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The reduction of  Y(III) ions in molten chloride is known to be a one-step three electron reaction [1, 
2, 3], but  a vo l tammogram of  YC13 in molten LiC1-KC1-NaC1 at a nickel electrode shows at least two 
reduction peaks of  Y(III) ions, indicating the possibility of  formation of  N i - Y  intermetallic com- 
pounds. Using a galvanostatic electrolysis method,  samples were prepared at several current densities 
at 450, 500, 600 and 700 ° C, respectively, and were identified with X-ray diffraction (XRD)  and 
electron probe  microanalysis (EPMA) methods.  The results show that Ni2Y, Ni2Y3 and NiY can be 
produced by electrolysis and Ni2Y is found to be the predominant  N i - Y  intermetallic compound  
under the experimental conditions. Nickel appears to diffuse in Ni2Y faster than yttrium, and the 
diffusion process is the rate determining step during Ni2Y formation. 

1. Introduction 

Rare ear.th metals are well known as effective cat- 
alysts, and they are also excellent alloying elements. 
For example, Cr-Ni-Y, Fe-Cr-A1-Y and nickel-base 
superalloy have been developed as anticorrosive, heat 
resistant, long service life alloy materials. Considering 
the good mechanical properties of intermetallic com- 
pounds and effective catalytic characteristic of rare 
earth metals, as well as the existence of many kinds of 
intermetallic compounds of nickel and yttrium [4], it is 
not difficult to imagine the possibility of Ni-Y inter- 
metallic compounds as surface functional materials. 
In this study, an attempt is made to produce Ni-Y 
intermetallic compound films on nickel surfaces by an 
electrochemical process in molten chloride. 

2. Experimental details 

For the experiments carried out at 450-600°C, 
55LiC1-36KC1-9NaC1 (mol %) eutectic mixture was 
used as a solvent electrolyte. 50KCI-50NaCI mixture 
was used for experiments at 700 ° C. LiC1, KC1 and 
NaC1 were all of reagent grade (Wako Chemical Co., 
Ltd). The anhydrous YC13 was obtained by slowly 
heating a mixture of YCt3 • 6H20 and NH4C1 under 
vacuum. A molybdenum wire 1 mm in diameter and a 
nickel disc of 7ram in diameter were used as the 
working electrodes. To measure the electrode poten- 
tial, a stabilized zirconia-air electrode was used as a 
quasi-reference electrode for convenience [5], and the 
measured values are presented in the figures relative to 
the M +/M electrode potential. Here, M represents an 
alkali metal (Li and Na), and the potential of M +/M 
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remains constant, ( -3 .627 + 0.006) V(CI2/C1 ), at 
450 ° C, which is the decomposition potential of the 
solvent [3], though the exact composition of M is not 
defined. A glassy carbon rod of 5 mm in diameter was 
used as the counter electrode. The salt mixture was 
contained in a high purity alumina crucible (99.5% 
A1203, Nippon Kagaku Togyo Co., Ltd SSA-S) and 
was melted under dry argon atmosphere. After anhy- 
drous YC13 was added to the eutectic, dry HC1 gas was 
passed through the eutectic for 2 h. Finally, the cell 
was kept under a slight positive pressure of dry argon 
gas to keep out atmospheric moisture. 

3. Results and discussion 

3.1. Voltammetry 

A typical cyclic voltammogram of Y(III) ion at a 
nickel electrode obtained at 450 ° C in the solvent elec- 
trolyte with addition of 1.2 tool % YC13 is shown in 
Fig. 1. There are at least two clear reduction peaks at 
about 300mV and 400mV, respectively. Near 0mV, 
cathodic breakdown of the electrolyte occurs. How- 
ever, previous work [3] revealed that the electrochemi- 
cal reduction of Y(III) in molten 55LiC1-36KC1- 
9NaC1 (tool %) system is a one-step three electron 
reaction. According to the Ni-Y phase diagram [4], 
several intermetallic compounds can be formed bet- 
ween nickel and yttrium. The two reduction peaks may 
be associated with the formation of yttrium and a 
Ni-Y intermetallic compound, respectively. For com- 
parison, the cyclic voltammogram of the Y(III) ion at 
a molybdenum electrode, obtained under the same 
conditions, is also plotted as dashed line in Fig. 1. 
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Fig. 1. Voltammograms of Ni ( ) and Mo ( . . . .  ) electrodes. 
(1.2 tool % YC13~ scanning rate: 100 mV s -1 ,450  ° C). 

Because no alloys or intermetallic compounds can be 
formed between molybdenum and yttrium, only the 
reduction peak of Y(III) appears. Considering the 
result for the molybdenum electrode, it seems that the 
reduction peak at 300 mV, which is just the deposition 
potential of yttrium at the molybdenum electrode, 
corresponds to the electrodeposition of yttrium metal, 
and the other peak corresponds to the direct forma- 
tion of an N i - Y  intermetallic compound. On the 
reversal sweep, in addition to the tw6 sharp oxidation 
peaks, which correspond to the two reduction peaks, 
there are two other oxidation peaks (shoulders) at 
about 0.7V and 1.5V, though there are no corres- 
ponding reduction peaks. These indicate the possibil- 
ity of formation of more than one kind of Ni-Y 
intermetallic compounds. The cyclic voltammograms 
of Y(III) ion at the nickel electrode at 500, 600 and 
700 ° C are all very similar to that obtained at 450 ° C. 

3.2. Open-circuit potentiometry 

Open-circuit potentiometry was also carried out to 
confirm the results for the cyclic voltammetry. After 
galvanostatic electrolysis for 30s at an electrolysis 
current density of 800 mA cm -2, the current was inter- 
rupted, and the open-circuit potential decay curve of 
the nickel electrode was measured. The result is shown 
in Fig. 2. Plateau (a) represents the cathodic break- 
down of the electrolyte, and the two plateaus, (b) and 
(c), correspond to the two sharp oxidation peaks in 
Fig. 1. Plateau (d), which corresponds to the peak at 
about 1.5 V, is still not understood. No plateau corres- 
ponding to the oxidation peak at about 0.7V in Fig. 
1 appears. 

3.3. Potentiostatic electrolysis 

In order to confirm the inference concerning the two 
reduction peaks in Fig. 1, potentiostatic electrolysis 
was conducted near the two peak potentials, i.e. 400 
and 310mV, respectively, at 450°C, with 700C 
charge. It should be noted that the charging times are 
different in these two experiments, since the current 
densities are different. After electrolysis, the samples 
were taken out from the bath, and the surfaces of the 
samples were investigated. A black mud-like deposit 
was found on the surfaces. The amount of this deposit 
on the sample prepared at 310mV was much more 
than that on the sample prepared at 400inV. The 
samples were washed with distilled water and then 
cleaned in alcohol using an ultrasonic cleaner. Weight 
increases of these two samples were also measured, as 
12 and 0mg, respectively. The XRD patterns of the 
two samples are shown in Figs 3 and 4. From the 
results, it can be seen that the surface of the sample 
prepared at 400 m y  is composed of Ni2Y and NizY 3 . 
The cross-section of the sample prepared at 400 mV 
was analysed quantitatively by EBMA with atomic 
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Fig. 2. Open-circuit potential decay curve of Ni electrode after 
electrolysis at 800mAcro 2 for 30s. (1.2mol % YCls, 450°C). 
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Fig. 3. X R D  spectrum of  sample prepared at 400 mV for 40 h. 
(1.2 tool % YC13, 700 C charge, 450 o C). (1) Ni2Y, (2) Ni2Y 3 and (3) 
Holder (Monel). 
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Fig. 4. XRD spectrum of sample prepared at 310mV for 2.5h. 
(1.2mo1% YCI3, 700C charge, 450°C). (1) Ni and (2) Holder 
(Monel). 

number(Z)-adsorption-fluorescence(ZAF) correc- 
tion. The result shows that the bulk product is Ni2Y. 
In contrast, nothing was left on the surface of the 
sample prepared at 310mV. Judging from the above 
results, the black mud-like deposit is likely to be yt- 
trium metal. Because of the reactive properties of 
yttrium metal, the deposited yttrium metal on the 
samples will react with water and oxygen in the air, 
when taken out from the bath, and washed out by 
distilled water after electrolysis. That is why nothing is 
detected on the surface of the sample prepared at 
310 mV. Of course, deposited yttrium can form Ni-Y 
intermetallic compounds by thermal diffusion, but the 
total period of the experiment in this case was too 
short for its formation. 

3.4. Thermal diffusion effect 

To discuss the effect of thermal diffusion, a sample 
was prepared by potentiostatic electrolysis at 310 mV. 
In this experiment, however, after passing 1420C 
charge, instead of being taken out of the bath im- 
mediately, the sample was kept in the bath until the 
total period was as long as the experiment period for 
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Fig. 5. XRD spectrum of sample prepared at 310mV and kept in 
the bath until total experimental period being 40h. (1.2mo1% 
YC13, 1420 C charge, 450 ° C). (1) NiY and (2) Holder (Monel). 

preparation of the sample prepared at 400 mV, and 
then washed and cleaned in the same way as above. 
The surface and the cross-section of the sample were 
then investigated by XRD and EPMA, respectively. 
The XRD pattern of the sample is shown in Fig. 5: the 
result reveals that the surface product is NiY. EPMA 
measurement indicates that the bulk product is N%Y. 
But the weight increase of the electrode was only 4 mg, 
which was much smaller than that of the electrode 
prepared at 400 mV, i.e. 12 mg, though the quantity of 
charge passed at the former was twice that of the 
latter. The different weight increases result from the 
different formation mechanisms. 

3.5. The influence of electrolysis current density and 
bath temperature 

In order to investigate the effects of electrolysis cur- 
rent densities and bath temperatures, samples were 
prepared by galvanostatic electrolysis at various cur- 
rent densities at 450, 500, 600 and 700 ° C. The samples 
were washed and cleaned in the same way as above. 
The surfaces were analyzed with XRD, and the cross- 
sections with ZAF correction EPMA. The results are 
summarized in Table 1. It can be seen that at 450 ° C, 
NiY and Ni2Y3 are formed at the surface and the 
fraction of NiY decreases with increase in current 
density. On the other hand, Ni2Y was found as bulk 
product with no dependence on the current density. At 
500, 600 and 700 ° C, both surface and bulk products 
are Ni2Y, being independent of current density, except 
in the case of 500°C at 200mAcro -2. It seems that 
both bath temperature and current density can affect 
the product composition to some extent, but only in 
the surface region. Ni2Y is found to be the predomi- 
nant Ni-Y intermetallic compound under the ex- 
perimental conditions. 

SEM images of cross-sections of the sample were 
also taken. Figures 6-9 show the SEM images of 
cross-sections of the samples prepared at 600°C at 
electrolysis current densities of 50, 100, 150 and 
200mAcm -2, respectively. In this current density 
range, the electrode potential stays between the depo- 
sition potential of yttrium and the direct formation 
potential of Ni-Y intermetallic compound, and moves 
closely to the deposition potential of yttrium with 

Table 1. The effects of  electrolytic current density and bath temperature 

Current Analysis 
density method 
/mAcm 2 

Bath temperature 

450 ° C 500 ° C 600 ° C 700 ° C 

50 XRD NiY, Ni2Y 3 
EPMA NizY 

100 XRD NiY, Ni2Y 3 
EPMA Ni2Y 

150 XRD NiY, Ni2Y 3 
EPMA Ni2Y 

200 XRD N%Y 3 
EPM A Ni 2 Y 

Ni2Y Ni2Y Ni2Y 
Ni2Y Ni2Y Ni2Y 
Ni2Y Ni2Y Ni2Y 
Ni:Y Ni2Y Ni2Y 
Ni2Y Ni2Y Ni2Y 
Ni2Y Ni2Y NiaY 
Ni2Y, Ni2Y3 Ni2Y Ni2Y 
Ni2Y Ni2Y Ni2Y 
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Fig. 6. (a) SEM image of  the cross-section of  sample prepared at 50mAcm 2. (b) Concentration profiles of  Y and Ni of  the cross-section. 
(1.2 mol % YC13 , 600 ° C). 

increase of current density. It can be seen from the 
photos that in all these cases, adhesive uniform Ni2Y 
layers were formed. Line analysis of the cross-sections 
were implemented to identify the existence of Ni2Y 
layers. The concentration profiles of Y and Ni are also 
shown in Figs 6-9. The results of line analysis also 

prove that the Ni2Y layers formed are uniform. An 
adhesive uniform Ni2Y layer can also be obtained at 
500, 600 and 700 ° C. But the situation at 450°C is 
different; the deposit layer has a double-layer struc- 
ture (Fig. 10). The inner layer is only composed of 
NizY, but the surface layer seems to be a mixture of 
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Fig. 7. (a) SEM image of the cross-section of  sample prepared at 100 mA cm -2 . (b) Concentration profiles of Y and Ni of  the cross-section. 
(1.2mol % YCI 3, 600 ° C). 
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Fig. 8. (a) SEM image of  the cross-section of  sample prepared at 150 mA c m  - 2  . (b) Concentration profiles of  Y and Ni of  the cross-section. 
(1.2 mol % YC13 , 600 ° C). 

NiY and Ni2Y 3 and inside this layer there are nume- 
rous cracks, which may be caused by the different 
stresses from the different intermetallic compounds. 

Electrolytic current efficiencies were also inves- 
tigated. When taken out from the bath after electroly- 
sis, the samples were washed and then weighed. The 

apparent current efficiency was calculated as the ratio 
of electrode weight increase during the electrolysis to 
the theoretical weight increase corresponding to all 
the charge passed through the electrode. Clearly, the 
real current efficiency will be much larger, since the 
deposition of yttrium does not contribute to the 
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Fig. 9. (a) SEM image of  the cross-section of  sample prepared at 200 mA cm -2 . (b) Concentration profiles of  Y and Ni of  the cross-section. 
(1.2 mol % YC13, 600 ° C). 
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Fig. 12. The influence of bath temperature on electrolytic current 
efficiency. (1.2 tool % YC13). Current density/mA cm-2: (o) 50, (zx) 
100, (m) 150 and (v) 200. 

Fig. 10. SEM image of the cross-section of sample prepared at 
200mAcm -2. (1.2mo1% YC13, 450°C). 

apparent current efficiency. If  there is no electro- 
chemical side reaction here, that is, all the charge 
passed through the electrode is used for the direct 
formation of Ni-Y intermetallic compounds and the 
deposition of yttrium, the real current efficiency will 
be 100%. The results of experiments conducted at 
500°C are shown in Fig. 11. It can be deduced that 
interdiffusion of yttrium and nickel atoms is the rate 
determining step in the formation of NizY. When the 
yttrium deposition rate is larger than the diffusion 
rate, the larger the electrolysis current density, the 
greater the accumulation of  yttrium on the electrode 
surface. The accumulated yttrium on the electrode 
surface reacts with water and oxygen in the air and is 
washed out by distilled water after electrolysis. So the 
apparent current efficiency decreases with increase in 
current density. The influence of bath temperature on 
electrolysis current efficiency is shown in Fig. 12. The 
current efficiency increases with increase in bath tem- 
perature, since interdiffusion of yttrium and nickel is 
accelerated as the temperature is raised. 
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Fig. 11. Electrolytic current effciency. (1.2 tool % YC13, 500 ° C). 

3.6. Interdiffusion of yttrium and nickel 

In order to investigate the interdiffusion of yttrium 
and nickel during Ni2Y formation, the following ex- 
periment was designed: a tungsten marker, a half- 
circle shaped film of 0.1 mm in thickness, was fixed on 
a nickel disc surface by spot welding. Through this 
film diffusion of both yttrium and nickel could be 
completely prevented. A sketch of such an electrode 
before electrolysis is shown in Fig. 13. Using this 
electrode, galvanostatic electrolysis was carried out 
for 20 h at a current density of 50 mA cm -2 at 500 ° C. 
An SEM image of the cross-section of the sample after 
electrolysis is shown in Fig. 14. Part A in the figure 
indicates the original position of the tungsten marker. 
Since the interface between nickel and Ni2Y is quite 
hard to see on the micrograph, both being shades of 
grey, a simple sketch is used to make the point better 
(Fig. 15). Clearly, the Ni2Y-Ni interface has moved in 
the direction of the nickel base. The thickness of the 
Ni2Y layer is about 290 #m, and the distance between 
the Ni2Y-Ni interface and the original nickel surface 
is about 210#m. On the other hand, the left edge of 
the Ni2Y layer moved outside by 80#m from the 
original nickel surface. Ni2Y has a fcc crystal struc- 
ture, which is the same crystal structure as Ni. It 
appears that nickel diffuses in Ni2Y faster than yt- 
trium. A quantitative consideration of the intermetal- 
lic diffusion phenomenon will constitute a future 
research subject. 
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Fig. 13. A sketch of a nickel electrode with a tungsten marker. 
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Fig. 14. SEM image of the cross-section of the sample with a 
tungsten marker after electrolysis. (1.2mo1% YC13, 500°C, 
50mAcro -2, 24h). 

4. Conclusion 

The voltammogram of YC13 in molten LiC1-KCI- 
NaC1 at a nickel electrode showed the possibility of 
formation of Ni-Y intermetallic compounds. Using 
galvanostatic electrolysis, samples were prepared at 
several electrolytic current densities at 450, 500, 600 
and 700°C, respectively, and were identified with 
XRD and EPMA. The results show that Ni2Y, Ni2Y3 
and NiY can be produced by electrolysis and Ni2Y, 
which is formed in bulk independent of bath tem- 
perature and current density, is found to be the predo- 
minant Ni-Y intermetallic compound. Bath tem- 
perature and current density affect the composition of 
the product to some extent, but only in the surface 
region under the present experimental conditions• 
Rather thick adhesive uniform Ni2Y layers can be 
obtained in the bath temperature range 500-700 ° C at 
all the experimental current densities investigated. 
Nickel appears to diffuse in Ni2 Y faster than yttrium, 

Ni2Y-Ni interface 
I 
I 
I 
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0 4 ,  

W marker I 

original Ni 

Ni 

3urface 

Fig. 15. A sketch of the micrograph of Fig. 14. 

and the diffusion process is the rate determining step 
in Ni2Y formation. 
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