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Abstract: The solubility of hydrogen in liquid and solid aluminum is reviewed. Based on classical
nucleation theory, it is shown that pores cannot nucleate either homogeneously or heterogeneously
in liquid aluminum. Results of in situ studies on pore formation show that pores appear at low
hydrogen supersaturation levels, bypassing nucleation completely. The results are explained based on
the bifilm theory introduced by Prof. John Campbell, as this theory is currently the most appropriate,
and most likely, the only mechanism for pores to form. Examples for the effect of hydrogen on pore
formation are given by using extreme data from the literature. It is concluded that a fundamental
change in how hydrogen is viewed is needed in aluminum casting industry.
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1. Introduction

There are many studies in the literature in which pores have been shown to degrade mechanical
properties, such as tensile strength [1-13], elongation [6-8,11,14-16], and fatigue life [17-24] of
aluminum alloy castings. Moreover, pores have been observed [25] in situ to initiate hot tears, which
are common in high strength cast aluminum alloys, such as the Al-Cu system. Additionally, pores
can lead to rejection of the aluminum castings during final nondestructive inspection, such as x-ray.
Therefore, understanding pore formation is paramount to lowering production costs, increasing their
quality and performance, and consequently their wider use. It is understandable why prevention
or at least minimization of the number and size of pores has been the main emphasis of foundry
engineering research for several decades. Casting processes such as squeeze casting and post-casting
processes such as hot isostatic pressing have been used to prevent and heal the pores in castings,
respectively. However, these efforts seem to be misguided as they have failed to address the root cause
of pores, i.e., inclusions, mainly bifilms. This paper is motivated by this disconnect between the root
cause of pores and the steps taken in practice to eliminate them. First, hydrogen solubility in liquid
and solid aluminum is discussed. Classical nucleation theory is applied to formation of hydrogen
pores in aluminum castings. Finally, hydrogen supersaturation in both liquid and solid aluminum is
assessed by using data from the literature, including extreme data for damaged as well as clean melts.
A proof-by-contradiction method is used to compare assumptions, observations, and the principles of
physics, and to determine the most appropriate mechanism of hydrogen pore formation.

2. Hydrogen in Liquid Aluminum

Hydrogen is the only gas known to be soluble in liquid aluminum. Hydrogen absorption into
liquid aluminum is due to the decomposition moisture in air as well as the oxidation of aluminum:

2H,O — 2H; + O,

SHZO + 2Al1 —» A1203 + 3H2
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The diatomic hydrogen gets dissolved in aluminum as:

Although hydrogen solubility is much less in aluminum, both in liquid and solid states, than
Fe, Cu and Mg [26], hydrogen has been treated as the main culprit for pore formation in aluminum
castings because of the significant difference in the solubility of hydrogen in liquid and solid aluminum
at its melting temperature. Many researchers and practitioners have hypothesized that the rejection of
hydrogen by solidifying aluminum into the mushy zone results in the local hydrogen concentration to
exceed the equilibrium concentration, which results in immediate pore formation. We will address the
hypothesis of immediate pore formation later. Let us now discuss solubility of hydrogen in aluminum.

The equilibrium concentration, i.e., solubility of hydrogen, Seqip), in aluminum is expressed in the
Arrhenius form as:

Seq(H] = So[n)’ VPrre ey

where S, is solubility coefficient, Py is the partial pressure of hydrogen, AH is the enthalpy of
solution, R is the gas constant and T is absolute temperature. The dependence of solubility of a diatomic
gas in a liquid or solid solvent on the square root of its partial pressure is known as Sievert’s law [27].
The linear increase in solubility with the square root of Py has been shown to be valid in liquid [28,29]
as well as solid [30] aluminum.

In most of the literature, solubility of hydrogen in liquid aluminum has been expressed in
milliliters (or cubic centimeters) of diatomic hydrogen dissolved in 100 g of aluminum, at a pressure of
1 atmosphere (101,325 Pa) and a temperature of 0 °C. This unit can be converted to atomic parts per
million (appm) for hydrogen as:

1 mL/100 g.Al = 24.08 appm

Taking the logarithm of Equation (1), and rearranging, the change in solubility of hydrogen with
temperature and pressure in liquid pure aluminum is given by;

Se

where Seqp is given in mL/100 g.Al and Py in atmosphere. For liquid aluminum, the values of 3¢
and P are 2.830 and 2675 (K), respectively [31]. For solid aluminum, 3¢ = 1.674 and 31 =2849 (K) [32].
The change in Seqp) with temperature in liquid and solid aluminum at P = 1 atm is presented in
Figure 1. Note that the equilibrium hydrogen content in liquid aluminum is approximately twenty-two
times that in solid aluminum at its melting temperature. This difference has led to speculation among
researchers and foundrymen alike that hydrogen is the main enemy of aluminum casting quality.
The belief that degassing will solve the main problem in aluminum castings, pores, has however left
the foundry industry still struggling with casting quality issues, despite significant investment in and
heavy use of degassing units.
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Figure 1. The equilibrium solubility of hydrogen in liquid and solid aluminum as a function
of temperature.

3. Hydrogen Pore Formation

3.1. Nucleation

It has been recognized that hydrogen pores cannot nucleate homogeneously [33,34] and therefore,
it has been assumed that hydrogen nucleates heterogeneously, mostly on the liquid/solid (L/S)
interface [35]. It has been assumed that pores form upon either (i) minimum saturation [36-39], or (ii)
a threshold value (e.g., 0.1 mL/100 g Al [40]) has been exceeded. In all cases, usually, a pressure of 1
atmosphere is assumed for AP*. In several studies [36,37,41-44], r* was assumed to be half of secondary
dendprite arm spacing, A,. We will address supersaturation assumption and the threshold hydrogen
value later. First, let us review the pressure and critical radius assumptions.

It has been well established, based on classical nucleation theory, that the critical radius above

which a pore is stable, r* is found by:
._ -2 3
= 2o (

where o is the surface tension of the liquid (N/m) and AP is the pressure differential (Pa) and is
a negative number. Recently, it has been shown [45,46] by using a combination experimental and
molecular dynamics data that the intrinsic fracture pressure of aluminum, Pgjny), at the melting
temperature is approximately —4 GPa. Hence, by inserting AP* = —4 GPa and o = 1.03 N.m [47] in
Equation (3), r* is calculated as 0.515 nm. It should be noted that the critical radius has the same size in
both homogeneous and heterogeneous nucleation [48]. Hence, taking half of dendrite arm spacing as
r* is not consistent with the classical nucleation theory.

To attain the pressure necessary for nucleation, the number of hydrogen atoms needed in the
embryonic pore, n;{, is calculated as [49];

. —4m®NuAPC

nt, = A het @)
H™ sRr AP 2

hom

where AP , is the heterogeneous nucleation pressure, and APy is the homogeneous nucleation
pressure (=—4 GPa for aluminum), N, is Avogadro’s number. The plot of Equation (4) is presented in
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Figure 2. Note that, in Figure 2, (i) a total of 178 hydrogen atoms are needed in the embryonic pore in
homogeneous nucleation, and (ii) ng* — 1 as APy, is approximately —1 GPa. Hence, it is impossible
to have a heterogeneous nucleation pressure of 1.01 x 10° Pa (1 atm) as the number of hydrogen
atoms needed for this pressure would be well below one. Let us now discuss whether nucleation,
which requires a pressure build up, P, between 1 and 4 GPa in the critical sized nucleus, is possible.

10°
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10°
10° 10° 107 108 107 101

-AP (Pa)

Figure 2. The change in number of hydrogen atoms needed in the critical nucleus with
nucleation pressure.

3.2. Stability of Embryonic Pores

When the pressure inside the pore is between 1 to 4 GPa, whether an embryonic pore will be
stable can be analyzed in two different ways; (i) by using the Sievert’s law, and (ii) by the effect of the
pressure on the equilibrium vacancy concentration around the pore.

By using Equation (1), the local equilibrium solubility of hydrogen in aluminum around the pore,

Seq[H]_p, can be calculated as;
f P
P
Seq[H] —pore = Seq[H]' E ®)

Inserting Pp, = 1 to 4 GPa and Py = 101.3 kPa in Equation (5), it is found that the solubility of
hydrogen is increased by 100 to 200 times locally. Regardless of whether the pore is surrounded by solid
or liquid aluminum, the pore would be expected to collapse rather than grow. Therefore, nucleation
due to hydrogen supersaturation, either homogeneously or heterogeneously, is again concluded to be
impossible, in agreement with the findings of Campbell [50], Shahani, Fredriksson [51], and Yousefian
and Tiryakioglu [52].

Let us still assume that the pressure inside the pore will be equal to or in excess of 1 GPa. This level
of pressure will have a profound effect on solid aluminum surrounding the pore. Fukai [53] found
that under a pressure of 1-5 GPa and at high temperatures, vacancy concentrations in the order of
107! can be achieved, as opposed to the equilibrium concentration of 6 x 10~* in solid aluminum at
Tm [54]. Normally, hydrogen atoms are dissolved as interstitials in the aluminum matrix and vacancies
in aluminum trap one hydrogen atom [55]. Under pressures that can create superabundant vacancies,
however, they can trap up to 10 hydrogen atoms [56]. Therefore, the combination of much higher
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concentration of vacancies and the added capacity of each vacancy to trap multiple H atoms will lead to
the immediate dissolution of the hydrogen atoms in any embryonic pore. Hydrogen will subsequently
remain in solid solution upon solidification, and can even serve to increase strength by pinning down
dislocations [57]. Therefore, we again reach the same conclusion that a nucleus of H atoms becomes
unstable before it reaches the critical size, resulting in the dissolution of H atoms in aluminum.

4. Hydrogen Supersaturation and Pore Formation Temperature

The temperature of hydrogen pore formation in aluminum and aluminum alloys was investigated
in several studies [58-62]. The analysis of these data [63] showed that by the difference between the
liquidus and pore formation temperatures, AT, followed the lognormal distribution. The density
function, {, for this distribution is written as;

f(AT) = (6)

—(In(AT) - 0a7)*
ex
AT-war- V27 ’ 2w3r

where 0o and war are the average and standard deviation of the undercooling data after logarithmic
transformation, respectively.

Lee and Hunt [64,65] investigated in situ hydrogen pore formation during directional solidification
of an Al-10wt.%Cu alloy. They reported that pores could form away from the liquid/solid (L/S)
interface, and the temperature at which they appear was not uniform. The histogram of pore formation
temperature provided by Lee and Hunt [65] has been reanalyzed. The results have shown that
AT for hydrogen pore formation follows the lognormal distribution, similar to the results in other
studies [58-62]. The distribution, with 851 = 2.10 and wat = 0.53, is presented in Figure 3. Note that a
majority of the pores (64.9%) formed within 10 K of the liquidus temperature. It is also significant that
x-ray images presented by Lee and Hunt [65] as well as those Liao et al. for an A356 alloy show that
pores have formed at temperatures above the liquidus. Hence, hydrogen supersaturation ahead of the
advancing solidification front needs to be taken into account, which will be addressed now.
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Figure 3. The lognormal distribution for the undercooling below the liquidus temperature for hydrogen

pore formation during directional solidification of an Al-10wt.%Cu alloy.
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4.1. Hydrogen Supersaturation during Solidification

When the local hydrogen content exceeds the solubility of hydrogen at that temperature, liquid
aluminum is in a metastable state. Consequently, there is a driving force to get rid of the excess
hydrogen, either by diffusion or pore formation. As discussed above, nucleation of a pore requires
that the surface energy barrier be overcome. Hence, the formation of a pore immediately when local
hydrogen content exceeds solubility means that there is no surface energy barrier to be overcome, or
alternatively, pores only grow, bypassing nucleation.

Hydrogen supersaturation, Sq[p, can be quantified by the ratio of the hydrogen content (local
or overall) to the hydrogen solubility at the particular temperature. We will first discuss hydrogen
supersaturation in liquid aluminum, then shift our attention to supersaturation in solid aluminum.

Lee and Hunt [65] calculated the hydrogen supersaturation in liquid aluminum, Sq[p.1iq, at the
temperature of pore formation as;

1
Ss[H]-1iq = -0 -kpk @)

where kyj is the partition coefficient for hydrogen and f; is the solid fraction, calculated from the
Scheil-Gulliver nonequilibrium solidification model;

1
T-Ty \oT
fo=1-|—2
(] ®

where Tr, is the melting point of aluminum (933 K), Tjiq is the liquidus temperature for the alloy
chemical composition (K), and ky is the partition coefficient for the alloy system. The supersaturation
data of Lee and Hunt [65] when the first pore appeared are presented in Figure 4. The maximum level
of hydrogen supersaturation increases with decreasing solidification time (higher solidification rate),
which is consistent with the calculations of Han and Viswanathan [66], regardless of whether the alloy
is grain refined or not. The data show consistent scatter between the curve indicated for maximum
data and horizontal line for hydrogen solubility.

3
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Figure 4. The change in hydrogen supersaturation in an Al-10wt.%Cu alloy at the formation of the first
hydrogen pore, with solidification time, with and without grain refining additions (data from Ref. [65]).
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The distribution of hydrogen supersaturation at the formation of the first pore can be characterized
by using the distribution of the pore formation temperature, as presented in Figure 3 along with
Equations (7) and (8). The hydrogen supersaturation distribution is presented in Figure 5. Note that a
large majority (94.1%) of the supersaturation values calculated from the pore formation distribution is
between 1.0 and 1.5.

4
Knic, = 0.172
k, =0.167
Tyq =899 K
3 -+
-
2 -
1 -+
0 : }
0.0 0.5 2.5 3.0

S5[H]-Ii|‘;|

Figure 5. The lognormal distribution for hydrogen supersaturation, as calculated by using Equation (7)
and temperature distribution in Figure 3. The parameters used in the calculations are also indicated.

In Figure 3, it is also noteworthy that in three instances, pores were observed to form below
the solubility level of hydrogen. These three outliers are, nevertheless, consistent with the results of
Lei et al. [67] who investigated pore formation in situ during directional solidification of Al-7wt.%Si
and Al-12wt.%5i alloys. They observed that pores appeared in the liquid at a distance of approximately
15 mm from the eutectic solid-liquid interface, where the hydrogen supersaturation is usually expected
to be quite low. Similar results have also been reported by Liao et al. [68] who reported that
hydrogen pores form well ahead of the directional solidification front in an A356 alloy. Therefore,
the assumption of instantaneous pore formation at the point of hydrogen supersaturation in liquid
aluminum, without any surface energy barrier, is supported by experimental observations. The root
cause of the contradiction between the classical nucleation theory and experimental observations will
be addressed later.

4.2. Hydrogen Supersaturation in Solid Aluminum

Thomas and Gruzleski [69] analyzed data from the literature as well as their own data on the effect
of hydrogen content of the melt on volume percent of pores in aluminum alloy castings. They reported
linear trends for the datasets that they analyzed. The main finding of the study by Thomas and
Gruzleski was that the lines did not go through the origin, and extrapolation of the trends yielded
positive x-axis intercepts. These intercepts were interpreted as the threshold hydrogen level below
which no pore would be expected to form in aluminum castings. Trends to seven datasets from the
literature [30,69-73] are plotted in Figure 6, following the same format used by Thomas and Gruzleski.
Results show that (i) x-axis intercept, i.e., threshold hydrogen level, varies approximately between 0.1
and 0.2 mL/100 g.Al, and (ii) the slope of trends varies significantly between datasets. The threshold
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hydrogen values in Figure 6 are above the hydrogen solubility in solid aluminum or aluminum alloy
and imply hydrogen supersaturation in solid aluminum. However, the reasons for the scatter in the
slopes and the x-axis intercepts have not been discussed in the literature, to the author’s knowledge.
This will be addressed now.

4

Thomas & Gruzleski (1978)

lwahori et al. (1990)

fpore (%)

Ransley & Neufeld (1948) Metcalfe (1945)

L

1 - Deoras & Kondic (1956)

0 : e — —t
0.0 0.2 0.4 0.6 0.8 1.0
Siu; (ML/100 g Al)

Figure 6. The change in pore volume percent with hydrogen content in the melt from various studies
on aluminum castings replotted following the threshold hydrogen concept proposed by Thomas and
Gruzleski [69].

Chen and Gruzleski [74] investigated the effect of melt quality and hydrogen content on pore
formation in 356 and 319 alloys. To determine melt quality, they forced a portion of the melt to go
through a ceramic filter and subsequently quantified the number of inclusions, N4;), caught in the
filter. The data reported by Chen and Gruzleski have been reanalyzed and reinterpreted in this study.
The effect of the hydrogen content on pore volume percentage for two melt quality levels is presented
in Figure 7. Note that with decreasing melt quality (increasing N ), the threshold hydrogen level
(x-axis intercept) decreases whereas the slope of the linear relationship, i.e., sensitivity to hydrogen
content in the melt, increases. Hence, the amount of spinels and oxides affects the threshold hydrogen
content and also the sensitivity of amount of pore formation to hydrogen content.

The relationship between the number of inclusions caught in the ceramic filter and the number
density of pores in the 356 alloy castings is presented in Figure 8a. The direct relationship between the
number of inclusions and number density of pores in 356 castings is another confirmation of bifilm
theory developed by Prof. John Campbell over five decades of research [11,12,50,75-84]. The bifilm
theory states that the surface oxide film, when disturbed, folds over itself and gets entrained into the
bulk liquid metal. Because dry sides of the oxide are in contact with each other, there is virtually no
bonding between the two layers. The result is an entrainment defect which is a crack which opens up
during solidification when a negative pressure builds up and/or hydrogen rejected from solidifying
metal diffuses into the bifilms and inflates them, like balloons. This mechanism is the only one in which
there is no surface energy barrier to be overcome, consistent with the observations in in-situ studies,
as discussed above. Hence, the bifilm theory by Campbell is the only explanation for the weakening
mechanism in liquid metals. Further evidence is provided in Figure 8b where the combined effect
of the number of inclusions (bifilms) and hydrogen content on pore volume percentage is presented.
Increasing hydrogen content shifts the curves upward. Moreover, all curves can be extrapolated to
the origin, indicating that it is possible obtain no pores, regardless of the hydrogen level, if there are
no bifilms in the metal, it is difficult for hydrogen pores to form, which is consistent with the recent
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findings of Dispinar et al. [85] and Griffiths and Raiszadeh [86], as well as the early pioneering work
on reduced pressure tests by Brondyke and Hess [87] that the effect of hydrogen on pore formation in
an Al-4%Cu alloy is dependent on the oxide content of the melt. We will address the results of this
study later.
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Figure 7. The change in pore volume percent with hydrogen content in the melt for two levels of oxide
inclusions (data are from Ref. [74]).
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Figure 8. The change in (a) pore number density and (b) pore volume percent with number density of
entrainment defects and hydrogen content in the melt in A356 aluminum alloy castings (data are from
Ref. [74]).

In a recent study [88], pores in reduced pressure test samples of an A356 alloy were evaluated
by scanning electron microscopy. Pores were found to be initiated by entrainment defects, i.e., oxide
bifilms, as expected. However, there were many inactive bifilms between dendrites both in the vicinity
and away from pores. These bifilms were visible only in x-ray maps and would remain unnoticed in
routine analysis. When hydrogen content is increased, a lower number of bifilms can be expected to
remain inactive. Therefore, hydrogen can be interpreted and used as an agent that makes preexisting
damage to the metal, bifilms, visible, at least partially. We will now reach into several studies in the
literature with extreme data on both ends of the spectrum to discuss the combined effect of hydrogen
content and entrainment damage (bifilm content) on pore formation.

5. Extreme Data from the Literature and Their Interpretation

5.1. Extreme Damage

Kumar et al. [89] investigated foaming of pure aluminum, Al-5%Mg and Al-9%Si-5%Mg alloys
under a reduced pressure of 2 x 10~* atmosphere. They stirred the melts for twenty minutes, which
raised entrainment damage. In two of the melts, they also added 5% SiO, particles with an average
size of 44 um. In all cases, the volume pore percentage was about 80%. The melts were so damaged
that neither the chemical composition, and therefore the solidification characteristics, nor the addition
of SiO, particles had any effect on the pore volume percent. These results clearly demonstrate the
overwhelming effect of entrainment damage on pore formation in aluminum alloys.

5.2. Extreme Cleanness

Brondyke and Hess [87] investigated the effect of hydrogen content in the melt, the level of
reduced pressure during solidification along with the effect of filtering through a deep bed of alumina
particles [90] on the density of an 2014 (Al-4%Cu) alloy. Their density results have been analyzed and
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converted to volume pore fraction in the present study, by taking the density above which no pores can
be assumed to be present in the alloy as 2700 kg/m?, as suggested by Brondyke and Hess. The results
of the analysis are presented in Figure 9. Note that deep bed filtering had a dramatic effect on the level
of pore formation regardless of the level of reduced pressure. For instance, for a hydrogen content
of 0.19 mL/100 g.Al, a volume pore percentage of approximately 20% was observed in unfiltered
specimens whereas no pores were detected after filtering, as seen in Figure 9a. Similarly, at a reduced
pressure of 0.67 kPa (0.0066 atm), a hydrogen content of 0.30 mL/100 g Al could produce approximately
30 vol. % pores in unfiltered specimens and zero pores in filtered specimens, as shown in Figure 9b.

40
P = 6.7 kPa (50 mmHg)
30 + \
Potential
maximum o
;\? porosity o -
= 5 o
g - o 0o \
e o ° )
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'._n. o]
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0 .
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
Siw (ML/100g Al)
(a)
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© o
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‘.-ﬂ.
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0 _

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

Siw (mL/100g Al)

(b)

Figure 9. The effect of deep bed filtering and hydrogen content on (a) the density, and (b) the volume
percent of pores in an Al-Cu alloy solidified under a reduced pressure of 6.7 kPa (data from Ref. [87]).
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In Figure 9a,b, the curves for potential maximum porosity are indicated. These curves have
been calculated based on the assumptions that (i) all hydrogen in excess of the solubility in solid
aluminum at the solidus temperature forms pores, and (ii) there is no energy barrier to be overcome
for pore formation, consistent with several studies in the literature. Following the format of Thomas
and Gruzleski, the x-intercept for unfiltered specimens in Figure 9 is not clear and there seem to
be an upper and a lower limit to the scatter in unfiltered data, as shown in Figure 9. The scatter
in unfiltered and filtered data seems to increase with the decreasing pressure. The lines drawn for
upper and lower bounds of the data from unfiltered specimens approach the potential maximum
porosity curves. There is, however, a clear x-intercept for filtered specimens for both levels of reduced
pressure; 0.22 mL/100 g.Al for 6.7 kPa (0.066 atm) and 0.14 mL/100g.Al for 0.67 kPa (0.0066 atm). More
importantly, there are several data points in both conditions that lie on the x-axis, i.e., no pores were
detected, at least through the density tests. We will now focus on these points as well as several others
from the literature [30,73]. Note that these are actual experimental data, rather than extrapolations to
determine x-axis intercepts.

The analysis of extreme data from clean melts is summarized in Table 1. Note that the hydrogen
contents of the melt are listed along with the solid solubility at the solidus temperature of the alloy. For
Al-Cu alloys, solid solubility was calculated at the eutectic temperature of 548 °C for pure aluminum
following the non-equilibrium solidification model, and based on the findings of Ichimura et al. [91]
who reported that Cu content has no effect on the solubility of hydrogen in solid aluminum for Cu
contents less than 5.7 wt.%. For the Al-12%5i alloy, solid solubility was calculated at the eutectic
temperature of 577 °C for pure aluminum and subsequently corrected by the interaction coefficient
(=7.3) reported by Anyalebechi [32] for T = 500 °C. Additionally, the solubility of hydrogen in Al-4%Cu
alloy used by Brondyke and Hess [87] has been corrected for the reduced pressure by using the Sievert’s
Law, Equation (1). The calculated hydrogen supersaturation levels are reported in Table 1.

Table 1. Extreme data from the literature in which no pores were detected along with the associated
hydrogen level, calculated hydrogen solubility and hydrogen supersaturation in solid aluminum.

S SiHleq(soD
Ref. Alloy (mL/100g.A])  (mL/100g.AD)  OstoD Notes
AL-12%Si 0.252 0.153 1.65
[30] _
Pure Al 0.513 004 123 p=101.3kPa(l atm)
0.625 14.9
(73] Al-4.6%Cu 0.093 0.016 5.8 p=101.3 kPa
0.19 1463
0.26 63.4
I p=6.7 kPa
0.27 0.0051 65.8 (0.066 atm)
0.28 68.3
- L -
87] AL-4.0%Cu 043 018
0.19 146.5
0.26 200.5
p =067 kPa
0.27 0.0016 208.2 (0.0066 atm)
0.28 2159
0.43 331.5

Note that, for specimens that solidified under atmospheric pressure, a maximum hydrogen
supersaturation of 14.9 was found. For specimens under reduced pressure, however, much higher
supersaturation levels are reported. It should be noted that these numbers should be taken as “missing”
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data, i.e., pores did not form, and hence the liquid metal withstood the supersaturation and any
negative pressure formed during solidification. Therefore, the data should be treated as censored,
analogous to “run-outs” in fatigue testing. Hence, aluminum can accommodate large amounts of
hydrogen remaining in solution above its solubility in the absence of entrainment defects, which is
completely in agreement with the findings reported in the literature that it is possible to retain large
amounts of hydrogen in vacancies in solid aluminum, as discussed previously.

We can therefore conclude that if the aluminum melt were free from bifilms, it would be
unnecessary to measure hydrogen, and no degassing procedure and equipment would be needed.
Hydrogen can even be used as a tool to make any damage to the metal visible. It would then be
practical to dissolve maximum level of hydrogen in aluminum and yet require no pores to be formed
as a condition for defining high quality in a casting quality specification, as suggested by Prof. John
Campbell [34]. A fundamental change in how hydrogen is viewed is needed to produce high integrity
aluminum castings.

6. Conclusions

e Itisimpossible for hydrogen to nucleate homogeneously or heterogeneously in liquid aluminum.

e Insitu experiments in the literature on pore formation in aluminum showed that pores can form
away from the solid-liquid interface and/or when the supersaturation and pressure inside the
pores are low, indicating no surface energy barrier to be overcome.

e  There is only one mechanism in which the surface energy barrier does not exist so that hydrogen
pores can form at the point of supersaturation. This mechanism is the bifilm theory introduced by
Prof. John Campbell. Due to the presence of bifilms with two unbonded interfaces, nucleation is
bypassed during pore formation. Hydrogen diffuses to oxide bifilms and inflates them. Hence,
hydrogen serves as an agent to make entrainment defects visible.

e  Without bifilms, high levels of hydrogen supersaturation, as high as 332, in solid aluminum have
been reported.

e  When entrainment defects are eliminated, it would be unnecessary to measure or control hydrogen
levels in the melt. It would even be practical to require a maximum level of hydrogen to be
dissolved in aluminum and yet require that no pore be formed in the casting, as a quality
control procedure.
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