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High-purity copper (6 or 7 N) was melted and solidified unidirectionally in the atmosphere of a H2-
Ar gas mixture for the purpose of studying the mechanism of pore nucleation in solidifying metal.
Hydrogen content in the melt was controlled by changing the partial pressure in the atmosphere.
Pores were formed when the hydrogen partial pressure in the atmosphere was 0.3 atm or more. Oxides
of aluminum and silicon were observed at the bottom of the pores and the pores were nucleated
heterogeneously. Water vapor with a very low partial pressure existed in the furnace atmosphere, and
the melt must have contained a small amount of oxygen in equilibrium with this water vapor. The
solid/liquid (S/L) interface was planar and convection was eliminated. The redistribution of the solute
during solidification can, therefore, be estimated. The concentration of oxygen in the liquid at the S/
L interface is estimated to be much larger than its initial concentration, due to the very small equilibrium
distribution coefficient of oxygen in copper, and aluminum and silicon were oxidized even though
their concentrations were very low. The probability of homogeneous nucleation by a particles was
very small in these experiments.

I. INTRODUCTION II. EXPERIMENTAL DETAIL

High-purity 6 N (from Mitsubishi Material Corp., Tokyo,INVESTIGATIONS [1,2,8] of homogeneous nucleation
Japan) and 7 N (from Dowa Corp., Tokyo, Japan) copperof pores in liquid metals have shown that the initiation
were used for the experiments. The impurities in these metalspressure that is required for nucleation is extremely high,
are given in Table I. The concentrations of Na, Mg, K, Cr,and therefore, homogeneous nucleation is unlikely to occur
Fe, Ni, Sb, and Pb were less than 0.01 ppm.in practice. In contrast, it is generally agreed[1–5] that the

The equipment for the unidirectional solidification experi-difficulty of nucleation is reduced if nonwetted solid surfaces
ments is shown in Figure 1. Gas mixtures of H2 and Ar wereexist in the liquid. Furthermore, the work of formation of
used for the melting atmosphere and the hydrogen contentan embryonic bubble is much reduced on a concave
of the melt was controlled by changing the H2 partial pressuresubstrate.[1,4,5]

in the atmosphere. The flow rate of the gas mixture wasPores in castings are more the norm than the exception.
8.3 3 1026 m3/s. The purities of the gases used for theseThe question is whether these pores are nucleated heteroge-
experiments were 99.999 pct. High-purity graphite cruciblesneously or homogeneously. If pores are nucleated heteroge-
(24-mm external diameter, 18-mm internal diameter, andneously, how can solid inclusions be formed when high-
110-mm length) were used, and the crucible containing apurity metal is melted and solidified in an atmosphere of
specimen was placed on a water-cooled copper plug. Thelow oxygen potential? If pores are nucleated homogeneously,
specimen was solidified unidirectionally by withdrawing thehow is the high initiation pressure produced?
water-cooled copper plug downward. The solidificationLiquid copper dissolves oxygen,[6] and conversely nitro-
velocity was controlled by changing the rotational speed ofgen[7] and carbon[8] are insoluble in liquid copper. Therefore,
the motor that drove the withdrawal mechanism, and theoxides can be formed in liquid copper and nitrides and
velocity was determined by decanting the solidifying speci-carbides can not. Furthermore, oxides are nonwetted in liquid
men and by measuring the depth of the liquid phase with acopper.[9] The nucleation of a pore in liquid copper, therefore,
silica rod. A solidification velocity of 0.18 mm/s was usedis considered to occur against the surface of an oxide
throughout this study.inclusion.

The decanting method was used to observe the solidifica-In this study, high-purity copper that contained very small
tion morphology. The inclusions on the surface of the poresamounts of oxide-forming elements was melted and solidi-
were observed by scanning electron microscopy (SEM). Thefied in the atmosphere of a H2 1 Ar gas mixture. This
a particles radiated from the surface of a specimen werecondition is extremely unfavorable for the formation of oxide
determined.inclusions in the melt. The results obtained in this study

could offer useful information on the mechanism of pore
nucleation in metals.

III. RESULTSNucleation mechanisms that are outside of the normal
classical approach have been proposed by Campbell.[3]

No pores were formed when the hydrogen partial pressure
Among these mechanisms, the homogeneous nucleation by was 0.2 atm, and pores were formed when the hydrogen
a particles was investigated in this study. partial pressure was 0.3 atm or more. The threshold pressure

must lie between these pressures. Examples of longitudinal
sections of the ingots are shown in Figure 2. The solid/liquid
(S/L) interface, which exhibits planar growth, is shown inEIICHI KATO, Professor Emeritus, is with the Department of Materials
Figure 3. Figures 4 and 5 indicate oxides that were formedScience and Engineering, Waseda University, Tokyo 169-0072, Japan.

Manuscript submitted November 30, 1998. at the bottom of pores. These oxides are very thin.
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Table I. Impurities in the Samples (Obtained from Glow
Discharge Mass Spectrometric Analysis)

Parts per Million

Sample Al Si S Ag As U Th

6 N 0.02 0.008 ,0.01 0.25 0.05 ,0.0001 ,0.0001
7 N 0.01 0.03 0.01 0.03 ,0.01 ,0.0001 ,0.0001

Fig. 2—Longitudinal cross sections of solidified specimens: (a) 7 N copper
(PH2 5 0.4 atm), (b) 7 N copper (PH2 5 0.3 atm), (c) 6 N copper (PH2 5
0.3 atm), and (d ) 7 N copper (PH2 5 0.2 atm).

Fig. 1—Cross section of the experimental equipment.

Fig. 3—Decanted S/L interface o f 6 N copper exhibiting planar growth.
IV. DISCUSSION

In the experiments conducted in this study, convection in
the liquid was eliminated, and the S/L interface was planar.
Therefore, the solute concentration profile in the liquid can
be calculated approximately by the use of the solute redistri-
bution model proposed by Tiller et al.[10] Because the equilib-
rium distribution coefficient of hydrogen in copper is 1/3,[11]

the hydrogen concentration in the liquid at the S/L interface
at steady state is three times as much as the initial hydrogen
content. Hydrogen in metals obeys Sievert’s law, and there-
fore the equilibrium hydrogen partial pressure corresponding
to the hydrogen content in the liquid at the S/L interface
is nine times as much as that in the melting atmosphere.
Therefore, in the liquid at the S/L interface, the equilibrium
hydrogen partial pressure is calculated to be 2.7 atm or more
when pores were formed, and 1.8 atm or less when no pores
were formed.

A. Heterogeneous Nucleation

The wall of the crucible did not contribute to the nucle- Fig. 4—SEM photomicrograph showing oxide inclusions at the bottom of
the pore in 6 N copper: (1) Si02 1 Al2O3, (2) SiO2, and (3) Cu.ation of the blowholes because the pores were formed at the
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The pertinent equilibrium for the oxidation of aluminum
in copper is as follows:

2Al (wt pct in liquid Cu) 1
3
2

O2 (g) 5 Al2O3 (s) [4]

For the reaction at 1358 K the following holds:

2Al (1) 1
3
2

O2 (g) 5 Al2O3 (s)
[5]

DG0 5 21,243,000 J/mole[13]

Since g8
Al in Cu 5 0.0055,[16] the following holds for the

change of standard state:

Al (1) 5 Al (wt pct in liquid Cu) DG8 [6]

5 2101,000 J/mole

Fig. 5—SEM photomicrograph showing oxide inclusions at the bottom of Therefore, for Eq. [4] DG8 5 21,041,000 J/mole, and the
the pore in 7 N copper: (4) SiO2 1 Al2O3 and (5) Cu. concentration of Al in equilibrium with oxygen at a partial

pressure of 2.8 3 10217 atm is 2.5 3 1024 ppm. The equilib-
rium distribution coefficient of Al in Cu is 0.83.[17] Accord-

center of the ingots (Figure 2). The solid copper–hydrogen ingly, Al for which the initial concentration is larger than
gas interfacial energy is much larger than that of solid cop- 2.1 3 1024 ppm is oxidized.
per–liquid copper, and hence the formation of bubbles at The pertinent equilibrium for the oxidation of silicon in
the solidifying interface is impossible. In a hydrogen atmo- copper is as follows:
sphere, the contact angle between Al2O3 and liquid copper

Si(wt pct in liquid Cu) 1 O2 (g) 5 SiO2 (s) [7]is 150 deg[9] and that between SiO2 and liquid copper is 148
deg.[9] These oxides are, accordingly, not wetted by liquid

For the reactions at 1358 K the following holds:copper. Furthermore, there are many small holes on the
oxides (Figure 4 and 5), and embryonic bubbles may have Si (s) 1 O2 (g) 5 SiO2 (s) DG8 5 2668,100 J/mole[13] [8]
grown on concave substrates of these holes.

Si (s) 5 Si (1) DG8 5 29,800 J/mole[13] [9]The dew point of the exhaust from the furnace was deter-
mined to be 233 K and the corresponding partial pressure Since g8Siin Cu 5 1.615,[18] the following holds for the
of water vapor is 1.3 3 1024 atm.[12] The H2/H2O mixture change of standard state:
exerts an equilibrium oxygen partial pressure via the follow-

Si (1) 5 Si (wt pct in liquid Cu) DG8 5 237,400 J/moleing equilibrium:

[10]H2(g) 1
1
2

O2 (g) 5 H2O (g) [1]
Therefore, for Eq. [7] DG8 5 2640,500 J/mole, and the

for which DG8 5 2172,487 J/mole[13] at 1358 K (the melting concentration of Si in equilibrium with oxygen at a partial
point of copper). The oxygen partial pressure, therefore, is pressure of 2.8 3 10217 atm is 5.5 3 1025 ppm. The equilib-
1.0 3 10220 atm when the hydrogen pressure is 0.3 atm. At rium distribution coefficient of Si in Cu is 0.65.[19] Accord-
the eutectic temperature, the solubility of oxygen in solid ingly, Si for which the initial concentration is larger than
copper is 0.03 at. pct[14] and in liquid copper is 1.7 at. pct.[14] 3.6 3 1025 ppm is oxidized.
The equation for the activity coefficient of oxygen in liquid The experimental results and the thermodynamic consid-
copper is given by Xue and Diekmann[15] and the value of erations discussed previously indicate that a very small
the activity coefficient is calculated to be 0.93 when the amount of Al and Si in liquid copper are oxidized by oxygen
concentration of oxygen is 1.7 at. pct. The equilibrium distri- even when the partial pressure is very low.
bution coefficient of oxygen in copper at the eutectic temper-
ature, therefore, is 0.03/(1.7 3 0.93) 5 0.019. Because the

B. Homogeneous Nucleationeutectic temperature is close to the melting point, this equi-
librium distribution coefficient can be used at the melting As discussed previously, we can be fairly certain that the
point. pores were formed by heterogeneous nucleation in these

The equilibrium for the dissolution of oxygen in liquid experiments. However, it may be worthwhile to discuss the
copper is given as follows: possibility of homogeneous nucleation of pores in these

experiments. The classical theory of nucleation of a poreO2 (g) 5 2O [2]
indicates that fracture pressure of liquid metal is extremely
high and homogeneous nucleation is not feasible under ordi-Therefore, when the hydrogen pressure is 0.3 atm, the equi-
nary conditions. Here, nucleation by a particles proposedlibrium oxygen partial pressure corresponding to the oxygen
by Campbell[3] is reviewed. Among naturally occurring acontent in the liquid at the S/L interface is as follows:
emitters in metals, only thorium and uranium are seen to
produce significant numbers of particles.[3] The energy of1.0 3 10228 3 1 1

0.0192
2

5 2.8 3 10217 atm [3]
the a particles emitted from U238 is 4.27 MeV[20] and from
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Th232 is 4.1 MeV[20] and these particles can travel in liquid of the specimen may have been dissolved in the liquid speci-
men at the beginning of the solidifying experiment. As statedcopper only very short distances; the former can travel 9.8

mm and the latter 9.4 mm, respectively. previously, the maximum volume of the liquid film in which
the concentration of hydrogen was high enough for the nucle-For the nucleation of pores, the H2 pressure in equilibrium

with the hydrogen in the liquid must be at least 1.0 atm; ation of a bubble was 0.072 cm3, and the solidification time
and the volume of the specimen were 278 seconds and 12.72therefore, the thickness of the liquid film where the nucle-

ation of pores can occur is estimated as follows. cm3, respectively. The probability of the existence in the
film of a particles of high hydrogen content, therefore, isIn the solidification model proposed by Tiller et al.,[10]

the solute concentration C1 in the boundary layer of the estimated to be less than 4.3 3 1025 3 278 3 0.072/12.72
5 6.8 3 1025 for each experiment, and nucleation by aliquid is expressed as follows:
particles could not occur.

The number of a particles emitted from the surface ofC1 5 C0 F1 1
1 2 k0

k0
exp 12

R
D

X2G [11]
the graphite crucible was determined to be 2.8 3 1026/s/
cm2, which is also negligible.

where C0 is the average concentration of the solute, k0 is
the equilibrium distribution coefficient, R is the solidification

V. CONCLUSIONSvelocity, D is the diffusion coefficient for the solute in the
liquid, and X is the distance from the interface at which the

1. Pores were formed when the H2 partial pressure in theconcentration is C1. atmosphere was 0.3 atm or more. When the hydrogenWhen the partial pressure of hydrogen in the atmosphere
partial pressure is 0.3 atm, the equilibrium H2 pressureis 0.3 atm, because hydrogen in liquid copper obeys Sievert’s
corresponding to the hydrogen content in the liquid atlaw, the concentration of hydrogen that is in equilibrium
the S/L interface is calculated to be 2.7 atm.with hydrogen gas at 1.0 atm is as follows:

2. Oxides of Al and Si existed at the bottom of the pores,
and the pores were nucleated heterogeneously on the
surface of the oxides.F1.0

0.3G
1–2

C0 5 1.83C0 5 C1. [12]
3. The oxygen potential in the liquid at the S/L interface

much increased during solidification, and Al and Si wereAs k0 5 1/3,[11]R 5 1.8 3 1024 m/s, and D 5 5.77 3 1028

oxidized even though their concentrations were very low.m2/s[21] at 1356 K, X is calculated as 2.83 3 1024 m 5
This is attributed to the very small value of the equilib-0.0283 cm. The diameter of the specimen was 1.8 cm.
rium distribution coefficient of oxygen in copper.Accordingly, the volume of the liquid film in which the

4. Homogeneous nucleation of pores by a particles wasconcentration of hydrogen was high enough for the forma-
impossible in this study.tion of bubbles was 0.072 cm3 at the most. The numbers of

decays per minute due to 1 ppm element in 1 cm3 liquid
metal for Th and U are 10 and 41,[3] respectively. Because
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