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(Received Nov. 15, 1985)

        The electrodeposition of Ni-Ti alloys from various aqueous and non-aqueous
baths has been examined. Ni-Ti alloy coatings containing up to 20 wt% Ti can be produced by

the electrolysis of an aqueous solution of (NH,)2TiF, (O.1 - O.2M), NiSO, (O.1 M) and
glycine (O.2 M) with pH 3.5 - 4.5 at 200C. [The alloy deposits seemed to consist of metallic

Ni .and Ti oxide with a smal1 portion of the metallic Ti.

                             Introduction

    The properties of titanium as a light metal of extremely good corrosion resistance

and also heat resistance have attracted much attention in recent years in an attempt to

develop a new and less expensive coating method on the steel substrate.

    Even though a great number of studies have been made for the electrodeposition of

Ti from molten salt and non-aqueous solvents as well as from aqueous solutionsi):-6),

there seemed no feasible plating bath to be applied for the commercial process.

    [[he standard electrode potential of Ti is -1.75 V vs. NHE (250C);therefore, when

the electrolysis was carried out in an aqueous solution, hydrogen evolution can not be

.excluded before the deposition of Ti.

    Another difficulty in depositing the pure Ti metal coating from an aqueous solution

is the characteristic properties of Ti metal itself. Very stable passive films (oxide or

nitride) can be easily fbrmed when the pure Ti metal surfacg is exposed to air. These

types of oxide films on Ti metal can be formed in an aqueous solution. Therefore, even

if the pure Ti metal coating was obtained on the electrode, Ti surface will be covered

with a thn oxide layer which might interfere the further deposition of Ti.

    In ailoy plating processes, there is possibility to codeposit an inactive metal with

some more active metals. Ti-Co alloy deposition has been studied by Kochergin7) from

an aqueous HF-H3B03 bath. Recently, the electrodeposition of Ni-Ti' alloys has been
studied by Koura et al.8); however, Ni-Ti alloy deposits obtained by these authors

seemed to consist of metallic oxide rather than pure metals.

    Based on the preliminary study on the electrodeposition of Ti from the aqueous

solutions, an attempt was made for the electrodeposition of Ni-Ti alloys from an

aqueous solution containing (NH4 )2 TiF6 , NiS04 and glycine.

                         Experimentals
             ,
The compositions of the baths studied are shown in Tables 1 and 2.
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        Table 1

(1) Tielectrolyte

Electrodeposition of Ti and Ni-Ti frorn non-aqueous solution

Bathcompositionandelectrolysis condition DepositsandTi content

TiCl,

LiCl

O.IM

O.IMinEtOH 200c 2Adm-2 Black 35wt%

TiCl,

LiCl

O.05M

o.IMinDMso 200c IAdm'2 Blackpowder

Til,

Lil

O.04M

o.IMinDMso 2oec IAdm-2 Graypowder 22wtp9

Ti(CF,COO), O.3MinEtOH 200c IN3Adm-2 Ti(IV).Ti(M)

Ti(CF,COO), O.3MinMeOH 200c 1""3Adm-2 Ti(IV).Ti(III)

Ti(CF,COO), o.IMinHCONH2 200C IN3Adm'2 Colloidalppt.

Ti(S04)2 O.IMinMeOH
orEtOH 200C 1""3Adm-2 Ti(IV)-Ti(M)

(2) Ni-Ti electrolyte

TiCl,

NiCl,

LiCl

O.1--O.2Min

O.Ol--O,IMEtOH:MeOH

O.IM(1:1)
2oec 2A"8Adm-2

Black-brown

peeling 7.4wt9o

TiCl,

Ni(CF,COO),

LiCl

O.IM

O.IMinEtOH
O.IM

2oec 1""2Adm-2 Blackpowder 6.0wt9o

TiCl,

NiBr2

LiBr

O.05M

o.ol--o.o2MinDMso

O.IM

200c 1""1.75Adm'2 Blackpowder 27.lwt9e

TiCl4

Ni(CF,COO),
LiCl

O.05M

o.osMinDMso
O.IM

2oec IAdm-2 Blackpowder O.4wt9e

Ti(CF,COO),

Ni(CF,COO),

O.3MinEtOH

orMeOH
O.2MorHCONH,

200c 3N4Adm-2 Blackpowder 30wt9o

   TThe cathodic polarization curves for the electrodeposition of Ti and Ni-Ti alloys

were measured by the potential sweep method (50 mV/min). The potentials measur-

ed were referred to a saturated calomel electrode.

                       '   For the analysis of the deposits, Ti and Ni-Ti coatings deposited on Pt electrode

were dissolved in 6N HCI + H202 solution and the composition of Ti and Ni-Ti deposits

was analyzed by the atomic absorption spectroscopy and also by the colorimetric

method. The amount of hydrogen evolved during the electrolysis was measured by the

gas measuring device attached to the electrolytic cell.

   Surface appearance of the Ti and Ni-Ti alloy deposits was examined by an optical

mlcroscope.
   An x-ray diflflraction analysis was also carried out to determine the structure of the

deposits.
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Table 2 Electrodeposition of Ti and Ni-Ti from aqueous solution

(1) Ti electrolyte

Bath compositionand electrolysiscondition Depositand Ticontent

Ti(S04)2

Na2s04

O.125M

1.0M

pH1.5
2oec

O.5--2Adm-2 -
(NH,),TiF, O.1-O.4M pH3.5200C 1'"2Adm'2 Graypowder

(2)Ni-Tielectrolyte

Ti(S04)2

NiC12

HsBOs
Citricacid

Glycine

O.0625M

O.125M

O.4M

O.5M

O.5M

pH5""9

200c
,2--7Adrn-2 Dullsmooth O.5wt9o

'Ti(S04)2

NiCl,

H,BO,
Lacticacid

Glycine

O.0625M

O.125M

O.4M

O.5M

O.5M

pH.5ts'7

2oec
2'"7Adm-2 Dullsmooth 2wt9o

(NH,),TiF,

NiSO,

Glycine

O.1--O.2M

O.IM

O.2M

pH3.5""5.5

200c
1""2Adm-2

Blacksmooth

or

graypowder

10--20wt9o.

25wt9o

Surface state of Ti and also Ni on the deposits was analyzed by the ESCA.

                         Results and Discussion

Prelimimary experiments

   Screening of the electrolyte suitable for the electrodeposition of Ti has been made

with the special reference to the Ti compounds.

   Tables 1 and 2 show the experimental results obtained from various non-aqueous

and aqueous solutions containing different Ti compounds.

   In the study of non-aqueous Ti plating system (Table 1), organic solvents tested

were MeOH and EtOH as a prototype solvent, and dimethyl sulfoxide qs a non-protonic

solvent. In the electrolysis of these organic Ti baths, the reduction of Ti'Y --)h Tima or TiM

-> Ti" was observed; however, no deposition of metallic Ti was detected.

   In the non-aqueous Ni-Ti alloy plating baths listed in Table 1, the deposits obtained

were found to be black powdery or black brown, and sometimes, non-adherent coating

was obtained. Therefore, non-aqueous Ti plating bath does not seem to give the sound

Ti and Ti alloy deposits.

   Ti containing coatings were obtained from the aqueous electrolyte containing

Ti(S04)2 and lactic acid'or citric acid. The Ti content in the alloy deposits increased

with an increase of pH of the bath and current density. Under these conditions, evolu-

tion of hydrogen occurred strongly and the surface of the deposits ,tended to become

powdery. in general, the Ti content of the deposits from these baths was found to be

less than 2 wt.%.
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   Among the electrolytes tested for the electrodeposition of Ti, an aqueous solution

containing (NH4 )2 TiF6 was found to be most promising for the electrodeposition of Ti

                                                           iand its alloys. Therefore, the detailed studies on the evaluation of the (NH4 )2 TiF6 bath

have been made for the electrodeposition of Ni-Ti alioy coatings.

Electrolysis of (NH4)2 TiF6 solution

   The cathodic polarization curves obtained from O.1 - O.4 M (NH4 )2 TiF6 bath with

a Ti electrode by means of the potential sweep method (50mV/min) are shown in Fig. 1 .

   Effects of the concentration of Ti comPound on the cathodic polarization can be

found in this figure. An abrupt increase in the current density was observed at the

potential of -O.8V and the current was found to be almost constant beyond the

potential of -1.2V. The current increased again at -1.3V with the evolution of

hydrogen. Under these conditions, the enormous amounts of hydrogen evolved, and the

deposits became grayish brown.

   The linear relationships between the current density at -1.2 and -1.4 V and the

concentration of Ti salt in the bath were observed as shown in Fig. 2.

   When the electrolysis was carried out at -1.2 V, dark violet precipitate was formed

in the vicinity of the electrode. The electrolysis of the O.1 M (NH4)2S04 solution,

however, does not seem to give the reduction current under the same conditions as in

the case of (NH4 )2 TiF6 bath. Therefore, the current observed at -O.8 V seemed to cor-

respond to the reduction of Tii". Tihi 3),4):

   The cathodic polarization curves obtained in the same (NH4)2TiF6 bath with a Ni

electrode are also shown in Fig.3. Contrary to the case of Ti electrode, the hydrogen

evolution occurred at -O.8 V and no current plateau was observed in the polarization

curves.

   The potential of the metal deposition at the Ni electrode in the (NH4)2TiF6 bath

was also found to be different from the one in which Ti was used as a cathode.

   Differences in the deposition potentials of Ti and H2 at each electrode may be at-
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tributable to the hydrogen overpotentials of Ti and Ni. Therefbre, the cathodic current

observed in the potential range between -1 .3 and -1 .4 V could not be defined whether

it may correspond to the deposition of Ti or the evolution of hydrogen.

   Deposit obtained from the pure (NH4 )2 TiF6 bath was found to be dark gray in the

initial stage of the electrolysis; however, the prolonged electrolysis gave rise to the

grayish white deposits which, sometimes, tend to peel off from the electrode. Upon

drying the deposits, the Ti coatings turned to the non-adherent white powder.

Electrodeposition of Ni-Ti alloys from (NH4 )2 TiF6 -NiS04 glycine bath

   Based on the preliminary studies on the electrodeposition of Ti from a (NH4)2TiF6

bath, an attempt was made to deposit the Ni-Ti alloy coatings from the (NH4)2TiF6-

NiS04 -Glycine bath shown in Table'2.

   The eflfect of the curre,nt density on the composition of Ni-Ti alloy deposits is

shown in Fig. 4 as a function of the concentration of (NH4)2TiF6 in the bath. The Ti

content in the Ni-Ti alloy deposits increased with an increase of the current density to

give 20 - 30 wt.% at a current density of 2 - 6 A/dm2, and the further increase in the

current density does not seem to give the higher Ti content.

   The Ti content in the Ni-Ti alloy deposits was found to be high when the con-

centration of the (NH4)2TiF6 in the bath is rather low. These results are quite unusual

in the deposition ofmetal or alloys from an aqueous solution.

   The total amount of Ni and Ti in the alloy deposits decreased with an increase of

current density and it gave only 50% when the O.1 M solution of each Ti and Ni com-

pound was employed.

   These results can be explained by the inclusion ofmetal hydroxide as well as oxide

in the alloy deposits during the electrodeposition of Ni-Ti alloys due to the strong evolu-

tion of hydrogen.

   The partial current efficiencies for the deposition of Ni, Ti and also hydrogen are
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given in Fig.5. The current efficiency of the Ni deposition seemed to be independent

on the current density and also on the concentration of Ti compound in the alloy plat-

ing bath to give 15 - 30%.

   On the other hand, the evolution of hydrogen increased with an increase of current

density. If the reactions of Ni, Ti and also hydrogen proceed through the electro-

chemical processes, the total current efficiency for the deposition of Ni, Ti and H2 can

be estimated to be 130% at a current density of4 A/dm2 in the Ni-Ti alloy plating bath

containing O.1 M (NH4)2TiF6. It seemed, therefore, that the deposition of Ti in this

alloy system might be controlled by the chemical process rather than the electro-

chemical one.
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   The current efficiency for the H2 evolution decreased remarkably with an increase

of the Ti concentration in the alloy plating bath. Under these conditions, the current

efficiency for the Ni deposition does not seem to increase and the current efficiency for

the Ti deposition also decreased.

   These results imply that the another reaction might be taking place at the cathode

during the electrolysis of the Ni-Ti alloy plating bath; that is, the electrolytic reduction

of TiiV.-> TiM.

   From the theoretical point of view, the reduction of Tii" . Tiur wM occur in the Ni-

Ti alioy plating bath; however, the reduction of Tidi -> TiO does not seem to occur even

when the concentration of TiM is getting higher in the vicinity of the electrode.

   Ni-Ti alloy･obtained from the (NH4)2TiF6 bath in the initial stages ofthe deposi-

tion gave rise to silver white deposits. However, no metallic Ti or Ti compound was

detected in the deposits.

   Deposition of Ti was confirmed to occur when the hydrogen evolution was prevail-

ing during the electrolysis, and the deposits were always black.

   The effect of current density on the composition of Ni-Ti alloy deposits is given in

Fig. 6 as a function of pH of the alloy plating bath. The Ti content of the alloy deposits

increased with an increase of pH of the bath.

   The current efficiencies for the Ni and Ti deposition in the Ni-Ti alloy plating bath

under the same conditions mentioned above are shown in Fig. 7. The current efficiency

for the Ni deposition decreased with an increase of the current density in the pH range

3.5 - 4.5. Moreover, the efficiency for the Ni deposition seemed to be poor in the lower

current density region with an increase of pH of the plating bath. In the low pH range,

the hydrogen evolution increased with an increase of the current density, and the

deposition of Ni was inhibited by the formation of the stable Ni-glycine complexes in

the alloy plating bath.

   The reduction of Ti was found to occur with the evolution of hydrogen, and the
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higher the pH of th¢ bath, the easier the depositi,on of Ti. The deposition of Ti, how-

ever, seemed to occur not solely by the electrochemical reaction.

   The reaction of Ti on the electrode seemed to consist of the following steps; the

hydroxide may be fbrmed in the vicinity of the electrode by the hydrogen evolution,

and this compound tends to incorporate into the Ni matrix during the electrodeposition

of Ni.

   In order to confirm these reaction schemes in the Ni-Ti alloy plating systems, the

cathodic polarization curves of the Ni-Ti alloy deposition, as well as the partial current-

potential curves for the hydrogen, Ni and Ti were determined as shown in Fig. 8.
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   The depositions of Ni and also hydrogen were found to be the main reactions oc-

curring at the potential of -O.9 V, and the deposition of Ti does not seem to take part

in these electrochemical reactions. However, the total currents at the potential of

-O.9 V were found to be larger than those of the hydrogen and Ni depositions.

   These results imply that the another reaction might be taking place at the working

electrode; that is, the reduction of Ti'" -> TiM or Ti'V -> Ti". The partial current for the

reaction of Ti calculated by the subtraction of partial currents of the H2 and Ni from

the total currents has a plateau in the current density range, O.6 -O.7 A/dm2 (ca.

-1.0 V). However, the partial current for the deposition of Ti estimated from the

amount of Ti deposited in the alloy coatings increased sharply at the potential of

-O.9 V, and continued to increase with an increase of the electrode potential.

   As wM be seen in Fig. 8, these two partial current-potential curves for the reduc-

tion of Ti are clearly different from each other. The partial current-potential curve

obtained by subtraction method should correspond to the reaction of TiiV . TiM or TiM
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- Ti". Deposition of Ti was confirmed to occur at above -1.05 V with an increase of

the hydrogen evolution, and the deposition of Ti increased sharply above the limiting

current density of the Ti reduction.

Characteristics of the Ni-Ti alloy deposits

i) Surfaceappearance

   Ni-Ti alloy deposits obtained from the (NH4)2TiF6-NiS04-glycine bath gen-

erally have the cracks as shown in Fig. 9. The cracks on the Ni-Ti alloy deposits be-

came finer with an increase of the current density and also pH of the bath. These

phenomena seemed to be attributable to the evolution ofhydrogen in the ailoy plating

bath. Changes in the crack patterns in the Ni-Ti alloy deposits are well accord with the

phase structure of the alloy deposits. Therefore, the formation of the cracks in the Ni-

Ti alloy deposits might be due to the incorporation of the Ti hydroxidg in the alloy

deposits.
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ii) X-ray diffraction data

   The x-ray diffraction lines correspondmg to the Ni(1 10) and Ni(200) were observed

in the Ni-Ti alloy deposits; however, no diffraction lines referred to the metallic Ti were

detected. On the other hand, diffraction lines corresponding to the Ti oxide were found

in al1 the Ni-Ti alloy deposits obtained from thg (NH4)2TiF6 bath. The intensity of the

corresponding diffraction lines, however, seemed to be rather weak compared to the Ti

content in the Ni-Ti alloy deposits. These results imply that the Ti oxide in the Ni-Ti

allQy deposits might be composed of the very fine crystallite.

iii) ESCAdata

   Analysis of the Ni-Ti alloy deposits was also carried out by the ESCA. The Ni-Ti

alloy deposits obtained at a current density of 1.0 Aldm2 and 4.0 A/dm2 gave rise to

the same chemical shift in the ESCA patterns for the Ti and Ni.

   However, the Ni-Ti alloy deposits obtained at rather high current density (4.0 A/

dm2) seemed to have a stronger metallic Ti line, which was confirmed by the argon
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etching of the Ni-Ti alloy deposits as shown in Fig. 10.

                             Conclusion

   Ni-Ti alloy coatings containing ca. 2 wt.% Ti have been electrodepo'sjted from a

NiS04 -Ti(S04)2 bath containing citric acid or lactic acid as a complexing agent.

   Organic solvent baths containing TiC14 and NiC12 or Ni (CF3COO)2 gave rise to the

black powdery deposits containing 6 - 30 wt.% Ti, and these types of the Ni-Ti alloy

deposits seemed to have poor adherence to the substrate.

   Under the optimum conditions, Ni-Ti alloy coatings containing ca. 20 wt.% Ti can

be produced in the electrolysis of an aqueous solution containing (NH4)2TiF6 (O.1 -

O.2 M), NiS04 (O.1 M) and glycine (O.2 M) with pH 3.5 - 4.5, 1 - 2 A/dm2 and 200C.

   'Ihe reaction of Ti on the electrode seemed to consist of the following steps; the Ti

hydroxide may be formed in the vicinity of the electrode by the strong evolution of

hydrogen and this compound tends to incorporate into the nickel matrix as like as in

the case of the dispersion coatings.

   Deposition of Ti was confirmed to occur above -1.05 V with an increase of the

hydrogen evolution and the deposition of Ti increased sharply above the limiting cur-

rent density of the Ti reduction.

   The Ni-Ti alloy deposits obtained from the (NH4)2TiF6-NiS04-glycine bath

seemed to consist ofmetallic Ni and Ti oxide with a small portion of the metallic Ti.

1) F.A. Lowenheim Ed.,
   Inc. New York.
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