation resistance. Hence, where oxidizingdittons must be tolerated, niobium
alloys are protected with silicide coatings. Theidgl life expectancy of these coatings
ranges from several hundred hours at 1100°C - R@®°%ens of minutes at 1500°C -
1600°C. Coatings of Pd-Si, used for space shuttheponents, are produced on various
substrates such as electrolytic nickel, Armco ir@nto-nickel (50 wt.% Fe and 50 wt.%
Ni), steels and nickel-based super alloys in otdeachieve high-temperature oxidation

and corrosion resistance [22].

2.1.4 Oxide coatings

The useful lifetime of high-temperature materiadpeinds on the rate at which they
oxidize. For some materials oxidation means corapllesstruction, but for others it means
an accumulation of vital and protective oxidatiamgucts. The most commonly utilized
self-passivating, protective oxides are chromiag@g); silica (SiQ), alumina (A$O3) and

zirconia (ZrQ). These oxides form a protective barrier betwden liase metal and the



environment. The level of protection afforded by tbxide is related directly to its
morphology and the rate of transport of reactamtsugh the oxide to the substrate. Some
of the common oxides that have been deposited B ASIO,, CeQ, the spinel oxides
MgAI,O4 and NiALQO,, yttriastabilized zirconia (YSZ) and YBauOx (YBCO) [25].

2.1.5 Aluminide coatings

Aluminide coatings forming protective alumina secafelfil the requirements of
high-temperature oxidation and corrosion resistaqgée well. Aluminide coatings were
the first coatings used to improve the oxidatiosisgance of vanes and blades in aircraft
gas turbines. Aluminide coatings on transition dsetch as iron, nickel or cobalt are
based on intermetallics such @&$-eAl, B-NiAl or B-CoAl, whereas on refractory metals
such as titanium, niobium or tantalum the alumirgdatings are based on TsANDbAI; or
TaAlz. The protective character of these coatings steoms the protective nature of the
Al,O3 scale formed by oxidation of the intermetallic guund at elevated temperatures.
Gamma (TiAl base), alpha Al base) and orthorhombic titanium aluminides can b
categorized as having relatively low densities, dyaxidation resistance and attractive
high-temperature properties [26]. Other high terapee materials such as titanium alloys,
titanium aluminides or niobium alloys are lookedonpas future potential materials for

applications such as space shuttle or subsonied@stgnce planes [27].

2.1.6 Boride coatings

Boron forms a wide range of binary compounds wiingition metals exhibiting
amazing diversity of structures and stoichiometr@sging from MeB to MeBss. The
most important structural group thereof is the tygleMeB, (AIB, type), which is
conveniently described as a sequence of alternatingn and metal layers of hexagonal
symmetry [2]. Principal attractions of borides amry high hardness values and high
melting points, due to their strong covalent bogdiMetal borides generally have high

negative free energies of formation, which givesnthexcellent stability under varied



conditions, outstanding chemical stability and tness, implying often good oxidation
resistance at high temperatures. The oxidatiosteesie of refractory borides decreases in
the order HfB> ZrB, > TiB, > TaB,, NbB, and MoB. A further attraction in this context
is their relatively good creep and good thermalckhesistance. Owing to their resistance
to oxidation and creep, metal borides have fouradimsiuclear reactor components, where
resistance in both high temperatures and chemitzadkabecomes important. Molybdenum
and zirconium boride coatings are used in corresémd abrasion-resisting parts and in
cutting tools. ZrB and HfB coatings have been used as coating materials git hi
temperatures in harsh environments due to theiemianal stability against molten
metals, high strength and high temperature resistdn atmospheric oxidation. ZB
coatings bonded within a Ni matrix have found atixee uses due to high oxidation and
thermal shock resistance, e.g. in turbine bladdSael nozzles [23].

The assessed binary phase diagram of Ti and B PFlg, being in good agreement
with thermodynamic calculations, depict three imtediate phases, orthorhombic TiB
(FeB type structure), orthorhombic 3B, (TasB4 structure) and hexagonal THRAIB:
structure) [28].
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Figure 2.1: Phase diagram of Ti and B [28]

While TiB and TiB, decompose peritectically at 2180°C and 2201°Certsely, TiB;
melts congruently at 3215+25°C [29]. The presentkvi® focused on the electrochemical
deposition of TiB coatings.



Single crystal TiB exhibits hexagonal symmetry in the AlBpe, with space group
P6/mmm [30], where the boron atoms fill trigonaisprs formed by the titanium atoms
(Fig. 2.2).

Ti

Figure 2.2: The hexagonal unit cell of single crystal 7iEa=303.1 pm, c= 322.9 pm,
a=b#c, a=p=90°,y=120°, 1 formula unit per cell, Ti at (0, 0, 0),aB (1/3, 2/3, 1/2) and
(2/3, 1/3, 1/2) [30]

TiB; is the technically most important compound of tifa@sition-metal borides. ZpB
HfB,, VB,, NbB,, CrB;, MoB,, and WB are isotopic with TiB and AlB,. Titanium
diboride has unique properties as extremely higtiriess (3350 H\§kn, high melting
point (2900°C), excellent wear and corrosion rasis¢, and electrical conductivity [31-
33]. Furthermore, it shows thermal and chemicabibtg up to 1700°C, and resists the
attack of molten metals and hydrochloric and hyldaxfc acids, but reacts with alkalis,
nitric and sulphuric acids. TiBs resistant to oxidation in air up to 1000°C. Dadhese
properties, TiB is a candidate for a number of applications. Tomlnation of high
hardness and moderate strength make it attraabivédllistic armour, but its relatively
high density and difficulty in forming shaped compats make it less attractive for this
purpose than some other ceramics. The chemicalness, high electric and thermal
conductivity as well as wettability by molten alumim have found an increasing interest
of using TiB in the aluminium industry as e.g. coating of stirring ®ar replacing/
covering carbon material, overcoming some disacged of using carbon in cell lining as
cathodes [34, 35]. Carbon ot wetted by molten aluminum, and it is penetrdigdhe
molten electrolyte and can also react with alumimito form aluminum carbide. These
problemsshorten the lifespan of a carbon cathode; thergfbre very essential to replace

it by other materials thaére suitable to meet the severe conditions in amiaium



productioncell. Ransley [36] proposed the use of JiB covered carbon as cathode
material in aluminium electrowinning cells, sincéB7T exhibits a good stability and
mechanical resistance in cryolite. However, thelasgment of the traditionatarbon
cathode by TiB covered ones is relatively limitdmbcause of the high cost associated with
its production.Therefore, the development of economiaaltes for the production of a
TiB, inert cathode i®ne of the actual challenges in mates@iences. TiBalso finds use
as a container material for molten beryllium anldeotmetals [37]. The high hardness and
good wear resistance make titanium diboride a cetelifor use in seals, wear-resistance
linings, and bearings, nozzles for sand blastingaggtus and for cutting tools, protective
coating on wire rod, tubing strip, pyrometer wetlge blocks, cyclotron, X-ray tube targets
[38]. TiB, resistance to the attack by molten metals maksilfleathe use of it as
thermocouple protective tubes for measuring elemémtdetermine the temperature of
molten metals in metallurgy, porous tube and pfédter assemblies for filtering molten
aluminium, and protective coating on Ta or Nb thecouple tubes used in molten
aluminium [39, 40]. In combination with other pririig oxide ceramics, TiBis used to
constitute composite materials in which the preseoicthe material serves to increase

strength and fracture toughness of the matrix.

2.2 Procedures for the preparation of refractory coatngs

The rapid development of coatings in recent yeaduie largely to the availability of
new coating methods, which can provide materiath wroperties that were unachievable.
The general classification system for the depasitmrocesses presented earlier by
Rickerby and Matthews [41] is shown in Fig. 2.3isTtlassification divides the processes
into the following four categories: gaseous state@sses, solution state processes, molten

and semi-molten state processes and solid stategses.
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Figure 2.3: General classification of surface engineering tepms [41] (CVD -
Chemical Vapour Deposition; PVD — Physical VapowpbDsition; IBAD — lon Beam
Assisted Deposition)

The most used procedures available for the praparaft refractory coatings in industry
are chemical vapour deposition, physical vapourodigjen, thermal spraying and

electrochemical deposition.

2.2.1 Chemical vapour deposition (CVD)

Chemical vapor deposition (CVD) processes are widesled in industry due to
their versatility for depositing a very large vayi®f elements and compounds covering a
wide range from amorphous deposits to epitaxiaiayaving a high degree of perfection
and purity. In the basic chemical vapour deposipoocess, gases containing material to
be deposited are introduced into a reaction chanarel condense on to the substrate to
form a coating. The process normally requires déposemperatures in the range of 800-
1200°C. The deposition pressure in CVD can rang®a itmospheric down to 1 Pa or less.
There are various means of assisting the proces$, as through the use of laser or
electron beams, or by ion bombardment of the grgvilms [42]. It is possible to deposit
films of uniform thickness and low porosity even substrates of complicated shape via
CVD [43]. CVD has various advantages over the othesthods (relatively low
temperature process allowing the preparation obctry materials at a small fraction of
their melting temperature; high deposition ratesody control over stoichiometry;

morphology; crystal structure and orientation; axdeptional high-purity coatings) but
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there are also limitations (many of the process@oduct gases commonly used in CVD
are toxic and require special handling due to emwirental concerns, thus raising
operation costs; and this process is not well duite multicomponent coatings containing
many different constituents). A variety of pure algtor carbides, nitrides, borides,

silicides and oxides of metals can be deposite@WE processes.

2.2.2 Physical vapour deposition (PVD)

Physical vapour deposition (PVD) is a process elwera material in bulk form is
atomistically converted to a vapour phase in a wvatand condensed on a substrate to
form a deposit. There are three physical vapor siipa categories, namely evaporation,
ion plating, and sputtering. In the evaporationcess, vapors are produced from a material
located in a source which is heated by direct t&st®, radiation, eddy currents, electron
beam, laser beam or an arc discharge. The prosessuilly carried out in vacuum
(typically 10°to 10° torr) so that material from a thermal vaporizatimurce reaches the
substrate with little or no collision with gas maldes in the space between the source and
the substrate. The vacuum environment also provities ability to reduce gaseous
contamination in the deposition system to a loweleWhe material vaporized from the
source has a composition which is in proportiortite relative vapor pressures of the
material in the molten source material. Thermalpevation is generally done using
thermally heated sources such as tungsten wirs ooilby high energy electron beam
heating of the source material itself. Generally $hbstrates are mounted at an appreciable
distance away from the evaporation source to redagiant heating of the substrate by the
vaporization source. In the ion-plating proce$®& material is vaporized in a manner
similar to that in the evaporation process but @askrough a gaseous glow discharge on
its way to the substrate, thus ionizing some ofvygorized atoms. The glow discharge is
produced by biasing the substrate to a high negaibtential (-2 to -5 kV) and admitting a
gas, usually argon, at a pressure of 2 to 200 mihitorthe chamber. In this simple mode,
which is known as diode ion-plating, the substiatbombarded by high-energy gas ions
which sputter off the material present on the sifdn the sputtering process, positive gas
ions (usually argon ions) produced in a glow disghagas pressure: 20 to 150 mTorr)
bombarded the target material (also called theockhdislodging groups of atoms which
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then pass into the vapor phase and deposit onteutbsrate [44]. Although PVD methods

typically require more expensive equipment, moretspgreparation, more system

maintenance and greater processing times than aleamgative processes, PVD is a viable
coating process for producing thin refractory aaddhcoatings. In some instances, PVD is
the only method capable of depositing a coatinthefdesired material. The overall cost of
the PVD often can be less than other coating meatidten all the factors are taken into
account. The primary considerations that must baluated before selecting a PVD

process include the desired end result, substraipegies, cleaning and preparation,
temperature and coating rates. Refractory metals as Mo, Ta, W and their alloys are
well suited for deposition by PVD.

2.2.3 Thermal spraying

Processes of thermal spraying can be groupedtwdocategories: lower energy
processes often referred to as metalizing, whiclude arc and flame spraying, which are
used frequently for spraying metals for corrosiesistance, such as zinc and aluminium;
and higher energy processes such as plasma spréengetonation gun and high-velocity
combustion spraying [22].

The plasma spraying process uses a DC electritoagenerate a stream of high
temperature ionised plasma gas, which acts as pleyisg heat source. The coating
material, in powder form, is carried in an inersgdream into the plasma jet where it is
heated and propelled towards the substrate. Themiad¢rial impacts on the substrate
surface and rapidly cools forming a coating. Plaspraying has the advantage that it can
spray very high melting point materials such agaabry metals like tungsten and
ceramics like zirconia, plasma sprayed coatingsgareerally much denser, stronger and
cleaner in comparison with the other thermal spragesses. Disadvantages of the plasma

spray process are relative high cost and compleXiprocess [45].
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2.2.4 Electrochemical deposition

Electrochemical deposition is subdivided into thmemin processes, namely,
electrowinning, electroforming and electroplatiiige objective of the electrowinning is to
obtain the pure metal via an electrolytic extrattimm a compound of the metal dissolved
in the molten salt. In practice, it is commonly bgxb to the formation of the metal in a
non-adherent form at the cathode, e.g. as a povilectroforming results, when the
coating is made so thick that the substrate cameb®oved, e.g. from a mandrel, or
dissolved away to produce a freestanding articlthefcoating material [46]. Some of the
common uses for electroforming are jewellery, momlaking and reproduction of parts.
Electroplating, the process which was used in wosk for the obtaining of TiBlayers,
results in the formation of a coating on a condigcBubstrate by a process of electrolysis,
whereby, the electroactive species reduce to alnoetalloy. The cathode (negative
electrode) is the substrate to be plated. It is éms@d in an electrolyte containing the
required metal in an oxidised form or as a compdex The anode (positive electrode) is
usually a bar of the metal being plated. Duringctetdysis metal is deposited on the
substrate (cathode) and metal from the bar (andali&jolves. Coating thickness is
determined by the electrical charge passed thrtluglelectrode substrate (current x time),
and there is no theoretical upper limit to the kh&ess which may be achieved. In general,
there is a significant interaction between coatemyd substrate necessary for good
adhesion. Industrial electroplating process (sdedagalvanizing) widely uses aqueous
media for common metal electrodeposition (e.g.@m, Ni) because of its low cost, non-
flammability, high conductivities and high solubjliof metal salts. However, despite these
advantages, there is a main disadvantage of aq@éectsolytes such as a narrow potential
range which makes them unsuitable in using forteddeposition processes of highly
electropositive metals, since applying cathodiceptéls to the electrode causes the
electrochemical reduction of protons and evaluabiinydrogen.

Another alternatives to agueous electrolytes asedban organic solvents. Despite
their wide potential window, organic media with appropriate supporting salt have not
been studied and are not used for electroplatirgy tdutheir low electrical conductivity
which increases the Ohmic drop between the eleetradd easy decomposition leading to
products being found as impurities in the depogitsaddition, these solvents are quite

dangerous due to their high vapour pressure, flaniitygand explosiveness.
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By contrast, molten salt based electrolytes areeltet suitable for the
electrodeposition of refractory metals and compsustdemperatures of up to 1000°C. The
wide potential window of molten salt electrolytésnic liquids) between decomposition at
the anode and cathode limits allows the deposaidhese highly reactive metals. Various
reasons for these possibilities can be mentionedida potential window of fused salts;
the high temperature leads to fast electrochemrealction kinetics, the Faradays
efficiencies are close to 100%; the melts exhiditsgh electrical conductivity minimizing
the Ohmic-drop. Coating adhesion is enhanced byrejche base metal within the molten
salt and/or interdiffusion phenomena. The high lsiity of electroactive species allows
one to work with a high content of the electroaetspecies. Good wetting of the cathode
by the molten electrolyte forms the base for gdwdwing power [42].

The advantages of electrochemical deposition atative simplicity of the
equipment (Fig. 2.4), the ready accessibility a# thitial compounds, the possibility of
preparing simple or complex composed coatings gfimelting compounds, the relatively
low temperature of the process compared to theimggtoints of the pure substances, the
possibility of controlling the morphology and theneposition of the cathodic deposit by
varying the electrolysis parameters and producung,non-porous and coherent layers of
refractory metals on substrates of complex conéigon [47].
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Figure 2.4: Schematic drawing of an electrochemical cell

The basic elements of the electrochemical cell toason as shown in Fig. 2.4 are (1) the

electrodes, anode and cathode (metal substrate foabed), and (2) the cell. The cell
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contains the melt and the electrodes. The operafidhe cell requires the selection of an
appropriate temperature, electrochemical parametach as voltage and current density,
and atmosphere — generally an inert gas.

For good coating adhesion, it is very importanteaming process as pre-treatment of the
cathode surface to remove surface impurities. frestment can be mechanically based —
grinding and polishing — or chemically based — ighand rinsing by water or organic
solvents. Some molten salts, such as fluoridestrammselves good cleaning agents for

removing oxide films, but in any case, successdiaiiipg requires clean and dry substrates.

2.3 Electrochemical deposition of TiB out of high temperature molten

salts

2.3.1 Electrochemical synthesis of borides

There are two principle methods used for obtaihgorides by high-temperature
electrochemical synthesis (HES): deposition of homn metallic substrates and co-

deposition of the two components of the desireddeq(Fig. 2.5).

Electrochemical synthesis of borides

Deposition of boron on Co-deposition of two
metallic substrates components of boric
Electrolviic Thermodynamic Kinetic
Oly Electroless mode mode
boronizing transfer
lonic melts lonic-electronic melfs

Figure 2.5: Classification of processes of the electrochensgathesis of borides [48]
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In the first approach, a molten electrolyte cordane component, in an ionic form, which
is transferred to or discharged on the metal wiscthe other component (the cathode).
The main disadvantages of this method are: a lawdton rate of borides, their low
thicknesses achievable and formation of compouhgar@ble composition.

In the second method of synthesis, the electralgtdains both starting components (the
electroactive species), which are reduced simubiaslg or successively on the cathode.
Afterwards, discharge products interact chemicallyis method has some advantages in
comparison with the first one. The main one is plessibility to produce borides with
stoichiometry and thickness by varying electrolypiarameters, such as electrolyte
composition, temperature, current density.

Electrochemical synthesis can be carried out in twodes: thermodynamically and
kinetically based. According to Baraboshkin [4%9le thermodynamic regime takes place
close to the standard potentials of the componddvtgler these conditions the alloy
composition is independent on the current dengityaiwide range of their values. A
difference in deposition potential of metals irsthiode does not exceed 0.2 V; otherwise,
the kinetic regime takes place. This time, the yabomposition is independent on the
difference in standard potential.

On the base of studies in [50, 51] it was estabtisthat the electrochemical synthesis of
TiB, can be performed in the thermodynamic regime the.MRC (metal-like refractory
compounds) is deposited from a melt at a more ipesjpotential than the individual

components, due to its high negative Gibbs enefrfgrmation.

2.3.2 State of the art

Andrieux [52] was, apparently, the first who inigd studies on electrochemical
synthesis in ionic melts. A large electrochemicehaol created by him in Grenoble
(France) studied electrolysis of molten systemshwite aim to obtain many metals,
nonmetals, and their compounds.

The first studies concerning TiRlectrochemical deposition appeared in 1929 [52,
53], reporting preparation of TiBpowder or crystals from two electrolytic mixtures,
containing MgO, Mgk, B,Os, TiO, and CaO, Cal; B,Os, TiO, at 750°C on Inconel and
graphite substrates without any inert atmosphens mechanisms were proposed for the
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formation of titanium diboride out of a bath coniag CaO, Ca} B,O; and TiQ.
Andrieux [54] concluded that calcium metal was @ity deposited by electrolysis and it
reduced chemically titanium dioxide and boric anfdel to titanium diboride. However,
Meerson and coworkers [55] established, after aoghte study with this bath, that
titanium and boron were deposited due to dischafgé** and B ions. In 1960, Stern et
al [56] succeeded in preparing highly pure titanidiboride from titanium carbide and
boron carbide at temperature of 720°C in an innioaphere using alkali chlorides as the
electrolyte. The addition of double fluoride com@s (e.g. KTiFg) had a beneficial effect
on the dissolution of titanium carbide and bororbike and the deposition of titanium
diboride on the cathode. The current efficiency whthe order of 80%. Nies et al. [57]
found that the addition of double fluorides to altno®ntaining titanium dioxide, boric
anhydride, potassium fluoride and potassium chéonitreased the purity of the product
and the current efficiency at 800°C without anyrtiremosphere. However, potassium
fluoride is hygroscopic and such substances amafoiias they decompose the salts and

the double fluorides and increase the oxide cordkatbath as given below:

2KBF, +3H,0 - B,0, +6HF +2KF
K,TiF, +2H,0 — TiO, + 4HF + 2KF

Over the next few years different oxidic electrelitwere tried. A method for the
electrodeposition of TiBat 900°C out of a mixture of NaBQiBO,-NaTiOs-TiO, has
been developed by Schlain et al. [58]. Titaniunsiatered TiB was used as an anode. The
anode made of TiBstabilized the bath. The rate of application & toatings was 20 to
220 um-H. The adherence of the TiBdeposit varied with the substrate material.
Adherence was very good on Mo and 4130 steel,efdhsubstrates were treated with a
precoat with Cu and Ni. In 1972, Ganesan and coerserk59] obtained dendritic TiB
deposits out of a TigEB,03-NaCl-NaF electrolyte on steel, copper and grapsutestrates
at 800°C. In 1975, Gomes and his group [60] pubtisbn TiB deposition out of a
NaB4O;-Na,COs-NagAlFs-NaCl-TiO, melt, with a working temperature of 1050°C.

However, since the 1970’s, there was a change aungehe electrolytes using for
TiB, deposition. Inorganic halogenide salts became mpoeéerred in comparison with
oxide melts. The main reason of this was the impmoent of the deposit properties, as

TiB, obtained from oxide melts has higher oxygen cdntemce titanium is partly
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deposited as Ti© As a result, the layer has a higher porosity weder hardness. In
addition, the melting point of halide melts is lowkan that of oxide-containing melts,
which implies that the working temperature also rdases. This facilitates the
experimental work, minimizing the damage and coomsor specific substrates, like
stainless steel. Giess [61] in 1972 and Kellnef [621973 patented a preparation of 7iB
out of the electrolyte constituted by mixtures @fF1KF-KBF,-TiF; and of LiF-KF-BF-
TiFz at 900°C. A patent [62] proposes the productioiiBh layers by the electrolysis of
molten salts with the introduction of BRons by dissolving gaseous BWwith the use of a
soluble anode made of boron. It is necessary tiatoath contains fluoride of an alkali
metal.

The interest of TiB deposition increased during 1980’s and 1990’stduts potential use
as an inert cathode material in aluminum electiolgtocess. Therefore, Makyta and co-
workers focused on the preparation of Ji&atings by electroplating in fluoride and
fluoride-chloride containing electrolytes, at temaiares above 750°C. The results
presented involved the fundamental aspects of reldoemical kinetics [7], as well as
several tests aimed at the improvement of the paéipa process of coatings on some
substrates [63]. From the discussion of the expmwm [63] it followed that the
electrochemical deposition of TiBan be carried out either to form coatings or pasde
depending on the composition of the electrolytes (oncentration of electrochemically
active components and the B/Ti molar ratio), thepleyed method (galvanostatic-
potentiostatic), operating parameters and temperalihe quality is also time dependent.
It was established that electrolysis must be peréalin an electrolyte with the molar ratio
B/Ti > 4 while a minimum KTiFs content needs to be above one mol% and the
temperature above 750°C. At galvanostatic condititime electrolysis must be carried out
at current densities within the range 0.2 to 0.&m#% while at potentiostatic
electrodeposition the potential should not excesel 4.8 V limit (with respect to a
Ni/Ni(Il) reference electrode). Nearly at the satimee, Wendt et al. [51, 64] in 1989 and
1991 published two papers in which they descrilbedprocess of TiBelectrodeposition
in fluoride melts on copper and carbon substrdtdsas been shown that well adhering,
dense and smooth layers can be obtained if thkrtbss of the coating is kept below 0.5
mm. In [65] Taranenko et al. examined the poss$ybibif using chloride and chloride-
fluoride (with a fluorine content not higher thad Wt %) melts for high-temperature
electrochemical synthesis of titanium diboridewv#ts shown that the reaction of formation

of TiB, on the cathode is accompanied by a significantrggneffect; the deposition
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potential shifts by 0.32 V for TiBat 973 K. The potentials under which synthesigsak
place depend on the difference between the reduptitentials of components, i.e. on the
shape of electroactive particles. In the systemdeustudy, BGHTiCl,, MBF4-MTiFe,
MBF4-M,TiF¢ (against the background of KCI-NaCl melt), thefatiénce between the
deposition potentials of titanium and boron doesexzeed 0.2 V. Also, the conditions of
high-temperature electrochemical synthesis weresamoby varying the cation-anion
composition of the electrolyte. By changing the goaeters of electrolysis, TiBwas
obtained in the form of powders with different sifiesurfaces from 1000 to 50%g" and

as dense coatings of thickness up tu20on different substrates.

New results were published in 1992-1996 years [868%. All of them are aiming
on the optimization of the preparation process &, Toatings, changing the electrolyte
mixture or the experimental technique. In [66] augh investigated the process of
electrochemical deposition of TiB®ut of cryolite based electrolytes at 960°C andkCH
melts at 800°C using different electroactive specihey established that preparation of
coatings from cryolite-based electrolytes containi@TiFs and KBF;, was not successful.
Coatings prepared from cryolite-based electrolytestaining BO3; and TiQ were not
coherent. Owing to the relatively high temperatbogh types of electrolytes undergo
thermal decomposition. Electrolysis in potassiunofide-chloride electrolytes containing
KBF, and KTiFs provides coherent coatings with good adhesiorhéosubstrate. In [8]
Makyta’s group found out the range of the cathadicent density, within 0.2-0.5 A-¢hm
for the deposition of uniform, coherent TLiBoatings. In 1999, the first research was
reported on TiB deposition at 600°C from FLiNaK electrolyte usipglsed plating
techniques [13, 69]. The quality of the piBoatings obtained on graphite rods were
improved by pulse interrupted (PIC) and pulse reser(PRC) methods. The authors
established that the electrodeposition with pulsegent plating (PCP) produces coatings
with better quality, showing less cracks and betidhesion to the substrate, when
compared with those obtained by continuous curmdating (CCP). The interval of
frequencies more suitable for the application & turrent pulses is between 5 and 100
Hz; the best thickness obtained was at 100 Hzbést ratio of the duration of the pulses
td/torr IS between 5/1 and 3/1. The addition of B ionsatkizes the reduction of the
titanium ion and the addition of titanium ions patas the reduction of the boron ions
resulting in the formation of TiB even at high current densities. No anodic effeas

observed, using deposition with current pulse.
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Afterwards, different investigations were performed the influence of the
electrolysis conditions (type of the electrolytebstrate, temperature, mode and density of
the applied current) on the fundamental propertieshe coatings. Some correlations
between the plating conditions and the propertiegbe coating were described in [70-74,
12, 14-16, 18]. In 1999 the Kaptay’s group [70]dstd the dependence of the morphology
of TiB, deposits on different process parameters on thelsanobtained from chloride-
fluoride molten electrolyte at 700°C. They stateat by applying PCP technique instead of
DC (direct current) technique finer structures tenobtained: at low current densities
(100-500 mA-crif) dense coatings have been observed, while aboGen®®-cn’ -
powders. Also the effect of current density in DGd® electrolysis on the morphology of
TiB; coatings obtained on Mo substrate from NaCl-KCFN&TiFs-KBF4 molten system
was studied in [12]. The authors marked out threephmology types depending on the
current densities. The morphology goes from crifsgal not clearly defined in shape at
current density up to 50 mA-émto spherolitic in the range of 50-70 mA#€nto the
development of dendrites as current density inerdasvalues of >70 mA-cf PCP
technique was used in [14] where the effect of sates (Mo, steel, carbide) was
investigated. Lun Li and Bing Li in their investigans [15, 16] compared the
electrochemical techniques of CCP and periodiaatigrrupted current (PIC) at 700°C for
deposition time of 30 min. The solvent used wasi@aic FLiNaK mixture containing
K.TiFe and KBFR (1:5 molar ratios). The authors established thBt Toatings deposited
via PIC exhibit uniform thickness, smaller graiaesiless content of pores and impurities
compared with coatings deposited via DC. Recehtyauthors in [18] have applied pulse
plating (PP) techniques in forms of periodicallwesed (PRC) and PIC instead of
traditional DC procedure, which was also used @mnparison - for the efficient deposition
of the coatings onto molybdenum, stainless stedl tangsten carbide substrates with
different geometries and surface areas. The effectirrent density, frequency and pulse
shape on the coatings properties was studied. # feand that the morphology and
roughness of the deposit depend strongly on thegiliggn method and conditions.
Although fused salt electroplating of TiRoatings had been achieved at the laboratory
scale as long ago as the sixties, there has beamjuw commercial application. The main
reasons for this are the following:

« Damage of the substrate material by the high teatper of the process.
e Poor reproducibility of the electrodeposition pregadue to a lack of theoretical

understanding on the electrochemical reductionge®.c
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* Poor adhesion of the deposit to the substrate.

* Low quality of coatings on large surfaces.

2.3.3 Some aspects on molten salts and systems uiecelectrochemical
deposition

Molten salts form a particular class of solvenyally fully ionized, with cohesion
resulting from coulombic forces. Their liquid stgbeoperties are similar to those of
classical solvents, except for ionic concentratiord therefore electrical conductivity,
which are both much higher than those of agueousganic electrolytes. As an example,
in Table 2.2 are compared the main physico-chenpicgierties of molten sodium chloride
at 850°C (melting point of NaCl is 800°C) and anemmys sodium chloride solution (10
mol.L'Y), at 25C [75].

Table 2.2: Comparison of physico-chemical properties of moldaCl and an aqueous
solution of NaCl [75]

lons Densit Electrical Viscosit
Electrolyte concentration ( -cm'3))/ conductivity (10.3 Pa-i)
(mol-I") g (S-cm)
Molten NaCl at
850°C 26 1.53 3.6 1.2
NaCl 10* 1.002 1.07x18 1.012
at 25°C

Because of the short interionic distances, the ankttve tendencies to form ionic or
uncharged complexes. Another specific feature oftanosalts is the lack of inert
molecular medium between the ions.

The temperature range of melting (from -50°C umtwe than 1000°C) of various molten

salts is given in Table 2.3.
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Table 2.3: Temperature range of molten salts [75]

Temperature range of melting Examples of molten std
HF-KF, ionic liquids (chlorides of
-50 to 150°C alkylpyridinium, alkylimidazolium, and
their mixtures with AlC))
150 to 250°C Mixtures of alkali halides and AICI
250 10 400°C Mixtures ofhalkali _nitrates, nitrites,
ydroxides
Alkali halides and their mixtures, alkali
400 to 1000°C sulfates, alkali carbonates, and fluorides
(cryolite)
>1000°C Silicates, oxides and their mixtures (molten
glass, slags)

Fused-salt electrolytes are favored in cases wdgeous solutions cannot be used
due to the liberation of hydrogen molecule duridgceolysis, narrow electrochemical
windows, low thermal stability, and evaporatione$a are the reasons why scientists have
searched for new non-aqueous melts to electrodepesals and compounds. The role of
non-aqueous electrolytes especially melts in teldgyo has become more and more
important. Facing serious problems concerning threnment and energy, scientists have
found out new possibilities in electrochemical @&gtions using non-agqueous electrolytes.
Thus, a molten salt electrolyte, almost as a rdesists essentially of two components, the
solvent and the solute. The solvent or the main pmrant, called the supporting
electrolyte, consists of a single salt or a comtmamaof salts. The solute or the minor
component, called usually as electroactive spedgess complex of the metal to be
electrodeposited. On the basis of the electroadpexies used they can be divided into
two principal groups: (1) system containing haloaptexes of the deposited metals and
(2) systems containing oxides or oxy-complexeshefdeposited metals. Aside from the
used system, it should be appreciably soluble & helt, generally 5-10%, and be
reducible within the electrochemical window of tkelvent, i.e. the solute must be

reducible in a potential range where the solvestable [75].
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Usually, a single salt is used as a supportingtrellgte. Sometimes, however, a
combination of salts designed to keep the eutdetigperature as low as possible. For
example, the melting points of the individual aikaktal fluorides are near 800°C, but the
eutectic temperature of the frequently used ewtetiixture LiF-KF-NaF (FLiNaK) is
456°C [76] (Fig. 2.6).

NaoF 990°C

KF 886°C LiF 845°C

Figure 2.6: Phase diagram of FLiNaK (LiF 46.5 mol%, NaF 11.61%, KF 42.0 mol%)
electrolyte [76]

It is very important to keep the plating temperatas low as possible, consistent with good
coating properties.

One of the most advantageous features of moltes isathe wide electrochemical
window; that is, in many cases the accessible piaterange is as wide as between alkali
metal deposition (cathodic limit) and halogen gaslwion (anodic limit). The wide
electrochemical window offers considerable meritsenergy conversion and material
synthesis applications. Another outstanding featar¢he wide temperature range, for
instance, the AIGIEMIC system is liquid in the range of 200-450 KdddF-NaF-KF is
liquid between 732-1173 K. The wide temperaturegeaenlarges the opportunity to
control electrochemical and chemical reactions byngerature. Also molten salts,
characterized by good thermal stability with reagiy low vapour pressure, high thermal
conductivities, high specific heats, low viscosti@ very large electrochemical stability
and high boiling points, do not suffer radiolysigdaare good solvents [77-79]. Moreover,
high reaction kinetics (either chemical or elechemical reactions) is observed in fused

salts. The use of fused salts in electroplatingvalio avoid hydrogen embrittlement in the
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coatings and high efficiency of the electrolysisdimg to high rate of electrodeposition due
to high throwing power.

In spite of all their advantages, molten salts keitlsome disadvantages ascribed to
their chemical reactivity and the high temperatiue, specific materials have to be used
for containers, vessels, membranes, etc.; due @w @iemical interaction with water,
molten salts must be carefully isolated from theroptmosphere; the high chemical and
electrochemical kinetics entail corrosion probleiingradients are present (temperature,
composition, etc.): molten salts may partially dlge metals, among with alkali metals
[75].

For good quality coatings the melt must be freamgdurities. Since commercially
available chemicals are hardly ever satisfactdmgytmust be purified before use. The
procedure selected depends on the nature of thetraleée components and the
requirements of the particular process, but alwandudes removal of the water by
vacuum baking at gradually increasing temperatwgh(as much water as possible
removed at the lowest temperature to avoid hydiglypossibly followed by vacuum
melting and bubbling an inert atmosphere throughntielt. This procedure removes water
but not oxides and hydroxides, which must be rerdahemically. Chemical steps include
sparging with the appropriate dry hydrogen halide @HCI for chlorides, HF for fluorides)
followed by an inert gas. In order to remove matainpurities, such as iron, a pre-
electrolysis of the melt may be carried out asalfstep. Voltammetric measurements can
be used to detect possible interfering impuritreshie operating electrochemical window.
For solutes, vacuum drying at elevated temperatigegsually sufficient. Obviously,
purification should be carried out on solvent aotlit®, separately, before they are mixed
[76].

2.3.4 Systems used for electrochemical depositiohTaB ,

For electrochemical deposition of LiBifferent salt systems are used. Among them
are oxygen-containing and halide systems. Table fummarizes electrochemical
deposition experiments of TiBrom different molten salt systems with the pratut of
coatings or powders according to the chosen operatiariables: composition of
electrolyte, current density and temperature.
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Table 2.4Summary of electrochemical synthesis experimehisBy,

Electrolyte Current density Structure of
) T(K) : Reference
(A-cm’®) deposit
B,Os—TiO, — MgO —MgFh 1223- .
B,0sTiO; — CaO —CaF 1273 fnes [53]
T'C_B“C_I\Tég:: 6~KBFy— 1273 powders [56]
.TiOZ—Bzog—KF—K'C| 1073 powders [57]
L'BOZ([i NNZi% 53“02 - 0.008-2.32 111288' fines [80-83]
. dendritic
TIOz—Bzog—KF—KC| 1073 deposits [59]
KCI-NaCII<-BNFa4F-K2T|F6- 983 powders [10]
NaCl — KKC|;||:_4 KTiFs — i ]9-83:-% fines [56]
LiF — KF — TiFs — BRy 0.099 810- jating [62]
' 1033
LiF - KF _KEZFT IFe(TiF3) - 0.09 973 coating [61]
4
NagAlFg — NaOH — i 1173- .
N&oB4O; — TiO, 0.1-2.5 1373 fines [84]
NagAlFs — NaCl — NaCO3 i .
_Tio, - N@B4O_7 1273 fines [60, 5]
NagAlFe — Al,05 = TIO, - <0.05 1273 coating [85]
B,O3
N%A'Fﬁga%%'é' 203 - <0.02 1273 coating [86]
NaCl — KCI - TiCk - >0.03 973 fines [11, 87]
KBF4
B203(Na:B4O7, K2B4O7) —
TiO, i 1073-  coating or
(MTiOs, TiCls, MsTiFe), 0.01-5.0 1373 fines [88]
M — Li, Na, K
(el 6T~ 0.2:0.8 1073 Coaungor 8]
4
. . 973-  dendrites or
LiF — KF - B.Os; - TiO, 0.1-0.8 1223 fines [8]
LiF — NaF — KF — KTiFg 873- coating or
0.2-3.0 : [64]
— KBF, 973 fines
KCl — KF — K;TiFg — 873- coating or
KBF4 0.2-12 1073 fines (64, 66]
NagAlFs — KoTiFs — KBF; >0.25 1233 fines [66]
NagAlFg — TIO, — B,O3 i coating or
.0 — (NaCD 0.25-1.0 1243 ©021N9 [66]
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Table 2.4 (continued)

Electrolyte Current density Structure of

(A-cmi?) T(K) deposit Reference
NagAlFg — AlF; — KF — :
TiO, — B,Os (NayB4O7) — 0.3-05 1223 Coﬁggg or  [66]
(NaCOs) _
N&B.O; — TiO, 0.01-2 1173 OFNIOT (g
LiF-NaF-KF-KTiFs— .
KBF, 873 coating [13, 69]
NaCl - KCI — NaF — :
K,TiFs - KBFs 973 coating [18]
LiF-NaF-KF-KTiFs— .
KBF. 923 coating [17]

The oxygen-containing electrolytes mainly consiktborates of alkali and alkali-earth
metals. With its seeming advantages (it does nguire a protective medium, and the
reactants are readily available), it also has serghortcomings - the high temperature of
the process (above 1023 K) and the impossibilitgliining a product that is oxygen-free
without its additional purification. The electroigsof halide melts is done not only with
purely fluoride electrolytes - Li, K, Na, Rb, C4dEF - KF, Li, K, NaF - NaAlFg -
but also with chloride-fluoride electrolytes. Theusces of titanium and boron are either
fluorides of titanium and boron [62] or dissolubd@odes of boron [89], carbides of
titanium and boron, and titanium diboride [90].
The basic criteria required for choosing an elégtiomelt are as follows:

» alow vapour pressure,

e amelting point as low as possible,

* a high electrical conductivity,

* alow viscosity,

* alarge electrochemical window,

» alow corrosiveness for cell construction materials

» areadily purified of the deposits and inexpensive.

In spite of the very wide range of molten inorgasalvents, there are very few
fulfilling the requirements listed above. As a rutalide melts satisfy in the best way all
these criteria [91]. Amongst the several compouledsed [92] rare earth (e.g. La, Ce),
alkaline (e.g. Li, Na, K, Cs) and alkaline-earthg(eBe, Mg, Ca, Sr, Ba) [93] metal
chlorides and fluorides are the most suitable camgs in comparison with others. They

give high stability melt if they are extra drietlid well known that fluorides and chlorides
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are very hygroscopic. With water, the reaction gilighly corrosive hydrogen fluoride or
chloride which readily corrodes cell material agjthtemperatures [94]. With content of
oxygen, fluoride anions give oxyfluoride complexicars which react with low-valency
cations of the metal and give a protective polyméhin onto the cathode which inhibits a
good quality of the deposited material [95]. Theadages of the chlorides as electrolytes
are their lower costs compared to the fluoridesythre less corrosive towards the cell
materials and substrates, and are more solublaterymaking them easier to analyze and
remove from the product. However, most of themhamgroscopic, requiring dehydration
and handling in inert atmospheres. Molten alkaioflde melts are now more preferred for
electrodeposition of refractory borides in compamisvith chlorides. They have a low
melting point especially if they are used in eutestixtures and a low vapor pressure even
at high temperatures. Also fluoride ions exhibitcalent complexation properties,
especially with refractory metal cations. This sggdield complexation increases the high
valency cation stability in the melt and avoidspdaportionation reactions which could
occur during the reduction process. The alkali rld® solutions possess high
conductivities which minimize IR losses at the higites of metal deposition. The wide
electrochemical window in these melts provides esatde electrolyte suitable for the
electrodeposition in coherent form of the refragtelements at moderate costs. Fluoride
melts have strong etching properties on removahefallic oxide layer onto the cathode
surface [96]. Fluorides reduce the roughness amdsfig of the deposit arising from the
transport limitation by forming stable fluoride ia@omplexes in the bath [97]. Herein,
molten alkali fluorides are well known from the t&s to provide smooth coatings of
refractory metals [98] and surfaces of alloys [99¢ they are widely used as melts for
electrochemical deposition coating at higher terafees. However, the molten fluoride
electrolytes possess a number of disadvantages:

» the operation of the electrolyte baths requirespematures in excess of
600°C limiting the choice of materials for the coustion of the plating
cells and the substrates available as cathodes;

» the electrolyte can be modified by atmospheric @mmation;

» the plating process is sensitive to impurities sagloxide and chloride ions;

» fluorides and their vapours are toxic.

In practice, only fluoride melts with alkali ion&é lithium, sodium, potassium are widely
used, in eutectic mixtures, with a ternary (LiF-N&F so called FLiNaK), or binary (e.qg.
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LiF-NaF, LiF-KF, NaF-KF) composition. In the presework it was important to
characterize electrolytes with lower working tengtere (< 650°C) to prevent softening of
the pre-hardened steel substrate. The FLiNaK elgtérhas proven to be efficient at these
temperatures, presenting a low viscosity, high teted conductivity and efficient
stabilization of the active substances (Table 2&)loride-fluoride electrolytes with a
working temperature of 700°C were used for elebiadcal deposition on molybdenum

substrates.

Table 2.5: Summary of the properties of FLiNaK electrolyt@(]

Salt Formula Melting Electrical Thermal

composition  weight  point ([;egrﬂ%/ conductivity conductivity \(/1'3%";;}/5)
(mol%)  (g-mol) (K @Lem®)  (W-KLm?)
LIF-NaF-KF 413 727 202  3.8[101] 0.92 2.9

(46.5-11.5-42)

2.3.5 Basic requirements of the container materialand the design
of the cell

As an important requirement concerning the contathe material should not react
with the melt. Thus, the selection of the materidépends on the electrolyte and the
operating temperature. Glass or quartz can be oslgdfor chloride melts, but cannot be
used in fluoride melts for long-term experimentace small traces of moisture will result
in the formation of HF which attacks the containéiwr more aggressive electrolytes, such
as fluoride melts, metal containers should be sededickel is adequate up to 1000°C, but
some of its alloys, e.g. Inconel, may be attackeldhssy carbon and platinum are very
useful, but the high cost of such materials prdsiheir industrial use [75]. Graphite
which has been widely used as a crucible matesialat suitable for this application.
Actually, its surface disintegration leads to gigplilakes in the melt. Moreover when
oxygen and moisture are excluded, some pure masafSu, Ni and Mo are suitable for
handling and storing fluoride melts. Nickel could selected advantageously. It exhibits
good resistance in moisture free fluoride meltss kasy to machinable and it is a cheap
construction material [96]. In any cases, the enttectrochemical system must be
protected from atmospheric corrosion. This is aqad@hed by surrounding it with an
oxygen-free inert gas, generally argon. In addjttorprevent impurities from entering into

the system, electrodeposition is carried out imnant atmosphere typically of argon. Since
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melts of alkali halides generally have high vapogsgures, the use of a vacuum during
electrodeposition rather than an inert gas is @admmended.
For laboratory scale investigations it is possiloleuse a glove box to avoid the risk of
contamination, to facilitate manipulation of add#s to the melt and handling of the
electrodes. For industrial application a systemtrbesbuilt which accomplishes the same
objectives. All designs must provide for:
« Immersion of the electrochemical cell in a furnéce&keep the melt at the desired
temperature.
e Insertion and removal of electrodes without expests oxygen at elevated
temperatures; possible additions of solute undeséime conditions.
* No electrical shorting between electrodes.
« Insertion of a thermocouple or other temperaturasugng device, preferably into

the melt, appropriate protected against corrosiai. [

2.3.6 Electrochemical deposition techniques

2.3.6.1 Electrochemical techniques

In order to deposit a coating a current flow in thelt must be established between
the anode and cathode. The type of the current fpplied in the electrochemical
deposition of TiB layers significantly influences the basic proptof the layers. The
main electrochemical synthesis techniques are basethe continuous current plating
(CCP) and the pulse current plating (PCP) modes.

The two most frequency used current profiles at R@® the periodically interrupted

current (PIC) and the periodic reverse current (P@. 2.7).
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Figure 2.7: Sequences of current pulses used in pulse pldgpgsition processes (a) PIC

mode, (b) PRC mode

Compared with the CCP technique, the PCP technltpge more advantages in the
deposition of TiB:

» uniform and dense deposits, fine grains withouepor

e increase of ductility and adherence

* low concentration use of the electrochemical actpecies

* dendritic growth is less frequent

* increase of current efficiency and limiting current

* high deposition rate

» alteration of the morphology of the coating to augs with lower roughness.

The disadvantage of PCP is complex and time comsyraptimization process of the
parameters due to the number of variables (§.dod, ic and §).

Comparing the techniques of CCP and PCP in depgsiiiB, Ett and Pessine [13, 69]
conclude that the last one significantly improve tjuality of TiB layers, showing less
pores, better adhesion to the substrate, less nesghand also decrease the time of

electrolysis.
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2.3.6.2 Electroplating using pulse of current

This technique efficiently hinders tertiary distrtton of current on the cathode,
occurring when the deposition reaction is contbllyy mass transport [102]. Since the
deposition reaction is controlled by mass transpertiary current distribution depends
mainly upon the uniformity of the diffusion laydni¢kness. Geometrical influences and
hydrodynamics are therefore involved in tertiaryrent distribution. As far as geometrical
factors are concerned two cases are usually disshgd. Fig.8 recalls the characteristics
of a “microprofile” and a “macroprofile” of a cate surface including crests and holes,

simulating a cathode surface where crystals anreigg[102].

Figure 2.8: Influence of diffusion layer thickness on tertiacurrent distribution (a)
“microprofile”: the crests are privileged from thgoint of view of diffusion, (b)
“macroprofile”: the current density is uniformlystiiibuted [102]

* A surface profile whose characteristic dimensias bBmaller than the thickness of
the diffusion layer is called a “microprofile” (Eig2.8a). The peaks are more
accessible to diffusion than the recesses duepeall effect analogous to that in
primary distribution. As a consequence the irregidgs of the surface are
amplified in the course of the deposition; in othards, the microscopic throwing
power under these conditions is bad. This expl#esgeneral observation that
metal deposits obtained at or near the limitingentrare rough or powdery [103].
This effect is of great importance in metal platimgcause of its influence on the
appearance and the properties of the deposits.

* A surface profile with a characteristic length hgker than the diffusion layer

thickness is called a “macroprofile” and the copmasding current distribution is
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called “secondary” (Fig. 2.8b). In this figure anstant thickness of the diffusion
layer is considered; i.e., each point on the serfec equally accessible for
diffusion, which is not affected by geometricaltfas. The concentration resistance

has here an equalizing effect on current distrdyuti

Obviously, smooth coatings can only be obtaineth wisecondary current distribution, but
the low coating growth rates hinder any industapplications. The alternative use of
pulsed current for electroplating of metals allesmsooth coatings to be obtained for high
deposition rates. The basic principle of this teghe is that the growth of the diffusion
layer can be controlled and kept thin during etdgsis. To do so, the duration of the
pulses must be short enough to prevent the diffulsiger from growing excessively and

off-times must lead to complete relaxation of tifeudion layer [104].

2.3.7 Proposed mechanisms of TiRelectrochemical deposition from high-
temperature molten salts

2.3.7.1 Fluoride melt

The mechanisms of the electrochemical depositiofiB$ in pure fluoride melts
(LIF-KF and FLiNaK) were investigated by Makyta and-workers [8, 105, and 106].
Voltammetric experiments were performed in an elecesistance furnace. The shaft was
made of special refractory steel and was protebtedan internal nickel anticorrosive
lining. It was closed by an air-tight water-cooleehd. A Pt crucible was used as the melt's
container and as the auxiliary electrode. Two Resviwere used as the working and
reference electrodes. The experiments were condlutie dry argon atmosphere at 750°C.
An equimolar LiF-KF mixture was used as the suppgrelectrolyte (Fig. 2.9) to which
potassium hexafluorotitanate {KFs) and potassium tetrafluoroborate (Kfgere added

as the electrochemical active components.
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Figure 2.9: Voltammetric curve at a Pt-electrode of the pungp®rting electrolyte LiF-KF
at 750°C; scan rate=1 V/, surface of the elect@@ecnf; Pt — quasi reference electrode

[7]

Fig. 2.10 demonstrates the cyclic voltammetric esrvecorded in LiF-KF-KTiFg, LiF-
KF-KBF,4 and LiF-KF- K TiFs- KBF, electrolytes.
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Figure 2.10: Voltammetric curves at a Pt-electrode in differelgctrolytes at 750°C; scan
rate=1 V-&; A= 0.2 cnf; Pt — quasi reference electrode [7]

Curve 1 LiF-KF-KTiFg, c(K:TiFg)=0.3 mol%

Curve 2 LiF-KF-KBHR, ¢(KBF;)=0.5 mol%

Curve 3 LiF-KF- KTiFg KBF,4, c(K2TiFg)=0.3 mol%, c(KBEZ)=0.6 mol%.

Based on the analysis of the experimental resodtsatithors established that the reduction

of Ti (IV) to metallic titanium in the system LiFH<K,TiFsproceeds in two steps:
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Ti(IV) - Ti(lll) - Ti(0) (2.1)

where the first reduction step occurs at -1.7 V tresecond step at -2.7 V, respectively
(all the potential values are referred in this césehe potential of a platinum quasi
reference electrode).

The voltammetric curves recorded in the systemHI~KBF, (Fig. 2.10-curve 2) exhibits
a single maximum at about -2.3 V, demonstrating titvea reduction of B (lIl) to B (0) can

be described by a simple 3-electron reaction:

BF, +3¢" - B+4F" (2.2)

Hence, it was concluded that the electrochemicalh®gis of TiB in the system LiF-KF-

K.TiFe-KBF,4 can be described by the following electrochemieattion step:

TIFZ +e - TiFE E=-1.7V (2.3)

TiFS +2BF, +9¢ - TiB, +14F " E=-24V (2.4)

The electrochemical synthesis of FiBy reaction (4) is facilitated by depolarizatioming
to the high negative value of the Gibbs energytlier formation of TiB (AG%1000k=-264
kJ/mol).

2.3.7.2 Chloride-fluoride melt

The mechanism of the electrochemical depositiohiB$ in chloride-fluoride melts
was studied by Taranenko and co-workers [11]. Ebebemical measurements were
performed in a three electrode cell, inserted iquartz tube. The cell was thoroughly
flushed with dry purified argon before each expemts and a slight overpressure of argon
was kept in the cell throughout the experimentsageten wires and glassy carbon rods
(the active surface area of the electrode A = 052¢6f) were used as working electrodes,

and as a reference, an Ag/AgCI-KCI electrode costd of a quartz tube sealed with a
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fine quartz fritted disk. An eutectic mixture of GlaKCIl-NaF was used as supporting
electrolyte. TiC4 and NaBk were added as electrochemical active componeigs2A.1

shows the voltammetric curves recorded in threfemiht systems.
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Figure 2.11:Voltammetric curves in different electrolytes 80YC; scan rate=1 V411]
Curve 1: NaCl-KCI-NaF-NaB#f c(NaBF)=0.35 mol%

Curve 2: NaCI-KCI-NaF-TiG, ¢(TiClz)=0.4 mol%

Curve 3: NaCI-KCI-NaF-NaBFTiCls, c(NaBF)=0.4 mol%, c(TiC})=0.2 mol%.

Curve 1 represents the reduction of B(lll) to elataey boron. Curve 2 represents the
reduction of Ti(lll) to titanium metal in the electyte NaCl-KCI-NaF-TiC} According to

Volkov and Yatsimirsii [107], titanium is presenté a TiClZ~ complex in this melt. The

stability of this complex can be increased by dipglasubstitution of the large chloride ions

by the smaller fluoride ones. It was found that foemation of the chloro-fluoride

F¥ is causing a change in the disproportionate reacis

6-X" X

complexes of the typ&iCl

well as in the mechanism of the Ti (lll) reductidfhus, the complex aniohiCl,F,” at a

molar ratio of Ti/F = 1/2 is reduced in a single 8&ep
TiCI,F,” +3e” - Ti+4Cl™ +2F "~ (2.5)

The reduction potentials of the boron complexes @5 V more negative than the

reduction potentials of the titanium complexes yesrl, 2 in Fig. 2.11).
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When the melt NaCl-KCI-NaF contains both Ty@hd NaBE there is a sharp increase in
current, and the wave which is formed rises mogey than in the reduction of titanium
and boron containing complexes (curve 3 in FiglR.The voltammetric curve 3 exhibits
a distinct reduction peak at -2.17 V, i.e. at aeptal by 0.20 V more positive than the
deposition potential of Ti and by 0.25 V more pesitcompared with the B reduction
recorded at comparable conditions in the systemSIH&Il-NaF-TiCl; and NaCl-KClI-
NaF-NaBFR, respectively.
Based on the analysis of the available experimethdid, the authors assumed that the
synthesis of TiBproceeds in two subsequent electrochemical reaction

TiCl,_ F> +3e” - Ti+(6-X)Cl™ +xF~ (2.6)

6-x" X

BF, +3e” -~ B+4F" (2.7)

accompanied by the chemical reaction

Ti+2B - TiB, (2.8)

Thus, the process of the electrochemical syntludsisB, can be described by the overall

reaction
TiCl,_,F> +2BF, +9¢ - TiB, + (6-X)Cl~ + 8+ X)F~ (8)

The observed shift of the potential correspondmghe synthesis of titanium diboride, is

ascribed to the high negative value of the Giblesgnof TiB, formation AG%g73)=

- 264 kJ-mdt) [11]. Owing to it, the synthesis is facilitateg tepolarization.

37



2.3.7.3 Fluoride-oxide melt

The mechanism of the electrochemical depositiofiiBt in fluoride-oxide melts
was studied by Makyta and co-workers [105]. Thé aetl electrodes were the same as in
the experiments in fluoride electrolytes (see 213.7The experiments were performed in a
dry argon atmosphere at 860°C. An equimolar LiFrKikture was used as the supporting
electrolyte to which BO; and TiQ were added as the electrochemical active compsnent

Fig. 2.12 shows the voltammetric curves recordetiriee different systems.

<
~=0,3F J 1

0.5 I - | 1 1
1.0 0: Q =7. 0 -2. 0 —~3. 0 - 4.0

E/V

Figure 2.12: Voltammetric curves at a Pt electrode in differeleictrolytes at 850°C; scan
rate = 1 V-8, A=0.2 cnf; Pt — quasi reference electrode [105]

Curve 1: LiF-KF-LpO, ¢(Li,0)=0.5 mol%

Curve 2: LiF-KF —BOs, ¢(B,03)=5 mol%

Curve 3: LiIF-KF —BOs-TiOg, ¢(B,0O3)=5 mol%, c(TiQ)=2 mol%.

Curve 1 is a voltammetric curve recorded in a LiF-&ectrolyte containing kO which
was added to the melt asCiOs. It is evident from the shape of the curve thatplatinum
electrode is well polarized in the alkali fluorideelt. The current flow at -2.9 V and 0.7 V
correspond to the reduction of alkali metal catiansl platinum oxidation, respectively.
The wave at 0 V denotes oxidation of oxide ionsivER is a characteristic voltammetric
curve recorded in a melt containing@. In agreement with [106], the peak at -1.8 V is
associated with the electrodeposition of boron ffluoroborate and oxoborate anions.
Curve 3 represents a voltammetric curve recordethoiten LiF-KF- BOs- TiO,, There
are visible changes in the shape of voltametrigesibrought about by addition of Ti@
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the LiF-KF-B,0Oselectrolyte. A new wave appears on the cathoditqiahe voltammetric
curve starting at -1.3 V, attributed to the reduetof titanium and boron species with the
formation of TiB. The position of the peaks compared to curve 2anmesnin principal
unaffected but the current value increases with dddition of TiQ. The following
mechanism of the synthesis of FiB fluoride-oxide melt was suggested by the awghor
[105]:
* During the dissolution of Ti@in a LiF-KF — BO3; melt, complex ion(s) containing
Ti and B are created. These ions were simultangagghodically reduced. The
cathodic process is accompanied by the chemicatioabetween titanium and
boron creating TiB The electrode process observed in the potentigeréiom -1.3
V to -1.7 V is attributed to the reduction of complions containing titanium and

boron with the chemical creation of LB
* The reduction of BF, to elementary boron starts at -1.7 V. This procss

accompanied by the reduction of Ti(lV) from compleempounds to titanium
metal with the simultaneous formation of %iB

« The electrochemical process starting at -2.2 \s@ibed to the reduction of B(lll)
from metaborate and tetraborate anions. The ebbpasition of boron is
accompanied by the reduction of species contaitiiagium under the creation of
TiB,.

* At potentials more negative than -2.9 V, the preessdiscussed above are
accompanied by the reduction of cations of alkaditats. The deposited alkali
metal reacts in the melt with species containingbband titanium leading to the

formation of titanium diboride (electro-metalloth&gal mechanism).
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3. Experimental part

3.1 Introduction

This chapter describes the materials and the expetal set up used in this work.
The procedure of the pre-treatment of the subsirgieeparation of the electrolyte and
electrochemical deposition experiments is represenin detail. Electrochemical
measurement techniques and microstructural andalsimiques such as X-ray diffraction
(XRD), scanning electron microscopy (SEM), energpdrsive X-ray spectrometry

(EDX) and Bruker FTIR-spectrometare also discussed.

3.2 Deposition experiments

3.2.1 Samples pre-treatment

Substrates (Mo, WC, steel) of different shapes wesed as cathodes for the
electrochemical deposition experiments (Fig. 3.1).

2 3

Figure 3.1: Geometries of the samples (1) tungsten carbideplsagarea 13 cf), (2)
stainless steel (area 17 Ymplate, (3) molybdenum plate (area 17 *gnand (4)
molybdenum cylinder (diameter 30 mm, area 56)cm
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Chemical and mechanical methods were used to theasurface of the sample. The steel
substrates were pre-treated by the most commoreguoe used in the steel industry called
as pickling/etch-cleaning to remove thick oxidelssa The steel substrates were pickled
in 10% HSO, solution for 5 min. The mechanism of pickling itwes the penetration of
acids through the cracks into the oxide layer. Aedcts with the innermost layer of the
scale and forms hydrogen according to the rea¢tio8]:

Fe+H,SO, - FeSQ +H, 1

As the hydrogen gas pressure increases, the sdalekien and gets detached from the
metal surface.

The molybdenum and tungsten carbide samples wegeea®ed in a solution of 30%
NaOH and etched in a solution of 10% HN&® sand blasted with AD; 300 mesh at 2.5
bar (Fig. 3.2).

Figure 3.2: Optical pictures of the pre-treated samples (@led Mo substrate
(Ra=600 nm * 20) and (b) sandblasted Mo substRaeZ500 nm + 20)

3.2.2 Preparation of the electrolyte

For the electrochemical deposition experimentsnvadien salt systems were used:
FLiNaK (the molten eutectic mixture of 46.5 mol%Lil11.5 mol% NaF, 42.0 mol% KF,
m.p. 454°C) and a chloride-fluoride (43.3 mol% K&3.3 mol% NaCl, 13.4 mol% NaF,
m.p. 612°C) mixture. Active components;ThEs, KBF, were taken at molar ratios 1:5 for
the electrochemical deposition to get an exceslseobolatile compound KBf
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The chemicals purchased from Aldrich and Fluka GbalrCompanies (99.95%)
were used as received without further purificati@mly a drying procedure was applied
before the electrochemical experiments since inipsrsuch as H OH, H,O and @ in
the electrolytes are undesirable. They decreasméuohanical properties of TiRoatings,
promote corrosion of the apparatus and allow sonuesirable electrochemical reactions.
For drying the solvent the following procedure wasried out:

1. Drying the individual components in an oven undscuum (ca. 0.01 mbar) at
180°C at least 48 hours

2. Mixing the electrolyte, placing it in a glassy canbcrucible and pre-drying it in the
vacuum oven at 180°C for 24 hours

3. Introducing it in the electrolysis cell

4. Heating the eutectic salt mixture under vacuum Qcdl mbar) with a step height
of 100°C up to 400°C (ca. 50°C below the meltinghf)dor dehydration. Then
melting it at 650°C (m.p. 454°C) under pure argomogphere

5. Cooling and crushing the electrolyte

6. Adding dried (in the vacuum oven at 100°C for 48uds) active substances
(K.TiFs, KBF4, TaCk) to the fused solvent after cooling

7. Repeating proceduié4

8. Eliminating of the metallic impurities in the mély the pre-electrolysis for
2 hours at 650°C at 0.2 A-@msing a Mo cathode.
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3.2.3 Electrochemical deposition experiments

The electrochemical deposition experiments weréopeed on various (Mo, steel,
WC) substrates at different temperatures undernaegmosphere in the electrochemical
cell (Fig. 3.3) using a glassy carbon cruciblehesmelt’s container and as the anode
(Fig. 3.4).

Figure 3.3: High temperature electrochemical cell (1) samolelér, (2) Cakwindow, (3)
evacuation chamber, (4) Gawindow, (5) sliding pressurized door, (6) therrsallator,
(7) the oven

Figure 3.4: Anode - glassy carbon crucible with a total volumé&L
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The cell is consisted of two main parts, the oveth @vacuation chamber, which is
separated from each other by a sliding pressurisext. The oven heating system is
comprised of the electric heating coils attachedatstainless steel chamber, which is
covered with a thermal isolator. The bottom is diveith stones for isolating the crucible
and preventing the distribution of current out loé system. The upper part of the cell is
used as the receiver for the deposits. It is eqadppith a water cooled receiver-lock where
the cathode deposit is held for cooling in arganasphere before removal from the cell.
Two Cak, windows (positions 2 and 4 in Fig. 3.3) are useabéing a view to the melt and
the sample.

Prior to each experiment the cell was evacuatediied with argon 2-3 times. Before the
deposition experiments a pre-treatment of the mgté was performed to reduce the
concentration of contaminating compounds to a Idedbw that which would interfere
with the deposition process.

A power supply (Plating Electronic PE 86-20-5-25, \Was used for the pulse plating.

Typical pulse sequences and parameters for pugiagldepositions are shown in Fig. 3.5.
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Figure 3.5: Shapes of current used in pulse plating deposdfohiB, and TiBy/TaB,. In
PIC mode (a) 1F 0.01-0.03 Acm’?, —i5= 0.1-0.5 Acm?, 1,= 7o= 14=0.1-10 mszs=1-4 ms;
(b) —,=0.1-0.9 Acm?, 1;=0.8-8 ms,1,=0.2-20 ms; (c) ++0.1-0.25 Acm?, —iz=0.4-0.5
A-cm?, —is=0.5-0.7 Acm’?, 11=1,= 5 ms,15=14=3-5 ms,15=3 ms,7s=5 ms. In PRC mode (d)
one anodic pulse follows by 5 cathodic ones;iz+0.3-0.75 Acm’?, T1=t3= 0.8-8 ms;,=
1,=0.2-2 ms. In pre-pulse plating (e and f=6.07-0.6 Acm?, —,=0.07-0.6 Acm?, 1;=1-
20 ms,;1,=1-10 ms;t3=1-20 ms.
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Layers with a thickness of 10-30 um were deposigtin a polarization time of 15-30
min. After the experiments and cooling down the glas residual salts were dissolved in

hot water and the samples were further rinsedlifod1Cl solution for 10 minutes.

3.2.4 Cross section preparation of the coated sangsl

Cross section preparation of the coated samplessterof the following steps:

1. Cutting the samples on a diamond cut-off wheel

2. Mounting the samples in epoxy resin, which showdbnductive and present low
porosity

3. Polishing with SiC grinding papers (grit 120, 1800, 1200 and 2400) around 1
min with each one

4. Final polishing with 0.05 um alumina

5. In addition, cross sections were ion etched (Pi@tig€tching Coating System
(PECSM) — Model 682 Gatan, USA) with 6.5 kV Ar-ions, cgi4 min, using an
angle between sample surface and ion beam of 65°

6. Making the samples electric conductive by coatirthwva thin layer (10 nm) of

chromium.

3.2.5 Characterization of the coatings

The structure and quality of the layers were charaed by scanning electron
microscopy (Philips XL-30 ESEM-FEG, NL) in combiraat with an energy-dispersive X-
ray spectrometry (EDAX Phoenix system, USA), byay-diffractometry Bragg-Brentano
mode (Philips diffractometer XR MPD, NL) with CuaKradiation (40 kV/30 mA) and
optical microscopy (Olympus GX51, J). Rietveld mefnent of the lattice parameters was
performed using the TOPAS software package (Brak&es, D).

The 3D reconstruction of the specimen surface veae dising the MeX software
(Alicona (Al). The microhardness was measured usingicrohardness tester (MHT-10,
Anton Paar, AT) with a load of 1 N for 10 secon@somic Force Microscopy (ATOS
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Explorer, D) and a perthometer S2 (MarSurf XR 2DwRre used for characterization of
the surfaces and the determination of the roughvases. Also surface roughness values
of the coatings were calculated from stereoscapages obtained by tilting the sample in
the ESEM at the eucentric point at an angle of G8mpositions of the layers were
measured via GDOES (glow discharge optical emissipactroscopy, GD-Profiler 2,
Horiba Jobin Yvon, F). Residual stress was meastmed-ray method using CuK
radiation and an automatic texture cradle (PW3MBSATC3, Philips, NL). The
measurements were performed using thmode, i.e. the angle of sample rotation was
perpendicular to the» and to the @-axes. The sample tilt anglgswere selected in a way
to achieve an equidistant sequence ofysivalues [109]. The residual stress values in,TiB
coatings were calculated using as a value of 518'%a Young's modulus and 0.110 as

Poisson’s number.

3.2.6 Spectroscopic measurements

FTIR-internal reflection spectra of the quenchedngas of the melts were
recorded using a Bruker FTIR-spectrometer Equinéx (BIKIl Golden Gate Single
Reflection ATR System with Diamond Top Plate andXRlenses) with a MCT-nitrogen

cooled detector in the range of 4000-350"ahroom temperature (64 scans Min

3.2.7 Corrosion characterization of the TiB layers

The chemical resistance of the Fi@atings on Mo cylinders was characterized by
immersion tests in molten aluminium alloy in a face at air atmosphere under static
conditions. These tests were carried out in thei@sthischen Gielerei Institut.

Static corrosion tests were performed in moltenyallAISi7Mg. The samples were half
immersed into the melts under the atmosphere ofiarmlair at 720°C. Durations of the

tests were 24 and 168 hours.
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The corrosion changes of the samples were first itor@d visually with optical
microscopy. Then the samples were studied by SHEM,edemental analysis by EDX on

the respective cross-sections was performed.

3.3 Cyclic voltammetry

3.3.1 Electrochemical measurements

The electrochemical data were obtained using anpiotat Voltalab 40 model
PGZ 301 (Radiometer Analytical, France). A speaiahiature cell (Fig. 3.6) was
constructed to carry out the experiments. It allomessasure the cyclic voltammograms in
the glassy carbon crucible (volume 3 ml) in iném@sphere of argon up to 900°C with the
reagents of high purity and controlling the inflaenof different parameters on the

electrochemical behaviour.

a _ _

A
Argon in _"|__ Argon out
—p | | =—p

< 2

< 3

4

S

6

7

Figure 3.6: Electrochemical cell (a) schematic drawing (1)ceihe rubber stopper, (2)
guartz tube, (3) contact of the glassy carbon btaci4) working electrode, (5) reference
electrode, (6) glassy carbon crucible as a cowleamtrode, (7) molten salt electrolyte and
(b) optical picture

The glassy carbon crucible with the electrolyte wi@sed in a tightly closed three-
electrode quartz cell in the glove box. Pt wireseuesed as the working (area of 0.16tm
and reference electrodes and the glassy carbonblguacts as the counter electrode.

Before the measurements, the Pt-electrodes wesfuligrcleaned using silicon carbide
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grinding paper (#4000), washed thoroughly with watenxsed with distilled water and
dried at 80°C. The experiments were performedenémperature range of 570 - 700°C in

an inert atmosphere of argon (99.999%) flow.

3.3.2 Preparation of the melts for cyclic voltammet

FLiNaK, the eutectic mixture LiF-NaF-KF at a ratd the components equal to
46.5-11.5-42.0 mol %, (m.p. 454°C) was used asrték. LiF (m.p. 870°C) of analytical
quality 99.99% was purchased from Merck, NaF (r$8°C) and KF (m.p. 860°C) of
analytical quality 99.99% were purchased from Sigkidrich Chemical Company.
K,TiFs (m.p. 780°C) of analytical quality 98 % was purathfrom Fluka and KBF
(m.p. 530°C) of analytical quality 97% was purclthtBem Riedel-de Haen. Ta£l
(m.p. 211°C) purchased from Aldrich Chemical Comp#89.999%, ampoule packed)
was used as received.

Prior to use, alkali metal fluoridesyKiFs, and KBF were dried under high vacuum

(~ 0.01 mbar) at 200°C for 48 hours in the glasagbon crucibles placed in a quartz
envelope. After drying, the chemicals were stomed iglove box (MBraun Star,.Gand
H.O content below 1 ppm). The eutectic salt mixtuiesprepared in the glove box by
mixing of the corresponding amounts of alkali fides and placed in the glassy carbon
crucible. The FLiNaK mixture was stepwise heatedasrrvacuum in the quartz envelope
placed in the oven with a step height of 100°C agl@0°C (~ 50°C below the melting
point of FLiNaK). Then the quartz envelope was liedi with Ar (99.999%) and the
eutectic mixture was melted at 650°C for 20 minteAttooling down, the melt (FLiNaK)
was crushed, grinded in the glove box and mixet Wié individual precursorsKiFg

(3 mol%), KBR, (6 mol%) and TaGl(0.2 mol%). The mixtures with the individual a&iv
components were melted again in the glassy carhasibte at 650°C for 20 minutes and
were used for further electrochemical measurements.

In addition, a mixture with the compoundsTiFs, KBF, and TaG at molar ratio of
1:2:0.06 was prepared in the same way.

The experiments characterizing the stability andtypwf the electrolyte will be discussed

later.
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4. Results and discussion

4.1 Control of the purity of the melt and electroclemical stability of the
electrolyte

4.1.1 Introduction

The use of molten salt electrolytes is not compleitbout discussing the importance
of their purity. It is well known that fluorides earvery hygroscopic and can adsorb
significant amount of water from atmosphere leadiaogchanges in the physical and
chemical properties of the electrolyte and to aitin some undesirable electrochemical
reactions. The purity of supporting electrolyte a§ a great importance to obtain
reproducible results, as well as to get the preaisermation of the electrochemical
window of the melt (i.e. the range of potential whéhe melt being investigated is stable).
Therefore, prior to the experiments, FTIR spectpgc- detecting impurities in the melt
and cyclic voltammetry of the FLiNaK, NaF-KF and Kdfectrolytes in defining the

electrochemical stability have been performed.

4.1.2 FLiNaK electrolyte

4.1.2.1 Fourier Transform Infrared (FTIR) Spectrosapy

Before adding active substances to the electrollgeequality of the pure melt was
checked by FTIR spectroscopy. The spectra of FLilECtrolyte before and after drying
of the initial components are depicted in Fig. 4.1.
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Figure 4.1.1: FTIR absorption spectra of FLiNaK electrolyte (igfore and (2) after
drying of the components

The spectrum of FLiNaK electrolyte — before drymfghe components (Fig. 4.1.1,
curve-1) indicates an unsatisfactory quality of siaét mixture. As one can see, it exhibits
additional bands resulting from different impuriti@t 3200 cil and 1687 ci (vibrations
of -OH), at 870 cnt oxyfluoride impurities [110]. After drying, the rimure content in
FLiNaK melt was negligible (Fig. 4.1.1, curve-2).

Fig. 4.1.2 demonstrates the spectra of the FLiNaktlyte with the different qualities of
the initial substances (99 and 99.99%).
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Figure 4.1.2:FTIR absorption spectra of the FLiNaK electrolgfeer drying (a) the initial
substances of 99.0% quality and (b) the initialssalbces of analytical quality 99.99%

The spectra demonstrate a good quality in bothscageerefore, the chemicals with 99.0%
guality were used in the further studies.

4.1.2.2 Cyclic voltammetry measurements

As a prerequisite in the investigation of the mag$ra of the cathodic processes in
the electrolytic deposition of TiBand TiB-TaB, layers, the stability of the melt
(supporting electrolyte) must be characterised. dlbetrode potential was scanned from
0 V (vs. Pt quasi reference electrode) in the riegatirection at a scan rate 100 mV:$ec
(Fig.4.1.3).
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Figure 4.1.3:Cyclic voltammetry of the pure FLiNaK electrolysgan rate 100 mV's
T= 600°C, WE - Pt wire, A=0.16 énPt — quasi reference electrode, GC — counter
electrode

The pure FLiNaK electrolyte is stable in the ramgel.5 V to 1.5 V vs. Pt wire
quasi reference electrode. The cathodic limit ifier pure FLiNaK electrolyte is defined by
the reduction of alkali metal cation {Kto metallic potassium. The potentials of KF, NaF
and LiF dissociation in the corresponding pure lalkeetal and fluorine, calculated from
thermodynamic data are 4.86, 4.87 and 5.41, raspbc{111]. Thus K ions should be
reduced first. In the anodic direction, the oxidatof F anion with F; formation is limiting
the electrochemical window of the pure FLiNaK elelstte. As one can see, neither peaks
of oxidation nor peaks of reduction are observethepotential range of -1.5 Vto 1.5 V
vs. Pt wire quasi reference electrode, indicativag the purity of the supporting electrolyte
is satisfactory.

Besides, the curves were recorded in the pure Ri®actrolyte at different temperatures,
varied from 570°C to 700°C at a scan rate 100 noV-g&g.4.1.4).
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Figure 4.1.4: Cyclic voltammograms of the pure FLiNaK electrelytecorded at the
different temperatures; scan rate 100 iy &= 600-700°C, WE - Pt wire, A=0.16 éniPt
— quasi reference electrode, GC — counter electrode

The change in the temperature range of 600-7008Gln@ost no effect on the shape of the

voltammograms and the stability of the electrolya&.700°C the current flow at -1.5 V

responsible for the reduction reactiof/i® is enhanced by a factor of 3.

The effect of water on the electrochemical winddwhe supporting electrolyte is shown

in Fig. 4.1.5.
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Figure 4.1.5: Cyclic voltammograms of FLiNaK electrolytes (1)fiwe and (2) after
drying of the components, scan rate 100 ritVTs 650°C, WE - Pt wire, A=0.16 érPt —
quasi reference electrode, GC — counter electrode
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The potential window of the FLiNaK electrolyte catsd of the initial compounds which
were not dried is shifted in the anodic directign®.5 V. In addition, some anodic peaks

can be observed (Fig. 4.1.5, curve 2), resultingprming some undesirable oxyfluoride

complexes.

4.1.3 NaF-KF electrolyte

4.1.3.1 Fourier Transform Infrared (FTIR) Spectrosapy

The IR-spectrum of NaF-KF electrolyte measuredoainT temperature after pre-

melting, cooling down and grinding are depictedrig.4.1.6.

Figure 4.1.6:
components
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FTIR absorption spectrum of NaF-KF electrolyteeafdrying of the

According to the spectrum in Fig. 4.1.6, the NaF-#é&ctrolyte (consisted of dried initial

compounds) has unsatisfactory quality because @fettiremely high moisture content
(vibrational band at 3200 ¢t [110].

55



4.1.3.2 Cyclic voltammetry measurements

It was found that the pure NaF-KF electrolyte ab#t in the range of -0.8 V to

0.5 V vs. Pt wire quasi reference electrode (Fit). 4.
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Figure 4.1.7: Cyclic voltammetry of the pure NaF-KF electrolysgan rate 100 mV's
T= 720°C, WE - Pt wire, A=0.16 dmPt — quasi reference electrode, GC — counter
electrode (Inflection point at -0.85 V indicates #' reduction reaction)

As in the case of FLiNaK electrolyte, the stabilitythe cathodic direction for the
pure NaF-KF electrolyte is limited by the reductiohalkali metal cation (K). In the
anodic direction, oxidation of "Rnion with K formation (at potentials > 1.0 V vs. Pt —
quasi reference electrode), limits the electroclkbaimvindow of the pure melt. Inflection

point at -0.85 V indicates the'Keduction reaction.
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4.1.4 KF electrolyte

4.1.4.1 Fourier Transform Infrared (FTIR) Spectrosampy

The IR-spectrum of the KF electrolyte after dryiaglepicted in Fig. 4.1.8.
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Figure 4.1.8:FTIR absorption spectra of KF electrolyte afteyinlg of the KF

As in the case of the NaF-KF electrolyte, the spmctin Fig.4.8 exhibits
vibrational bands due to the water content (typizaid at 3250 cif) [110] indicating an
unsatisfactory quality of the melt.

4.1.4.2 Cyclic voltammetry measurements

The pure KF electrolyte is stable in the rangeOof -V to 0.4 V vs. Pt wire reference

electrode (Fig. 4.1.9).
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Figure 4.1.9: Cyclic voltammetry of the pure KF electrolyte; scaate 100 mV:§
T=900°C, WE- Pt wire, A=0.16 ¢cmPt — quasi reference electrode, GC — counter
electrode (Inflection point at -0.4 V indicates #ereduction reaction)

The cathodic limit for the pure KF electrolyte isused by the reduction of alkali
metal cation (K) indicated by the inflection point at -0.4 V. Tiskift in the anodic
direction compared to the NaF-KF electrolyte ioataused by the higher temperature of
the melt. In the anodic direction, oxidation ofdnion with F formation, is limiting the

electrochemical window of the pure melt.

Table 4.1.1 summarizes the electrochemical staliditthe high temperature molten salts.

Table 4.1.1: The electrochemical stability of the melts; sweafe 100 mV-$, WE-Pt
wire, A=0.16 cmi, Pt — quasi reference electrode, GC — countetretie

Electrolyte Electrochemical stability (V) Tm (K) Tw (K)
cathodic anodic
FLiNaK -1.5 1.5 727 [92] 873-923
NaF-KF -0.8 1.0 993 [112] 1013
KF -0.4 0.4 1131 [113] 1173
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4.2 Electrochemical investigation of the synthesisf TiB, out of FLiNaK
electrolyte: Electrochemical behaviour of the componds and mixtures,
KBF,4, KzTiF@, KzTiFe- T|F3 and K2T|F6 - Ti wire, KBF, - K2T|F6

4.2.1 Introduction

There are a lot of work focused on the investigatbthe cathodic processes in the
electrochemical synthesis of titanium diboride iffedent molten salt electrolytes and on
establishing of the correlations between the pdationditions and the properties of the
coating [7-11]. The mechanism of the cathodic pseda the electrochemical synthesis of
titanium diboride in different molten salts has estudied by Makyta and Utigard [8].
Based on the analysis of the available experimeddtd, the authors assumed that in all
fluoride melts the electrochemical synthesis of ;Tdan be described via two reactions

summarizing several single reaction steps [8]

TIFZ +e - TiIFY

TiFS +2BF, +9 - TiB, +14F "

and in fluoride-chloride electrolytes by one overaaction [8]

TiCl,_,F> +2BF, +9¢ - TiB, + (6—-X)Cl~ + 8+ X)F .
In both cases, a reaction path involving the congion of nine-electrons is assumed. The
RDS is not clarified. Despite of all these studieseems there is still a lack of theoretical
understanding on the electrochemical reduction ge®cin order to describe the
mechanisms and the rate determining steps, makmgnethod of TiB electrodeposition
mature for a wide technical application.

This chapter is aimed at a more detailed investigabn the electrochemical
reduction process of TiF and BR species at different temperatures to evaluate the
temperature range where the electrochemical TaBming is possible and to get more

knowledge on the overall reaction behaviour in @&\@IK electrolyte.
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4.2.2 Effect of the temperature on the electrochemal reduction of B (lll)
electrochemical active species

4.2.2.1 Cyclic voltammograms at different temperattes

The description of the pure FLiNaK electrolyte egcloltammetry is given in
chapter 4.1.

The influence of the temperature on the reducti@chmanism of B electroactive
species was investigated by recording cyclic voitengrams in a FLiNaK-KBJH{6 mol%)
electrolyte in the temperature range of 600-70%4G. @.2.1).

100mA cm

100mA cm

100mA cm?

i (mA*em )

-1.5 -1.0 -0.5 0.0 0.5

Figure 4.2.1: Cyclic voltammograms (3 cycle) in FLiNaK-KBFR (6 mol%) molten salt
system at different temperatures (WE-Pt wire, A6Cchf; quasi RE - Pt wire, scan rate
100 mV-§)

One can see in Fig. 4.2.1, over this temperaturge;ano noticeable changes in the

shape of the voltammograms were detected. An igerefithe peak current was observed
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with increase of the temperature, indicating trexease of the diffusion coefficient of the
electroactive species due to the decrease of theosity of FLiNaK electrolyte (Fig.
4.2.2).

973 K 773K

Viscosity (10 * Pa*s)

2 —r
1.00 1.05 1.10 1.15 1.20 1.25 1.30 1.35
1000/T (K)

Figure 4.2.2: Effect of temperature on the viscosity of the FhKNelectrolyte [114]

The reduction reaction of the BFelectrochemical active species around -1.2 V is
observed in the cyclic voltammogram at the tempeeabf 600°C. In the temperature
range between 630°C and 650°C this peak is shiftigphificantly toward lower
overvoltage by ~300 mV. It implies that the redactprocesses become more favourable
with increasing of the temperature. The effecthef teduced viscosity can attribute only to
a part of the increased temperature, the chanfgicomplex composition or the change
in the reaction kinetics can also contribute todhange in the reduction potentials. During
the reverse sweep, a steeper anodic peak @btained, which corresponds to oxidation
process of boron.

At the temperature of 700°C a typical cross-ovehefdirect (in cathodic direction)
and the reverse scanning (in the anodic directamye is observed, indicating the
formation of B.
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4.2.2.2 Characteristics of the electrode reactions FLiNaK-KBF ,

Cyclic voltammetry was used to test the revergipitif B**/B reduction process.
Scan rate in the range of 600-200 mV-se@s chosen. Fig. 4.2.3 illustrates the cyclic
voltammograms in FLiNaK-KBF system at different scan rates at the temperatnires
600°C, 650°C and 700°C.
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Figure 4.2.3: Cyclic voltammograms (3 cycle) in FLiNaK-KBFR, (6 mol%) at different
scan rates (WE - Pt wire, A=0.16 §muasiRE - Pt wire): (a) T=600°C, (b) T=650°C and
(c) T=700°C
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One can observe that at the temperatures 650°C7@0¢C the cathodic peak
potential E,°) depends on the polarization rate (Fig. 4.2.4.@), an increase in the sweep

rate shifts théE,” in the cathodic direction.
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Figure 4.2.4: Potential (a) of the cathodic peak,)Eand (b) of the anodic peak{Eas a
function of the scan rates in FLINaK-KBE6 mol%) melt at the temperatures of 600°C,
650°C and 700°C (Bcycle)

Fig. 4.2.5 demonstrates that the dependence dfatidic peak current® is not

proportional to the square root of the scan rasegxpected for a reversible reaction,

showing weak adsorption of the reactant.
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Figure 4.2.5: Current (a) of the cathodic peak®(iand (b) of the anodic peakias a
function of the square root of the scan rates InNBK- KBF,; (6 mol%) melt at the
temperatures of 600°C, 650°C and 700d€2c&CIe)

In addition, cathodically consumed charge to thedaally consumed one (at all

temperature€)/Q.>1) increase linearly with an increase of the temjpeea(Fig. 4.2.6),

being a sign that the reduction process of B(bRdes to Bin FLiNaK electrolyte in the
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investigated temperature range is not only cordoby diffusion but also by the charge

transfer kinetics.

—m— 100mV/sec
2.2 600mV/sec
2.0
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Figure 4.2.6:Ratio of the cathodic/anodic charge vs. tempeedftor the peaks of cathodic
and anodic reaction (black line - scan rate 100gh¥nd green line - scan rate

600 mV-§)

Based on the diagnostic criteria of the revergipiiif the process, one can conclude that
the reduction process of BEpecies is quasi-reversible at low scan rates emgdratures

< 650°C and irreversible at high scan rate800 mV-§ and temperatures 650°C. The
body of mathematics for processing voltammogramsase of quasi-reversible processes
is very complicated [115]. Therefore, to deterntine kinetic parameters, all the equations
relevant an irreversible process were used, corisigléhat at the scan rate600 mV-&

the BR complex irreversibly reduce at the temperaturg@°C. The value of charge
transfer coefficientd, 0.1< a <0.9), which is a measure of a symmetry barrier moa-
reversible (quasi- and irreversible) electrode pss¢ was determined from the peak and
half-peak potential difference according to equaf$.2.1) [115]

_1857RT

- (4.2.1)

The valuesan for the temperatures 600°C, 650°C and 700°C arensuized in Table
4.2.1.
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Table 4.2.1: Kinetic parameters of electrochemically active csge (BR) in FLiNaK
electrolyte (WE — Pt wire, &:=0.16 cni)

TK v(vsh) il°(Aem®  -ESS(V)  -ES%2(V)  an

873 0.2 0.082 1.19 11 0.74
923 0.2 0.13 1.09 0.9 0.81
973 0.2 0.34 0.92 0.75 0.9
873 0.3 0.1 1.29 1.11 0.74
923 0.3 0.155 1.16 0.98 0.82
973 0.3 0.4 1.0 0.82 0.86
873 0.4 0.105 1.25 1.06 0.75
923 0.4 0.165 1.22 11 0.83
973 0.4 0.46 1.06 0.88 0.86
873 0.6 0.11 1.26 1.08 0.78
923 0.6 0.18 1.25 1.07 0.82
973 0.6 0.6 1.08 0.91 0.89

The diffusion coefficient of BF species has been calculated using the Delaheyi@gua
for the case of an irreversible electrode reactidh the formation of an insoluble product
[115].

anFvy
RT

i¢ = 0.496nFcAVD (4.2.2)

wherei,® — cathodic peak current iv-cni’, C - concentration of electrochemically active
species irmol-cn?, A - cathode area ionf, D - diffusion coefficient incn?-s*, F - the
Faraday constamt,— the number of exchanged electrans,the potential sweep rate in

Vs! « - the charge transfer coefficient afds the absolute temperaturekn
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Using equation (4.2.3) the values of the chargaeste rate constant [115] have been

calculated.

KO
Ee=-114 0 4 RUjpon _ RT

- Inaonv 423
anF  anF D 2anF ( )

whereE,° - cathodic peak potentiat’n— constant of charge transfer rate.

The diffusion coefficient and the charge transfée nstant for (Bf) species, calculated
from cyclic voltammograms recorded at the scan 8800 mV-& in FLiNaK electrolyte
at 700°C, are 4.2 -T@n?-s*and 1.22-18cm-s', correspondently.

The temperature dependence of the peak currenalgajively indicative of the diffusion
coefficient which is related to the mass transpodhte value of the current is written as
[116]:

| = AFj (4.2.4)

whereA is the area of the electrodedn?, F is the Faraday constant anthe flux of the

reactants reaching the electrode surfacaéhcn?-s®.
j =kc (4.2.5)

wherek is the heterogeneous rate constant for the elettaosfer ana the concentration

f 4. .

whereA; the frequency factok, is the activation energy of diffusion of the efeetctive

species in)-mol*, Rthe molar gas constant JaK-mot* andT the temperature iK.

Combining equations (4.2.4) — (4.2.6) for the reauncpeak, a logarithmic expression for

the energy of activation can be obtained in a livigaic form as:
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In1 =In(AA Fc) - Ef‘r (4.2.7)

from which it follows that a plot of Ihversus 1000/TFig. 4.2.7) should be a straight line
having a slope of Eo/R.
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Figure 4.2.7: Arrhenius plot of peak currents for the cathodialp (scan rate 100 mVAs

The activation energy of the overall reduction teag calculated from the data in Fig.
4.2.7 is equal to 112 kJ-nol

Based on the results of voltammetric studies, ild¢de assumed that in the temperature
range of 600-700°C the change in the mechanisnheféduction of Bl complexes in
FLiNaK electrolyte takes place. The reduction pescef BR species is quasi-reversible at
low scan rates and temperatures < 650°C and isilerat high scan rates600 mV-&
and temperatures 650°C, i.e. it is controlled by the rate of chatgensfer. In the studied
temperature range the electrochemical reductiongzof the B (lIl) species occurs via a

single 3éconsumed step according to literature data [16]:

BF, +3¢” - B+4F"
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4.2.3 Effect of the temperature on the electrochemal reduction of Ti(IV)
species

4.2.3.1 Cyclic voltammograms at different temperattes

The influence of the temperature on the reductieaction of the Tif

electrochemical active species was investigatedeoprding cyclic voltammograms in

FLiNaK electrolyte in the temperature range of GQM°C. A representative selection of
voltammograms is depicted in Fig. 4.2.8. The volteograms are initially scanned in the

cathodic direction, starting at 0 V vs. a Pt quagrence electrode.

£
§ 100mA/cm?
£ 0
e s 670°C
R o
150mAcm ? )
rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr ~700°C

Figure 4.2.8: Cyclic voltammograms {3cycle) in FLiNaK-KTiFs (3 mol%) molten salt
system at different temperatures (WE - Pt wire, A8Ccnf; quasi RE - Pt wire, scan rate

100 mV-§)
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As expected, increasing the temperature causesnlaaneement of the current
density of the peaks, especially at temperaturé50°C. This means that the decrease in
the apparent viscosity connected with an increas®nductivity of the electrolyte provide
the higher mobility of the assumed electrochemiaative species, Tif. At the
temperature> 600°C a shift of the potential values of the reducpeaks toward higher
potential values can be observed due to the chiaingemplex composition or the change
in the reaction kinetics. As one can see in Fig.84.at 600°C only one cathodic peak
(at -100 mV) and its corresponding anodic peak3gimV) are observed. The cathodic
peak can be attributed to a reduction reactioni&ftd Ti** species and the anodic peak to
its reverse. At 670°C the shape of the current pehknge, one small additional reduction
peak (at -780 mV) appears, which can be assign#tetfurther reduction of Ti to
Ti®" - (x < 3) species. With increasing the temperature DAIC, the cathodic peak (at
-300 mV) increases in height and additionally aagigant current flow at higher cathodic
potentials was found. Increasing the temperature 0i®0°C did not generate an additional

anodic peak.

4.2.3.2 Characteristics of the electrode reactions FLiNaK-K 5TiFg

The influence of the scan rate was examined inrdadget some information about
the mechanism of the reaction of the first peak) (R Fig. 4.2.8. Linear sweep
voltammetry experiments were performed in the FIiNdectrolyte, containing 3 mol%
K,TiFs, at temperatures of 600°C, 650°C and 700°C ardift scan rates (Fig. 4.2.9).
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Figure 4.2.9: Cyclic voltammograms (3cycle) in FLiNaK-KTiFg (3 mol%) at different

scan rates (WE - Pt wire A=0.16 gnguasi RE - Pt wire;) (a) T=600°C, (b) T= 650°C and
(c) T=700°C
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To check whether a plot of peak currenj (s linearly proportional to the square root of

the sweep ratev] andE, is independent of sweep rate is useful as thegsyinest of
reversibility of the process (Fig. 4.2.10 - 4.2.11)
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Figure 4.2.10:Current (a) of the cathodic peakfiand (b) of the anodic peakdias a
function of the square root of the scan rates IMNBK-K,TiFs (3 mol%) melts at the
temperatures of 600°C, 650°C and 7009%€d&:le)
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Figure 4.2.11:Potential (a) of the cathodic peak,{jEand (b) of the anodic peakEas a
function of scan rates in FLiNaKKiFs (3 mol%) melt at the temperatures of 600°C,
650°C and 700°C (Bcycle)

To determine the electrode reaction reversibillgpoahe ratio ofiy’/i,° | which should be

equal to 1 (unity) was calculated (Table 4.2.2).
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Table 4.2.2: Diagnostic criterion for cyclic voltammograms of raversible process:
absolute values of current ratio of anodic andadithpeaks

v (mV-sh i1
600°C  650°C  700°C
50 0.68 035  0.05
100 0.74 038  0.08
200 0.84 043  0.22
300 0.86 040  0.29
400 0.88 042  0.29
600 096 045  0.30

A ratio of one is expected for a simple reversiblectron transfer [117]. For
voltammetric curve recorded at the scan rate off6®0sec at 600°C the ratio dfpal/lipd
is equalled 0.96. This value is approximately lmdestrating that the process was a
reversible one. This ratio decreases with decrgastan rate and at higher temperatures,
indicating that the product of reduction entersoiat subsequent chemical reaction and
thereby it brings an increase of the cathodic dgmgith a corresponding decrease of the
anodic current density.
Plotting the ratio of cathodically consumed chavgethe anodically one, as a function of
temperature, (Fig. 4.2.12) one can see that thegehatio linearly increases with increase

of the temperature indicating a higher degreeraversibility.

144 —m—600mV/sec
—m— 100mV/sec

600 620 640 660 680 700

Figure 4.2.12: Ratio of the cathodic/anodic charge vs. tempeeafor the peaks of
cathodic and anodic reaction (red line - scant@mV-§ and black line - scan rate
600 mV-§)
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As one can see in the cyclic voltammograms recomae800°C (Fig. 4.2.9-a),
changes of the sweep rate in the range of 0.05/Gi6 have no effect on the shape of the
voltammetric curves, whereas the peak currentrectly proportional to the square root of
the sweep ratet?) (Fig. 4.2.10) and the peak potential does noeddpn the sweep rate
(Fig. 4.2.11). The anodic to cathodic ratio wasseldo 1 (unity) at sweep rate 0.6 V-s
(Table 4.2.2). Respecting with the theory of linealtammetry [115], the analysis of these
dependences demonstrates that the process okttteoehemical reduction of Ti(IV) from
fluoride complexes to Ti(lll) at 600°C at rates gamy from 0.05 to 400 mV-séds quasi-
reversible. At higher sweep rates600 mV-se¢, the first reduction process of Ti(IV)
species to Ti(lll) is not accompanied by any sidaction and its only controlled by
diffusion. In the temperature range of 650-700°€ pieak currenti{ andi,®) was not
linearly proportional to the square root of therscate ¢*'?) (Fig. 4.2.10) and the peak
potential depends on the polarisation rate, i.@narease in the polarisation rate shifts the
cathodic peaksEy") towards more negative potential values and trek potential of the
anodic peakH,?) shifts to more positive potential values, indiegtthat coupled chemical
reaction takes place (Fig. 4.2.11). As one can r@bs& the cyclic voltammograms
recorded 700°C (Fig. 4.2.9-c), with decrease theepwates the anodic peak is decreased
indicating, according to diagnostic tests, tha7@°C an irreversible chemical reaction
with the TF* species following charge transfer takes place.

This electroanalysis for the range of the sweep 58600 mV-setat 600-700°C
allowed us to indicate that the process of thetedlebemical reduction of Ti(IV) fluoride
complexes to Ti(lll) in a FLiNaK electrolyte charsggom a quasi-reversible behaviour at
600°C (at the scan rates of < 600 mV™3¢o the irreversible process at 700°C.

The number of electrons exchanged during the riblerseduction process of Tif
species at 600°C (for the scan rate 600 mYse@s evaluated applying the equations
[118].

E?2 - E; = InlOﬂ (4.2.8)
nk

p

whereE,? andE,° are, respectively, the anodic and the cathodic pegéntial.
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From the dat&E,’= 0.042 VandE,"= -0.129 at 600 mV-s€g, the calculated number of
electrons was equal to be 0.99. The diffusion coefficienT@fV) species at 600°C (scan

rate 600 mV-séd has been calculated using the Randlessi&e@quation [115]:

i) = 0.44631F‘/%A00\/; (4.2.9)

wherei, is the peak current, is the number of electrons,is the Faraday constant in
C-mol*, T is the temperature 4, R the molar gas constantdnK-mof', A the surface area
of the working electrode inn?, D is the diffusion coefficient of the electroactispecies
in cnf-s’, ¢ is the bulk concentration of the electroactivecig inmol-cn? andv is the

scan rate of voltammograms\hsec-

The value of the diffusion coefficient for T#at 600°C was found to be 2.2 “A@n*s".
The value of the diffusion coefficient for Tfrat 700°C were calculated applying equation
(4.2.2) and (4.2.3) and summarized in Table 4.2.3.

Table 4.2.3: Kinetic parameters of electrochemically active cige (TiR?) in FLiNaK
electrolyte (WE-Pt wire, A#=0.16 cni, T=700°C)

v(V-sh) it (Aem?)  -ES (V) -Ep®(V) an D (cnt-sh)

0.1 0.48 0.38 0.25 0.93 5.6990
0.2 0.5 0.43 027 069 4.160
0.3 0.52 0.45 0.27 058 3.7790
0.4 0.58 0.51 029 052 3.71:%0

The activation energy of the overall reaction i #temperature range of 600-700°C,
calculated from the data in Fig. 4.2.13 and Eq.@.B equal to 254 kJ-nitl
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Figure 4.2.13: Arrhenius plot of peak currents for the reductmithe Ti (IV) species
(scan rate 100 mV?’

4.2.4 Effect of the temperature on the electrochemal reduction of Ti(1V)
and Ti(lll) species in FLiNaK electrolyte

4.2.4.1 Cyclic voltammograms at different temperattes

The influence of the temperature on the reducti@ehanism of Ti(IV) and Ti(lll)
species was investigated by recording cyclic voitengrams in FLiNaK electrolyte at the
temperature range of 600-700°C, containing 3 mol%ifk and 1.5 mol% TigE A
representative selection of voltammograms is Haisd in Fig. 4.2.14. The
voltammograms are initially scanned in the cathaliiection, starting at 0 V vs. Pt quasi

reference electrode.
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Figure 4.2.14: Cyclic voltammograms (3 cycle) in the FLiNaK-KTiFs (3 mol%)-TiRs
(1.5 mol%) molten salt system at different tempees (WE-Pt wire, A=0.16 cmquasi
RE-Pt wire, scan rate 100 m)s

As in the case of FLINaK-KiFs system, increasing the temperature causes an
enhancement of the current density. At increasegéeatures, due to the higher mobility
of the ions, the concentration of the electrocheaitjicactive species on the cathode is
higher, resulting in higher current density. At teenperature 630°C there is a slight shift
of the potential values of the reduction peaks tawawer value. At higher temperatures
the diffusion of the electrochemically active sgscitoward the cathode occurs faster,
therefore, their reduction occurs at more anodteiaals.

One cathodic peak (at -0.1 V) and its correspondmagdic peak (at 0.1 V) are observed at
600°C, assigned to the one electron reversiblegeh#iansfer process involving the
reduction of Ti(IV) to Ti(lll) species. At the terepatures> 630°C one more additional

3+ - X+

cathodic peak Ris recorded, attributed to the reduction procésg® to Ti complex.
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This peak is shifted in the anodic direction wiigher temperature. At 700°C besides the
reduction of Ti (IV) to Ti (Ill) and T4* to Ti**™* complex, an inflection point at 1.4 V can
be observed, indicating the formation titanium rhefae second oxidation peak appeared
at temperatures 670 and 700°C (~0.35 V) may beatieaty ascribed to the dissolution of
Pt-Ti alloy, which is formed at the high temperatirSuch compounds as HPEiPt and
TisPt have been obtained in the investigation intgptieese equilibrium in the Pt-Ti system
[119].

Thus, the preliminary study of FLiNaK:KiFe-TiFz system by cyclic voltammetry
revealed at least two temperatures range whereldatrochemical behaviour of Ti(IV)
and Ti(lll) species is essentially different: 60806C and 630-700°C. Based on the cyclic
voltammograms it can be assumed that at the temuperaange of 600-630°C the
reduction of Ti(IV) to Ti(lll) takes place and flmtr enhancement of the temperature up to
700°C enables a further reduction process, nantlyréduction of Fi ™" species to

metallic Ti.

4.2.4.2 Characteristics of the electrode reactions FLiNaK-K ,TiFgTiF;

In order to investigate the first reduction procgssluction of Ti(IV) to Ti(lll)
species), cyclic voltammetry in FLiNaK electrolytas performed over a wide range of
sweep rates at 600, 650 and 700°C (Fig. 4.2.15).
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Figure 4.2.15:Cyclic voltammograms (3cycle) in FLiNaK-KTiFs (3 mol%)-TiF
(1.5 mol%) at different scan rates (WE - Pt wires04l6 cnf; quasi RE - Pt wire) (a)
T=600°C, (b) T=650°C and (c) T=700°C
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In order to get more information on the system,itifi@ence of the scan rate on the
peak heightig) and peak potentiakf) were studied (Fig. 4.2.16 and 4.2.17).
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Fig. 4.2.16Current (a) of the cathodic peak‘Yiand (b) of the anodic peak,¥i as a
function of the square root of the scan rates ilNBK-K,TiFg (3 mol%)-TiF; (1.5 mol%)
melt at the temperatures 600°C, 650°C and 700%cy@e)

Figures 4.2.16 show the sweep rate dependendeedfathodic and anodic peaks
current density. A linear relation was found betwg§ i,* andv* at 700°C. A significant
deviation from linearity was observed at lower tengbures. The non-linear increase of

with 2

indicates weak adsorption of the reactant.

A plot of cathodic peak potenti&l,” and anodic peak potenti&l® obtained from cyclic
voltammograms (Fig. 4.2.15) as a function of scates for the reduction T4F at Pt
electrode is shown in Fig. 4.2.17.
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As one can see in Fig. 4.2.17 the peak potentelg with applied sweep rate indicating
the irreversibility of the process.
To determine the electrode reaction reversibiligoahe ratio ofi,"/i,] which should be

equal to 1 (unity) was calculated (Table 4.2.4).

Table 4.2.4: Diagnostic criterion for cyclic voltammograms of raversible process:
absolute values of current ratio of anodic and adithpeaks

v (mV-sh ipip’
600°C  650°C 700°C
100 0.78 1.31 1.3
300 0.88 1.30 1.1
400 0.96 1.19 0.91
600 0.98 1.17 0.90

The ratio close to one (0.98) was obtained forubiéammetric curve recorded at

the scan rate of 600 mV-seat 600°C, indicating the reversibility of the retlon process
of TiFe* species. This ratio decreases with decreasingragenindicating that the product
of electroreduction enters into a subsequent cheméaction. The ratio >1 was obtained
for cyclic voltammograms recorded at the scan rafgE)0-600 mV-sétat temperatures
650°C and 700°C, suggesting that the continuoustymulation of Ti* species occurs,
resulting in higher anodic peak for the oxidatiosngess of T species to 1.
Plotting the ratio of cathodically consumed chavgethe anodically one, as a function of
temperature, (Fig. 4.2.18) one can observe thatchiaege ratio linearly decreases with
increase the temperature at the scan rate of 10GenVand remains constant in the
temperature range of 600-650°C at the scan ra&#8@mV-se¢.
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Figure 4.2.18: Ratio of the cathodic/anodic charge vs. tempeeafior the peaks of

cathodic and anodic reaction (green line - sca 180 mV-2 and black line - scan rate
600 mV-§)
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This electroanalysis for the range of the sweep 180-600 mV-sécat 600-700°C
allowed us to indicate that the process of thetedlebhemical reduction of Ti(IV) fluoride
complexes to Ti(lll) in a FLINaK electrolyte charsgigom a quasi-reversible behaviour at
600°C (at the scan rates of < 600 mV™3¢o the irreversible process at 700°C.

The number of electrons exchanged during the riblerseduction process of T¢F
species at 600°C (for the scan rate 600 mYse@s evaluated applying the equations
(4.2.8). From the dat&,’= 0.072 VandE,°= -0.139 Vat 600 mV-set the calculated
number of electrons was equal to be 0.81. The diffusion coefficienfTaiV) species at
600°C (scan rate 600 mV-8&has been calculated using the equation (4.2t .VBlue of
the diffusion coefficient for Tig at 600°C was found to be 8.8 *igh?-s*. The value of
the diffusion coefficient for Tig at 700°C were calculated applying equation (4.2rg)
(4.2.3) and summarized in Table 4.2.5.

Table 4.2.5: Kinetic parameters of electrochemically active cige (TiR?) in FLiNaK
electrolyte with Tik (1.5 mol%) (WE-Pt wire, A=0.16 cnd, T=700°C)

v(V-sh)  iS(Aem?®) -ES(V) -Ep®(V)  an D (cnt-sh)

0.1 0.17 0.068  0.0003 231  6.92710
0.2 0.28 0.102  0.013 174 5.210
0.3 0.35 0.108 0.01 1.58 5.010
0.4 0.38 0.114 0.02 1.65 5.0:10

The activation energy of the overall reaction i t#emperature range of 600-700°C,
calculated from the data in Fig. 4.2.19 and Eq.6}.B equal to 166 kJ-nitl
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Figure 4.2.19:Arhenius plot of peak currents for the reductibéthe Ti (IV) species (scan
rate 100 mV-9)

4.2.5 The effect of temperature on the electrochenal reduction of Ti(IV)
species out of FLINaK electrolyte in the presence di wire

4.2.5.1 Cyclic voltammograms at different temperatte

The influence of the temperature on the reduat@chanism of Ti(IV) species in
the presence of a Ti wire in the electrolyte wasestigated by recording cyclic
voltammograms in FLiNaK electrolyte in the temparat range of 600-700°C. A
representative selection of voltammograms is degiat Fig. 4.2.20. The voltammograms
are initially scanned in the cathodic directionarshg at 0 V vs. Pt quasi reference

electrode.
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Figure 4.2.20: Cyclic voltammograms (3 cycle) in FLiNaK-KTiFs (3 mol%)-Ti wire
molten salt system at different temperatures (WHE#Re, A=0.16 crf; quasi RE-Pt wire,
scan rate 100 mV%

The current flow is significantly lower than inetitase of two previous systems. At
the temperature < 630°C the cyclic voltammogramegtehone reduction at -0.24 V and
the corresponding oxidation peaks at 0.1 V. Enhaec¢ the temperature up to 670°C
causes appear of one additional minor cathodic peak 35 V. Thus, it can be considered
that at temperatures < 630°C only the reductioi@¥) species to Ti(lll) takes place.
Increasing the temperature up to 700°C leads tsebend reduction process, namely; Ti
to Ti**™" complex. Similar to the situation in FLiNaK>KiFs (3mol%)-TiF; (1.5mol%)
molten salt system at 700°C the voltammogram etehibcharacteristic cross-over current
behaviour but not only in cathodic brunch alsohia &nodic one. This current loop in the
cathodic direction is typical for nucleation proses, in this case formation of°TiThe

second oxidation peak appeared at temperature @C7(~0.35 V) may be tentatively
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ascribed to the dissolution of Pt-Ti alloy. Thergese in temperature causes a slight shift
of the potential values of the reduction peaks tdwlawer value due to the enhanced

diffusion of the electrochemically active speciesard the cathode.

Plotting the ratio of cathodically consumed chavgethe anodically one, as a function of

temperature, (Fig. 4.2.21) one can see that thegehatio linearly decreases with increase

of the temperature indicating a higher degreeraversibility.

2.4

2.2 u

2.0+ \
1.8+ ]

‘g B
Q 16
o n
"] \

1.2 |

0.8+

600 620 640 660 680 700
T(C)

Figure 4.2.21: Ratio of the cathodic/anodic charge vs. tempeeafor the peaks of
cathodic and anodic reaction (scan rate 100 Vs

4.2.5.2 Characteristics of the electrode reactions FLINaK-K ,TiFg-Ti
wire

A comparison of cyclic voltammograms of Ti (IV) spes in FLiNaK electrolyte in
the presence of Ti wire for the first reduction lpé; in Fig.4.2.20) at various sweeping

potentials is shown in Fig. 4.2.22.
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Figure 4.2.22:Cyclic voltammograms (3cycle) in FLiNaK-K:TiFs (3mol%)-Ti wire at
different scan rates (WE - Pt wire, A=0.16cquasi RE - Pt wire) (a) T=600°C and (b)
T=650°C

One can observe that at the temperatures 600°C6a0¢C the cathodic peak
potential E,°) depends on the polarization rate (Fig. 4.2.23&),an increase in the sweep
rate shifts thé&,” in the cathodic direction.
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Fig. 4.2.24 demonstrates that the dependence afathedic peak curremy” is not

directly proportional to the square root of thersgate, as expected for a reversible

reaction.
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Figure 4.2.24:Current of (a) the cathodic peak®Yi and (b) of the anodic peakias a
function of the square root of the scan rates ilNBK-K,TiFg (3 mol%) in the presence of

Ti wire melt at 600 and 650°C'{Zycle)

To determine the electrode reaction reversibiligoahe ratio ofi,"/i,"] which should be

equal to 1 (unity) was calculated (Table 4.2.6).
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Table 4.2.6: Diagnostic criterion for cyclic voltammograms of raversible process:
absolute values of current ratio of anodic andadithpeaks

v (mV-sh i fip
600°C 650°C
50 0.58 1.62
100 0.82 1.39
200 0.84 1.23
400 0.93 1.19
600 1.0 1.16

The ratio of anodic to cathodic peak currégfi,’) is 1.0 for 600°C at the scan rate of 600
mV-se¢". This ratio decrease with decreasing scan rathcating that another process is
taking place together with the diffusion, e.g. ciehreaction following charge transfer.
Probably, besides the process of the electrolguction of Ti (IV) to Ti (lll) species, a

disproportionation of Ti§” occurs in the near-electrode layer:

3TIFZ +Ti+6F - 4TIFY

takes place, resulting in an increase of the canagon of Ti(lll) species. The ratio >1
was obtained for cyclic voltammograms recordechatdcan range of 50-600 mV-Sext
temperature of 650°C, suggesting that the contisiyoaccumulation of Ff species
occurs, resulting in higher anodic peak for thedatibn process of i species to 1.

Based on the cyclic voltammograms (Fig. 4.2.20) atettroanalysis one can
assume that the process of the electrochemicattieduof Ti(IV) fluoride complexes to
Ti(lll) in a FLiNaK electrolyte in the presence of wire changes from a quasi-reversible
behaviour at 600°C (at the scan rates of < 600 etV)so the irreversible process at
700°C. The number of electrons exchanged duringreélrersible reduction process of
TiFs> species at 600°C (for the scan rate 600 m\A)sems evaluated applying the
equations (4.2.8). From the dafg’= 0.08 V and E,°= -0.146 Vat 600 mV-seb, the
calculated number of electronsvas equal to be 0.75. The diffusion coefficienTafV)
species at 600°C (scan rate 600 mV-sé@s been calculated using the equation (4.2.9).
The value of the diffusion coefficient for TfFat 600°C was found to be 1.24 #i@r?-s™.
The value of the diffusion coefficient for T at 700°C calculated applying equation
(4.2.2) was equal to be 1.78 “an?*s™.
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The activation energy of the overall reaction i #temperature range of 600-700°C,
calculated from the data in Fig. 4.2.25 and Eq.6}.B equal to 66.5 kJ-nibl
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Figure 4.2.25: Arrhenius plot of peak currents for the reductmithe Ti (IV) species
(scan rate 100 mV?’

4.2.6 FTIR spectroscopy of Ti (IV) species

Method of FTIR spectroscopy was used for the idieation of the electrochemical active
species of Ti (IV) and Ti (lll) in FLiINaK electrolg in the solid state.

= = <FLINAK

—— FLINAK+K ,TiF (3mol%)
FLINAK+K ,TiF (3mol%)+Ti wire

— FLINAK+K 2TiF6+TiF:3(1.5m0I%)
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Figure 4.2.26:FTIR absorption spectra of FLINaK KiFg, TiF3;, FLiNaK-K;TiFg
(3 mol%), FLINaK-K:TiFg(3 mol%)-Ti wire, FLiNaK-KTiFs (3 mol%)-TiF(1.5 mol%)
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The FTIR spectrum of FLiNaK-K'iFs (3 mol%) measured in the solid state (Fig. 4.2.26,
curve-2) demonstrates the presence of {[fiFoctahedral complexes with a typical
vibrational feature of 544 cf

As can be seen in Fig. 4.2.26 (curve-3) the specaxhibits three bands. The peak at

547 cm®* demonstrates the presence of [[iFoctahedral species. The peak at 503" én
tentatively assigned to the vibration of the pdssfbrmed [Tik]*> complex confirming the

disproportional reaction:

3TIFZ +Ti+6F - 4TIFS

The band at 914 cincorresponds to the titanium oxyfluoride impurifigEOFs]*.

FTIR spectrum of FLINaK-KTiFs (3 mol%)-TiF; (1.5 mol%) in solid state (Fig. 4.2.26,
curve - 4) demonstrates the presence of dfifoctahedral complexes (544 ¢nand
[TiOFs)* at 914 cnt.

4.2.7 Effect of the temperature on the electrochemal reduction of B(lll)
and Ti(IV) species

The influence of the temperature on the reducti@chmnism of Ti(IV) and B(lll)
species out of FLiNaK electrolyte was investigabgdrecording cyclic in the temperature
range of 600-700°C (Fig. 4.2.27he electrode potential was scanned from 0 V (¥s. P

quasi reference electrode) in the negative diraaiica scan rate of 100 mV-gec
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Figure 4.2.27:Cyclic voltammograms (3cycle) in FLiNaK-KsTiFs (3 mol%)-KBF,
(6 mol%) molten salt system at different tempeesUWE - Pt wire, A=0.16 cm
quasi RE-Pt wire, scan rate 100 mYj-s

The change of the form of the voltammetric curvagsed by the addition of KBFo the
FLiNaK-K,TiFg electrolyte can be seen in Fig. 4.2.27. Besideditbereduction peak at
~0.3 V (attributed to the reduction of Ti(IV) to(Tli) species), which also was detected on
the voltammetric curves in the system FLiNaKFs (Fig. 4.2.8), the second reduction
peak is observed at -1.35 V due to the reductiohi@il) and of B(lll) species, leading to
TiB, formation via T{ and B. The oxidation peak £xorresponds to the oxidation of Ti,
which is not consumed in the formation of 7iBt the temperature 630°C one can see
that the anodic scan crosses over the cathodic resaifting in a current loop, which is

typical for continuous nucleation and formatioraafiew product, in this case TiB
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4.2.8 FTIR spectroscopy of Ti (IV) and B(lll) speces

FTIR-emission spectra of KBFK,TiFg, pure FLiNaK, FLiNaK-KTiFgs, FLINaK-
KBF4, FLiNaK-K;TiFs-KBF,4 (Fig. 4.2.28) melts have been recorded in solatest to

estimate the structure of the electrochemical acpecies of titanium (IV) and boron (lII).
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Figure 4.2.28:FTIR absorption spectra of FLiINaKKiFs, KBF,4, FLINaK-K,TiFg
(3 mol%), FLINaK-KBF, (6 mol%), FLINaK-K:TiFs (3 mol%)-KBF; (6 mol%)

As can be seen in Fig. 4.2.28 (curve 2), the Flgecsum of FLiNaK-KTiFs (3 mol%)
indicates the presence of [F]E octahedral complexes at 568 tnin the quenched
samples. In curve 3 (Fig. 4.2.28), in the FTIR $pec of FLiINaK-KBF (6 mol%) the
bands at 1051 cth 1032 crit and 526 crif correspond to the vibration of the BEnions.
In curve 4 (Fig. 4.2.28), in the FTIR spectrum aifNaK-K ;TiFg (3 mol%)-KBF,

(6 mol%), similar vibrational features as in theseaf FLINaK-KTiFs (3 mol%) and
FLINaK-KBF; (6 mol%) are detected, indicating, that there @ ahemical reaction
involving the starting compounds leading to sigmfit changes of the electrolyte

composition.

91



4.3. Morphology and mechanical properties of TiBlayer deposited from
chloride-fluoride melt via pulse plating compared with TiB, layer
deposited via direct current procedure

4.3.1 Introduction

The first investigation on the optimization of theocess of electrochemical TiB
deposition and improving the quality of the coasiriy applying pulse plating mode was
published by Ett and Pessine [13]. The authorsbbskeed that the electrodeposition with
PIC produces coatings with better quality, showags cracks and better adhesion to the
graphite substrate compared with those obtaine@®k. Further work of other scientists
[15, 16] also indicates improvements of the procafsJiB, coatings via pulse plating
techniques.

This chapter is focused on the investigation of #filect of the current mode on the
mechanical properties and morphology of the;laBatings.

The eutectic mixture of NaCl - KCI - NaF was usedaasolvent for the electrochemical
active substancesKiFs and KBFR taken in molar ratio 1:3, which concentration lire t
melt was adjusted at 12-14 wt.%. The electrodejposwas performed at a temperature of
700°C £ 10°C in argon atmosphere. The applied madgaences are depicted in Fig. 3.5

(b and d). The deposition time was adjusted to A0¥8Bn, depending on the required
thickness of the TiBlayers.

4.3.2 Morphology of TiB, coating

It was found that in the PIC mode the cathodic peaitent applied should be
within the limits 0.2 < 4 < 0.7 Acm, in order to obtain dense and homogeneous coatings
(Fig. 4.3.1a). The coatings growth not homogenewsirrent densities < -0.2-én? and,
when -i > 0.7 Acm?, the coatings exhibit low adhesion to the substestd a spherolitic
growth is observed (Fig. 4.3.1b). For improving tieamogeneity, the time of the pause
(t2) is recommended to be longer than the time oferiiriiow (r1). In comparison to DC
procedures, the time of deposition of a layer waitthickness in the range up to gt can
be decreased by a factor of 3 in the considered rRt@de. It could be assumed that
applying DC a side electrode reaction, e.g. rednctif Ti(IV) to Ti(lll) takes place in the
charge transfer.
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Figure 4.3.1: SEM images of samples (20 kV accelerating voltagepndary electrons)
on Mo substrate obtained in PIC mode with the foitg parameters:=53 Hz;t,/1; =1.5;
T=700°C; {,=10 min (a) i{=-0.36 Acm?, (b) i,=-0.76 Acm*

Changing the deposition process to the PRC mod@tbyducing of one anodic cycle
every five cathodic cycles results in decreasirggmesally the roughness (from Ra values
of 300-350 nm to Ra values of 100-150 nm) of thpodd, especially for stainless steel
substrates. In addition, a significant grain refire@t was achieved (reducing the average
grain size from the range of 15-20 um to a graze si 4 pm). Beside this, the shape of the
grains was changed from a more regular one to atfeeslges and well expressed large
crystal faces. Fig. 4.3.2 shows this effect. Fdtiedng a grain size of the TiBoating

< 4 um, the optimal ratio betweegy and ¢« (t1/t2) is about 4. For lower values of this
ratio (< 3), roughness increases, and for high&rega(> 5) the inhomogeneous coatings
were obtained.

Figure 4.3.2 SEM images of a TiB layer (20 kV accelerating voltage, secondary
electrons) obtained on steel substratd®(&) mode, =30 min; T=700°C;

i; =-0.35 Acm? v=100 Hz,t,1:=1.5, (b) PRC mode, each 5-th cathodic cycle of the
previous pulse sequence is replaced by one angdle,d,=30 min; T=700°C; 4=-i1=
0.35 Acm% v=100 Hz,t1/1,=4

93



The value of current density is also importanttfee PRC mode. It was found, that for the
sequence of 5 cathodic pulses followed by one anmaise, —i in the range between

0.33 and 0.38 Am?, with 0.35 Acm? as an optimum value, delivers appropriate results
with respect to roughness and homogeneity. Incrégsaverage current density to values
> 0.38 Acm’” results in a rough coating with nodular shapergstals like that shown in
Fig. 4.3.3.

Figure 4.3.3: SEM image of a TiB layer (20 kV accelerating voltage, secondary
electrons) on steel substrate obtained in the PR@emvith the following parameters: 5
cathodic cycles plus one anodic cyclg=10 min; T=700°C;4-.i;=0.75 Acm™; v=100 Hz;
T1/12=4

The pulse plating procedure allows a depositioavain smooth layers onto the surfaces of
different substrates with complex configuration,iethis not possible with DC plating. As
an example, Fig. 4.4.4 shows good plated edgeteehand tungsten carbide substrates.

Figure 4.4.4: SEM images of the samples (a) steel substratedasith TiB, layer using
PIC mode, (20 kV accelerating voltage, secondagtedns) .= 10 sec; T=700°C;
i1=-0.5 Acm’; v=50 Hz;t,1:=2, (b) cross section of WC substrate coated Wiy T
layer using PRC mode, (20 kV accelerate voltagekdmttered electrons), 5 cathodic
cycles plus one anodic cycle®10 min; T=700°C:4--i;=0.3 Acm’? v=100 Hz;t1,=4
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Concerning TiB deposition, pulse plating permits to deposit heglality coatings onto
various substrates when appropriate combinationmuise magnitudes and sequences are
established. The DC plating technique, where only parameter, the current density, can
be varied, has much less possibilities for optitnira This conclusion becomes especially
clear when we consider some physical propertiéS®f coatings like roughness, hardness

and residual stress produced at different regirhesectrodeposition.

4.3.3 Roughness of TiBcoating

DC plated samples show typical Ra values in thg@eaof 400 to 1300 nm, Ra
values < 400 nm are not observed, except for Vienry fayers. An AFM image of an
example of a highly crystalline and rough (Ra=5&f) sample on steel substrate is shown
in Fig. 4.4.5.

When pulse plating is used, the roughness is higatyeased, and typical Ra values below
350 nm down to 95nm are obtained. Fig. 4.4.6 shmwsxample with a Ra value of
230 nm.

25um

oum 25pm 50pum

Figure 4.4.5: AFM images of the TiBcoating (thickness 20 um) deposited on steel fRa o
the substrate 1703+20 nm) in DC mo@g=90 min, T=700°C,;=-0.03 Acm’?
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Omeurr

oum 25um 50pum

Figure 4.4.6: AFM images of the TiBcoating (thickness 20 um) deposited on steel fRa o
the substrate 1703+20 nm) by PIC electrodepositigni0 min; T=700°C;

11=-0.45 Acm’® v=100 Hz;tpm1=2.

An important point to emphasize is that uneven detjom or the growth of dendrites might
appear even when the pulsed plating techniquesusedd similar to some effects observed
on DC coated samples. However, this problem caovieecome by the appropriate choice
of the PIC or PRC modes.

In particular, the roughness has shown to depenthi@pulse frequencies. Typical results
obtained are presented in Fig. 4.4.7, where theageeRa values of the coatings as a
function of the frequency are plotted. The lowesat\Rlues were obtained in the case of

PRC plating for a frequency of 100 Hz.
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Figure 4.4.7 Ra values as a function of the pulse frequency RCRnode of TiB
deposition (thickness 20 um) on Mo substrates (Rahe substrate 2490+20 nm).
Conditions: one anodic peak per 5 cathodigss10 min; T=700°C; 4-i;=0.3 Acm?,
T11=4
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The curve exhibits a minimum two separating regidghe average roughness decreases
sharply when the frequency decreases up to 100ndztlze roughness increases more
slowly in the frequency range of 100-1000 Hz, desti@iing that this property is no
longer improved by high frequencies. The shapdefdiot in Fig. 4.4.7 can be explained
by the influence of diffusion layer thickness ortitey current distribution (Fig. 2.8).

At low frequencies, the time-on is quite long; aesult, during each pulse the diffusion
layer grows leading to a “microprofile”. This meahst the peaks are more accessible to
diffusion layer than the recesses, giving rise tertiary current distribution [102]. As the
result, the rougher coatings are observed at |neguencies.

With increase the frequencies the thickness ofitffasion layer is reduced leading to the
change of the “microprofile” into a “macroprofilefjotably forming smoother coatings.
SEM images of the coatings, corresponding sampigsaped with a frequency of 10, 100
and 1000 Hz (samples of Fig. 4.4.7), are preseintédg. 4.4.8. In all cases, the surface
was smooth, but for higher frequencies the strectiithe layer is finer compared with the
coating prepared at lower frequencies. The graie $or the samples prepared with a
frequency of 100 Hz is significantly lower (rangigg um), than for the samples prepared
with a frequency of 10 Hz.

L A T A RAY P TS AT "‘

Figure 4.4.8: SEM images of samples (20 kV accelerating voltagepondary electrons)
obtained on Mo substrates (Ra of the substratesZZ4PAm); roughness variation with the
pulse frequency in PRC mode of depositionv@0 Hz; Ra=130+5 nm, (b)=100 Hz;

Ra=10245 nm, (cy=1000 Hz; Ra=127+5 nm
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Taking into the consideration that the current dgnsas equal in all experiments, the
difference in the grain size could be explainedh®ynucleation process beginning again at
each pulse. Increase the frequency causes theahant of the number pulses leading to
the increase of the number of nuclei and contindoteation of small grains. As a result,
a uniform distribution of the electrodeposited aogitwith smaller grain size and a finer
microstructure onto the surface of the cathoddseored.

The optimal ratio between cyglg/cycle,, was 5/1. More frequent anodic cycles decrease
the homogeneity of the layer and increase the iduradf the deposition, while less

frequent anodic cycles increase the roughnessdulface.

4.3.4 Microhardness

The microhardness values for bulk FiBnaterial, which were reported in the
literature [120-122], range from 1646 to 3400 ¢4y Evidently, such differences stems
from both the experimental procedure and originthef material as well. Anyway, the
obtained values for electrochemical coatings fatb ithis range. Such microhardness is on
the desiredevel for a cutting tool.

Practically no correlation has been found betweecrahardness and the method of
deposition. In both modes (DC and PIC, PRC), therohiardness of the coatings depends
mainly on current density exhibiting a minimum aB @-cm? [71]. The reason for such
behavior is not quite understood yet. Whereas gsar refinement at the increase of
current density could account for an increase ioromardness, the lowering in the values
at lower current densities is not clear.

In the case of changing the frequency between 18 H20 Hz in the PIC mode

(Fig. 4.4.9), it is observed that the hardnesseiases as the frequency increases up to 100
Hz. The highest hardness value (~2250 MPa) wasdféomna pulse frequency of 100 Hz,

correlated to the lowest roughness values in teke 0&PRC mode.
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Figure 4.4.9: Microhardness dependence (load 1.0 N) on the puspiency of TiB
coatings deposited on Mo substrates in PIC magel® min, T=700°C;;=-0.5 Acm?

As it has been mentioned before, during short guksehigher frequency a very thin
pulsating diffusion layer has been formed leadioghe enhanced nucleation rate and
formation denser, more homogeneous and finer gitadeposits. As the results, coatings
with lower porosity and correspondingly higher heesls values are observed. Also the
value of the grain size for the coatings preparét & frequency of 100 Hz is significantly
lower compared to coatings prepared with a frequehd 0 Hz. Thus, the highest value of
microhardness at the frequency of 100 Hz can bamagal by Hall-Petch law, as the grain
size decreases, the microhardness of depositénaitase. Further increase the frequency
up to 1000 Hz does not influence on the grain iz significantly decrease the on-time

and correspondently the thickness of the coatiregsilting in decrease of the hardness.

4.3.5 Stress

The resulting values of residual stress are indhge of -0.7 GPa to -2.2 GPa. In
Fig. 4.4.10 the relationship of the residual stries3iB, layers deposited with different

thickness on Mo substrates is presented.
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Figure 4.4.10: Residual stress dependence on the thickness oTiie layer on Mo
substrate in PIC mode of deposition. Conditionsetiof deposition 2 min, 4 min, 7 min,
10 min; T=700°C; ;= -0.5 Acm?, 1o1,=1.5

The highest value of the stress is observed alotest thickness of the coating. As the
thickness increases the stress values decreaaestoe of -1.3 GPa for a layer of 15 pum.
Due to the difference structure in the lattice cinee of the TiB (P6/mmm) [123]
compared to Mo (Im-3m) [124] the thinner layers grate a higher stress, also enhanced
by the mismatch between the thermal expansion ic@effs of Mo,0=4.8x10° K™ [125]
and TiB, a=7.8-8x10° K™ [2] ) since during cooling down the samples, striesinduced
into the layer. Within the thicker layers, there n®re possibility in stress reducing
relaxation during the cooling period. Any extragima towards thin coatings is thus risky.
In Fig. 4.4.11, the dependence of the residuasstvalues on the frequency in the case of
PIC deposition procedure for TilBayer with a thickness ranging between 20 and rd5su
shown.
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Figure 4.4.11:Residual stress dependence on the frequency dfiBielayer (thickness
between 20-25 um) deposited on Mo substrate innRd@e: {,=15 min, T=700°C,;
i1=-0.5 Acm?, 1o11=1.5

The lowest values were measured for samples olotaisieg frequencies of 20 and

100 Hz. The negative sign of the stresses foundates a compressive type of stresses in
the coatings. These values are comparable to expwaiues for TiBlayers produced by
magnetron sputtering on graphite [126] and othd&issates [127,128]. Similarly to the
roughness (Fig. 4.4.7), the residual stress ofayer depends on the pulse frequency in the
PP deposition. The lowest values were observeddomles obtained at pulse frequencies
of 20 and 100 Hz.

4.3.6 Current efficiency

Fig. 4.4.12 presents the current efficiency valiasined of TiB layers as functions

of the pulse frequency.
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Figure 4.4.12:Efficiency dependence on the pulse frequency 8 Toatings deposited
on Mo substrates in PIC modgi=10 min, T=700°C;:=-0.5 Acm?

As one can see, the current efficiency decreastgegsulse frequency increases from 99%
at 10 Hz to 87% at 1000 Hz. One can suggest tcadase of the pulse frequency leads to
the losses of the current on the side electrodetiogr e.g. reduction of Ti (V) to Ti (lI)

species.
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4.4 Electrochemical deposition of TiB coatings out of FLINAK
electrolyte: influence of additive, pre-treatment & the substrate,
temperature and current distribution on the quality of the layer

4.4.1 Electrochemical synthesis of TiBlayers out of FLiNaK electrolyte
in the presence of TaG additive

FLiNaK was used as the supporting electrolyte. victomponents, KiFs, KBF,4
and TaCd were taken at molar ratio of 1:2:0.06 for CV measwents and 1:5:0.06 for the
electrochemical deposition to get an excess of tN@lacomponent KBE The
electrodeposition was performed at a temperatu@0PC + 10°C in argon atmosphere.
The pulse sequences which were used see in Figa3ahd f). The experiment lasted 20

min.

4.4.1.1 Cyclic voltammetry

Based on the results presented in Fig. 4.1.3, betrechemical window for the
further investigations was defined between -1.5nd &1.0 V vs. Pt quasi reference
electrode. Cyclic voltammograms were measured inN&K-K,TiFs, FLINaK-KBF,,
FLiNaK-TaCk, FLiNaK-K;TiFs-KBF,4, FLINaK-TaCk-KBF,; and FLINaK-KTiFg-KBF4-
TaCk systems at 650°C using a scan rate of 100 mV.sadditional studies were
performed in the FLiNaK-KTiFs system at 5 mV-séc(Fig. 4.4.1). The voltammograms
are initially scanned in the cathodic directionarshg at O V vs. Pt quasi reference
electrode.
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Figure 4.4.1: Cyclic voltammograms in differemholten salt systems at 650°C (WE-Pt
wire, A=0.16 cm; quasi RE-Pt wire, CE-glassy carbon crucible; see 100 mV-3).
Curve 1: FLINaK-KTiFg (3 mol%) scan rate 100 mV secCurve 2: FLiNaK-KTiFg

(3 mol%), scan rate 5 mV:sCurve 3: FLiNaK-KBE (6 mol%); Curve 4: FLiNaK-TaGl
(0.2 mol%); Curve 5: FLiNaK-Tag(3 mol%)-KBF,; (6 mol%) Curve 6: FLiNaK-KTiFg

(3 mol%)- KBF, (6 mol%); Curve 7: FLiNaK- KTiFs (3 mol%)- KBF (6 mol%)- TaCd
(0.2 mol%)

The cathodic behaviour of Ti(IV) species in FLiN@&#ectrolyte at a scan rate of
100 mV-se¢ and 5 mV-setis shown in Fig. 4.4.1 (curves 1 and 2). One ddithpeak
(at -0.35 V) and its corresponding anodic peak -(a05 V) are observed in cyclic
voltammogram recorded at 100 mV-&urve 1), attributed to the one-electron revéesib
charge transfer process involving the reductioi@iV) species to Ti(lll) species. At the
lower scan rate, 5 mV*stwo more additional cathodic peaks are observad/¢ 2), R at
a potential of -1.35 V and a broad peak'\Petween -1.25 V and -1.0 V.,Ran be

attributed to the three-electron irreversible cleamgnsfer process involving the reduction
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of Ti** species to Pi The current flow within the potential range of Ban be assigned to
a reduction reaction of electroactive species doimg Ti®* ~** (x < 3). This attribution is
still under discussion and needs further experialembrk. The broad oxidation peak O
at -0.8 V can be assigned to the oxidation 8foFiTi®" ~**) (x < 3) species.

Curve 3 (Fig. 4.4.1) demonstrates the cathodic \aebra of B(lll) species in FLINAK
electrolyte. It can be seen that the reduction @f)Bspecies to B occurs in one step at
potentials more cathodic than -0.8 V. This findiagn good agreement with literature data
[129] according to which the electrochemical reductof B(lll) species proceeds in a
single charge transfer steBF, +3e” - B° +4F .

Curve 4 (Fig. 4.4.1) is typical for the cathodichbeiour of Ta(V) species in FLINAK
electrolyte. The peakiRat -0.9 V is attributed to the reduction of Ta@pecies. Based on
the voltammogram, one can assume that the reducfiora(V) ions to metallic state
proceeds in a single multi-electron step, that alas confirmed by Polyakova et al. [130].
Curve 5 (Fig. 4.4.1) demonstrates the cathodic \aiebaof a mixture of Ta(V) and B(lll)
species in FLiNaK electrolyte. The reduction reattstarting at -0.75 V and the peakd
-1.45 V, corresponding to the TaBormation, is only weakly expressed. The single
reduction peaks of PAand B* species diminish, the current density is by adiaof ten
higher as in the case of FLiNaK-Ta@lectrolyte (curve 4), related to the higher Ta
content and to a possible catalytic behaviour loé nixture or) the nuclei of Ta®n the
further reaction. A typical cross-over of the diréa cathodic direction) and the reverse
scanning (in the anodic direction) curve is obseywehich demonstrates the irreversibility
of the nucleation step in the direct scan. Thus,dtoss-over is considered to be a proof of
the formation of a new solid phase, in our case,T[dRB5]. The current density is by a
factor of ten higher as in the case of FLiNaK-Ta€lectrolyte, indicating a catalytic
behaviour of (the mixture or) the nuclei of Tadh the further reaction. The oxidation peak
shifts by more than 500 mV in the anodic directigiving an evidence for the high
stability of TaB against oxidation.

Curve 6 (Fig. 4.4.1) is characteristic for the odils behaviour of Ti(1V) and B(lll) species
in the FLiNaK electrolyte at 650°C. The reductieactions of Ti(lll) species and of B(lll)
species occur in the potential range -1.2 to -1.4e&ding to TiB formation. The peak R

at -0.3 V can be attributed to the reversible rédacof Ti(IV) to Ti(lll). The reduction
peak R at -1.35 V is positioned at the same potentiahasirve 2 and corresponds to the
reduction of T species to Fi A shoulder in the cyclic voltammogram at approeiety
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-1.24 V can be assigned to the reduction of anadlgtunknown B-containing complex.
The phenomena of shifting the reduction potentfabio electroactive species to higher
overvoltages via complex forming is well known inlgrographic work and is probably
the cause for the shift of thé'®° couple to higher voltage values in comparisonuwve

3. As in the case of curve 5 (Fig. 4.4.1), a croasr of the direct and the reverse voltage
scan is observed, attributed to the formation efrtw solid phase TiB

Curve 7 (Fig. 4.4.1) is typical for the Ti(IV)/B{)I system with the addition of a small
amount of Ta(V) species in the FLiNaK electroly®eside the characteristic, well
expressed reduction peak & -0.3 V (reduction of Ti(IV) species to Ti(ll§pecies), the
current flow in the reduction peak;Rt -1.4 V (attributed to TiBTaB, formation) is
significantly higher compared to curve 6 measuttesirailar electrolyte composition. The
potentials of the formation of the individual conippals TiB& and TaB (Fig. 4.4.1, curve 5
and 6) are close, resulting in simultaneous co-sidipa of these compounds. As in the
case of an electrolyte composition of FLiNakiiFs-KBF, (curve 6), the shift of the
reduction potentials of the individual compounds ¢ explained by the formation of
complex species of unknown composition. AdditionTafCk to the FLINaK-KTiFs-KBF,4
system promotes the increase of the cathodic peaksight by a factor of 2, indicating
that the Ta(V) species acts as a catalyst for é¢deation of Ti(IV) to Ti(lll) species, and
more TP species are available at higher cathodic potenfi the reduction reaction
Ti*/Ti°. Additional evidence of this fact based on thelifiigs that the melt after the CV
measurements was coloured deeply violet in the césELiNaK-K,TiFs-KBF4-TaCk
system compared to a light blue colour in the a#sthe FLiNaK-KTiFe-KBF, system.
The violet colour is typical for 1 species, and due to the addition of a small amofint
TaCk the concentration of the *ficontaining complex species is significantly enteshc
Also, as one can see in the curves 5 and 6, tres-awer of the direct and the reverse
scanning curve is observed, which is attributethéoformation of a new solid phase %iB
or TaB. The voltammograms 5-7 in Fig. 4.4.1 indicate tti®t deposition of TiBand
TaB, occurs simultaneously in the same potential rahgaX.4 V), thus a co-deposition of
the compounds takes place.

Thermodynamic data of the formation of Ti@d TaB compounds (Table 4.4.1) indicates
that at 650°C the free energy of Fi®rmation is more negative in comparison with the
values of TaB, therefore at the same temperature the growing Td, is

thermodynamically favoured compared to 7aB
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Table 4.4.1:Standard free enthalpies of formation of 7dhd TaB compounds

AG° (kJ/mol) AG° (kJ/mol) at
Compound (T in K) 923K Reference
TiB> -279.49 + 0.028-T -253.65 [131]
TaB, -190.1 + 0.047-T -146.72 [132]

4.4.1.2 Phase analysis and chemical compositiontbé coatings

The X-ray diffraction pattern of a TiHayer deposited using the PIC mode shows
the same peak positions and intensity ratios astterp calculated according to JCPDS-
PDF 00-035-0741 data. The additional diffractiorak®e can be attributed to the Mo
substrate (Fig. 4.4.2).
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Figure 4.4.2: X-ray diffraction pattern of the TiB(25 um) and TiB-TaB, (30 pum)
coatings on Mo substrate, electrochemically depdsiiut of FLiNaK electrolyte via PIC
mode with the following parameterg=55 Hz; T=650°C; =30 min; i~=-0.08 Acm?,
To/Tott =2.6; Bragg-Brentano geometry, Caukadiation

In the case of the presence of Ta@lthe electrolyte, and using the same amounhafge
the TiB, phase exhibits a strong (001) texture and no aedles attributed to the Mo
substrate were detected. This fact can be expladyea higher porosity of the pure TiB
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layer compared to the TiBlaB, layer and on the higher X-ray absorption coeffitief
TaB,. Pure TaB phase was not detectable by XRD measurementsi iy deposits,
possible due to the overlapping of diffraction peeiated to the similar lattice structure of

TiB, and TaB (Fig. 4.4.3). A pure Ta was also not detectable.
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Fig. 4.4.3X-ray diffraction pattern of the TiB TaB, and Ta [123, 124, 133]

However, on the base of the Rietveld refinemertheflattice parameters it can be
assumed that some of the lattice positions of @isabstituted by Ta, forming partly TaB
in the TiB, deposits. The lattice constants of a pure, Figposit were a=3.03 A and
c =3.22 A, which are in good agreement with thosentioned in the literature of
a=3.03034 A and c =3.22953 A [134]. In the casthefTaB co-deposition, an extension
of the lattice parameter a up to 3.074 A was oleskriThec-values are ranging within
3.224-3.231 A. This change in the lattice paranseteconfirms the above mentioned
assumption that the structure of the deposit besomere similar to TaB having the
parameters a= 3.09803 A and ¢=3.22660 A as a ase135].

The EDX analyses indicate values from 0.5 at% ufGaat% of Ta in the TiB
coatings, depending on the points of measuremeheitayered structure. Fig. 4.4.4 shows
the cross-section (SEM picture, BSE backscatteledtrens) of a TiB-TaB, layer

deposited on a Mo substrate. The deposited laykonsogeneous, dense, thick, adherent
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and free of pores and cracks. The coating withvem ¢hickness on the substrate forms a
columnar type structure. Some fractures, visiblethe picture, were caused by the
preparation procedure of the cross section of #mpte. Due to the thermal expansion
coefficient of TaB (5.1x10° K™%) [121] which is closer to Mo (4.8xT0K™) [125] in
comparison with TiB (7.8x10° K™) [136] and the layers-by-layers structure (Figt.4),

the TiB,-TaB, deposit exhibits a significantly better adhesiorthe substrate than a pure
TiB, layer (Fig.4.4.5).

TiB,/TaB;layer

AccV SpotMagn Det WD p—— 20um
PO0kY 30 1000x BSE 10.0

Figure 4.4.4: SEM image (20 kV accelerating voltage, backscattezlectrons) of the
cross-section of the TiBraB, layer on Mo substrate obtained in PIC mode with th
following parametersi=55 Hz; T=650°C; =15 min; hve=-0.08 Acmi?, Ton/Tot =2.6

TiB, layer

Acc.V SpotMagn Det WD }—— 50;1[11
P00 kv 3.0 1000x BSE 10.9

! ;4 -

Figure 4.4.5: SEM image (20 kV accelerating voltage, backscattezlectrons) of the
cross-section of the TiBayer on Mo substrate obtained in PIC mode with fthllowing
parametersv=55 Hz; T=650°C;=15 min; iwer-0.08 ACm?, Ton/Tor =2.6

The distribution of TaBthroughout the TiBlayer is non-uniform. The coating consists of

alternating sandwich-like layers exhibiting thickeein the range of 100-1000 nm, and
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different intensities of the back scattered elewrandicating different content of TaB
deposited during the oscillating reaction (Fig..8)4TaB backscatters based on the higher
atomic weight of Ta (180.95 g-m®l compared to the lighter Ti (47.87 g-mpl
significantly more electrons, resulting in featunegh higher brightness in the BSE-

pictures.

o/ SpotMagn Det WD b——————— 10um
BN10.0KkY 30 3500x BSE 10.3

Figure 4.4.6: SEM image (10 kV accelerating voltage, backscattelectrons) of a cross-
section of the TiB-TaB; layer deposited on Mo substrate via PIC modegérameters see
Fig. 4.61) prepared by ion etching; results of E&Ralysis summarized in Table 4.4.2

Table 4.4.2 represents the atomic concentratioglezhents in the layer in three different

regions exhibiting different intensity of the bacered electrons.

Table 4.4.2:Elemental analysis of the cross section of a,TliBB, coating (positions as
indicated in Fig. 4.4.6)

Position in Fig. 4.4.6 Element At %
B 70.3
Ti 27.3
1
Ta 2.4
B 68.4
Ti 28.3
2
Ta 3.3
B 68.2
3 Ti 27.6
Ta 4.2
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The quantity of TaBin the TiB layer increases from an inner region of the degosihe
outer one (Table 4.4.2). The analysis of the layg#posited and cyclic voltammetry
measurements allow assuming that at the beginrfitigeodeposition process the forming
of TiB, layers occurs, and at that time, when aff' Tand B*) species in the diffusion
layer at the cathode are reduced, and consumebeirbtilding process of TiB Td"™
complex species are enriched in the interface, cediuand incorporated in the TiB
structure. Thus, these two processes alternateaheh during the electrodeposition, and
as a result, layers with different contents of 7ae generated alternatively at the
substrate and oscillating in the composition.

The GDOES analyses demonstrate an overall conténtat% of Ta in the layer,
but due to the restricted depth resolution (it &edmined by the sputtering rate), the

different composition of the layered structure oahbe resolved (Fig. 4.4.7).
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Figure 4.4.7: GDOES analysis of a 30 um thick LiBaB, coating on Mo substrate
obtained via PIC mode with the following parameterss5 Hz; T=650°C; =15 min;
iave=-0.08 ACm™?, Ton/Toff =2.6

The coating thickness is approximately 30 um. Cotreion of B decreases closer to the
substrate. Interstitial impurities like,OH, or N, were not detectable using this GDOES
analysis procedure. Some quantity of C (< 0.5%jetectable in the outer region of the
coating, probably due to reactions of the glassypaa crucible. An intermediate layer
between Mo substrate and EiBoating was not detectable.
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4.4.1.3 Surface morphology

The co-deposition of TaBin the TiB layer has not significant influence on the
morphology of the layer. In both cases the SEM attarisation of the coatings shows that
the layer consists of spherical particles (Fig.8).4

3.0 500x

Figure 4.4.8: SEM images of (a) TiBTaB; layer and (b) TiB on Mo substrates (20 kV
accelerating voltage, backscattered electraigtpined in PIC mode with the following
parametersv=55 Hz; T=650°C;£=20 min; kye~-0.07 Alcnt, Ton/Tor =0.8

112



4.4.1.4 Grain size, lattice parameters and thicknesof the coatings

The grain size and lattice parameters of the, 8B, and TiB layers prepared

using PIC and PP procedures are summarized in fliable.

Table 4.4.3:Crystallite size and cell parameters of the ;Fi&B, and TiB; layer obtained
in (a) PIC mode with the following parametevs55 Hz; T=650°C;$=20 min; bye~-0.07
Alcm? Tol/Tor =0.8; (b) pre-pulse plating with the following pameters:v=55 Hz;
T=650°C; £=20 min; kye~-0.09 Alcnt, Ton/Tor =2.6

Coatin Mode of Crystallite  Lattice parameter (A) Cell
9 deposit size (nm) a c volume(A®)
TiB>-TaB,
a (Ta 0.25Wt%) 535 3.04674 3.23136 25.97
TiB2-TaB,
a (Ta 0.6Wt%) 101 3.0738 3.2109 26.27
a TiB, 120+5 3.02896 3.22849 25.65
TiB>-TaB,
b (Ta 0.3Wt%) 3515 3.03735 3.22885 25.79
b TiB; 9615 3.02976 3.22792 25.66
Theoretical g 134 3.03034  3.22953 25.7
values
Theoretical = 155 1135) 3.09803  3.22660 26.8
values

Adding of Ta-species to the electrolyte and theesfa TaB co-deposition in the TiB
layer leads to the formation of deposits of sigaifitly lower crystallite size (Fig. 4.4.9).

)iy ey e Sy e

Figure 4.4.9:SEM images of (a) TiBTaB; layer and (b) TiB layer on Mo substrates (10
kV accelerating voltage, secondary electroobjained in PIC mode with the following

parametersv=55 Hz; T=650°C;£=20 min; kye~-0.07 Alcnt, Ton/Tor =0.8
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It is well known that in electrochemical depositimmocesses the crystallite size depends on
two factors: nucleation scan and grain growth sfathe nucleation rate is faster than the
grain growth rate, the grain size will get small€he growth mechanism of TiBayer
with the TaB co-deposition is not fully understood, but one saggest that co-deposition
of TaB, inhibits surface diffusion of ad - atoms towarawth centres, thus promoting
nucleation and reduction of the grain size. It @so explain the preferred <001>
orientation of TiB-TaB, coatings which was mentioned above. It is assuthatdduring
the initial electrocrystallization the layer is cpased of fine grains with random texture
due to the formation of randomly oriented nucleis e electrodeposition process
continues the coating exhibits the (001) texture tuthe non-equilibrium growth based
on partial co-deposition of Taln the TiB; layer.

The continuous formation of randomly oriented nuded furthermore of small grains
leads to the uniform distribution of the layer bl substrate, and as a result, the roughness
of TiB,-TaB, coating is significantly lower (Fig. 4.4.10) in raparison with pure TiB
layers (Fig. 4.4.11).

Figure 4.4.10:(a) SEM image and (b) 3D SEM reconstruction oRqu# thick TiB-TaB;
layer (Ra=0.2 pum) deposited on Mo substrate (Rag2¥) (10 kV accelerating voltage,
secondary electrons) in PIC mode with the followpgrametersy=55 Hz; T=650°C;
tio=20 MiN; hye=-0.09 A/cnT, Ton/Torr =0.8

P

Figure 4.4.11:(a) SEM image and (b) 3D SEM reconstruction obautn thick TiB layer
(Ra=0.4 pm) deposited on Mo substrate (Ra=2.5 pif) KV accelerating voltage,
secondary electrons) in PIC mode with the followpgrametersy=55 Hz; T=650°C;
tio=20 MiN; hye=-0.09 Alcnf,Ton/Tort =0.8
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As one can see the nucleation rate is prepondextanhe presence of TaCln the
electrolyte, i.e. the continuous formation of sngahins is observed, leading to a uniform
distribution of the electrodeposited layer and assalt to lower roughness of THHaB;
coatings.

At the same average current densities and consehreages, the TiBTaB, coatings are

always thicker in comparison with TiBoatings (Table 4.4.4).

Table 4.4.4: Thickness of TiB and TiB-TaB, layers deposited on Mo substrate at
different average current densities (PY¥€55 Hz) t,= 20 min,To/Tox =0.8

Average current  Thickness experimental Thickness theoretical

coaling — gensity (A-cni?) (um) (um)
TiB, 0.06 7 11
TiB,-TaB, 0.06 11 11
TiB, 0.08 14 15
TiB,-TaB, 0.08 20 15
TiB, 0.11 15 21
TiB,-TaB, 0.11 22 21

Based on the observations of the quenched elessolgfter the deposition
procedure (Fig. 4.4.12) and cyclic voltammetry nueasients (Fig. 4.4.13), one can
conclude that at the same current densitie€ $jpecies enhance significantly the charge
efficiency of the overall electrochemical reactemd influences via complex forming the
equilibrium of the TH/Ti®* complex species. A higher amount of Tépecies results in a
higher amount of Ti complex species at the intexfand therefore in an improved charge

efficiency resulting in a higher thickness of th8FTaB; layer.

Figure 4.4.12: Optical aspect of the colour of the electrolyté®rathe electrochemical
deposition process (a) FLiNaK;KiFe-KBF4-TaCk and (b) FLiNaK-KTiFs-KBF,4
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Figure 4.4.13:Cyclic voltammograms in differemholten salt systems at 650°C (WE-Pt
wire, A=0.16 cm; quasi RE-Pt wire, CE-glassy carbon crucible; sae 400 mV-3).
Curve 1: FLiINaK-KTiFg (3 mol%); Curve 2: FLINaK-KTiFg (3 mol%)-TaCi(0.2 mol%)

One can observe that TaCGldditive significantly changes the mechanism @& th
reduction of Ti (IV) species in FLiNaK electrolyteading to the change of the mechanism
of TiB, formation. Based on the results described in @rap (Fig. 4.2.8, 4.2.16, 4.2.24)
and cyclic voltamogramms (Fig. 4.4.1, curve 1 apdtZollows, that for reduction of
Ti(IV) species to metallic Ti two conditions arecessary: the initial presence of Ti(lll)
species in the electrolyte (or Ti wire, which iates the disproportional reaction since
increase the quantity of Ti(lll) species in the célelyte) or lower scan rate of CV
measurements to accumulate enough quantity ofTis@ecies at the electrode surface for
further reduction process (reduction Ti(lll) to miét Ti). Fig. 4.4.13 demonstrates the
electrochemical behaviour of Ti(IV) species in thesence of Tagladditive in the
FLiNaK electrolyte. Beside the reduction peak & -0.3 V attributed to the Ti(IV) to
Ti(lll) reduction process, two more additional aadit peaks are observed. The first one at
-0.9 V can be assigned to the reduction of Ta(pdcses to Ta and the second one at -1.5
V - to the formation of Til'a, alloy. Thus, one can say that the presence Of §rzecies in
the electrolyte acts as a catalyst for the rednaiioTi(IV) to Ti(lll) species, and more T

species are available at higher cathodic poterfoalthe reduction reaction ¥iTi°.

116



In spite of the fact that the values of hardnes$a®, (HV=2100) [137] are lower
in comparison with TiB (HV=3000) [2], a negative influence of TaBo-deposition in
TiB, layer on the values of hardness was not obseieel.average micro hardness is in
the HV=2500-3300 range for all samples. This vakiasimilar with those obtained for
TiB, coatings without TaBco-deposition. Considering the Hall-Petch correta{138],
this experimental finding can be explained, sineedhess increases with a decrease in
grain size.

Process of the electrodeposition of TiBoatings from HT molten salts is
sufficiently complicated, depending on many facteush as substrate, temperature, mode
and density of the applied current. Using the sparameters, the reproducibility of the
quality of TiB, coatings was not always achieved. The co-depasitidaB in TiB; layer
demonstrates the substantial improvements of tbpepties of TiB coatings, and makes

the electrochemical deposition process highly répcible (Fig. 4.4.14).
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Figure 4.4.14:SEM images of (a) TiBTaB; layer (20 kV accelerating voltage, scattered
electrons) (b) and (c) TiBlayer (20 kV accelerating voltage, backscattededteons) on
Mo substrates obtained in PIC mode with the follayvparameterst=55 Hz; T=650°C,;
tio=20 MiN; hye=-0.07 Acm % Toofr =0.8
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As one can see, TiHayers of different quality were obtained undex #ame parameters
out of FLiNaK electrolyte with and without additived TaCk. The TiB-TaB, coating is
found to be homogeneous, dense, without crackspamés in the presence of TaCl
additive in the electrolyte (Fig. 4.4.14 a). WheaCk was not added to the electrolyte, not
uniformly layer of TiB was obtained in one case and layer with dendntesobtained in
another case (Fig. 4.4.14 b and c).

4.4.2 Effect of the substrate pre-treatment on morpology, quality and
adhesion of the TiB layer

The effect of substrate pre-treatment on morphqglogmlity and adhesion of the
TiB, layer was studied. As mentioned in [138] the Mooize of the most difficult
refractory metals to coat with adherent, functibntilick acceptable deposits. The reason
of this is that Mo has a thin naturally protectimede film which reforms quite quickly
when exposed to air. Mo has quite large heat ofdexiormation (Mo@ heat of
formation=-180 kcal-md) [139], while the higher the negative heat of fation, the
higher the affinity for oxygen. The authors haveerbdried different methods of pre-
treatment and improving the adhesion of the sutestsauch as pickling in concentrated
acids, mechanical roughening, intermediate strikatings, displacement films, anodic
oxidation, heating after plating, plasma etchind aon of them got more or less optimal
results. They suggest [138] to use augmented enpdrgsical vapour deposition to provide
an initial adherent coating and afterwards oves thideposit layers by electrolysis to final
thickness. This provides excellent adhesion. Is thork it was not possible to use such
method. That is why we tried two different surfapee-treatments (pickled and
sandblasted) and studied it influence on the quafithe coating.

For the investigation, Mo substrates pre-treategbiblgling and sandblasting were
used for the deposition TiBayer out of FLiNaK electrolyte at 650°C. The mutequences
which were used see in Fig. 3.5 (e and f). The exyat lasted 20 min.

Fig. 4.4.15 demonstrates an optical aspect of #mpkes covered with TiBlayer on

different pre-treated substrates.
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Figure 4.4.15:0Optical images of the cylinders coated with F(B) sandblasted and
(b) pickled substrate

As can be seen in Fig. 4.4.15 (a) the JliBoating on sandblasted substrate is
homogeneous, even and dense in comparison witbathgle in Fig. 4.4.15 (b), which has
uncoated areas because of the loosely adhereght Sicratching of such sample has
removed the coating. Thus, the coating interfachesidn is not strong. The SEM
micrographs of the TiBcoatings deposited on the different pre-treatdssates and EDX
results are shown in Fig. 4.4.16 and Fig. 4.4.17.
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Figure 4.4.16:(a) SEM image (20 kV accelerating voltage, backeoatl electrons) and
(b) EDX analysis of TiB coating deposited on Mo sandblasted substrapellse plating
mode with the following parameters=55 Hz; i=-0.18 Acm?, i,=-0.09 Acm?, tx=15
min
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Figure 4.4.17: (a) SEM image (20 kV accelerating voltage, backecadl electrons)
(500x), (b) (50x), (c) and (d) EDX analysis of FiBoating deposited on Mo pickled
substrate in pulse plating mode with the followjrarametersv=55 Hz; i=-0.18 Acm?,
i,=-0.09 Acm?, =15 min; (c)- point 1 in (a); (d)- point 2 in (a)

One can see in Fig. 4.4.17 (a and b), the Mo saflestwvas largely exposed with some
island deposits scattered on the surface. The wadh&sion of TiB layer on the substrate
pre-treated by pickling can also be seen in thelte®f a simple scotch tape test (Fig.
4.4.18).

a b

Figure 4.4.18: Scotch tapes after the test (a) sandblasted @agvient, (b) pickled pre-
treatment

120



TiB, layers coated on sandblasted pre-treated subgfigte4.4.18 a) exhibits fairly good
adhesion; none of the coating was removed by the tast. In the case of pickled pre-
treated substrate (Fig. 4.4.18 b) some part ofcthating was removed by the tape test,
indicating non-adherent deposition. Better adhesidnthe sandblasted substrate in
comparison with pickled one can be explained bilofahg: during the mechanical pre-
treatment the surface to be coated becomes roug8adace roughening forms
microgrooves on the substrate which are filledH®yd¢oating material, and this mechanical
interlocking provides better adhesion.

In addition, using the same parameters the coabih@iB, obtained on the
sandblasted substrate is denser and thidgke80( um) in comparison with TiBlayer on
pickled substrated€20 um). This is also visible in X-ray diffracti¢hig. 4.4.19).
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Figure 4.4.19: X-ray diffraction pattern of the TiB(30 um) coating deposited on the
sandblasted pre-treated substrate and @B um) coating deposited on the pickled pre-
treated out of FLiNaK electrolyte via pre-pulsetplg: v=55 Hz; T=650°C; =20 min;

iave=-0.08 Alcnt, Toy/Toft =2.6

As one can observe in Fig. 4.4.19, using the sameuat of charge for the deposition

some peaks related to Mo substrate were detectedRy measurements in the sample
prepared by pickling pre-treatment. In the sampépared by sandblasting pre-treatment
no reflections attributed to the Mo substrate wagtected. This fact can be explained by
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different thickness of the layers (BHB30 um) coating deposited on the sandblasted pre-
treated substrate, and Bi20 um) coating deposited on the pickled pre-tdate

The abrasion resistance of TiBoatings plated on pickled and sandblasted pedede
substrates was analysed by a sand blasting texy asrundum grains of 500um average

size at 2.5 bar of pressurized air (Fig. 4.4.20).
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Figure 4.4.20: Specific mass loss values of LiBoatings deposited on sandblasted and
pickled substrates

As can be seen from Fig. 4.4.20 the differencehenabrasion resistance among the two
types of specimens becomes greater as the numisgcles increases. TiRoating being
plated on pickled pre-treated substrate is erotietgy compared to layer deposited on

sandblasted pre-treated surface.

4.4.3 Effect of the temperature on the quality of 1B, layer

The working temperature of the process is depenafehe properties of the molten
salt bath. At the low end it is limited by the niredt point of the eutectic mixture and the
high end by the gradual loss of coherence of thmosie once a critical temperature is
exceeded.
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The electrochemical deposition of LiBoating on the Mo substrate was carried out in the
temperature range of 570-700°C via pulse platimg2fb minutes. It was established that
the optimum temperature for the forming continuoblsmogeneous layers of TiBs
650+10°C (Fig. 4.4.21 and 4.4.22).

Figure 4.4.21: SEM image of TiB coating (20 kV accelerating voltage, backscattered
electrons) deposited on sandblasted substrate Ise gplating mode with the following
parametersy=55 Hz; i=-0.09 Acm?, i,=-0.17 Acm’, to= 10 min, T=650°C
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Figure 4.4.22:X-ray diffraction of the TiB coating (for parameters see Fig. 4.4.21)

At the temperature range of 570-600°C none of datings were obtained. Increase the
temperature up to 630°C produces coatings of loalitgu(Fig. 4.4.23 and 4.4.24). The
layers were non continuous and with poor adhesion.
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Figure 4.4.23: SEM image of TiB coating (20 kV accelerating voltage, backscattered
electrons) deposited on Mo sandblasted substragialge plating mode with the following
parametersy=55 Hz; i=-0.09 Acm?, i,=-0.17 Acm’?, t= 10 min, T=600°C
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Figure 4.4.24: X-ray diffraction of the TiB coating deposited on sandblasted substrate in
pulse plating mode with the following parameters55 Hz; i=-0.09 Acm?, i»=-0.17
A-cm?, t= 10 min, T=630°C

Table 4.4.5 represents the atomic concentratiogleohents in the layer in three different
stripes.

Table 4.4.5:Elemental analysis of Ti{HBayer

Position in Fig. 4.4.23 Element At %
B 54.8

1 Mo 0.5

Ti 42.9

O 1.8

B 57.8

5 Mo 29.9

Ti 1.3

O 11.0
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Further increase of the temperature up to 700°@oisexpedient as it diminishes the

thermal stability of the cell, but do not incredise quality of the TiB coatings.

4.4.5. Effect of the current distribution on the thckness of the layer

The thickness of TiB coatings deposited on Mo plates and Mo cylindees w
measured on 4 positions on the samples (Fig. 4.4c2feveal the deposition distribution

of the layer.
T Electrolyte
4 Molybdenum cathode
Rand Glassy carbon crucible
%
B e

Figure 4.4.25:Sketch of the sample position in the cell

Obtained results about the thickness of the lagerslepicted in Fig. 4.4.26.
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Figure 4.4.26: Thickness distribution of TiBlayer deposited on the sandblasted pre-
treated Mo samples out of FLiNaK electrolyte vie{pulse platingv=55 Hz; T=650°C;
t.=20 MiN; hvem-0.08 A-cnf, Ton/ Tof =2.6
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Based on the results illustrated in Fig. 4.4.2& oan say that the deposition distribution
depends on the current density distribution. Aseetgd, the current density is higher at the
point of the samples closer to the bottom of thecible, resulting in the higher thickness
of the deposits. In addition, the value of thekhiess on the edge of the cathode

(Fig. 4.4.25 and 4.4.26, position 1 of the sampieMo cylinder two times higher in
comparison with Mo plate. It could be explainedthg concentration of electrical lines of
force at edges and corners on the samples (Fig7,4eading to higher current density at

these points and resulting at higher thickness.
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Figure 4.4.27: Primary current density distribution as a functiointhe electrical field
between anode and cathode (a) cathode — Mo cyliflaecathode — Mo plate
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4.5 Stability of electroplated titanium diboride catings in molten
aluminum alloy at high temperature

4.5.1 Introduction

It is known, that metals as steel, Mo, W, Ti reaasily with molten Al and Al
alloys. The usage of these metals in aluminium gectdn, melting and forming industry
causes problem with long term stability which coblel solved by means of protective
coatings with materials resistive to corrosive @ctof the liquid metal. It is also known
that many common materials are unstable when keipgsed to liquid oxide melts
[140 -142]. Thus, glass industry also demands fiocient protective coating of the tools
working in such media. It is believed that the F@®atings can be used for such purposes.
However, its stability in such media was not yaiven experimentally. The wettability of
hot pressed TiB substrates containing a different amount of impesi by molten
aluminium drops were discussed in [143].

Thus, study of the behaviour of electrochemicalitgd TiB, coatings in molten Al

alloy at 720°C is the aim of this chapter.

4.5.2 Coating process

TiB, coatings were electrochemically deposited out BL@&NaK melt at 650°C as
well as out of a chloride-fluoride melt at 700-7C0Electrochemical active additives, a
mixture of KTiFs and KBFR in the molar ratio of 1:5, were added to the melts
Molybdenum cylinders (diameter 10 and 30 mm, lergdm, area 50 cfhwere used as
substrates. Periodically interrupted (PIC) and quically reversed (PRC) current modes
were used, with the best results being achievd®RE& mode when 1 anodic pulse follows
by 5 cathodic ones (Fig. 3.5 b and d). The timalgbosition for layers with thickness
between 10 and 15 pm ranges between 15-20 min.
Dense, adherent, fine grain sized and homogeneamisigs up to 10 um thickness were
obtained by PIC electrodeposition from FLiNaK etebtte. Fig. 4.5.1 shows the typical

morphology of an electrochemically deposited J@Bating on a Mo substrate.
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Figure 4.5.1: SEM image of the TiB coating (Ra=820+20 nm) on Mo substrate
(Ra=2490£20 nm) (20 kV accelerating voltage, seaoneélectrons) obtained in PIC mode
with the following parametersgei=20 min, -1=0.3 A-cn, T=650°C 11/1,=0.8, H=55 Hz
The well crystallized TiBlayer exhibits a crystallite size of 25 nm. An XRizasurement

of a representative sample is shown in Fig. 4.5.2.
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Figure 4.5.2: The X-ray diffraction pattern of TiBcoating on Mo substrate out of FLiNaK
electrolyte

The TiB, phase exhibits a slight (101) texture; no reftacsi attributed to the Mo substrate
were detected. After the electrochemical deposiparcess the samples were passed to

corrosion tests.
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4.5.3 Corrosion tests in molten Al alloys

The chemical resistance of the FiBoatings on Mo cylinder was characterized by
immersion tests in molten aluminium alloy (AlSi7NMgd Al9Si3Cu) in a furnace at 720°C
at air atmosphere under static conditions. Duraticthe test was 168 and 24 hours.

Fig. 4.5.3 demonstrates a visual idea about thenbeh of the samples in static test

conditions.

a

Figure 4.5.3: Optical images of the cylinder (a) before test) @éfter test and (c)
longitudinal cut of the cylinder after the test

One can see from the picture (Fig. 4.5.3 c¢) no gbarof the geometric dimensions were
detectable.

Comparing the different sections of the cylindércan be seen that the coating
remains adherent to the substrate on the partarielmelt and oxidizes on the part of the

surface exposed to air (Fig. 4.5.4).

129



TiB >
Mo

TiB >
Mo

——— 50 pm

Figure 4.5.4: SEM images of a cross-section of the cylindemp@} of the cylinder being
inside the melt, (b) part of the cylinder beingainafter a static corrosion test for
168 hours

Table 4.5.1 represents the EDX measurements dofrdiff parts of the cylinder after a

static corrosion test.

Table 4.5.1Elemental analysis of the cross section of,IeBating on different parts of the
Mo cylinder after static corrosion test

Part' of the Element At %
cylinder

B 65.5

) @) 2.4

Inside the melt S 57

Ti 29.4

B 58.3

) @] 20.9

At air Mo 01

Ti 20.7
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Hence the TiB coating is stable inside the molten metal buiigliaed in air at
temperatures above 7

For the better clearness of the stability of JIByer in Al melt two Mo samples, being
exposed to AI9Si3Cu liquid alloy at 720°C for 24dne presented: uncoated (Fig. 4.5.5)
and coated with TiB(Fig. 4.5.6).
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Figure 4.5.5:SEM images of a cross-section of an uncoated Modsr after the
static test
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Figure 4.5.6: SEM images of a cross-section of a Mo cylindetetavith TiB, after
the static test

One can see, as expected, a rather thick zone whereorrosion induced the loss of
material is significant on the bare Mo substrat@s. the contrary, TiBcoated samples
show that the TiB layer remains intact and well-adhered to the Mdase. Thus, the
coating is quite stable in molten Al alloy being efficient protection treatment for Mo

substrates.
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5. Conclusions

5.1. FLiNaK electrolyte in comparison with other moltémoride salts possesses the
following advantages: high quality of the melt (theocedure of the drying gets lower
content of the water), a wide electrochemical piaenwindow, low melting point and
temperature of the processes. Obviously, so highingepoint of the electrolyte makes
difficult for the purification of the initial compmds, resulting in forming oxyfluoride
impurities and the decreasing of the electrochemvaadow of the supporting electrolyte.
On the other hand, it can be that alkali metal otat{Li") greatly increases the

electrochemical stability of the electrolyte in ttethodic regions.

5.2. The electrochemical behaviour of Ti(lV) and B(IBpecies in FLiNaK electrolyte
were characterized by means of cyclic voltammetrihe temperature range of

600 - 700°C. Based on the experimental data amtredmalysis it was established that the
mechanism of the reduction of Ti(IV) species in IRaK electrolyte depends on the
composition of the electrolyte and temperature hef process. The formation of *Tis
possible only at the temperature$650°C and more preferable in the presence oflI)i(ll
species in the melt. The electroanalysis for tmgeaof the sweep rate 50-600 mV-5et
600-700°C allow us to indicate that the procesthefelectrochemical reduction of Ti(IV)
fluoride complexes to Ti(lll) in a FLINaK electrdly changes from a quasi-reversible
behaviour at 600°C (at the scan rates of < 600 etV)so the irreversible process at
700°C, due to producing an insoluble product ondleetrode surface. A study of the
electrochemical behavior of Ti(IV) species in FLWalectrolyte indicates that only the
reduction process of Ti(IV) to Ti(lll) species takplace at the temperatures < 650°C.

In the studied temperature range the electrochéméxzhuction process of the B (lll)
species occurs via a single 8ensumed step. Based on the results of voltamersdtrdies,

it could be assumed that in the temperature rarfgé00-700°C the change in the
mechanism of the reduction of BFcomplexes in FLiNaK electrolyte takes place. The
reduction process of BFspecies is quasi-reversible at low scan ratesemg@édratures

< 650°C and irreversible at high scan rae800 mV-§ and temperatures 650°C, i.e. it

is controlled by the rate of charge transfer.
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5.3. Electrodeposition of TiBcoatings in molten chloride-fluoride electrolytéaCl - KCI

— NaF — KTiFs - KBF,) at 700°C was investigated. Pulse plating (PHrtieeies in forms

of periodically reversed (PRC) and periodicallyemupted current (PIC) were applied —
instead of traditional direct current (DC) procegluvhich was also used for comparison -
for the efficient deposition of the coatings ontolyplpdenum, stainless steel and tungsten
carbide substrates with different geometries andase areas. The effect of current
density, frequency and pulse shape on the coaprgserties was studied. Pulse plating
technique can be usefully applied for coating of, lglainless steel and other substrates. In
comparison with direct current, pulse plating hhsven to improve the quality of the
coating with respect to low roughness, and reduaimgesirable edge effect that conduce
to high residual stress in the layer. The coatiiity) the lowest roughness (Ra=102+5 nm)
was obtained by PRC pulse plating. The values afraghardness were in the range of
1800-2400 MPa depending on the pulse frequency It @&ectrolysis. The residual
stresses are related to the frequency of depostdrvary in the range of -0.7 GPa to

-1.3 GPa, being the minimum at pulse frequencyOohrzd 100 Hz. The time for deposition
of a 10 um thick layer ranges between 10 and 20 de@pending on the method used. The
best results were obtained with pulse reverse curf@RC) plating, though the pulse
interrupted current (PIC) shows also very goodltesn many cases.

Plating conditions (pulse shape, sequence and drexy) were found to deposit TiB
smooth coating with low compressive stress and guear resistance. Such coatings can
be used for manufacturing cutting tools; especi#tigse working in high temperature

corrosive environment.

5.4.The additive of TaGlin FLiNaK electrolyte influences positive on thHearochemical
deposition process of TiBand the properties of the layer.

» TiB,-TaB, coatings of high quality were obtained in the pree of TaGl additive
in FLiNaK electrolyte at 650°C via pulsed currelatimg.

* Cyclic voltammetry measurements and analysis otdaings show the possibility
of co-deposition of TiB-TaB, compounds in the same potential range in form of
alternative layers due to the competitive altemsafprocesses at the electrode,
following each other during the electrochemicaluebn.

* Due to incorporation of the TaBn TiB, and the established layered structure a
better matching to the thermal expansion coefficigas achieved, resulting in a

better adhesion of the coating to the substrate.prbcess of the electrodeposition
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of TiB, coatings from high temperature molten salts idigahtly complicated,
depending on many factors e.g., substrate, elgt@ralomposition, temperature,
current mode and current density applied. Using teme parameters,
reproducibility in the quality of TiB coatings was not always achieved. Adding
TaCk to the molten salt electrolyte improves the precasTiB, electrodeposition
successfully, making process highly reproducibld snproving the properties of

the coatings with respect to roughness, adhesidryeain size.

5.5. Among the two pre-treatment methods (pickling aatdblasting), the last one is
more effective to obtain the coatings of high qyalCoatings deposited on the sandblasted
substrates have better adhesion strength compareitiat deposited on the pickled

substrates.

5.6. The optimal temperature for the deposition of JIeBatings of high quality was found
to be 650°C. Based on the cyclic voltammograms afettrochemical deposition
experiments it was indicated that forming of TiByers take place in the temperature
range of 600-630°C, but the diffusion rate of M@iiB, was not sufficiently rapid to
effect a good bond. An increase of the temperatuez 650°C is not expedient due to the
decrease of the thermal stability of the cell aetedoration of the conditions of forming
TiB layer.

5.7. The corrosion behaviour of molybdenum materiabtgeted by electrochemically
plated TiB coatings, has been studied by static tests. TheWwWoders, both coated and
uncoated, were immersed in liquid aluminium allgp$Si7Mg and AI9Si3Cu) at air at
720°C for 168 and 24 hours. The investigations slubthat the TiB coatings effectively
protect Mo surface against corrosion in molten Abys media. No changes of the
geometric dimensions were detectable. No visildeds of corrosion were detected on the
liquid metal — TiB interface in corrosion tests in static conditiodence the TiB coating

is stable inside the molten metal but is oxidizedir at temperatures above 700°C.
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