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The various areas involved in the casting process of aluminium alloys are all interrelated with each
other and revolve around one primary concern: the hydrogen content present in the molten alloy
prior to and during casting and its consequential effect on the porosity and quality of the cast
product. Focusing on this concern, the present article reviews the problems associated with the
production of aluminium alloy castings, in particular those areas on which the hydrogen content
has a direct bearing. Current procedures in each area are discussed.

1. Introduction

With the increasing trend in the use of aluminium
foundry alloys for the production of critically stressed
components in the automotive and aerospace
industries, the aluminium industry has had to focus
sharply on the quality and reliability of such
component castings.

The consequent need for a thorough comprehension
of all factors that can possibly affect the structural
integrity of such castings is amply reflected in the mass
of literature that is available today, covering various
aspects of casting in relation to aluminium.

To consistently produce high-quality castings, the
alloy or metal quality must be optimized prior to
casting. This is achieved by paying attention to
important aspects of the processing like melt
composition, modification, degassing, inclusion
removal, grain refinement and heat treatment.

Considering the other side of the coin, namely that
of defects, porosity in a casting can be regarded as one
of the major factors critical to its quality. The presence
of porosity, inevitable to a certain extent in any
casting, can be very detrimental, not only in terms of
surface quality after machining, but also, more
importantly, in terms of its effect on the mechanical
properties and corrosion resistance.

Porosity in castings occurs because of the rejection
of gas from solution during solidification and/or the
inability of the liquid metal to feed through the
interdendritic regions to compensate for the volume
shrinkage associated with the solidification: Hydrogen
is the only gas capable of dissolving to a significant
extent in molten aluminium. The dramatic decrease in
its solubility at the solidification point of aluminium,
resulting in outgassing, leads to the formation of
porosity and reduced mechanical properties and
corrosion resistance. Many researchers have reported
results showing the deleterious effect of gas content.
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Thus the control of dissolved hydrogen levels in
molten aluminium alloys is a critical parameter for
quality control requirements in castings, particularly
where high-strength alloys are concerned.

This brings one to the realm of degassing. Several
methods are currently in use to degas aluminium. The
use of nitrogen or argon as a purge gas is the most
common, followed by that of commercially available
nitrate or carbonate tablets that release hexachloro-
ethane when plunged into the melt. The degassing
process is backed by mathematical models that show
the dependence of the process on the metal
temperature and the nature of the purge gas. More
recent trends are inclined towards the use of flux
injection, rotary impellor as well as vacuum degassing
techniques.

Besides hydrogen concentration, the formation of
porosity is also controlled by other factors like grain
refining and inclusion content. Grain refiners are
added in small amounts to molten aluminium alloys
to control the grain structure in the casting. Al-Ti and
Al-Ti-B master alloys are usually employed, where
TiAlj; particles act as nucleating sites for the formation
of primary a-aluminium dendrites and promote a
uniform, equiaxed grained structure, leading to a finer
dispersion of porosity and, in some cases, a reduction
in the amount of porosity.

Grain refiners are, however, only one among the
several non-metallic inclusions that can be present in
a melt, others including refractory materials, furnace
oxides, dross, etc. These inclusions can be typically
1 to 30 pm in size, liquid- or solid-type in nature, and
their presence can lead to several problems, including
increased porosity, poor surface quality and mach-
inability, with drastic reductions in the mechanical
properties.

Filtration is the most common technique of
inclusion removal. Various materials have been used
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as filters so far in foundries, including wire wool, steel
gauze screens, fibre glass cloths and more recently,
ceramic foam filters. The filtration process can be
deep bed or cake type. The filtration system for the
ceramic foam filters is different from either of these,
however.

The complex phenomenon of inclusion removal is
as yet not well understood, in spite of the tremendous
amount of effort expended to eliminate inclusions.
There is an urgent need for the development of simple,
accurate and inexpensive techniques to measure
inclusion content; a lack in this respect has left the
aluminium foundry wanting in a complete under-
standing of inclusion removal and its related
problems.

Modification is yet another area of considerable
importance, albeit somewhat controversial, in
aluminium casting. In Al-Si hypocutectic alloys, it
involves the addition of an element such as Na or Sr to
the melt in order to change the shape of the eutectic Si
from acicular to fibrous. The modified eutectic
structure results in improved mechanical properties of
the casting. However, this advantage is offset by the
fact that, due to the resulting enhancement of the
susceptibility of these alloys to hydrogen absorption
(commonly referred to as “hydrogen pick-up”),
modified castings generally exhibit an increased
amount of porosity when compared to unmodified
ones. This is significant in that the increased porosity
can adversely affect the mechanical properties.

Many investigations have been carried out to assess
the microstructural characteristics of Al-Si and other
Al alloys and to determine the extent of the benefits of
modification.

With respect to Na and Sr in particular, it has been
found that the microstructural and property changes
caused by strontium modification are comparable to
those obtained with sodium. Both elements lead to
a depression of the eutectic temperature, a modifi-
cation in the eutectic silicon morphology from plates
to fibres, and an increase in the primary aluminium
solid solution phase. However, there also exist
obvious differences between the two modifiers.

Until a few years ago, there was a general lack of
experimental data to substantiate the differences
reported in the behaviours of Na and Sr. The matter is
still not resolved and the present situation shows that
there are two schools of thought prevalent in this area:
one that believes that Sr is slightly, if at all, a better
modifier than Na; the other upholds the superiority of
Sr over Na by virtue of various experimental
observations, the details of which will be discussed
later on in this article.

It is interesting to observe how the various areas
involved in the casting process are interrelated with
each other, all revolving around one primary concern:
the hydrogen content present in a molten alloy prior
to casting and its consequential effect on the porosity
and quality of the cast product. Focusing on this
concern, this article aims to review the problems and
technologies associated with the production of
aluminium alloy castings, in particular those areas on
which the hydrogen content has a direct bearing.
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State-of-the-art procedures in each area are discussed
and commented upon.

2. Hydrogen dissolution
Metallic castings in industry are generally produced in
environments where hydrogen is invariably present in
the form of water vapour, obtained in large quantities
from the combustion products of the fuels used in the
furnace, or from moisture in the air or that absorbed
on the surfaces of the charge components that are
involved during the casting process [1].

Hydrogen is the only gas capable of dissolving to
a significant extent in molten aluminium. Upon
exposure to the molten metal, the water vapour
dissociates to give hydrogen that dissolves as atoms
into the melt and oxygen in the form of dross:

2Al 4+ 3H,0 - Al,O; + 6H

The reaction rate increases rapidly with temperature
and is even more rapid when Mg is present [2].

Due to the drastic reduction in the solubility of
hydrogen at the solidification point of aluminium,
there is a lot of outgassing, leading to the formation of
porosity and blisters that are detrimental to the
properties of the cast product. Thus the control of
dissolved hydrogen levels in molten Al alloys is critical
to the quality-control requirements for such castings.

Before proceeding to describe the techniques for the
analysis and control of hydrogen levels in the alloys,
we shall review the theoretical framework essential for
the comprehension and proper interpretation of
experimental observations.

2.1. Solubility

Hydrogen solubility in metals has been studied by
several workers [3-12]. Size factor considerations
show that the dissociation must follow the equation

H,(gas) » 2H (solution) (1)

where the solubility is represented by the equilibrium
constant K for such a reaction. Applying Henry’s law

(for dilute solutions) and assuming ideal gas
conditions, equilibrium is given by
2 N2 (]

K = G NP 2)
AHz p

where ay = activity of the solute referred to the atomic
fraction at infinite dilution as the standard state,
Ay, = activity of the gas referred to the pure gas at
a pressure p° as the standard state, and N = atomic
fraction of solute in equilibrium with an arbitrary gas
pressure p.

Expressing Equation 2 in terms of solute
concentration and pressure in the gas phase, one
obtains the well-known Sieverts’ law:

N‘ 1/2
SO

where \Ne is the atomic fraction of solute in
equilibrium with the standard pressure p® (N® is
assumed to possess a value permitted by Henry’s law).



From Equations 2 and 3 one can express the
variation of solute concentration with temperature (at
constant pressure) as

AH®

)
—(n K)p = RT?

AT (4)

0
2 ﬁ(ln N)p =
Considering the standard enthalpy of solution (AH®)
to be constant for a limited temperature range,
Equation 4 yields
0

= — _—— + constant (5

In N
n IRT

It is to be noted, however, that the solubility or the
equilibrium concentration of dissolved hydrogen is
normally expressed in cm® of hydrogen per 100 g of
metal, measured at one atmosphere pressure and
273 K. K is therefore expressed in terms of C/C®, or
C/C i more appropriately, where C,,;, represents the
standard unit of 1 cm® of hydrogen measured at 1 atm
and 273 K per 100 g of metal.
Accordingly, Equations 3 and 5 are rephrased as

C B p 1/2
(a) - (z) Ga)

1 ¢ AR® + tant (5a)
= - — CO an
*\ Com oRT O

Experimentally obtained values are fitted to this
equation and the solubility expressed accordingly.

2.2. Solubility of hydrogen in aluminium

and aluminium alloys
Fig. 1a shows the general type of curve obtained for
the solubility of hydrogen in aluminium and Al alloys,
as reported by different workers. According to Talbot
[1], smoothing of these curves gives solubilities for the
liquid and solid as

C 2761
= - — 2.768
1°g<cm,n> K]
and
C 2580
= — 1.399
k’g(cm) 7K ©

respectively. At the melting point of aluminium
(660 °C), these values are 0.7 and 0.04 cm® per 100 g
metal, respectively. As expected, the
concentration shows a linear relation with the square
root of the pressure in the gas phase.

Recently, however, after almost three decades,
Talbot and Anyalebechi [13] have readdressed the
whole situation concerning the solubility of hydrogen
in liquid aluminium. According to them, the
inconsistencies in the results reported by various
workers thus far [4, 6, 7, 10, 14-21] has made the
matter of selecting a correct and reliable value for
hydrogen solubility in aluminium somewhat difficult
to resolve. In the light of this, they have redetermined
the value for the temperature and pressure ranges
943-1123 K and 67-113 kPa, respectively, using an
appropriate version of Sieverts’ method [21]. Based
on a critical assessement of their own and others’
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Figure I (a) Solubility of hydrogen in aluminium and aluminium
alloys [1]. (A) Pure aluminium: (@) Ransley and Neufeld [6], (A)
Opie and Grant [7], (O) Eichenauer et al. [10]. Alloys: (B) A-10 Si,
(C) Al-8 Cu, (D) Al-16 Cu, all from Opie and Grant [7]. (b) Solubil-
ity of hydrogen in liquid aluminium [13]: (O) Talbot and Any-
alebechi [13], (A) Ransley and Neufeld [6], () Opie and Grant
[7], (@) Eichenauer et al. [10].

results, they recommend a value of ( — 2700/T) + 2.72
for the solubility S, when expressed in terms of
log(S/Sy) (So being the same as C,,; defined above,
and T being the absolute temperature).

They also recommend the use of the Sieverts’
method for the determination of the solubility. In their
opinion, the merit of Sieverts’ method lies in the fact
that equilibrium values are measured under
equilibrium conditions and it is possible to isolate and
evaluate each potential source of error. The sensitivity
of the method to these errors is evidenced by the
systematic work of Ransley and Neufeld [6] and Opie
and Grant [7], whose observations discredited the
results of earlier workers [4, 14-20] who had not
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properly evaluated or accounted for these errors in
their investigations.

Fig. 1b depicts the solubility of hydrogen in liquid
aluminium as obtained by these authors. The results
of Ransley and Neufeld [6], Opie and Grant [7] and
Talbot and Anyalebechi [13] agree closely and are
attributed by the latter as being representative of the
Sieverts method used by all three groups. In
comparison, the values of Eichenauer et al. [10] are
much lower, probably on account of the isothermal
absorption/desorption method used by them instead,
which is prone to systematic error. Further supporting
their claim, Talbot and Anyalebechi [13] report that
a comparison of hydrogen contents using the Telegas
instrument and vacuum hot extraction method
[22-24] yields results that are in excellent agreement if
solubility values given by these three sets of authors
are used but not if those of Eichenauer et al. [10] are
applied. It may be mentioned in passing that, in
a subsequent publiciation [11], Eichenauer has
admitted that data given in their first paper were too
low.

It is also interesting to note at this point that, with
regard to measurements on the diffusivity of hydrogen
in aluminium, Talbot in one of his earlier works [1]
has emphasized the use of sound material and in this
connection recommends the results of Eichenauer
and Pebler [25] as being reliable rather than those
of Ransley and co-workers [26, 27] who used defect-
containing materials (see section 2.4 below on diffu-
sivity).

The 1938 work of Baukloh and Oesterlen [4] is
among some of the earlier results reported for the
solubility of hydrogen in aluminium alloys. Reporting
on the effect of copper and silicon additions, these
authors noticed a definite minimum in the solubility at
6 wt % for both copper and silicon, where the solubili-
ty of hydrogen was seen to decrease rapidly with the
addition of these elements. However, no explanation
was given for these minima.

Later on, Opie and Grant [7] undertook to check
results reported for the solubility of hydrogen in alu-
minium as well as study the effects of alloy additions.
Using the well-known Sieverts method [21] they de-
termined the solubility of hydrogen in pure alumi-
nium and Al-Si and Al-Cu alloys. According to them,
copper and silicon both decreased the solubility of
hydrogen in aluminium, the former being more effec-
tive than the latter. Contrary to Baukloh and Oesterlen
[4], no minimum was noted for the hydrogen solubili-
ty versus copper/silicon content. The solubility results
determined at various pressures in these alloys showed
that Sieverts’ law was obeyed.

It is of interest to note that in connection with
investigations in 1961 on the effects of Si content and
local solidification time on hydrogen content in rela-
tion to the formation of porosity in Al-Si alloys, Sarov
(reported by Honer and Youling [28]) obtained simi-
lar minima at 6 wt % Si as were reported by Baukloh
and Qesterlen [4]. Fig. 2a depicts these results.

Recently, Lin and Hoch [29] have calculated the
solubility of hydrogen in molten aluminium alloys
containing copper, lithium, magnesium and silicon,
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from the solubility of hydrogen in pure metals and
binary metal-metal interaction parameters, applying
the thermochemical model developed by Hoch and
Arpshofen [30]. According to them, the excellent
agreement between their calculated results based on
this model and the experimental data of Opie and
Grant [7] for the solubility of hydrogen in Al-Cu
alloys lends support to the suitability of this model in
the prediction of the thermodynamic properties of
a ternary solution from the corresponding binary sys-
tems. Accordingly, they have evaluated the thermo-
dynamics of the Al-H, Cu-H, Mg-H, Li-H, Al-Cu,
Al-Si, AI-Mg, Al-Li, Al-Li-H, Al-Cu-H, Al-Mg-H
and Al-Si-H systems. Fig. 2b, ¢ and d depict the
solubility of H in molten Al-Cu, Al-Li and Al-Mg
alloys, respectively, as reported by Lin and Hoch [29].
Some experimental data points are available for com-
parison in the Al-Cu and in the Al-Mg case, but none
are available for the Al-Li alloys.

2.3. Effect of modification:
hydrogen pick-up

Linked to the solubility of hydrogen in aluminium is
the way it is affected by modification. Modification
has been known to increase the susceptibility of these
alloys to hydrogen pick-up [31]. While the advan-
tages of eutectic modification are directly perceived in
the improved mechanical properties of such alloys,
some caution is, nevertheless, still exercised in its use,
since modified castings tend to exhibit an increased
porosity. This porosity has been connected to the
increase in hydrogen absorption by the melt in the
presence of such modifiers [32-35].

Although sodium has long been the traditional
modifier, the feasibility of using strontium as an al-
ternative for Al-Si alloys has been receiving increasing
attention in the last three decades. With the introduc-
tion of Sr-containing master alloys that helped over-
come the difficulties previously associated with its use
in elemental form, there has been a greater acceptance
of Sr as a modifier. Master alloys are now available as
Al-Sr (5-10%) or Al-15Si-10Sr alloys. A number of
studies have been carried out on the solidification of
Sr-modified alloys [32-40], including those on the
burn-off rate of Sr [36, 417 and optimum levels of Sr
addition for modification [42, 43].

The effects of Sr on the microstructure and proper-
ties are comparable to those of Na. Among other
things, both elements modify the eutectic Si morpho-
logy from plates to fibres, refine the eutectic, increase
the primary Al solid-solution phase and depress the
eutectic temperature. However, Sr possesses a number
of advantages over sodium, the main one being that it
is a “permanent” or long-term modifier, while Na is
easily lost from the melt by volatilization and oxida-
tion [42]. Various studies have been carried out on the
modification behaviour of Na and Sr. Differences or
similarities have been reported, depending on the indi-
vidual study [2].

Pertaining to our present discussion, concerning the
susceptibility of modified melts to hydrogen absorp-
tion, while some investigators report that Sr behaves
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Figure 2 (a) Hydrogen content giving rise to porosity in Al-Si alloys at different solidification times [28]. (b) Solubility of hydrogen in molten
Al-Cu alloys (data points from Opie and Grant [7]): (H) 973 K, (@) 1073 K, (A) 1173 K, (®) 1273 K, (—) calculated. (c) Solubility of
hydrogen in molten Al-Li alloys. (d) Solubility of hydrogen in molten Al-Mg alloys (data points from Baukloh and Oesterlen [4]): (W) 773 K,
(@) 873K, (&) 973K, (4) 1073 K, (——) calculated. Solid lines are the estimated values as reported by Lin and Hoch [29].

similar to Na in increasing gas pick-up [33], others
find that Sr is more effective in doing so [28, 31, 32]. In
contrast to both, according to Traenkner [2], it is Na
that is preferred to Sr in foundries because it generates
more gas than Sr. In Gruzleski’s opinion [44] there is,
apparently, considerable evidence to suggest that
higher hydrogen levels are not associated with the use
of Sr, and that under certain conditions, Na modifica-
tion also does not result in more melt-dissolved hy-
drogen.

Sizing up various reports, Na and Sr possibly have
different influences on the pick-up of hydrogen by
molten alloys. In fact, the entire question of hydrogen
absorption by a molten Al alloy in the presence of
a modifier is not well understood and is the subject of
conflicting opinions.

In order to clarify some of the pre-existing contro-
versies, Denton and Spittle [31] carried out a detailed
investigation of the solidification characteristics of
both Sr- and Na- modified AL-Si alloys of the LM6
type, with a view to comparing their susceptibilities to
hydrogen pick-up. From their studies, they concluded
that Sr increases the susceptibility of Al-Si alloy melts
to hydrogen absorption during melting, and that Sr-
modified melts are more susceptible to gas pick-up
than Na-modified ones.

Another such study was carried out by Dimayuga et
al. [45] who investigated the degassing and regassing
behaviour of Sr-modified A356 Al-alloy melts. They
found that Sr modification did not affect the rate of
hydrogen pick-up from humid atmospheres by these
alloys, and that stirring of the melt significantly in-
creased the rate of hydrogen dissolution. Addition of
Sr in the form of 90 Sr—10 Al master alloy did not
introduce hydrogen into the melt, ie. the hydrogen
content in the melt remained unchanged. The long-
term modifying effect of Sr was also confirmed in their
studies. Fig. 3 summarizes the degassing and regassing
behaviours of Sr-modified and unmodified melts of
A356 alloy as obtained in their work, where the melt
was stirred during regassing.

Shahani [46] has investigated the effect of hydrogen
content on the shrinkage porosity of Al-Si, Al-Si-Mg
and Al-Cu alloys. According to him, the porosity in
these castings is dependent on the gas content
amongst other factors, and that modifiers (Na, Sr)
promote the formation of such type of porosity. In
startling contrast to the naturally expected con-
clusion, however, his results showed that the modified
samples had relatively lower hydrogen content, al-
though pores were formed more frequently in such
samples.
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Figure 3 Degassing and regassing behaviour of unmodified and Sr-modified A356 alloy melts (after Dimayuga et al. [45]). (&): (A) 0% Sr.

(01) 0.014% Sr, (O) 0.021% Sr. (b): (A) without Sr, (O) with Sr.

While studies on modification have mainly centred
on Na and Sr, there have been other investigations
where the influence of alternative elements has been
considered. Honer and Youling [28] have reported on
the influence of Ca and Sr on the hydrogen pick-up in
Al alloy melts (particularly G-AlSi12 type). Their ther-
mal and microstructural analyses show that Ca acts as
a modifying agent, with the severe handicap that even
in low concentrations it gives rise to higher hydrogen
pick-up and the related danger of porosity. The oxida-
tion of Ca affects the protective oxide skin of the melt
and contributes to a faster pick-up of hydrogen by the
melt towards equilibrium. According to these authors,
even the use of higher concentrations of Sr for long-
term modification gives rise to increased sensitivity to
hydrogen and thus its content should be carefully
decided upon [28] relative to the alloy being modified.

The Bulgarian group of workers Yaneva et al. [47]
have recently reported on the influence of Sb modi-
fication on the hydrogen porosity of Al-Si alloy cas-
tings. Their studies reveal that Sb modification allows
for the retention of hydrogen in the solid phase, sup-
pressing its tendency to separate as gas in the form of
pores during solidification. Thus, despite the increased
H content in the alloys, their density remains un-
changed, even at low concentrations of the modifier.
Thus modification with Sb not only refines the Si
phase in Al-Si alloys, but also increases the solubility
of the hydrogen in the Al solid solution.

Yet other elements that have been investigated as
modifiers include magnesium [48], phosphorus [49]
and tungsten [50]. However, these studies are mainly
structure—porosity—property oriented, and will not be
discussed in the present context. Work on the effect of
Sb on Sr-modified A356 melts is likewise discussed in
section 4.3 below in connection with porosity.

Summing up, in view of the increasingly widespread
use of modifiers in Al-Si castings today, it is essential
that the industry should have, first and foremost,
a well-defined and consistent picture of how the pres-
ence of modifiers affects the rate of hydrogen pick-up
and the degassing behaviour of such alloys. In spite of
the abounding literature, one can assess that updating
in this area is still required.
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2.4. Diffusivity
A solute of non-interacting atoms in a single phase
diffuses according to Fick’s law:

a—f = div(Dgrad C) (6)
where C and D are, respectively, the concentration and
diffusion coefficient of the solute, and ¢ is the time.

In the case of hydrogen, from valency, size and
geometrical considerations it is reasonable to assume
that the solute must be in the form of non-interacting
atoms and occupy equivalent interstitial sites. The
diffusion process is thus described by the above equa-
tion, standard solutions to which are obtained by
considering the initial and boundary conditions, as
well as the geometry of the system.

As a rule, diffusion coefficients vary with temper-

ature as
A
D = Dgyexp (— —1§> 7N
where AG is the activation energy for diffusion, T is
the absolute temperature and Dy is a constant for the
particular system. As can be seen, the variation is
Arrhenius-type in nature.

Several workers have reported on the diffusivity of
hydrogen in pure aluminium [25-27, 517. Smithells
[52] has compiled an extensive coliection of available
values for the solubility and diffusivity of hydrogen in
metals. For the temperature range 470-590 °C (below
the melting point, 660 °C), Eichenauer and Pebler [25]
have reported a diffusion coefficient of 0.21exp
(—45600/RT)cm?s~! for hydrogen in pure solid
aluminium. This gives an extrapolated value of
6.0x 10"*cm?s ™! at 660°C and an expected room
temperature value of the order of 107° cm?s™ L.

Eichenauer and Markopoulos [51] report a value
of (3.8 x 10~ ) exp ( — 4600/RT) for the diffusion coef-
ficient in liquid aluminium in the temperature range
780-1000 °C. Their findings show that at the melting
point, the rate of diffusion jumps by a factor of six for
the liquid state.

Talbot [1] has emphasized the importance of em-
ploying sound material in the determination of experi-



mentally obtained coefficients. According to him, the
results given by the above authors are reliable, rather
than those quoted by others [26, 27} who have re-
ported the presence of defects in their materials.

While Equations 6 and 7 may describe hydrogen
solution in liquid metals, the same cannot be applied
for solid metals, as this would demand the existence of
a structurally perfect material which is not at all the
case observed in industrially produced metals. A fail-
ure of the regular equations to frequently describe
observed behaviour in such materials leads one to
believe that the hydrogen within the material is het-
erogeneously distributed, divided between interstitial
solution and hydrogen “trap sites” or lattice defects
that trap the hydrogen atoms or molecules. Quen-
ched-in lattice vacancies have been indicated as the
defects in question [53].

There is evidence in the literature for atomic traps
due to association of interstitial solutes with lattice
defects. This is feasible on the basis of the negative
binding enthalpy between the solute atoms and the
defects due to lattice strain relief. In the case of hydro-
gen, it has been shown indirectly [54] that the solute
segregates to lattice defects.

While the concept of hydrogen trapping receives
support from reports of hydrogen diffusion in steel
[55-61], the exact nature of these traps has never been
elaborated upon [56, 58, 60, 61]. In this respect, it is
very interesting to note the comments made by
Ishikawa and McLellan [62] in their recent work on
the measurement of hydrogen diffusivity in aluminium
in the low temperature range 285-328 K. These
authors, who have made a detailed comparison and
analysis of diffusion data obtained by various workers
and by them, negate the notion of the hydrogen-
vacancy trapping observable in diffusion measure-
ments at high temperatures. Instead, they purport
that, from the agreement between the majority of
D values reported at high temperatures and the high-
temperature extrapolation of their own data, their
results indicate that hydrogen diffusion in solid alumi-
nium occurs by a classical single-mechanism process
from 300 K up to the melting point.

Apart from these physical traps, impurities or
alloying elements in a metal may react with hydrogen
to form precipitates, usually hydrides; the additional
hydrogen thus absorbed by the metals is considered to
be “chemically” trapped. In the case of aluminium and
aluminium alloys, the presence of sodium can lead to
such an effect through the formation of sodium hy-
dride [63]. Reactions are typically of the type

0.5H,(gas) + M (in alloy) — MH (ppt)

where M is the hydride-forming element, and depend
on the activity of the metal in the alloy and the critical
hydrogen pressure at which the hydride starts to form.

From the above, it is clear that measurements of
solubility and diffusivity of hydrogen in metals are
significant only if they have been performed extremely
carefully and on materials that are of a sound nature,
or at least those whose preparation conditions are well
known. Also, the values obtained must be correctly
applied to the industrially produced materials. In the

case of metals containing hydride-forming elements or
very defective materials, there may occur cases when
the hydrogen in trap sites could exceed that in solu-
tion, impeding the diffusion process [63, 64]. Several
mathematical models have been proposed [56, 59, 65]
to take into account the effect of traps in steels and
these could well be applied to metals. For aluminium,
Talbot and Granger [66] have suggested the alterna-
tive of applying empirically determined apparent dif-
fusion coefficients directly to industrially produced
metals even though they differ from the true coeffi-
cients. One must appreciate, none the less, the necess-
ity for a correct estimation of the mobility of hydrogen
for practical purposes, as the extent of damaging ef-
fects is related to how rapidly the gas can accumulate
at critical points (defects) in a metal.

3. Methods of hydrogen
measurement

The necessity for an accurate estimation and control
of the actual gas level in a metal or alloy prior to and
during the melting/casting process at the foundry shop
floor level has long been recognized. Due to the sharp
decrease in the solubility of hydrogen in aluminium on
solidification, even low gas contents can lead to degra-
dation in the properties of the alloy through the
formation of gas porosity. As a result, many tech-
niques have been developed, each geared towards
greater improvement in the ease of measurement and
its accuracy, to meet the needs of the tighter standards
imposed today by industry. These techniques range
from qualitative, semi-quantitative to quantitative,
and can be classified as “direct” or “indirect”, depen-
ding on whether the actual hydrogen content is mea-
sured or whether the observation of some physical
characteristic is involved.

Among the earliest tests known for evaluating the
hydrogen content in molten aluminium alloys is the
Straube—Pfeiffer (S-P) test [67], where the gas content
is estimated from the density of a metal sample solidi-

fied under reduced pressure. A variation of the test, the

“Initial bubble test”, consists in noting the pressure at
which the first bubble is observed in the molten
sample kept in a chamber in which the pressure is
slowly reduced [68]. The lower the pressure at which
the first bubble is noted, the lower the hydrogen con-
tent. The Hydro tester produced by Alcan and the
Alusuisse/FMA Alu—Melt Tester [69] are based on
variations of this approach.

These early tests, however, are not direct measure-
ments of the hydrogen content, being influenced by
both hydrogen and inclusion content of the sample.
They are more useful as measurements of “metal
quality”, in which capacity they have actually been
used.

The need to measure hydrogen content separately
led to the evolution of other techniques of a more
absolute nature. Ransley and Talbot [26] were the
first to develop a quantitative laboratory analysis
technique, variously termed as the “hot extraction”,
“Ransley’s” or “Vacuum subfusion” (VSF) technique.
A sample taken from the melt/product is subjected to
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careful preparation and heated to a sub-solidus tem-
perature in a good vacuum. The volume of hydrogen
gas so extracted is then measured. Although the
method has found successful application in the
wrought alloy industry, it has not been found suitable
for daily use in the foundry.

Focusing their attention on the drawbacks of the
VSF technique, and the need to develop an instrument
capable of delivering quick hydrogen content deter-
minations, Ransley and co-workers finally developed
the Telegas technique in 1957-58, also known as the
“closed-loop recirculation” (CLR) technique, to
measure the partial pressure of hydrogen in molten
aluminium [22, 70].

The underlying principle of the Telegas technique is
to create a circulating gas volume within the molten
metal, into which hydrogen can diffuse. An inert gas
like nitrogen is bubbled through the melt and col-
lected by an inverted bell-shaped probe. After a rea-
sonable time, the dissolved hydrogen in the melt
attains an equilibrium with the hydrogen gas con-
tained within the nitrogen bubbles according to

2H—>H2

The concentration of hydrogen in solution in molten
aluminium alloys is a function of its solubility and
partial pressure and is given by

P\ 12
G = '
kS, <7 : 0) @®)

where P; is the equilibrium internal pressure of hydro-
gen in mm Hg, S, is the solubility at 760 mm Hg at
a given temperature and k is a constant dependent on
the alloy.

The Telegas instrument is designed to measure P;.
The thermal conductivity of hydrogen is greater than
that of nitrogen by an order or two of magnitude.
Thus the thermal conductivity of the circulating gas is
a strong function of the hydrogen concentration, and
if the hydrogen content of the nitrogen carrier gas can
be measured, this can be directly related to the dis-
solved hydrogen level in the melt. In the Telegas
instrument, this is accomplished with the use of the
catharometer (a hot-wire detector) that detects the
change in the thermal conductivity, and a Wheatstone
bridge circuit. This technique, now marketed by Alcoa
(USA), has been found to be adequately precise for
quality control work ( £ 0.025 ml per 100 g), and the
analysis time is also reasonable ( ~ 10 min). A sche-
matic diagram of the Telegas apparatus is shown in
Fig. 4a.

In spite of its assets, the original presentation of this
technique has quite a few drawbacks. The main draw-
back concerns the probes, which are expensive, fragile
and often break after only a few immersions in the
melt, although they are supposedly designed to last
through approximately 2030 analyses. This has been
the general experience of various users, as reported in
the literature [70, 71]. This results in very high ana-
lysis costs. In addition, the Telegas instrument is bulky
and the readings can easily be misinterpreted since the
instrument only provides arbitrary readings which

6540

must be corrected for alloy composition or metal
temperature.

Alcoa has now introduced a new compact instru-
mentation package, Telegas II™, which addresses
these problems. It is a completely redesigned instru-
ment that shares only the basic principle with the
original Telegas [72]. A self-contained instrument, it
displays the gas content directly and can be used
anywhere in a plant. Hydrogen partial pressure is
measured by a differential thermal conductivity tech-
nique. Instead of the original platinum filaments and
Wheatstone bridge circuit, a single commerical hot-
film sensor is used in a specially developed constant
temperature circuit, adapted for gas thermal conduc-
tivity changes. Fig. 4b shows a schematic diagram of
the Telegas II instrument. The instrument package
also incorporates a microprocessor-based control sys-
tem, a microterminal for operator communication,
a printer for hard-based copy output and various
memory circuits for storing readings and calibration
constants. Although the ceramic probe that is current-
ly utilized is fragile and expensive, it can work well if
carefully handled. Other probes with different designs
have also been reported and are capable of being used
with Telegas II. Alcoa itself is working on several new
probe designs that will be less expensive and more
durable than the ceramic probe.

As part of an extensive research programme on alu-
minium alloy melt quality, the quantitative reduced
pressure (QRP) and the quantitative recirculating gas
(QRG) hydrogen test units have been developed by
the BNF Metals Technology Centre. The method of
operation is similar to that of Telegas [73].

The other popular alternative to the Telegas tech-
nique for hydrogen measurement is the nitrogen car-
rier fusion (NCF) method. It is a variation of the
vacuum subfusion (and, to some extent, the Telegas)
method, where the solid sample is heated to above
melting point and the hydrogen gas evolved is trans-
ported in a carrier gas to be measured by
a catharometer or thermal conductivity detector. This
technique is available commercially in the form of
Leco (RH series) and ITHAC analysers, that are mar-
keted by Leco and Instruments SA, respectively [74].

The Leco RH-3 hydrogen determinator completes
an analysis in about 20 min. It operates similarly to
the ITHAC-02 analyser, based on the work of Degréve
[75, 76]. In these methods, a cylindrical sample placed
in a graphite crucible is melted in a stream of nitrogen.
The hydrogen is carried downstream to be measured
by a catharometer from changes in the thermal con-
ductivity of the carrier gas. The main difference be-
tween the two analysers is that the Leco RH-3 is
provided with a loading head to introduce the sample
into the equipment (see Fig. 4c), making possible the
baking out of the crucible and subsequent fusion of
the sample without opening the apparatus at any
stage of the analysis. With the ITHAC-02, however, it
is necessary to open the furnace for sample introduc-
tion. Thus, with the Leco RH-3, it is more difficult to
introduce atmospheric moisture.

The accuracy of the Leco RH-3 is, in general, satis-
factory. However, an appropriate surface-hydrogen



correction has to be applied to the measured values of
gas content.

The design of newer, more recent hydrogen analy-
sers are more or less improvements on the Telegas or
the NCF methods. Further improvements to the
Telegas method have centred on the designing of new
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probes, to overcome the major drawbacks of the ce-
ramic probe in terms of durability, cost and effec-
tiveness. One of the most recent probes fashioned
along these lines is the Alcan probe designed for the
AISCAN analyser, a product of Alcan International
and Bomen Inc. of Québec, Canada. This is a new and
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simple technique for on-line analysis of hydrogen in
aluminium alloys [71]. Although based on the same
operating principles as the original Telegas, several
new features have been incorporated to increase
adaptability to the cast-shop floor.

The design and material of the new “disposable”
probe have been so chosen to enable it to overcome
the problems associated with the ceramic probe and
render it far superior to the latter. For full details of
the probe, the reader is referred to Martin et al. [71].
Among its important advantages are that it can be
used at any convenient angle, even in very shallow
metal, and the need for bubbling gas into the metal is
eliminated, thereby solving the blockage problem of-
ten associated with the original probe. However, to
compensate for insufficient agitation of the melt (due
to the absence of bubbling) which can lead to a much
longer response time, a suitable movement is imparted
to the probe.

A schematic diagram of the AISCAN analyser is
shown in Fig. 4d. Operation of the instrument is
simple with the preselection of a specific number of
parameters. According to extensive tests carried out
at Alcan’s Arvida R&D Centre, a comparison of
Alcan probes, Telegas probes and the VSF technique
showed that all three methods were more or less
equally effective with differences in results being less
than 0.02 ml per 100 g [72]. Reportedly, also, the
comparative cost per analysis for the AISCAN, NCF,
Telegas and VSF techniques was 1:2:3:4.

4. Porosity

One of the biggest problems in aluminium castings is
porosity, primarily caused by turbulent transfers dur-
ing pouring of the molten metal. Apart from affecting
the surface finish, porosity, in particular hydrogen-
induced porosity, is always a cause for concern be-
cause it is detrimental to the mechanical properties.

The formation of porosity in solidifying metals can
be attributed mainly to two effects: shrinkage, result-
ing from the volume decrease accompanying solidifi-
cation, and the evolution of dissolved gases, resulting
from the decrease in solubility of these gases in the
solid as compared to the liquid metal [1, 77-86].
These effects may manifest themselves separately or,
as is more often the case, simultaneously, interacting
with each other to develop the resulting porosity ob-
served. On account of this it is difficult, in most casting
situations, to state which factor is predominant in
causing the porosity. Precipitation of hydrogen in the
solid state is also a third possible cause [1, 79].

A vast amount of theoretical work concerning the
physics of pore formation as well as various experi-
mental studies investigating the phenomenon have
been reported in the literature [77-90]. Different types
of porosity have been observed, mechanisms of pore
formation suggested and models developed to sub-
stantiate them. In the following sections, an overall
comprehensive treatment of these areas is given. How-
ever, in the present context of this article, hydrogen-
related gas or microporosity is given main considera-
tion throughout.

4.1. Formation of porosity

The shrinkage that occurs on solidification is the pri-
mary source of porosity formation in solidifying cas-
tings. In most cast alloys, the volume shrinkage varies
typically from 5 to 8%. Shrinkage porosity also occurs
on a “micro” level as “microshrinkage” or “micro-
porosity” that is dispersed in the interstices of den-
dritic solidification regions, typically found in alloys -
with a large difference between their solidus and
liquidus temperatures. Limited or inadequate liquid
metal feeding in the dendritic solidification area is
instrumental in the formation of this type of porosity.

The other main source of porosity arises from gas
evolution resulting from a decrease in the solubility of
the gas on solidification. The gas so rejected can nu-
cleate both in the liquid during solidification and in
the solid immediately afterwards, giving rise to two
very different kinds of porosity, termed “interdendritic
(or primary) porosity” and “secondary porosity”, re-
spectively. In addition, rejection of solute gas from the
solid into the liquid continuously enriches the latter
in the gaseous component. These effects are typically
exhibited by hydrogen in aluminium. Both porosity
types can significantly affect the casting. A detailed
account of these porosities has been given by Talbot
[1].

Nucleation of a gas bubble is necessary before gas
porosity and its subsequent growth can occur. How-
ever, the large energy requirements for such nuclea-
tion are overcome by the formation of shrinkage
porosity [77].

During the course of solidification, several types of
feeding are involved at different stages of the solidifi-
cation. These include liquid, mass, interdendritic and
solid feeding, that occur from the initial through to the
final stages of solidification. A schematic representa-
tion has been given by Campbell [88]. Porosity de-
fects are caused by the limitations of these feeding
mechanisms, and it is thought that the interdendritic
feeding stage is the most important stage for their
creation.

The growth process in porosity formation as given
by Pehlke [77] is depicted in Fig. 5. In Fig. 5a, gas
porosity is seen to nucleate at the base of dendrite
arms. The synergism between the shrinkage and gas
porosities overcomes the large negative free energy
required to form a gas—metal surface, facilitating the
nucleation as shown in Fig. 5a. As solidification pro-
ceeds, the porosity grows due to the higher potential
for gas evolution. The radius of the porosity becomes
large enough to decrease the contribution of inter-
facial energies, and the porosity detaches from the
dendrite as shown in Fig. 5b, aided by convective

(a) (b) ()

Figure 5(a—c) Growth process of porosity formation [91].
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forces. At a still further stage of solidification, neigh-
bouring dendrites collide, making interdendritic feed-
ing difficult. At this stage, the porosity is thought to
grow to compensate for solidification shrinkage (Fig.
5¢).

According to Campbell [90], the conditions for the
formation and growth of a pore are best given by

P, + P,>Pun + Py + Py,

where P, = equilibrium pressure of dissolved gases in
the melt, P, = pressure drop due to 'shrinkage,
P, = pressure of the atmosphere over the system,
Py = pressure due to the metallostatic head and
P._, = pressure due to surface tension at the
pore-liquid interface.

It is generally observed that P, and P, are the major
drawing forces, acting synergistically to form pores
within the interdendritic regions that are neither solely
due to gas evolution nor due to shrinkage. For a par-
ticular casting design, P,,, and Py are constant, and
a decrease in P, (as has been observed for modifiers
like sodium [46]) can lead to an increased probability
of pore formation.

4.2. Hydrogen-related gas porosity
and microporosity

Being the only gas soluble in aluminium alloys, hydro-
gen is the main contributor to porosity in these alloys.
When the hydrogen content of the melt exceeds the
solubility limit, the resultant excess hydrogen forms
gas bubbles, leading to porosity. The pores nucleate
and grow in the presence of proper nucleants [92, 93],
their size and distribution depending on the local
solidification conditions [1, 85]. The porosity forma-
tion is described by the relation AP = 2o/r, where o is
the surface tension and AP is the critical pressure that
must be exceeded in the pore for a pore nucleus of
radius r to grow. A higher hydrogen concentration in
the melt will increase AP and decrease r, resulting in
an increase in the amount of porosity in the casting
[46, 94]. Pores may form either prior to or during
solidification. Pores of the former type are spherical
and relatively large. The ones formed during solidifi-
cation are small, irregularly shaped and attributed to
shrinkage porosity. Their formation is influenced by
the hydrogen enrichment and the shrinkage pressure
in the interdendritic area [87].

A number of models have been developed for the
nucleation and growth of gas bubbles during solidifi-
cation [91, 95-97]. Most models assume that a bubble
forms and grows after a critical gas concentration is
reached locally in the liquid, usually between den-
drites or near grain or cell boundaries. For any given
alloy and specific solidification condition, there is
a “threshold hydrogen content” below which no pri-
mary porosity is formed.

Hydrogen gas porosity has been extensively investi-
gated. In general, this has been done using directional
solidification techniques. It has been established that,
in addition to the threshold hydrogen content men-
tioned above, the tendency for porosity formation
is reduced with an increase in cooling rate and a
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decrease in alloy freezing range. Also, for hydrogen
contents above the threshold value, there is approxi-
mately a linear relation between hydrogen and pore
volume fraction [82].

The formation of different types of microporosity
has been dealt with by various workers [91, 94, 957. Tt
is found that porosity increases with distance from the
chill to the casting [46, 98, 99]. In spite of various
mechanisms that have been proposed [46, 81, 90] for
the nucleation of porosity in Al alloys, only the
simpler ones are used in mathematical modelling.

According to Kubo and Pehlke [91, 100], forma-
tion of porosity in solidifying alloys is enhanced by gas
evolution and by interdendritic flow in the later stages
of solidification. They have developed a mathematical
model for the same that suggests that the simulta-
neous occurrence of shrinkage and gas evolution is an
essential mechanism in the formation of porosity de-
fects. Measured values of porosity in Al-4.5% Cu
plate castings compare favourably with their cal-
culated values. They recommend minimization of
gas content by degassing and increasing the mould
chilling power for the production of sound castings.
Actual recommended values would depend on the
casting shape, alloy composition and required mech-
anical properties, among other variables.

As part of an ongoing research programme on the
solidification characteristics of Al alloy castings, the
research group of the Aluminium Casting Research
Laboratory (ACRL) at Drexel University, Philadel-
phia, has been investigating microporosity formation
in such castings. The effects of various casting para-
meters (including cooling rate and initial hydrogen
content) on the microporosity have been studied.
Porosity and shrinkage defects ensue as a result of
inadequate feeding of the metal and the voids caused
by the dissolved hydrogen liberated from the alloy
during solidification. The solidification shrinkage and
gas generation combine in the interdendritic regions
giving rise to the observed microporosity.

From the same group, Zou et al. [101] have investi-
gated the fundamental mechanisms associated with
microporosity formation in the solidification of
A356.2 castings. Their experimental results on simple
test castings of the alloy show that the pore density is
essentially constant for various hydrogen concen-
trations, while the pore size and amount of porosity
increase with the initial hydrogen content in the liquid
metal. Based on their results, they have developed
a micromodel to simulate microstructure evolution
and porosity formation in equiaxed structures, which
incorporates the effects of hydrogen liberation at the
metal front and that of interdendritic fluid flow.

The measured and calculated amount of porosity as
a function of initial hydrogen content as obtained by
them [101] is reproduced in Fig. 6. As observed, there
is a linear variation between the amount of porosity
and the initial hydrogen content. Experimental data
from other sources are also included in the figure for
comparison. The overall agreement lends suppqrt to
the validity of their model.

Poirier et al. [95] have analysed the microporosity
observed between primary dendrite arms. This type of



2.0
L15¢ 1
=
S1.0f :
g
s
S o5} :
g
< o 10

00 ; 8 s

01 0.2 0.3 04 0.5

Hydrogen content {ml/100g)

Figure 6 (@) Measured and (——) calculated amount of porosity in
A356 alloy as a function of initial hydrogen content at
d7/dt = 2.5°C s~ ! (from Zou et al. [101] together with data of ((J)
Thomas and Gruzleski [82] and (O) Deoras and Kondic [102].

porosity is often found in alloys which possess a fully
developed dendritic structure at a low solid fraction
and also sometimes in directionally solidified eutec-
tics. Uniform hydrogen content in the liquid and solid
phases and an interdendritic fluid flow directed by
d’Arcy’s law are among some of the assumptions used
in their analysis. Their results indicate that porosity
does not form when the gas pressure is below the
pressure in the liquid and that it is proportional to
primary dendrite arm spacing.

On the basis of thermodynamic data and observed
aspects of dendritic solidification, Poirier et al. have
predicted the formation of interdendritic porosity in
directionally solidified Al alloys. Their model cal-
culates the pressure of hydrogen within the interden-
dritic liquid and if this pressure is higher than the sum
of the local and capillary pressures, then the formation
of interdendritic porosity is possible. A gas pore is
stable provided that

1 1
P,—P = o|l—+ —
ry Fa

where P, — P represents the local pressure within the
mushy zone, ¢ the surface tension and r,, r, the prin-
cipal radii of curvature. In a columnar mushy zone,
the widths of the spaces between the primary arms
being greater than those between the secondary arms,
less excess pressure is needed for a gas pore to exist in
the former than in the latter. Thus Poirier ez al. recom-
mend that

Pg - P - 4G/ng1

gy being the local volume fraction of liquid and d, the
primary dendrite arm spacing. Their equation predicts
that a stable gas pore which forms during the later
stages of solidification requires a relatively high excess
pressure. Their predicted values of porosity as a func-
tion of initial hydrogen concentration agree well with
their experimental data.

Fang and Granger [94] have proposed a math-
ematical model to predict the size of interdendritic
pores that form in the interdendritic regions between
equiaxed grains. Their model describes the growth of
pores during solidification and examines the effects of

hydrogen content and solubility, dendrite cell spacing
and local solidification characteristics on the pore size.
The model is based upon a mass balance between the
amount of hydrogen entering a pore and that rejected
at the solidification front. According to them, alloy
composition, processing variables, hydrogen concen-
tration, grain refining and inclusion content are the
five factors that control porosity formation, and to
date there is no one consistent model that accounts for
all these aspects of the porosity phenomenon. Their
model is aimed at taking a step in this direction. The
authors report that the predictions of their model
agree, in general, with reports on gas porosity given in
the literature. Fig. 7 is a schematic representation of
pore formation in an equiaxed-grain casting produced
by directional solidification as given by them.

Among the conclusions derived from their compu-
tational results are that the pore size decreases with
decreasing hydrogen content and with increasing hy-
drogen solubility, increasing hydrogen partition coef-
ficient and increasing external pressure. Pore size is
affected by the cooling rate in the sense that the latter
affects the local solidification structure (i.e. the den-
drite cell spacing) which in turn controls the threshold
cell size and hence the pore size. Also, there exist
a critical hydrogen content for a given alloy below
which no pores form, as well as a critical external
pressure above which pore formation may be sup-
pressed.

At this stage, in connection with what has been said
above, it is of interest to point out that, while many
investigators treat ingot porosity only in terms of the
mean porosity, such mean values can be in consider-
able error and provide a very unreliable picture, since
the porosity can vary considerably from the mean
value at various points within the ingot. In this regard,
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Figure 7 Schematic representation of pore formation process in an
equiaxed-grain casting obtained by directional solidification [94].
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Entwhistle et al. [103] have carried out studies to
determine the development and distribution of poros-
ity in Al-base (Al-4.5% Cu and Al-8% Si) alloys.
According to them, a definite pattern of microporosity
exists over a wide range of casting conditions and
hydrogen concentrations, which can be interpreted in
terms of the solidification of the ingot. At very high
gas levels ( > 0.7 ml1 H, per 100 g Al) the pattern disap-
pears and the porosity becomes uniform throughout
the ingot. At very low levels ( < 0.1 ml H, per 100 g Al)
the porosity pattern again “disappears”, in that it is
not readily detectable. Khomitskii [104] has also
alluded to this fact in his work on porosity evaluation
in castings.

4.3. Effect of modification
The influence of modification on porosity is a matter
of considerable debate, stemming, in the main, from
the controversy over the behaviour of Sr as a modifier.
As has already been discussed in detail above, the
modifier is weighed in terms of its role in enhancing
the susceptibility to hydrogen pick-up of the modified
alloy, which, in turn, directly bears upon its porosity
content. It would appear to be the foregone con-
clusion, in the case of such modifiers, that an increase
in porosity (both gas and microporosity) would result,
depending on the interdendritic feeding ability in
a particular local solidifying region of the alloy. What
concerns the casting industry is whether modifiers
increase the amount of porosity present in the final
product, since it is generally observed that modified
castings contain more porosity than unmodified ones.

Among the several authors [31, 46, 105-108] who
have reported either an increase or else no increase in
hydrogen gas levels with the addition of Sr, the work
of Shahani [46] is of particular interest in the present
context. Investigating the effect of hydrogen on the
shrinkage porosity of Al-Si alloys, he found that addi-
tion of Sr or Na actually reduced the gas content but,
however, increased the porosity of the modified cast-
ing. According to him, the amount of shrinkage poros-
ity in castings is determined by the gas content, the
pressure drop caused by shrinkage and the foreign
particles present in the melt. Modifiers promote this
type of porosity, facilitating the nucleation of pores by
reducing the surface tension or by acting as nucleants.

Denton and Spittle [31], in their investigations on
the effects of Sr addition on hydrogen susceptibility in
Al-Si LM6-type alloys, found that Sr enhanced the
said susceptibility and that there was a direct correla-
tion between porosity and measured hydrogen con-
centrations. Examination of the graphite mould chill
castings obtained from LM6 melts modified with
0.01% Sr showed that the gas porosity tended to
increase towards the centre. Fig. 8 depicts the per-
centage porosity versus hydrogen concentration ob-
tained by them. As can be seen, there appears to be
a cut-off hydrogen concentration of about 2 mm?g™*
below which it was difficult to detect porosity. Similar
results have been described in the previous section (sec
also Fig. 6).

Argo and Gruzleski [107] have summed up the
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controversial situation regarding modification: it is
natural to attribute increased porosity in modified
castings to an increased hydrogen content, the modi-
fier being thought to be somehow responsible for
increasing the susceptibility of the melt to hydrogen
pick-up. However, their group [45, 108] has shown
that, at least in the case of Sr, this is not the case. In the
absence of such a connection, it becomes more difficult
to explain the tendency of modified castings to exhibit
greater porosity. These authors have therefore carried
out a controlled study on porosity in modified and
unmodified A356 alloy, using the Tatur test to identify
differences in the distribution of porosity and shrink-
age. This specialized test measures the various types of
shrinkage found in foundry alloys. Their radiographic
data and Tatur results have shown that modification
leads to a redistribution of porosity on solidification,
from primary pipe type into microporosity, appearing
thereby to “increase” the porosity. The results of
Charbonnier et al. [33] on a similar study of Na-
modified AS7G alloy appear to agree well with their
results. The increased microporosity is a result of the
increased difficulty in feeding during solidification,
and appears to be a basic feature of the modification
process, related to the increased freezing range of
modified alloys. According to them, there is now
growing evidence [93, 94, 109] to indicate that at
equal levels of hydrogen, a modified casting does in-
deed contain more microporosity than an unmodified
one, and the increase is due to the above-mentioned
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Figure 8 Percentage porosity vs hydrogen concentration {31].



redistribution of porosity type. Both the freezing range
and the microscopic shape of the eutectic solid-liquid
interface determine the final pore size and shape. It has
been observed both by Argo and Gruzleski [107] and
Fang et al. [ 78] that micropores in modified alloys are
larger than those in unmodified alloys.

According to Argo and Gruzleski, in ummodified
alloys the eutectic exhibits an irregular solid-liquid
interface, because of which small pockets of liquid are
entrapped between advancing solidification fronts, re-
sulting in fine concentrated microporosity, whereas in
modified alloys, a regular or planar interface results in
a more widely dispersed and larger porosity. Other
workers [78, 110, 111] have also reported similar
observations.

Sigworth et al. [112] agree in principle that modifi-
cation affects the shape of the solid-liquid interface
and that unmodified castings have been known to
exhibit concentrated “spongy” shrinkage areas that
become sound when modified. However, they have
reservations about the tests performed by Argo and
Gruzleski [107] in that the latter authors did not
employ a riser in the Tatur mould, their experiments
were conducted at relatively high gas concentrations
(which would be expected to worsen the observed
porosity problems) and they did not grain-refine their
samples. In the opinion of Sigworth et al., proper
precautions taken in these areas can eliminate unde-
sired porosity to a large extent. Reduction of gas
content, proper mould design and modification com-
bined with grain refinement are expected to produce
the best results.

Recently, Iwahori ez al. [113] have shed more light
on the occurrence of porosity in Na- and Sr-modified
Al-Si alloys, from the viewpoint of oxide inclusions
and hydrogen content present in the melt. Porosity
occurs due to the increase in hydrogen content of the
melt when these modifiers are added. However, while
the hydrogen content in unmodified or Na-modified
melts is readily decreased by vacuum degassing, that
in an Sr-modified melt is not. It is also observed that
when a melt without oxide inclusions is degassed in
vacuum after the addition of Sr, no porosity is found
to occur [114]. Thus, it is the oxide inclusions in the
melt that are responsible for reducing the rate of
hydrogen degassing in vacuum and that facilitate the
occurrence of porosity in the casting. The hydrogen
absorbed by the oxide inclusions present in the melt is
more strongly fixed in them by the addition of Sr to
the melt. Typically, for a general case of melting, as
many as 35 inclusions per 500 mm? may be present.
With Sr addition, the number is further increased,
while vacuum degassing { ~ 20 min) reduces the num-
ber to about one-third. No inclusions occur in castings
to which an NaCl-25% AlF; flux inclusion removal
treatment is applied. Fig. 9 shows the amount of
porosity as a function of hydrogen content in unmodi-
fied and modified Al-7% Si alloys as obtained by
these authors. The linear relationship is again ob-
served.

In contrast to the findings of Closset and Gruzleski
[109], but in accordance with the reportings of
Shahani [46], these authors have observed that poros-

-~
~n

o

1100g-Al)

©
o

o
o

o
>

o
N

Amount of porosity (cm3

L 1
0 0.1 0.2 0.3 0.4 0.5
H{em3/1004 Al)

Figure 9 Amount of porosity as a function of hydrogen content in
unmodified and modified Al-7% Si alloys [113]. Inclusion removal
treatment: (@) unmodified, (M) Sr-modified. No treatment: (O)
unmodified, ({J) Sr-modified, (A ) Na-modified.

ity occurred with a lower hydrogen content for the
Sr-modified alloys. In their opinion, this indicates that
Sr is more sensitive to the occurrence of porosity.

They have also investigated the feeding ability of the
modified alloys. Na is found to improve the feedability
and can produce sound castings free from shrinkage
porosity. Sr, on the other hand, has no such effect on
the alloys, in that it does not decrease the shrinkage
porosity nor increase the feedability [114].

It is interesting to compare the results obtained by
them on the density distribution of unmodified Al-7%
Si alloy castings as a function of the distance from the
bottom of the casting to the riser with those obtained
by Argo and Gruzleski [107] for unmodified and
Na/Sr-modified A356 sand-cast bars of the same com-
position, as a function of distance from the graphite
chill end used in their investigations. These are given
together in Fig. 10a and b to facilitate comparison.

Bearing in mind the high hydrogen content in the
melt prior to degassing, the related porosity that oc-
curs will lower the density of the casting as a whole.
Upon vacuum degassing, the densities of the upper
and lower sections of the casting will increase due to
the removal of hydrogen-related gas porosity, while
that in the central region will decrease due to a con-
centration of the shrinkage porosity in this area that is
the last to be solidified—hence the curves observed in
Fig. 10a.

Comparing Fig. 10a with the results of Argo and
Gruzleski (Fig. 10b) and with the experimental data
of both groups, the curves obtained by both for the
unmodified alloy are reasonably similar. In Fig. 10a,
the vacuum degassing of 20 min corresponds to a
hydrogen content of approximately 0.18 cm® per
100 g Al, which is close to the 0.200 4+ 0.007 cm?® per
100 g Al value obtained by Argo and Gruzleski for
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their unmodified alloys after subjecting them to de-
gassing treatment with argon. Also evident in Fig. 10b
is the smoothing effect of Na or Sr modification on the
overall porosity distribution.

It is interesting to note that, while there is an overall
agreement of the curves obtained by the two groups
for the unmodified alloy, Iwahori’s group has stressed
the importance of the use of an appropriate riser in the
solidification of the castings to minimize the occur-
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rence of shrinkage porosity, whereas Argo and Gruz-
leski did not use one in their experiments (as pointed
out by Sigworth et al. [112]). According to Iwahori
et al. there 1s a minimum or “requisite riser size” for
these alloys, required to produce defect-free (without
shrinkage porosity) castings. The smaller the size, the
more effective the feeding. In Al-Si alloys, due to the
lowering in the feedability with increasing Si content,
the riser size increases for alloys with higher Si con-
tents.

As far as modification is concerned, the requisite
riser size of Na-modified alloys is remarkably small,
while that of Sr-modified alloys can go up to 100 mm.
Thus, modification with Na greatly enhances the
feedability of these alloys, whereas Sr has virtually no
such effect.

The importance of risers in the solidification pro-
cess is also evidenced by the recent work of Lee et al.
[115] who have reported on the feeding behaviour
during solidification of Al-7Si—-0.3 Mg alloy plate
castings. Investigating the systematic change of riser
size and casting geometry by thermal analysis, they
have modelled the interdendritic feeding behaviour in
the alloy, and obtained a new feeding efficiency para-
meter, (Gt?/3)/V, (where G is the thermal gradient, ¢ is
the local solidification time and ¥ is the solidus velo-
city), which integrates all individual thermal variables
and is found to satisfactiorily predict the formation of
porosity. According to them, the combined geometries
of a casting and its riser size exert a great (and com-
plicated) influence on the thermal variables of the
alloy, which synergize to govern the feeding behaviour
of the casting. More significantly, they find that the
applicability of D’Arcy’s law (which has been gener-
ally thought to govern interdendritic fluid flow in
porous media) depends on the regime of solidification
time and is only applicable to certain thermal condi-
tions in the solidifying casting.

Michels and Engler [116] have also reported on the
effects of alloy content, modification, refinement and
casting geometry on the feeding characteristics and
porosity of Al-Si alloys.

Tuttle et al. [117] have studied the effect of Sb on
A356 Sr-modified Al melts. According to them, the
Al-Si eutectic obtained by additions of Sb is not
a “modified” one but, rather, a “refined lamellar” type
of structure (as compared to the “fibrous” structure of
Na- and Sr-modified alloys or the “acicular” one ob-
tained with P additions [1187). They have found that
the Sb-refined alloy does not exhibit a marked ten-
dency towards microshrinkage, unlike that obtained
with Sr modification.

Alloy modifications have also been done using P in
the form of phosphides of copper, boron and zinc.
Modifying with phosphides does not in general influ-
ence the eutectic, but leads, rather, to a reduction in
the primary Si particle size [119-121]. While Carlson
and Pehlke [122] have obtained a relation between
the quality index factor Q and the porosity and phos-
phorus level for A390 alloys, the correlation, as ex-
pected, is not a strong one as the properties are
affected by several other factors besides the porosity
and phosphorous contents.



4.4. Effect on mechanical properties

Alloys of the Al-Si-Mg system, in particular A356 and
A357, have been the subject of extensive research
because of their commercial and technological im-
portance. They are very similar in composition and
vary mainly in their magnesium contents. A higher
Mg content increases the capability to harden the
alloys (due to precipitation of magnesium silicide, the
precipitate responsible for hardening) while the mech-
anical properties are affected appreciably by the mor-
phology of the Si in the alloy matrix. Modification
(with Na or Sr) changes the Si morphology to a fine
fibrous form that results in an improvement of the
mechanical properties.

While the mechanical properties are determined by
several processing parameters, including alloy com-
position as described above, only those will be con-
sidered here that are directly or indirectly related to
the ogcurrence of porosity. Porosity is determined or
affected by the hydrogen content of the melt and the
presence of inclusions, and the modification and/or
grain refinement applied to the melt. Local solidifi-
cation time is a major factor determining the amount
of porosity, along with the alloy composition and the
casting design.

That porosity will affect the mechanical properties
is to be expected, porous structures being weak and
brittle as opposed to the strength and ductility of
dense structures. Large variations in yield strength,
ultimate tensile strength and elongation values have
been observed and have been attributed to micro-
porosity. Fig. 11 is a typical photomicrograph of A356
Al alloy showing the appearance of micropores. The
phase change from liquid to solid alloy is accom-
panied by a 7% volume reduction. When there is
insufficient “feeding” to compensate for this volume
change microporosity occurs and prevents the attain-
ment of peak properties.

It has been observed that interdendritic porosity
that is present in ingots cast for fabrication is flattened
into planar discontinuities in the course of working
operations [123, 124]. In thick plates and forgings,
this leads to a reduction in the mechanical properties
in the direction normal to the direction of working.
Turner and Bryant [124] measured the tensile proper-
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Figure 11 Typical photomicrograph of A356 Al alloy showing the
presence of micropores [126].

ties of plates hot-rolled from semi-continuously cast
ingots of a high-strength Al-Cu-Mg-Si alloy. Their
results gave good correlations between these proper-
ties and the hydrogen porosity in the ingots. Some of
their results are illustrated in Fig. 12. Similar effects

have been reported in Al-Zn—-Mg—Cu alloy forgings
[125], where it was found that the weakness induced

by porosity was associated with a change in the frac-
ture path from transgranular to intergranular.

According to Stein [126], there are four factors that
influence the mechanical properties: composition and
heat treatment, that have a general influence, and rate
of solidification and integrity of the cast structure, that
affect specific areas of a casting. The first two affect the
strength level of the matrix in that the strength de-
creases if these factors are not at their highest level.
When the other two are less than ideal, microporosity
occurs and there is a decrease in the mechanical prop-
erties.

As mentioned earlier, the grain refinement applied
to a melt also affects the porosity. According to Sig-
worth [127], among the several advantages of grain
refining, the primary one is an improvement in the
amount and distribution of porosity and shrinkage in
alloys which tend to form microporosity, especially
those with a long freezing range [127, 128]. This
results in a significant improvement in the mechanical
properties of the casting [129, 130], especially under
fatigue loading, since fatigue failure in Al alloys is
intergranular [131]. Grain refining will also reduce
the amount of porosity found in an alloy containing
small or moderate amounts of gas [132].

In the case of modification, the enhancement in
mechanical properties can easily be offset by the ten-
dency for increasing the porosity in the modified cast-
ing. The presence of porosity in the casting induces
tensile transverse stresses in Si particles and at the
particle-matrix interface [133]. These stresses pro-
mote crack initiation and thus lower the mechanical
properties. Porosity levels in excess of 1% significantly
reduce tensile properties, especially the percentage

480 T T T
460} 14 2
N
o <
‘s 440 13
= s
= g
Y 420 42 &
400+ 11
380 { ! 1 0
0 0.1 0.2 0.3

Ingot porosity (o)
Figure 12 Effect of ingot porosity on the tensile properties of plates
hot-rolled from semicontinuously cast ingots of a high-strength
Al-Cu-Mg-Si alloy [124]: (O) UTS, (@) elongation.
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elongation. Shivkumar er al. [134] obtained typical
porosity contents of 1 and 1.75% respectively in un-
modified and modified sand-cast bars of A356.2 alloy,
amounts generally observed in commercial castings.
Their results showed that, despite the introduction of
porosity, modified samples showed appreciably higher
tensile properties than the unmodified ones.

The property that was most affected by modifica-
tion (and solution treatment) was the percentage elon-
gation, with modified bars possessing a higher elonga-
tion than unmodified ones. The fracture mode
changed from brittle to ductile upon modification in
the case of sand-cast samples, while permanent-mould
castings exhibited a ductile fracture in both modified
and unmodified specimens.

Another investigation on the fracture behaviour in
modified Al-7% Si-0.3% Mg alloy has shown that
fracture takes place in a transgranular fashion and
also confirms the ductile nature of the fracture from
the characteristic dimple-like patterns observed on the
fracture surfaces of the cast alloy [135]. Thus, modi-
fied alloys possess higher ductility than unmodified
ones [136].

Kutsenok et al. [137] have investigated the forma-
tion of porosity in Sr- and Zr-modified hypoeutectic
AL9-1 alloys of aluminium. Voids observed by scann-
ing electron microscopy at fractures in their perma-
nent-mould cast specimens display characteristics of
dispersed shrinkage porosity. The Sr modification
leads to microshrinkage, while the addition of Zr to
the Sr-modified alloy somewhat reduces the tendency
for the formation of microshrinkage porosity. How-
ever, increasing the Zr content leads to embrittlement.
In their investigation, alloy specimens containing
0.04% Sr and 0.08% Zr were found to exhibit an
increase of about 22% in the porosity area observed
on the fracture surfaces of these specimens, which
resulted in reductions in the tensile strength and plas-
ticity. Similar studies on the evaluation of casting
defects in Al-Si alloys by SEM have been carried out
by Reznicek and Holmanova [138].

Ohsasa et al. [99] have reported the occurrence of
plate-like and globular porosities in fracture surfaces
of undirectionally solidified Al-1% Si and Al-3% Si
alloys, respectively. The mechanical properties of the
alloys were evaluated by means of the bending test.
Fig. 13a shows the relationship between porosity and
bending strength for the Al-Si alloys as obtained by
them. Taking into account the scatter in the data, for
a higher Si content the bending strength apparently
decreases more rapidly with the increase in porosity
content, while for a lower Si content the changes are
not that well defined.

Another example of the deleterious effect of hydro-
gen content on mechanical properties is shown in Fig.
13b as obtained by Traenkner [139] for sand-cast
356-T6 aluminium castings.

As some porosity (2-4%) almost inevitably occurs
in all castings, it seems reasonable to anticipate an
acceptable level of porosity for a particular casting.
Eady and Smith [140] carried out investigations
along these lines, to assess the effect of relatively small
levels of porosity (normally present in “sound” cas-
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Figure 13 (a) Porosity versus bending strength for Al-Si alloys [99]:
(Q) 1% Si, (A) 3% Si. (b) Effect of hydrogen porosity on the tensile
and yield strengths of sand-cast 356-T6 aluminium castings [139].

tings) on the mechanical properties of a casting. They
chose to investigate alloys based on the 601 composi-
tion but with Mg content varying from 0.1 to
0.5 wt %. They found that, in general, the UTS, proof
stress and elongation decreased with increasing poros-
ity (Fig. 14). However, the magnitude of the effect of
porosity was controlled by the Mg content of the alloy
(Fig. 14a and ¢).

The pore shape was not found to have any signific-
ant effect on the measured tensile properties. Accor-
ding to them, the effect of porosity on 601-type alloys
is not straightforward and can be masked or directly
affected by variations in Mg content or the dendrite
arm spacing (DAS). These parameters can produce
variations in UTS and proof stress that far outweigh
the effects of porosity. Porosity, however, can have
a large effect on ductility, even very small levels being
extremely detrimental when the alloy possesses a rea-
sonable inherent ductility. With respect to tensile
properties, porosity can be responsible for altering the
stress field to initiate fracture, thus affecting crack



2901
7/
2801 0.L-047wt% Mg -
g
= 270L b
- . :
~ 2601 -
==k T
250 0.30 - 0.35 wt % Mg {11
- \ T
r{%) L L . . L :
0 1 2 3 L H 6 1
{a) Porosity (%)
300 T " T Y T T v
2801
[=]
a UTS
Z 260} 1
£ 2uol 02% Proof -
wv
220L @ b
200 A 1 : . 4 "
0 1 2 3 I8 5 6 7
(b) Porosity (%)
16
01-017wt% Mg
Ll
12 T
- 10 .
s 8 7
S
S 6L 1
wl
‘P0‘18-0‘26 wfo/o Mg . «
20 - 4
\__\_\\\\\\\\\\ AT
0 0ud - 0-47 wt % Mg

0 1 2 3 4 5 6 7
{c) Porosity {%)

Figure 14 Variation of mechanical properties with porosity content
in CP601 type Al alloys (DAS 33-37 pm): (a) UTS, (b) stress
(0.40-0.47% Mg), (c) elongation. After Eady and Smith [140].

propagation. Examinations of the fractured specimens
confirm the trends observed in the mechanical proper-
ties as a function of porosity.

Overall, the work of Eady and Smith shows that it is
difficult to specify an acceptable level of porosity for
any given casting without also specifying other para-
meters that affect the ductility. In their opinion, poros-
ity levels of 2-3% should not, in general, be significant
with respect to the tensile properties and in some
cases, levels of even up to 7% might also be of little
consequence.

4.5, Advantage of porosity

From the many investigations on porosity and its
distribution in a casting, various pore-free casting
technologies have been developed [141-143] to keep
porosity levels to a minimum. As already mentioned
above, some porosity, however, is almost inevitable in
all castings, and it has been found that the effect of
porosity is not always detrimental to their tensile
properties. Eady and Smith [140] have shown this to
be the case, and according to them, porosity levels of
2-3% are not significant in most cases. In fact, well-
dispersed hydrogen porosity is not always undesirable
because it can be used to balance solidification con-
traction and help prevent the greater damage caused
by localized shrinkage cavities [1, 144]. This is done
by deliberately introducing the hydrogen into the mol-
ten metal before casting [1, 145, 146]. The practice
must be carefully controlled and applied with dis-
crimination because even dispersed porosity can ad-
versely affect the mechanical properties of the casting
[147-1507 to an extent depending on the nature of the
alloy. For example, the properties of castings of gen-
eral-purpose Al alloys are not unduly affected by mod-
erately high hydrogen contents because the gas voids
form in the eutectic part of the alloy and are round-
shaped [147]. In contrast, the mechanical properties
of a high-strength Al-10% Mg alloy are very sensitive
to gas porosity because it forms in layers [150].

Afanas’ev and Prudnikov [146] have found that
hydrogen acts as a modifier which alters the micro-
structure in Al alloy (Al-Cu and Al-Fe) castings in
a manner leading to higher strength and ductility.
A finer eutectic structure can be brought about by the
presence of hydrogen. The charge preparation treat-
ments (hydrogenation in the molten state followed by
pasty-state working) proposed by them are found to
help in regulating the hydrogen content of the poured
metal and may therefore be regarded as a practical
means of controlling hydrogen and its effects on struc-
ture and properties. They report that working the
charge materials in the pasty state increases the UTS
of the casting by about 50% for Al-Cu alloys, while
preliminary hydrogenation before working in the
pasty state produces a further increment of 20-30% in
the UTS and 15-40% in the elongation.

Tiwari et al. [144] have studied the effect of hydro-
gen gas content on shrinkage defects in a series of
Al-Cu and Al-Si alloys with varying hydrogen con-
tents. They found that, depending on the alloy com-
position, a certain volume of hydrogen gas needed to
be introduced into the molten alloy to counteract the
shrinkage defects and form uniformly dispersed gas
holes in the casting. The amount of hydrogen gas
needed showed a correlation with the liquidus temper-
ature of the alloy. Representative photographs of lon-
gitudinal sections of some of these alloy castings are
given in Fig. 15. Tt is seen that, irrespective of the mode
of solidification, all the alloys show that at a certain
gas content, the major shrinkage defect (pipe or cavity
type) occuring at the lowest gas content in the casting
is replaced by uniformly dispersed gas holes.

Surappa et al. [151] have studied the effect of
macroporosity on the strength and ductility of gravity
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Figure 15 Longitudinal sections of (a, b) Al-Cu and (c, d) Al-Si alloy castings with varying hydrogen gas content [144].

die cast Al-78i-0.3 Mg alloy. The micrograph of a
typical test bar shows the presence of very fine micro-
pores, mostly present in interdendritic regions. Very
rarely, shrinkage-type pores were observed. However,
one macropore was always present in the fracture
surface of all speciments. Variation in percentage
elongation and 0.2% proof stress with volume per-
centage porosity showed that the elongation increased
with porosity, whereas the 0.2% proof stress remained
relatively unaffected. The data on UTS variation with
porosity could not be assessed clearly.

They attempted to relate the pore area or pore
length in a fracture to the ductility of the alloy. From
their results, they conclude that the ductility and
strength of the alloy depend mainly on the size of
macropores rather than on the volume percentage of
porosity, and that it is possible to estimate the ductil-
ity potential by knowing the size of the shrinkage
cavity.

5. Hydrogen removal
The liabilities associated with the presence of hydro-
gen in Al/Al alloy melts have already been discussed
above in detail, the influence of hydrogen on the
mechanical properties (via the formation of gas poros-
ity) being of particular concern. The need for thorough
degassing of hydrogen from the melt thus becomes
critical if the high strength levels of premier-quality
castings are to be met. Consequently, foundrymen are
faced with the problem of effectively reducing the gas
content to acceptably low levels.

Several degassing methods have been developed for
removing hydrogen; most of these methods employ
“purging” techniques where an inert or reactive gas is
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bubbled through the melt. Argon or nitrogen or a mix-
ture of either of these with chlorine or freon 12 are
usually employed. The almost negligible partial pres-
sure in the bubbles of the purging gas encourages the
dissolved hydrogen to diffuse continuously into these
bubbles, which rise and break out to atmosphere at
the metal surface. The efficiency of the treatment de-
pends upon the size/area of the bubbles, their speed,
the purity of the gas and its method of introduction, as
well as the furnace atmosphere and depth of the mol-
ten bath. The efficiency of the degassing is improved if
the treatment uses very small bubbles that are well
dispersed in the melt; by doing so the surface area is
increased, diffusion distances are reduced and the con-
tact time of the slower-rising smaller bubbles with the
liquid metal is also extended [152].

The various degassing methods inciude simple tech-
niques like tablet or lance degassing and others like
gas fluxing and porous plug degassing [152], as well as
more sophisticated but costly methods like the “spin-
ning nozzle inert flotation” (SNIF) or the “fumeless
in-line degassing” (FILD) processes [153, 154], dy-
namic vacuum treatment [155] and the more recent
“rotary impeller degassing” (RID) technique that is
fast gaining popularity [156]. The “foundry degassing
unit” (FDU) and the “mobile degassing unit” (MDU)
are modifications of the latter [157].

In addition to the purging techniques mentioned
above, vacuum degassing is another alternative for
hydrogen removal from the melt. Attempts to lower
hydrogen content by creating a vacuum above the
melt surface have been successful [158] and the theo-
retical basis for the same proven sound. Even partial
vacua have been found to be effective, and develop-
ments and experience obtained with vacuum degass-



ing of aluminium are leading to an increasing use of
this technology in foundries [159-161].

5.1. Kinetics and thermodynamics
of hydrogen removal

Several methods exist for the removal of hydrogen
from liquid metals. For Al/Al alloys, in particular,
inert flush degassing and vacuum degassing constitute
the two main treatment procedures. Gas flushing has
long been known [162] and a number of studies have
been reported on gas/inert gas flushing of melts [163—
165]. Vacuum degassing is a relatively more recent
procedure.

The design of a process involving either of these
techniques is based on the mass transfer coefficient for
hydrogen between the liquid metal and the gas phase
(dilute in hydrogen). While the first theoretical studies
in this context are those of Geller [166], who
studied the equilibrium between purging gases and
metal bath during flushing, Pehike and Bement [167]
are among the earliest workers to have presented
a detailed and comprehensive account of the mass
transfer of hydrogen between liquid aluminium and
inert gas (argon) bubbles, and to give a quantitative
evaluation of the mechanism of hydrogen removal
Other notable works in this area are that of Botor
from Poland and those of the Norwegian group led by
Engh, in collaboration with Sigworth. Botor [168,
1697 has dealt with the kinetics of hydrogen degassing
of molten aluminium by purge gases. Sigworth and
Engh [170, 171] have examined in detail the chemical
and kinetic factors as well as the thermodynamics
related to hydrogen removal from aluminium. Engh
and Pedersen [172] have proposed a model for hydro-
gen removal from molten aluminium by gas purging
that includes various aspects of the phenomenon.

The theoretical aspects of hydrogen removal out-
lined below are broadly summarized from the above
studies. For complete details, the reader is referred to
the respective articles.

Under equilibrium conditions, the relationship be-
tween the dissolved gas that is removed and the flush-
ing gas is given by

P
dN, = dN g 9
) 'f<P_Pg> ()

where N, and N; are the volumes of dissolved and
flushing gas, and P, and P are the partial pressure of
the dissolved gas in the bubble and the total pressure
(in atm) on the system, respectively. In the case of
hydrogen, the concentration of dissolved gas C, is
related to its equilibrium pressure in the bubble by
Sieverts’ law:

C, =

g

K, Pl (10)

K, being a constant and C, being expressed in wt %.
Equations 1 and 2 combine to give

224 1t
Ve = V[PKg (E_c‘(,) +(C— co)} (11)

which is the equation of Geller [166]. V; is the volume
of flushing gas in units of per kg of metal required to
reduce the concentration of the dissolved gas (of
molecular weight M, ) from C, to C.

Essentially, however, equilibrium between flushing
gas and metal bath is reached only under the most
ideal circumstances. In view of this, degassing is con-
sidered in terms of the processes which control the rate
of approach to equilibrium.

Pehlke and Bement [167] attempted a quantitative
evaluation of the mechanism of hydrogen removal
from molten aluminium with argon. Based on their
experimental results determined at 700 °C, they ob-
tained a mass transfer coefficient of 3.9 x 1072 ¢cms ™!
for hydrogen removal from liquid aluminium, for bub-
bles of 04-1.0cm diameter and a flow rate of
13.3cm?s ™1, and derived a mathematical model for
the same. Assuming mass transport control, and
working through the various stages of the removal
process, they obtained an expression for the instan-
taneous concentration C of the melt in terms of the
original concentration C,, the diffusion coefficient
D of hydrogen dissolved in the liquid phase, the
boundary layer thickness 6 at the exposed melt surface
(of area A,), the mass transfer coefficient ky for the
rising bubbles, as well as several geometrical factors,

given by
C DA, 3k Fr,
ln<a;> = — <8Vm + >t (12)

"o Ve

1, being the time required for a bubble to rise through
the melt, r, the bubble radius, V,, the volume of the
melt and F the flow rate of the flush gas, respectively,
and where the thermal expansion of the bubbles as
well as that caused by the reduced pressure head, the
time of formation of the bubbles and the flow condi-
tions were also taken into account.

The results of their experiments suggest that the
removal of hydrogen from liquid aluminium by inert
flush degassing is a non-equilibrium process control-
led by mass transport in the liquid phase, and that the
rate of removal is increased by increasing the flow rate
and by decreasing the bubble size.

Further investigating the claims of Pehlke and Be-
ment [167], Botor [169] carried out extensive studies
of the kinetics of hydrogen desorption from molten
aluminium using mnitrogen, argon, chlorine and
(N, + Cl,) as the purge gases, and determined its
dependence on the flow rate of the purge gas, the
temperature and the geometry of the measuring sys-
tem. He obtained and used the equation

G [ 1
= ﬁ XPA_TCdXH (13)

to determine the experimental values of overall mass
transfer coefficients of hydrogen in molten aluminium
into the purge gas bubbles, k being the mass transfer
coefficient, G, the number of moles of metal examined
(in Al moles), F the liquid metal-gas bubble interfacial
area, Arn the change of driving force of the process with
change of liquid column and Xy the concentration of
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hydrogen in aluminium (in H moles/Al moles), with
the limits of Xy being from refining time t = 0 to its
value at the metal level surface.

The theoretical value was estimated from the mass
transfer coefficients B, and B, in the liquid and gaseous
phases, respectively, to be

T (14)

n being an interchanging factor connecting the driving
modulus in liquid and gaseous phases.

From his results Botor concludes that hydrogen
desorption by gases is a diffusion process proceeding
in non-equilibrium conditions and controlled by mass
transfer of hydrogen in the liquid Al phase. The kind
of purge gas used is not as critical as the method of its
introduction into the melt. In other words, it is im-
portant to ensure that individual bubble flow is main-
tained, which can be adversely affected by high flow
rates of the purge gas, leading to a decrease in the
overall mass transfer coefficient. This value varies
from 6.01x10"3molm~2s™! for nitrogen to
631 x10"3molm~?s~! for argon to
8.39 x 10~ 3 molm~2s~ 2 for chlorine. It is found that
hydrogen degassing of Al reaches its maximum value
at a concentration of ~ 10 vol% of Cl; in N,.

Sigworth and Engh [170] have obtained general
relations for hydrogen removal rates when purging
with inert gas or when using a vacuum. The compli-
cated equation for hydrogen removal is shown by
them to reduce to more simple expressions for certain
values of a new dimensionless group, ¥/[pct H]. This
“dimensionless hydrogen concentration” represents
the ratio of the ability of hydrogen to diffuse to bub-
bles during their ascent to the capacity of the purge
gas to remove hydrogen. From a consideration of the
kinetic factors involved, and bearing in mind the series
of steps in which hydrogen removal takes place, they
obtain a relation of the form

directly related to the exit gas composition. (The sym-
bols used in the above equation are defined in Sig-
worth and Engh [170]. The group

kpA [pct H]
400 my G

gives the dimensionless ratio of the rate of hydrogen
diffusion (in mols ™) to the rate of inert gas flow. The
group

Dinert KZ
fi[pct H]?

gives the ratio of inert gas pressure to equilibrium
hydrogen gas pressure. Their product forms the di-
mensionless hydrogen concentration \s/[pct H]. ¥ de-
pends on the equilibrium constant, the mass transfer
coefficient and the inert gas flow rate. When
Y/[pct H] < 0.1, the process is rate-controlling. For
values > 1.0, the purge gas concentration is essen-
tially at equilibrium with the melt and thermodynamic
limitations apply. Vacuum treatment is seen to par-
tially remove the equilibrium limitations found at at-
mospheric pressure.

The same authors have also presented an up-to-
date review of the thermodynamic properties of Al
alloys and have examined the thermodynamics in-
volved under gas-purging and vacuum-treatment re-
fining procedures, as well as the reaction of elements
dissolved in Al alloys with reactive gases [171]. Ac-
cording to them, proper thermodynamic calculations
are essential in the selection of a suitable refining
experiment. Calculated “interaction coefficients” for
various elements in liquid Al binary alloys are also
presented.

5.2. Methods of hydrogen removal

The various methods that have been developed over
the years for the removal of hydrogen are summarized
in Table 1 [157]. With the exception of vacuum de-

2 . . .
V/[pet H] _IK gassing, all the other techniques are purging ones and
2 : . . .
24 [pct H] involve the passing of an inert or active gas through
the melt. As the stream of gas bubbles passes through
2 & p .
kpApinen K (15) the melt, the hydrogen in the liquid metal diffuses into
4f3100 my G[pct H] these bubbles and is removed to.the atmosphere when
TABLE I Review of degassing systems (after Pattle [157])
System Treatment Efficiency Fume Degassing Capital Operator
gas of H, evolution rate cost involvement
removal
Tablets Reactive High High Moderate None High
Inert Moderate None Moderate None High
Lance Reactive High High Moderate Low Moderate
Mixed Moderate Moderate Low Low Moderate
Inert Low None Low Low Moderate
Rotary devices Mixed High Moderate High Moderate Low
Inert High None High Moderate Low
Vacuum None High None Low High Low
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the bubbles break at the surface of the melt. Reactive
gases (e.g. chlorine or freon) work more effectively
than inert gases (e.g. nitrogen or argon) due to the
chemical reactions that result when such gases are
introduced into the metal, and the rate of removal is
therefore greater. However, fume evolution is a major
environmental problem, so gas mixtures are used in-
stead, which contain less than 10% chlorine, example
Trigas [173]. With nitrogen, however, the degassing
efficiency is much lower and there is the possibility for
the formation of nitride inclusions [174].

The methods used for these purging systems can
involve tablets containing hexachloroethane which
are plunged into the melt and held therein, where they
decompose to provide a supply of degassing bubbles,
or they can be simple lances carrying gas from a cylin-
der or supply in the foundry.

The tablet method does not require the equipment
necessary when using a gas, and on account of its
simplicity is used more extensively. Degassing results
can be inconsistent, however.

With lance degassing, equipment for the storage,
monitored distribution and pressure regulation of the
gas is required. The bubbles produced are usually
large in size and can cause oxidation and turbulence at
the melt surface. To avoid increase in gas pick-up, the
degassing is done when the melt temperature is falling,
and the process takes typically 15-20 min for 50 kg
melts.

In comparatively small foundries, where Al alloy
castings are produced by pressure die casting, the melt
refining is often carried out using hexachloroethane
tablets or else preferably by injection with argon or
nitrogen. The important part of such a refining system
is the gas-distributing lance. In the USSR, titanium
tubes are preferred to graphite ones for lances. How-
ever, they can be expensive to produce. Zolotoi et al.
[175] have proposed a simple refining unit for indus-
trial use that employs a lance of novel design, fab-
ricated from carbon-steel water or gas piping and
wrapped in glass-fibre fabric (aluminoborosilicate
glass). The lance has been tested in gas-fired furnaces
with graphite—chamotte crucibles that produce 150 kg
of AL2 aluminium alloy per cycle. Comparative trials
with such glass-fibre fabric-wrapped lances have
shown that the H, gas content is reduced by 25-30%.
The glass fibres remain strong even at melt temper-
atures and the lances can withstand up to 25 or more
refining cycles. The refining gases used are super grade
argon or nitrogen. With a flow rate of $1min ™!, the
treatment time takes about 15 min for a 150 kg melt
load. Commercial trials have shown that argon lan-
cing greatly improves the properties of the castings,
especially the ductility. According to Zolotoi et al., the
use of argon lancing has also lowered production costs
by about 220 roubles per tonne of castings.

Although the use of chlorine gas fluxing has proved
highly satisfactory in terms of efficiency and cost, the
toxic effects of chlorine fumes and associated pollution
problems severely restrict its use in degassing. Conse-
quently, other gas mixtures have been tried that utilize
inert gases with or without chlorine. There is, how-
ever, a loss of degassing potential [176-178].

The development of a degassing process combining
the efficiency of chlorine with the non-polluting prop-
erties of inert gases was first achieved by Dore et al.
[176], for cast shop use with an inert gas—freon 12
combination. Tests were conducted to establish the
degassing rates of various gases including Cl,, N,
N,-CO-Cl, and (N, + freon 12) mixtures. The degass-
ing curves for these are shown in Fig. 16, where the
(N,—5% freon 12) mixture is seen to approach the
degassing efficiency of Cl, gas. It was also demon-
strated by these authors that the efficiency could be
further enhanced by using a molten salt flux cover in
addition to the inert gas—freon 12. NaCl-KCl + fluo-
ride salt or MgCl, + KCl fluxes were found suitable
for Al alloys containing less than or more than 1%
Mg, respectively. The process, patented by Con-
solidated Aluminium Corporation, St Louis, Missouri
[179], was further tested on A356 and A201 alloy
melts, the results of which are shown in Fig. 17a and b.
Fig. 18 depicts the schematic diagram of the inert
gas—freon 12 gas distribution system [180].

The shortcomings of the tablet and lance methods
apparently left room for much improvement, and po-
rous plug degassing was evaluated in this respect, the
advantage being that it would lead to the formation of
very small bubbles that would increase the degassing
efficiency (as outlined earlier). An extensive research
programme, conducted at Loughborough University,
UK, evaluated porous plug degassing of aluminium
alloys with the aim of determining the most suitable
material for the manufacture of porous plugs as well
as the efficiency of such a system.

Water simulation studies of several porous plug
configurations were carried out by Booth and Clegg
[152] to determine the effects of plug porosity and the
flow rate and pressure of the gas on the bubble size,
density and distribution. Hockey stick-, end-, sand-
wich-, hemispherical- and tapered-type porous plugs
were studied, employing both vertical and U-tube
lances. Materials used included silicon carbide,
molochite, alumina, mullite, zircon and graphite. Flow
patterns for the different configurations were also es-

H {cm3/1004 Al)

0 5 10 15 20 25 30 35 40
Time (min)

Figure 16 Influence of fluxing gas on degassing rate of 99.85% pure
aluminium [176]: (A) N,, (B) N,-10% CO-10% Cl;, (C) N,-5%
freon 12, (D) Cl,, (E) N,~10% and 20% freon 12, (F) N,-25% freon
12; 2045 kg melt, melt temperature 720°C, gas flow 90 Imin~!.
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Figure 17 Influence of fluxing gas on dpgassing rate of 60 kg melts of (a) A201 alloy (melt temperature 790 °C) and (b) A356 alloy (melt

temperature 730 °C) [180]: (A) N;—5% freon 12, (@) N,, (©) Cl,. Gas flow 6 Imin™".
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Figure 18 Schematic diagram of inert gas—freon 12 gas distribution system [180].

tablished. The tests carried out in a water bath re-
vealed that all porcus plug configurations were more
effective than the lances in reducing bubble size and
increasing bubble density and distribution. The most
effective configuration was that of the hockey stick;
however, the tapered plug (attached to the base of
a clay—graphite, sheathed steel lance) proved to be
more practical. Also, the porous plugs produced
a more definite flow pattern than the degassing lances.

From their studies, Booth and Clegg concluded that
alumina and silicon carbide are the most suitable
materials for porous plugs, whereas porous graphite is
unsuitable. The bubble size, density and distribution
increases with increasing gas flow rate, increasing the
degassing efficiency. Strangely enough, the use of a ni-
trogen-5% freon gas mixture did not provide im-
provements in the efficiency as expected. Plane faces
directed at the base of the melt are to be avoided when
designing the porous plug, as the bubbles from such
faces tend to coalesce. Overall. porous plug degassing
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is found to be more efficient. Fig. 19 compares the
porous plug and lance degassing results obtained by
these authors.

Dividing the treatment gas into very small bubbles
as well as dispersing them throughout the liquid melt
should result in further improving the degassing effi-
ciency. These effects can be achieved by using rotary
devices. Dating from the work of Szekely [181] in this
area (originating with a device in the form of a graph-
ite flotation cell that was immersed in aluminium for
purification purposes), various degassing equipment
have been developed, using rotary impeller devices
patented by different workers [156, 182, 183].

Results of the study and modelling of the degassing
process by the Norwegian group of Engh and co-
workers together with Sigworth led to the develop-
ment of a new rotary impeller head design and
subsequently the rotary impeller degassing [RID]
process. The primary advantage of RID is more rapid
degassing. Commercially, it has been found that an
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Figure 19 A comparison between (A) porous plug and (B) lance degassing (the figures in parentheses indicate temperature) [152].

RID unit degasses in about one-half to one-third the
time required by tablets, lances or porous plugs. It is
also capable of reaching lower gas levels.

A typical RID degassing equipment consists of an
insulated steel cover sized to fit over standard cru-
cibles, and which supports an air motor and a high-
temperature sealed bearing unit placed just off centre.
The shaft and impeller are suspended from the bearing
unit. The latter transfers the purge gas through
a graphite lance to the impeller head. A control panel
transports compressed plant air and purge gas to the
impeller unit through rubber hoses using standard
pipe fittings. The panel supplies a converted voltage of
24V for instrumentation [184].

The key to the whole process is the rotary head’s
ability to break the normally large bubbles into very
small ones, thereby significantly increasing the surface
area of available purge gas and, therefore, the effi-
ciency. Distributing these bubbles by stirring further
improves the degassing. The impeller head constitutes
the most important part of the unit. Its shape and
speed of rotation break the purge gas up into fine
bubbles and distribute it throughout the melt. The
diameter and shape of the impeller head are deter-
mined by the size of the crucible. The cover on the unit
is also of importance as a correctly sized cover helps to
reduce heat loss and maintain an inert atmosphere
above the melt.

According to Anderson [184], trial runs with an
RID wunit conducted at Hitchcock Industries,
Bloomington, Minnesota, proved satisfactory. The de-
gassing was found to be three times more effective
than the standard lance degassing techniques being
employed by them at the time. The trials were per-
formed on 1100 Ib (499 kg) melts of A357 alloy. Two
problems were initially encountered: the very short life
of the graphite impeller shafts due to oxidation at the
metal line, and a loss of degassing efficiency. Both were

corrected by using oxide retardant-treated graphite
material for the shaft and adding a purge valve to the
unit.

Fig. 20a shows a diagram of the new rotary impeller
degassing unit designed at Reading Foundry Prod-
ucts, Pennsylvania by Sigworth et al. [156], where
part A contains an air-cooled motor assembly, part
Bisa0.25 in. (6 mm) thick steel plate lid assembly with
a2 in. (51 mm) thick refractory lining, and parts C and
D are the impeller shaft and head, respectively. Fig. 20b
shows an actual RID unit in motion. The method
was tested versus porous plug and lance techniques for
a 500 1b (227 kg) melt of 356 Al alloy. The results are
shown in Fig. 21. The lance was ineffective, and while
the porous plug worked reasonably well, the rotary
impeller was the quickest and most efficient.

Based on its performance, rotary impeller degassing
has found rapid acceptance in the foundry. Foseco
International of Birmingham, UK have developed the
“foundry degassing unit” (FDU), which uses a unique
patented rotor design that is capable of degassing
a 250 kg ladle of Al alloy in 3-5 min using nitrogen or
a mixed gas system. A subsidiary model of the FDU,
the “mobile degassing unit” (MDU), developed by
BNF Metals Technology Centre, is a small and port-
able rotary degassing unit, designed for mobility
around the foundry and suitable for treating smaller
(100-200 kg) furnaces. Foseco International is like-
wise responsible for the exclusive manufacture and
marketing of this unit.

In the FDU unit, the great number of small bubbles
of the purging gas required for hydrogen removal is
achieved by means of a unique rotor design which
facilitates thorough mixing of gas and metal at the
point of gas introduction. From test trials, a rotation
speed of 450 r.p.m. and gas flow of 101min~" were
found to be the optimum operating conditions for
250 kg of metal. Using a 200 mm diameter rotor, the
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Figure 20 (a) Schematic diagram of rotary impeller degassing unit
[156]; (b). Actual rotary impeller head shown in motion. Note the
small bubble size and wide bubble dispersion.

hydrogen content of 250 kg of aluminium could be
reduced from 0.39 p.p.m. to an average of 0.15 p.p.m.
in 5 min [157]. The production FDU system is equip-
ped with pre-set functions of rotor speed, gas flow and
treatment time. All that is required of an operator is to
bring the ladle to the FDU and start it operating. At
the end of the treatment time, the unit indicates that
the treatment is over.

The MDU is essentially a portable model of the
FDU. The production unit consists of a small trolley
which carries a gas bottle and drive and handling
system for the graphite rotor. Of simple robust design,
this rotor has proved to be efficient when tested in
a wide variety of alloys (LM4, 6, 10, 11, 13, 16, 25, L99,
L119); under widely varying foundry conditions.
Treatment times of 5 min with a nitrogen flow rate of
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Figure 2] Results obtained with lance, porous plug and rotary
impeller degassing techniques in a 500 1b (227 kg) melt [156].

5-71min~" generally reduced the hydrogen content
to below 0.1 cm? per 100 g [157].

In addition to the high degassing rates and low
residual gas levels obtained by these units, there is no
environmental pollution or operator error.

At Aluminium Pechiney, France, hydrogen and oxide
removal of aluminium alloys in the foundry is carried
out using the Alpur system of treatment developed by
them [183]. The Alpur treatment, aimed at producing
“quality metal”, utilizes a rotating agitator that is
placed in the middlie of a tilting ladle installed between
the furnace and the pouring stage. The metal within
the ladle is treated by the rotating agitator. The agita-
tor, patented as “Alpur”, consists of a rotor made from
suitable graphite material. It allows for an intimate
contact between the gas and the metal in the interior
of the rotor, and the distribution and dispersion of
very fine bubbles throughout the molten metal. The
agitator rotates with an average speed of 150-
200 r.p.m. The simple design of the agitator allows for
its easy maintenance and replacement.

In 1986 a new automated flux injection system was
introduced to the United States aluminium casting
industry. The technology for this process existed in
Europe and gained acceptance in various foundries
producing sand, permanent-mould and die castings
[185]. The flux injection process for aluminium treat-
ment eliminates hydrogen as well as oxides. In view of
the faster treatment times, improved fluidity, consis-
tent quality of the cast, cleaner working environments
and lower processing costs, this technology is now
considered by many of its users to be the ultimate
state-of-the-art method of hydrogen gas removal and
that of oxide elimination from an aluminium alloy
melt. Together with gas and oxide removal, the pro-
cess can be used at the same time to modify and refine
the alloys being treated, thus saving treatment time.
Hepworth Minerals and Chemicals (HMC) developed
the initial flux injection technology in the early 1980s
and have been continuously updating the process.
This has led to the development of maintenance-free
machines that are easy to operate [186].

Fig. 22 shows a schematic diagram of the HMC flux
injection process equipment. Flux is fed into the mix-
ing chamber through a calibrated rotary feed, then
mixed with nitrogen gas which acts as a carrier for the
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Figure 22 The HMC flux injection process equipment. After Harriss [186].

flux and is introduced below the surface of the melt
using a ceramic-coated lance. The chemical and me-
chanical reactions generated ensure that the effect of
the flux is almost totally efficient and, consequently, so
is the hydrogen removal. A typical metal treatment for
a wide range of alloys would be 0.2% of Fesflux NF
20/4 injected into the metal for 5-10 min. 5 min of
treatment time brings down the hydrogen level from
0.35 to about 0.08 cm?® per 100 g. A further 5-10 min
standing time will allow the level to reach 0.05-
0.06 cm? per 100 g.

The flux injection system has shown itself to be
a viable, cost-effective method for treating molten
aluminium with consistent high-quality end-product
resuts.

Yet another system used in the degassing of molten
aluminium is the “degassing Multicast™ filtration
system”, a combined degassing and filtration unit pro-
posed by Metaullics. The Metaullics degassing Multi-
cast system (DMC) provides excellent degassing
efficiency coupled with rigid media, bonded particle
filtration in the Multicast configuration [187].

The DMC unit consists of a heated box with sepa-
rate chambers for degassing and filtration. A gas-fired
flat-flame radiant heat burner with an adequate heat
supply for melting and holding of the molten metal is
normally employed as the heat source. The degassing
chamber utilizes a special design of porous plug
(Narco Al Clean), which provides a fine bubble size
and good mixing in the chamber. The porous plugs
are used on the floor of the degassing chamber to
introduce the fluxing gas and to allow for the maxi-
mum possible time of the bubbles in the bath as well as
good mixing in the chamber. The filtration chamber
contains a Metaullics Multicast filter assembly. Inlet
and outlet designs may vary, each unit being cus-
tomized to meet individual casting configurations.
Based upon the specified operating and environ-
mental/working conditions, the degassing chamber of

the DMC unit is accordingly designed by Metaullics
to blend in with the filter requirements. With the
DMC system, effective removal of hydrogen to levels
< 0.10 cm? per 100 g Al have been achieved, the hy-
drogen level reduction being somewhat dependent on
flow rate. Although initially applied for continuous
casting operations, it is expected that the technology
will be extended to DC casting as well.

5.3. Vacuum degassing

Attempts to decrease hydrogen levels by creating a
vacuum above the melt surface have been shown to be
successful [158]. It has been the experience that even
partial vacua are adequate under suitable conditions
[160].

In vacuum-accelerated degassing the escaping hy-
drogen is able to break the oxide films on the surface,
which otherwise normally prevent its escape [159]. As
gas bubbles are not admitted to the melt, it becomes
important to stir the metal throughly, since degassing
can now only occur at the surface. The hydrogen
removal takes place in a series of three steps: (i) by
diffusion from the immediate metal surface that is
continually being renewed by convection, (ii) by free
evaporation at the surface, and (iti) by diffusion
through the gas phase [170]. The overall effective
mass transfer coefficient can be calculated from the
individual coefficients for each of the three steps:

1 1 1
ke = (k1+k2+k3> 1
As the diffusion rate, solubility and other material
characteristics put an optimum level to the degassing
efficiency, and entail longer times in spite of the vac-
uum, the process requires to be accelerated. This is
done by means of a scavenging gas introduced at the
bottom of the melt [188, 189]. In the case of gas-
stirred baths, because of the partial pressure decrease
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in the bubbles rising to the evacuated surface, the
bubble size increases, resulting in a slight decrease in
the mass transfer coefficient. That is to say, the bubble
size becomes a function of height, unlike the case of
atmospheric degassing. With gas-stirred vacuum de-
gassing, the consumption of the purge gas is consider-
ably reduced (up to seven times, even), since the
equilibrium constraints associated with atmospheric
degassing are removed.

Although vacuum degassing has not yet been wide-
ly adopted by the aluminium foundry on account of
the high costs involved, increasing numbers of
workers have been investigating this system of degass-
ing as evidenced by the literature.

Russian workers [190] have reported a break-
through in vacuum degassing technology of alumi-
nium, in which molten metal is transferred to the
vacuum degassing furnace in the form of a jet and in
situ degassing is effected. The turbulence caused by the
melt jet produces greater efficiency as well as consider-
able reduction of the degassing time [190]. The pro-
cess has been commercially tested and H, levels of
0.02, 0.12 and 0.10 cm® per 100 g have been reported
for Al-Mg2, Al-Mg5 and Al, respectively. Compared
to traditional degassing, this process enabled
a 30-80% increase of melter—caster output.

Hilgenfeldt and Hilpmann [191] have conducted
tests on Al-Si alloys (G-AlSi10Mg, G-AISi7Cul) and
have shown that the hydrogen content can be reduced
by approximately 50% by vacuum treatment without

impairing the refinement through Na loss [191]. The

dependence of the vacuum degassing on temperature
and treatment time was also studied, where the gas
porosity was found to decrease with increasing treat-
ment time as well as with a decrease in the melt
temperature. A scavenging effect with respect to non-
metallic inclusions was also found to occur.

Sivaramakrishnan and Mahanti [159] at the Na-
tional Metallurgical Laboratory, India have reviewed
various methods of aluminium degassing and have
shown that degassing of Al alloy melts can be success-
fully carried out with nitrogen under partial vacuum,
and that there is a tendency for modification under
these conditions of degassing.

Schaefers et al. [160] have considered degassing in
a partial vacuum as a new purification method for Al
melts. According to them, environmental compatibili-
ty of a method is as important as process efficiency
and application simplicity, and treatment of molten
aluminium in a partial vacuum combines all these
features. In the method proposed by them, the melt is
contained in a crucible made of porous material, e.g.
SiC or graphite-clay. On applying the vacuum,
air/furnace exhaust gases penetrate the pores and rise
in a steady stream of fine bubbles through the melt to
its surface. Effective removal of hydrogen and floating
oxide particles could be demonstrated on various Al
alloys (Al-Si, Al-Si-Mg, Al-Si-Cu, Al-Cu-Ti and
Al-Cu-Ni-Co-Sb-Zr). A 10 min vacuum treatment
was sufficient to give high-quality grades with im-
proved mechanical properties.

Recently, Choudhury and Lorke [161] have re-
viewed the developments and practical experience in
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arcas of vacuum degassing of aluminium and believe
that these developments are leading to the increasing
use of this technology in foundries. According to them,
vacuum degassing is an effective way of removing
dissolved gases, oxides and other impurities. The
mechanical strength of vacuum-degassed castings is
greater than that of chlorine-degassed ones. Fig. 23
compares the mechanical properties of vacuum- and
chlorine-degassed Al test pieces [192], while Fig. 24 is
a photograph of cast specimens before and after vac-
uum degassing [193]. Similar pictures have also been
shown by Hilgenfeldt and Hilpmann [191] for Si 710
alloy in their work on the vacuum treatment of alumi-
nium melts.

The use of suitable vacuum technology produces, in
addition, results that are independent of atmospheric
effects, starting material and pretreatment. Vacuum
degassing, unlike chlorine degassing, can be integrated
safely into production lines. Although in principle
there are two types of vacuum treatment plant, namely
the chamber version [161] and the hood version
[193], the demands made on plant design would be
based on the current needs of the foundry and on
future metallurgical and economic conditions.

6. Summary

Various aspects relating to the development of pre-
mium-quality aluminium alloy castings have been re-
viewed. Achievement of such castings is mainly ob-
tained through careful control of the hydrogen level in
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Figure 24 Cast specimens before (left) and after (right) vacuum
degassing [193].



the molten metal prior to casting. Methods of hydro-
gen measurement and degassing have been reviewed
in detail, covering various methods in both areas to
date.

Problems arising from hydrogen-related gas poros-
ity/microporosity have been addressed, as well as the
effects of modification on both hydrogen pick-up and
porosity. The effect of porosity on the mechanical
properties of such castings has also been discussed.
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