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Electrochemical Measurement of Oxygen in Liquid Ni-based Alloys

— The effects of Cu and Cr as additive elements —
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The oxygen concentration in molten binary Ni-based alloys was estimated by an electrochemical
method using solid electrolytes. The electrochemical cell was Pt|Mo+Mo0O;|ZrO,(MgO)| O (in liquid) | Mo.
The activity of oxygen determined from the electromotive force (EMF) of the cell increased when Cu
was added to pure Ni. Namely, the oxygen concentration was higher than that for pure Ni only when
the amount of Cu was between 1wt% and 30wt%. In binary Ni-Cr alloys, it was deduced that the addition
of 15 and 20 wt%Cr to pure Ni showed the lower oxygen concentration, although the liquid Ni-based
alloys having 5, 7 and 10 wt%Cr tended to have higher oxygen concentrations than pure Ni.
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INTRODUCTION

Little is known about the thermodynamic behaviour of elements at diluted concen-
trations in liquid states in dental Ni-based cast alloys. In the Ni-based alloys, both Cr
and Cu were constituted as main additive elements.” ™ Thus, the thermodynamic pro-
perties of liquid Ni-based systems are of interest in the dental field, because the absorption
and the dissolution of gases during melting and solidification seem to have an effect on the
casting defects and the mechanical properties.”™® Tt is deduced that the dissolved gases
in liquid metals and alloys occur as gas porosities and nonmetallic inclusions during their
solidification of liquid ones. The liquid ones absorb some gases of oxygen, nitrogen and
hydrogen.

The activity of oxygen dissolved in liquids has been recently estimated using solid
anionic-conducting oxide electrolytes. The electrochemical method using solid electrolytes
has been done to measure oxygen concentration in liquid Ni'*®~*® and Ni-Cu binary
alloys.’» "' The method with ZrO,(CaO) solid electrolyte having an air/Pt reference
electrode has been utilized,'® whereas another analysis by nitrogen/oxygen determinator
which is used by Takahashi et al® and Tajima et al® has been carried out.””™*® It was
reported that the oxygen may escape from the sprue canal and outside from the mould, and
the residual gases may exist within the casting, because the measured oxygen content was
very small.¥ Therefore, the oxygen concentration cell:

Pt|Mo-+MoO,|ZrOx(MgO)|O (in liquid)| Mo,

involving a solid-oxide electrolyte was used in this study for the determination of the
activity of oxygen dissolved in metals and alloys. The electromotive force (EMF) of the
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cell is given by the following equation,1® ~16,20,21)
EMF = (RT/4F)In[Poy(in liquid)/Pos(Mo-MoQ,)], ()

where R is the gas constant, F the Farady constant, T temperature, and Po, (in liquid) and
Po; (Mo+MoOQ:;) are the oxygen partial pressure in equilibrium with dissolved oxygen in
liquid metals and alloys and the oxygen dissociation pressure of MoQ, that is oxygen partial
pressure in equilibrium with Mo and MoQ;. In the present study, the experiment to es-
timate the oxygen concentration was performed and the effects of Cu and Cr addition to
pure Ni on the activity and the concentration were discussed.

MATERIALS AND METHODS

The metals used to make the binary Ni-based alloys were two kinds of pure electrolytic
Ni (>99.99; purity; Katayama Chemical Co., Osaka, Japan and >99.95% purity; Bindura
Nickel Co., Zimbabwe), electric Cu (>99.9 % purity; Katayama Chemical Co., Japan) and
electrolytic Cr (=>99.9 % purity; Rare Metallic Co., Tokyo, Japan). The Ni-based alloys
were fused in a high-frequency induction furnace in a vaccum (about 10 torr) (Fuji Denpa
Co., Osaka, Japan). In Ni-0.5, 1 and 2 wt%Cu binary alloys having perfect solid solution,
the alloys were melted during the flow of Argon gas. The chemical components of the alloys
are shown in Tables 1 and 2. Their main components were analyzed according to the
methods described in JIS H 1101 (Cu) and JIS G 1217 (Cr).

The experimental apparatus is indicated in Figure 1. A ZrO,-9mol%, MgO tube
containing a mixture of Mo+MoOQ; as a reference electrode was closed at one end, and it
was dipped into liquid metals and Ni-based alloys. A Mo wire (0.5 mm diameter) was used
to make electrical contacts to both liquid metals and alloys and the reference electrode.
The apparatus including Al,Os-crusible was made every measurements. The electromotive
force noted by EMF was then measured by a two-pen recorder with 0.5 mV/cm (It was also

Table 1 Copper levels of binary Ni-Cu

alloys
Alloys (attempted) Level achieved
Ni-10wt %Cu 9.40wt %
Ni-20wt % Cu 18.11wt %
Ni-30wt % Cu 28.47Twt %

(Pure Ni; Katayama Chemical Co.)

Table 2 Chromium levels of binary Ni-Cr

alloys
Alloys (attempted) Level achieved
Ni-5wt % Cr 4.95wt%;
Ni-7wt %Cr 6.30wt %,
Ni-10wt % Cr 9.53wt %
Ni-15wt %Cr 15.00wt %
Ni-20wt % Cr 20.10wt %,

(Pure Ni; Bindura Nickel Co.)
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Figure 1 The experimental apparatus. A; solid electrolyte (ZrO,9 mol%, MgO)2, B;
MoQO,+Mo powder mixtureb, C; alumina crusiblec, D; Mo lead wire, E; Pt-to-
(Pt+13wt%Rh) thermocouple, F; recorder to get electromotive forced, G;
recorder for zero junction, H; high-frequency_centrifugal casting machinee, I;
molten metals and alloys.

Osaka, Japan. ¢ TMC-102; Morita Co., Tokyo, Japan. d Type 3066-21;
Yokogawa Hokushin Denki, Tokyo, Japan. e Castron-8; Yoshida Co., Osaka,
Japan.

checked by a digital voltmeter with internal impeadance 10® 2. Type 1502A; Yokogawa
Hokushin Denki, Tokyo, Japan).

The metals (Ni and Cu) and Ni-based binary alloys were melted using a high-frequency
fusion and centrifugal casting during constant flow (5 litre/min) of Argon gas (>99.99%
purity). The weights melted was about 15 gram. The temperature was measured with a
Pt-to (13wt % Rh-Pt) thermocouple.

RESULTS AND DISCUSSION

The changes in EMF values of the cell with the mass fraction of O in liquid Ni, Cu and
Ni-Cu alloys is shown in Figure 2. The mass fraction of O is calculated by the following
equation, using ap=P,_ (in liquid) exp(—4G°/RT):** ¥

4G° 2EF 1
In ag= ~—RT — RT +7 In {Poy(Mo-+Mo0O,)}, )
1266.740.15 1» 3
41854RT > )
R=1.9865 cal/mol-degree ,
F=23066 cal/mol-volt .

The Henrian activity coefficient of oxygen is related to the Henrian activity by as=[O %]-f
in the hypothetical liquid containing a low oxygen content (100 ppm) to higher content.
It has been known that a, corresponds to [O 9], because f is equal to 1.0.'*~'* This ap-
proach is considered to be real by analysing the oxygen concentration of the quenched
samples obtained at each molten temperature by nitrogen/oxygen determinator.’”-'®  Thus,
the oxygen concentration is deduced by calculating a, according to the equation (2). In

where In {P; (Mo-+MoO,)} =—
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Figure 2 The EMF of the cell;y- Pt{Mo+MoO,|ZrO,(Mg0O)|O(in liquid)|Mo as a
function of the logarithm of O % in liquid Ni, Cu and Ni-Cu alloys.

this case, the standard Gibbs energy change for the reaction:

w5—02 —> O (in liquid states), 4)
could be given as the temperature function as follows:

AG°(Ni)=—23200-+3.93T, (5)

4G(Cu)=—17500+2.22T*%, (6)

4G°(Ni-Cu)=6530—11.5T4. (7)

The value of ao in the equation (2) is regarded a almost constant, even though the other
equations of Gibbs energy change were used to measure the activity of oxygen.

The changes in EMF values and oxygen concentration of the cell with different amounts
of Cu added to Ni are shown in Figures 3(a) and (b). The EMF changes in liquid Ni at
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Figure 3 (a) The EMF changes, and (b) The concentration of dissolved oxygen in pure
Ni, and Ni-10, 20 and 30 wt % Cu binary alloys.
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1500°C were about 4 mV, but the additions of 10, 20 and 30 wt%Cu to pure Ni lowered
the respective mean values to —293, —265 and —282 mV. The oxygen concentrations
corresponding to the EMF values, as shown in Figure 2, had larger mean values of 0.23
(10 wt %5Cu), 0.156 (20 wt %, Cu) and 0.196 % (30 wt % Cu) than that of pure Ni (below 0.01 %).
Seeing the change of EMF values in liquid pure Ni by means of solid-oxide galvanic cell,
which was shown in Figure 1, the present study showed a good agreement with that of Twase
et al.'® In order to check the validity of 4G°(Ni), in addition, the equation (5) was used.
The EMF values were almost found on the straight-line representing the relationship of
EMF and oxygen concentration obtained by Iwase et al.'® In Figures 4(a) and (b), the
additive element of Cu (0.5, 1 and 2 wt9%) was shown. The mean oxygen concentration
increased by 0.017 and 0.09 9 with increasing 1 and 2 wt% as the amount of Cu. At 0.5
wt % Cu addition to pure Ni, the EMF values and oxygen concentration showed almost the
same values (below 0.0197) as Ni. It is clarified that dissolved oxygens in liquid Ni-Cu
binary alloys including additive elements of Cu lowers the activity and the oxygen concen-
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Figure 4 (a) The EMF changes, and (b) The concentration of dissolved oxygen in pure
Ni, and Ni-0.5, 1, 2 and 10 wt%Cu binary alloys.
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tration decreased then.

Figure 5 shows the EMF changes with the decreasing molten temperatures after melting
Ni-5 wt %Cr, Ni-7 wt%Cr and Ni-10 wt%Cr binary alloys. Different tendencies of EMF
values were noted with the changes in their temperatures. In Ni-5wt %Cr binary alloy
containing the lowest contents of Cr, the EMF values decreased markedly with the decrease
of molten temperatures of 1550 to 1450°C, but the Ni-7wt%Cr alloy showed only a slight
change with decreasing the temperatures. On the contrary, the Ni-10wt 7/Cr alloys having
larger Cr content than the Ni-5wt%Cr and Ni-7wt%Cr binary alloys showed the lowest
value of the Ni-based alloys at 1550°C, and a gradual change with decreasing temperatures
up to 1450°C. Figure 6 presents the relation between EMF changes and molten temper-
atures in Ni-15wt%Cr and Ni-20wt %Cr binary alloys, similarly to Figure 5. The extent
of EMF changes with the decrease of temperatures was very small in these binary alloys.
Three specimens of binary Ni-20wt % Cr alloys had no difference at each molten temperature.

In Ni-based binary alloys containing Cr as an additive element, different thermodynamic
behaviours for each binary alloy were observed in the variation of EMF values with molten
temperatures (Figures 5 and 6). It is deduced that the activity of oxygen in the alloys
indicates to change directly with different amounts of Cr. Consider the variation of EMF
values with molten temperatures. The melting temperature of Cr is described to be about
1880°C in Ni-Cr equilibrium phase diagram,?® and the variation is, thus, not measured by
this apparatus because of the absence of thermocouples. The EMF values, as has been
reported,® is decreasing with increasing the concentration of oxygen. In Figure 2, the
higher EMF values were associated with the lower values of oxygen concentration in liquid
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Figure 5 The EMF change with molten tem-
peratures in Ni-5 wt %Cr (A), Ni-7
wt%Cr () and Ni-10 wt %, Cr bina-
ry alloys (O).

Temperature(°C)

Figure 6 The EMF change with molten tem-
peratures in Ni-15 wt%Cr () and
Ni-20 wt %Cr binary alloys (V).
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Ni, Cu and Ni-Cu binary alloys. It is, therefore, expected that the higher values of EMF
in high contents of Cr in Ni-15 and -20wt %Cr alloys may have the lower concentration of
dissolved oxygen in their alloys. Namely, the concentration of dissolved oxygen in Ni-5,
7 and 10wt % Cr alloys became higher than that of Ni-15 and 20wt %Cr alloys.

In the case of Ni-Cu binary alloys, the equilibrium phase diagram is known to be perfect
solid solution.?® The liquidus and solidus curves decrease continuously with increasing
amounts of Cu added to pure Ni. Observing the changes of the EMF value and the oxygen
concentration in Figure 4, the oxygen concentration had the larger values with increasing
Cu element 1 and 2 wt 9, in comparison with that of pure Ni. As the standard free energy
of formation of oxides is —29.53 (Cu;0O) and —53.09 (kcal/mol) (NiO) at 1200°C,?? the
binding energy of Ni works to became stronger than Cu. It is deduced that the addition
of Cu element to pure Ni raises the activity coefficient of oxygen higher than pure Ni as well
as the concentration of dissolved oxygen in liquid states.

Considering the validity of additive elements of Cu and Cr to pure Ni from these results,
only the addition of 0.5 wt % Cu is needed to obtain the same oxygen concentration as pure
Ni, but the addition of 1 wt %, Cu may be necessary if the concentration of oxygen of about
0.029; is permitted. On the contrary, the addition of Cr to pure Ni may be valid for 15 and
20 wt%Cr. Further studies are needed to examine the relation between the EMF value
and the concentration of dissolved oxygen of liquid Cr at molten temperatures above 1900°C
in order to obtain the exact values of the oxygen concentration.

CONCLUSION

Using the oxygen concentration cell with a solid-oxide electrolyte, the activity of dis-
solved oxygen in liquid Ni, Cu and Ni-Cu binary alloys was examined, and the meaning of
EMF values in liquid Ni-Cr binary alloys was discussed. The following results were
obtained. ‘

1. The addition of Cu to pure Ni increased the concentration of dissolved oxygen at 1180°C
in liquid states of Ni-10, -20 and -30 wt % Cu binary alloys, compared with that of pure Ni.
At 0.5 wt % Cu addition to Ni, the level of oxygen was almost the same value as pure Ni.
In the Ni-Cu binary alloys having higher contents of 1 and 2 wt %Cu, the increased oxygen
concentration was noted, similarly to the high concentrations of oxygen in the Ni-10, -20
and -30 wt % Cu binary alloys. Also, the concentration of oxygen at 1 wt % Cu was a lower
value than those of the alloys with higher Cu contents.

2. With higher Cr contents of 15 and 20 wt %, it was expected from the EMF values that
the lower concentration of oxygen was found in the Ni-15 and -20 wt 9/Cr alloys, compared
with those of Ni-5, -7 and -10 wt % Cr alloys.
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