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Abstract: Solubility of nitrogen gas into pure copper at
temperature range of 1,993-2,443 K was studied with
using a levitation melting apparatus. The solubility
which was dissolved content of nitrogen equilibrated
with nitrogen gas with a pressure of 101.3 kPa increased
with the temperature of molten copper. However, the
solubility was approximately 1.5 mass ppm even at
2,443 K. Absorption of nitrogen gas into pure copper
obeyed the Sieverts’ law and was expressed as:

1
SN (gas) =N

Here, the underlined element was expressed as the ele-
ment dissolved into a molten copper. The relation
between this reaction Gibbs energy, A,G° [J], and thermo-
dynamic temperature of the molten copper, T [K], was
given as:

AG® = 61573 +48.75T
Keywords: solubility, nitrogen, copper, Sieverts’ law

PACS® (2010). 64.75.Bc (Solubility)

Introduction

The various reactions with a molten metal around smelt-
ing temperatures have been studied until now to under-
stand and improve smelting processes. A high
temperature process such as a thermal spraying comes
to be used recently [1]. Thermodynamic data above a
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smelting temperature have been needed so as to under-
stand phenomena in a higher temperature process. It is
reported that nitrogen gas is insoluble in solid and liquid
copper at the temperature of up to 1,673 K. In addition,
no reaction between metallic copper and nitrogen gas
occurs [2, 3]. Accordingly, nitrogen gas has been consid-
ered to be an inert gas like argon for example. However,
copper nitride is synthesized by the reaction between
copper and ammonia and with a RF magnetron sputter-
ing on copper in the gas mixture of argon and nitrogen
gas [4-6].

In our previous work, solubility of carbon (graphite)
into molten copper was measured to prepare a graphite
dispersed copper composite with casting [7]. It was found
that the solubility of carbon steeply increased with the
temperature, when the temperature exceeded approxi-
mately 2,100 K. There is a possibility that nitrogen gas
dissolve in molten copper at a higher temperature. Then,
as a fundamental study, the solubility of nitrogen gas
into liquid copper was measured in this study.

Experimental

Figure 1 showed the schematic of the experimental appa-
ratus. The levitation melting apparatus was used in this
study for melting copper. Because this apparatus could
melt a copper without a crucible, a copper could be
melted without contamination from a crucible. The cop-
per sample used in this study was cut from a copper rod
with purity of 99.994 mass% to be 2.20 + 0.05x10>kg in
weight. The copper sample was levitation-melted in the
induction furnace (130 kHz, 60 kW) in the gas mixture of
nitrogen and argon gas flow with the flow rate of
8.33x10™° m’es™! (293 K, 101.3 kPa (NTP)). Composition
of nitrogen gas in the gas mixture was 25 vol%, 50 vol%
and 100 vol%. The gas flow rate of the mixed gas was
controlled with a mass flow controller. Purities of the
nitrogen gas and argon gas were 99.9995 vol%.
Temperature of the molten copper was measured with a
two color thermometer, and was controlled manually
within the range of 10 K. Temperature outputted from
the thermometer was lower than that given from the
thermocouple due to the emissivity of copper. The
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Figure 1: Schematic of experimental apparatus.

temperature was calibrated by measuring the tempera-
ture of a molten copper in MgO crucible in a high fre-
quency induction furnace up to approximately 2,120 K
with the two color thermometer and thermocouple (Pt-20
mass% Rh-Pt-40 mass%). In the case that the tempera-
ture of a molten copper exceeded approximately 2,120 K,
the temperature was corrected by extrapolation of the
obtained calibration line.

The sample began to melt approximately 60 s later
after it was levitated. The levitated liquid copper reached
the predetermined temperature approximately 40 s later
after the melting. The time when the melt arrived at the
predetermined temperature was used for the start time for
the experiment. After the copper sample was held for a
predetermined time, the water-cooled copper mold
shown in Figure 1 was inserted from the bottom end of
the quarts reaction tube. Immediately after the mold
touched the levitated copper, induction furnace was
turned off and the copper sample was cooled rapidly on
the mold.

The sample was divided into two parts with a wire
cutter and measured both nitrogen and oxygen content in
the copper sample with an inert gas fusion method
(Horiba EMGA 1300). The principle of detection of nitro-
gen in this apparatus was the same as that in a gas
chromatograph. The calibration line for analysis of oxy-
gen and nitrogen was drawn by using the standard sam-
ple for iron. As described later, nitrogen content in the
molten copper was very small. The copper sample for
analysis was taken to be as large as possible. The lower
detection limit of nitrogen content could not be reported
simply because the product of the weight of a sample and
its nitrogen content determined the limit. However the
limit was approximately 0.4 mass ppm. In addition, the
scattering of measured value was + 0.2 mass ppm.
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Results and discussion

Change in nitrogen concentration with time

Figure 2 showed the example of the change in nitrogen
content in the molten copper with time. The nitrogen
contents under nitrogen gas and the mixed gas flows
increased with time and were almost constant at the
time of 180 s or more. Taking account of the accuracy
of analysis, it could be considered that the nitrogen con-
tent was equilibrated with the pressure of nitrogen of
101.3 kPa approximately 180 s later.
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Figure 2: Example of change in nitrogen content with time.

Changes in oxygen content with time were shown in
Figure 3. These experimental conditions shown in this
figure were the same as those shown in Figure 2. Even
after 180 s when nitrogen content became constant, the
oxygen content increased with time. This increase in the
oxygen content resulted from oxidizing by impurities
which nitrogen and argon gasses included. The measured
solubility of nitrogen gas was the one for the copper of
which oxygen content was 60-120 mass ppm.

160
140
120 F
100 f

80 Fg, ’R

cor 2093 K, N,

40 2293 K, N,
20F 2443K,N,

2443 K, Ar 50 vo%+N,50 vo%

Oxygen content [massppm]

0
0 100 200 300 400 500 600 700 800
Time [s]

Figure 3: Example of change in oxygen content with time.
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Figure 4 showed the relation between the solubility
of nitrogen and the temperature. The calculated line in
this figure was described later. Whereas the solubility of
nitrogen increased with the temperature rise, the solubi-
lity even at 2,443 K was approximately 1.6 mass ppm and
not so large. This solubility was approximately one quar-
ter of that reported previously [8].
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Figure 4: Relation between saturated nitrogen content and
temperature.

Figure 5 showed the relation between the nitrogen con-
tent and square root of the partial pressure of nitrogen in
the gas mixture. Here, the pressure was normalized by
dividing the pressure expressed in Pa with 100 kPa.
Accordingly, the unit of atm could be attached to the
value of the normalized pressure. There was a good linear
relation between the nitrogen content and square root of
the partial pressure of nitrogen. This suggested that the
dissolution of nitrogen gas into liquid copper obeyed
Sieverts’ law. Namely, the dissolution reaction of nitro-
gen gas into molten copper could be expressed as:

SNa(gas) - N 0
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Figure 5: Relation between nitrogen content in molten copper and
square root of partial pressure of nitrogen gas.

Here, the underlined element was expressed the element
dissolved into a molten copper. The equilibrium constant,
K, was given as
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an
K= N )
Here, ay was the activity of nitrogen which was based on
the reference state of the infinitely dilute solution of
nitrogen in pure molten copper. The py, was the partial
pressure of nitrogen. The activity of nitrogen was
expressed as:

ay = yy[mass%N] 3)

The activity coefficient of nitrogen, yy, was given as
logyy, =logyy = e\ [mass%N] (4)

where )Y and e} were the interaction coefficient and the
interaction parameter of nitrogen respectively [9].
Because the dissolution of nitrogen gas into liquid copper
obeyed Sieverts’ law, the following relations were
obtained.

IN= Vﬁ =1 ()

eN=0 (6)

Accordingly, the equilibrium constant was expressed as:

K = [mass%N] 7)

The standard reaction Gibbs energy, A,G°, for the reac-
tion (1) was expressed as:

AG® = - RTInK (8)

where R was the gas constant [J/(Kemol)], T was the
thermodynamic temperature [K]. This Gibbs energy
could also be expressed as:
AG® =AH® - TA,S° )
where
AH°

[J/mol] and A.S° [J/(Kemol)] were standard reaction
enthalpy and entropy respectively. Equations (7)-(9)
gave the following equation.

AH° N A,S°
RT R

In[mass%N] = — (10)
Figure 6 showed the relation between natural logarithm
of [mass%N] and the reciprocal of the temperature. There
was a good liner relation between them. This suggested
that A,H® and A.S° were considered to be constant irre-
spective to temperature. A,H° and A,S° could be calcu-
lated from the gradient and the intercept of this straight
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Figure 6: Relation between natural logarithm of [mass%N] and
reciprocal of temperature.

line respectively, A,H® was 61,573 J/(molK), and A,S° was
-48.75 J/mol. Accordingly, egs (9) and (10) became:

AG° = 61573 + 48.75T (11
406
In[mass%N] = — 7T -5.863 (12)

These equations were used for a molten copper of which
oxygen content was 60—-120 mass ppm. The solubility of
nitrogen calculated from eq. (12) was shown in Figure 4.
The line calculated from the eq. (12) fitted the experimen-
tal data well.

Because the value of the standard reaction enthalpy
was positive, the nitrogen absorption reaction given by
eg. (1) was an endothermic reaction. Analysis of the data
given by Yatash et al. gave AH° of 63,378 J/(mol K), and
A;S° of —33.88 J/mol. The standard reaction enthalpy
given by Yatash et al. was almost the same as those
obtained in this work. However, the absolute value of
the standard reaction entropy obtained in this work was
approximately 1.5 times as large as that of Yatash et al.
This difference in the entropy mainly influenced the dif-
ference in the solubility of nitrogen.

$Na(gas) =N 0

Solubility of nitrogen gas into a molten copper of which
oxygen content was 60—120 mass ppm was expressed as:

06
In[mass%N] = — % - 5.863(1993K~2443K)

The standard reaction Gibbs energy was expressed as:

AG° = 61573 + 48.75T
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