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Abstract

Flat rolled Al alloys manufactured using the Direct Chill (DC) casting process are used in safety critical
applications and therefore need to be of the highest possible quality. The presence of inclusions and
pores can be damaging to the mechanical properties, so the liquid metal is cleaned using a mixture
of inert Ar and reactive Cl gases before casting. These gases are bubbled up through the molten
metal and remove inclusions, (such as oxides), by agglomeration and floatation, and dissolved H,
(that is responsible for porosity within in the casting), by diffusion and floatation of the gas out of
the melt. This project is comprised of three sections, with the central theme aimed at better
understanding the formation and control of inclusions and porosity in DC cast and hot rolled Al alloys.
The first section explores the aetiology of defects in DC cast and hot rolled Al plate, found using
ultrasound. Inclusions extracted from 7050 alloy plate, (typically 2.3% Cu, 2.5% Mg, 6.2% Zn,
0.12% Zr), were extracted and examined using scanning electron microscopy (SEM). The inclusions
were composed of two phases. A second type of defect found in thin gauge, (<45 mm), 7475 alloy
plate, (typically 1.5% Cu, 2.3% Mg, 6.7% Zn, 0.21% Cr), was established to be a coarse grain structure,
caused by excessive widening of large cross section ingots during hot rolling.
The second section aimed to provide a better understanding of the role of Cl on degassing. Ar and Ar
and Cl containing gas bubbles were trapped in solidifying Al alloys. Gases were extracted using a
mass spectrometer and the composition was established to be a mixture of H2, N2 and H2O. The
metal-gas interface was then examined using Scanning Electron Microscopy (SEM). The effects of Cl
on the degassing performance of a Spinning Nozzle Inert Floatation (SNIF) degassing unit were then
approached statistically using ALSCAN. While different 7xxx alloys appeared to be influenced by Cl
differently, with average improvement or reduction in degassing efficiency ranging from +8 to -5%,
the degassing of 7xxx alloys was, on the whole, not significantly affected by the presence of Cl.
Finally, 20 kg melts of Al and Al alloys were doped with H and subsequently degassed, and the
reduction in H over time was measured using ALSPEKH, over a range of 0.35 ml/100g to 0.15
ml/100g. The degassing rate of a 7010 alloy (typically 1.7% Cu, 2.3% Mg, 5.2% Zn, 0.13% Zr)
appeared to be reduced the most when Cl was present, compared to 5083 alloy, (typically 4.5% Mg,
0.7% Mn, 0.15 Cr), and pure Al.
In the third section the LECO H determination device was used to degas Al specimens to very low
levels, (<0.005 ppm H), in order to simulate the H absorption into double oxide film defects. Such
defects have been proposed to act as reservoirs into which H can diffuse and promote the formation
of H gas porosity. Degassed specimens were melted under air or N2 atmosphere, so that when cracks
formed in the surface oxide layer either Al2O3 or AlN formed. After subsequent exposure to pure H2
gas the specimens that formed AlN were found to have absorbed more H than those heated in air,
because the AlN was porous compared to fully dense alumina.
The research and work presented within therefore provides a better understanding of: the
formation of specific defects in wrought Al alloy plate, the influence of Cl on the degassing of Al
alloys, and the process of diffusion of H into double oxide film defects as they react with the
surrounding melt.
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Chapter 1 Introduction
Alcoa is the third largest aluminium producer worldwide and involved with every facet of
the aluminium industry; from extraction and refinement of bauxite ore to smelting of
aluminium to production and recycling of aluminium products. Alcoa Flat Rolled Products
based in Kitts Green, Birmingham, UK, is a producer of wrought aluminium plate products
for use within the aerospace, defence, marine and automotive industries. Alcoa Kitts Green
produces 47 different alloys and in 2009 over 62,000 tons of aluminium alloys were cast in
the foundry. In 2013 this figure increased to over 80,000 tons. Due to the numerous cutting,
sawing and cropping operations required throughout the production process the recovery
of cast tons is about 50%. This leads to the generation and utilisation of vast amounts of inhouse scrap that is re-melted and re-cast cyclically.
Kitts Green produces aluminium plate, primarily 7xxx wrought alloys, for example 7010
(typically 1.7% Cu, 2.3% Mg, 6.0% Zn, 0.13% Zr), 7050 (typically 2.3% Cu, 2.1% Mg, 6.0% Zn,
0.12% Zr) and 7075 (typically 1.6% Cu, 2.5% Mg, 5.6% Zn, 0.23% Cr). Alongside these are
2xxx, 5xxx and 6xxx alloys, and to a lesser extent 8xxx (and 2xxx) alloys containing Li. The
detailed composition ranges of each alloy used in this project can be found in Table 3.1.
Plate products are produced by first Direct Chill (DC) casting ingots (ranging from about 900
mm – 1500 mm width, 325 – 525 mm thick and up to 5 m in length), see Figure 1.1. Ingots
are scalped, homogenised and hot rolled into plate, to a thickness (gauge) range of about 5
– 300 mm, and up to 30 m in length, see Figure 1.2. Hot rolled plates are solution treated,
quenched and stretched before being artificially aged and ultrasonically evaluated for
defects such as pores or inclusions.
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The quality of the plate product is controlled primarily by the quality of the liquid metal
feeding the casting. A quality product will have predictable mechanical properties, it will be
homogeneous, free from damaging inclusions and porosity and other gross physical defects
such as cracks and laminations and surface damage such as scratches.

Figure 1.1 An example of DC cast Ingot that has been scalped. Figure 1.2 An example of
rolled aluminium plate.

Producing aluminium plate is a multi-stage process and as such material can take up to two
months to reach completion (from first casting the ingot to the plate product leaving the
plant). A failure at any stage of the process will produce scrap and necessitate a remake
which is costly to the business and should be avoided or minimised. The most undesirable
situation is that a plate fails ultrasonic testing because at this point the most value has been
added to the product (by energetic processes, labour and time occupying plant capital). The
cost to scrap material (2013 Figures) is estimated to be approximately £200/t after casting,
but closer to £1000/t if material is scrapped after ultrasonic evaluation [1].
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In 2009 an internal review of the performance of Alcoa Flat rolled products was undertaken,
focused on evaluating causes of scrap within production processes across the site. The
primary objective was to identify the major sources of scrap in order to make improvements
and improve profitability. Maintaining low manufacturing costs, eliminating costly rejections
which require additional re-make material and improving on time delivery to customers are
critical to a successful, more efficient, and leaner business.
During the period 2004 – 2008 overall rejection rates (for all causes) had remained unmoved,
less than 10% per year [2]. Features detected within the plates, (using ultrasound), are
commonly referred to as ultrasonic indications. Such indications suggest that defects, (such
as inclusions or porosity), may be present within the material, which may cause the plate to
be scrapped as a result. Plates scrapped due to the presence of these indications were two
of the top three issue generating scrap during 2008, accounting for 24% and 13% [2] of the
top 10 causes of scrap respectively, (these figures are based on the total weight of material
scrapped during this period). These issues are summarised in Figure 1.4. Improvements in
these areas would have significant positive impact on costs and thus profitability.
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Top 10 causes of scrap during 2008
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Figure 1.3 The top ten causes of scrap material at Alcoa Kitts green during 2008. Ultrasonic
indications (inclusion) and porosity are responsible for 24% and 13% of the total,
respectively [1].
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The work within this thesis is focused on three main areas which are described briefly and
then in detail.
1) The aetiology of ultrasonic indications in DC cast and hot rolled products.
a. Inclusions in 7050 alloy plate.
b. “High noise” at the edges of thin gauge (<45 mm) 7475 alloy plate,
(typically 1.5% Cu, 2.3% Mg, 5.7% Zn, 0.21% Cr).

2) Improved understanding of the effects of Cl on the degassing of Al alloys.
a. An examination of Ar and Ar + Cl gas bubbles trapped in solidifying Al alloys;
7010, 5083 (typically 4.5% Mg, 0.7% Mn, 0.15 Cr) and 2L99 (typically 0.3% Mg,
7% Si) using a Pore Gas Analyser (PGA).
b. The effects of Cl on the degassing performance of 7010, 7050 and 7075 alloys
using a Spinning Nozzle Inert Floatation (SNIF) unit, measured using ALSCAN
technology.
c. The effects of Cl and alloy Mg content on the degassing rate of pure Al and Al
alloys; 7010 and 5083, measured using ALSPEK H technology.

3) The absorption of H in Al alloys using LECO.
a. The degassing and absorption of H into Al and Al alloys measured using LECO
technology.
b. The absorption of H into LECO samples across aluminium oxide (Al2O3) and
aluminium nitride (AlN) layers formed on Al and Al alloy 5083; simulating the
absorption of H into a double oxide film defect.
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The first section reviews two specific defects that were noted to have generated scrap
material at Alcoa. In both instances plates were ultrasonically scanned and indications that
were revealed during the scan suggested that plates were of inferior quality, which led to
the plate (or part of the plate) being scrapped. The aim within this first section was to
investigate the causes of these indications and to eliminate them from future production.
Both investigations were carried out in an industrial setting.
In 1a, two 7050 variant alloys, referred to as AE (typically 2.2% Cu, 2.2% Mg, 6.2% Zn, 0.11 0.15 % Zr) and AT (typically 2.2% Cu, 2.2% Mg, 6.2% Zn, 0.11 - 0.14% Zr), were observed to
have significantly different scrap / plate rejection rates. Various AE plates were found to
contain a dispersion of point defects that indicated inclusions were present within the plates,
although the composition and origins of these defects was not understood.
The scrap generated (for this type of "point defect" ultrasonic indication) during quarter 1
(Q1) 2009 is shown, (by contributing alloy), in Figure 1.5. Examples of plates containing
these defects can be seen in Figures 4.1 - 4.3. AA, AB and AC are 7010 alloy variants,
(typically 1.7% Cu, 2.0% Mg, 6.0% Zn, with Fe contents of <0.1, <0.13 and <0.15 respectively),
AE and AT are 7050 alloy variants and H is a 6082 alloy variant (typically 1% Si, 0.8% Mn).
The volumes of material produced, (and scrapped), is commercially sensitive information, so
values are expressed as percentages over a period of time. The AE alloy was accountable for
45%, and AT 19%, of the total material scrapped during Q1 2009.
3.6% of all the AE alloy plate produced during Q1 2009 were scrapped for "point defect"
ultrasonic indications, compared to just 0.7% of AT alloy plate. Based on the volume of
material produced, (significantly more AT was produced than AE during this period), scrap
rates were about 5 times higher in AE compared to AT.
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Percent of overall rejections for Ultrasonic
Indications
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Figure 1.4 Ultrasonic rejection rates for common alloys cast at Alcoa during Q1 2009 [1].

In 1b, a particular type of defect was found to occur only in 7475 alloy plates that were less
than 45 mm thick. The defect occurred down the parallel edges of the plate and often
required these areas to be cut away and scrapped. The ultrasonic response was attributed
to the presence of sub-surface porosity by the operators (due to the type of ultrasonic
response), but there was no evidence for this conclusion. 5.4% of thin gauge plates,
(typically <45 mm thick), produced during 2009 contained this particular type of defect. The
source of this porosity was not clear and required detailed investigation.
Section two investigates the effects of Cl on the removal of H (commonly referred to as
degassing) of Al alloys. The literature on this subject is contradicting, with authors reporting
positive, neutral and negative effects on the rate of H removal when Cl is present as an
addition to the inert gases (typically Ar or N2) used in this process. Experiments were
designed to evaluate the effects of Cl and Mg on the degassing efficiency of wrought alloys.
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In 2a inert and chlorinated gas bubbles were caught within solidifying Al and their contents
were assessed using the PGA, before dissection and evaluation by Scanning Electron
Microscopy (SEM). Images were analysed using secondary electron (SE) imaging, (for
evaluating topography), or backscattered electron analysis (BSE), (for highlighting contrasts
in chemical composition). Finally, Energy-dispersive X-ray spectrometry (EDX) is used for the
elemental analysis, (chemical characterisation), of samples. The chemical reactions that take
place at the bubble – metal interface would play a key role in the flux of H and the removal
of inclusions during degassing, and experiments were designed to investigate these
interactions.
In 2b two ALSCAN units were used to assess the performance of a SNIF degassing unit that
was present on Alcoa’s DC3 casting station. The degasser was used to treat the liquid metal
with and without Cl additions and the effects on degassing rate were examined statistically.
This section evaluates the degassing of Al alloys in an industrial setting. In section 2c an
ALSPEK H unit was used to assess the degassing process of small (20 kg) Al melts, with and
without Cl and with varying alloy Mg content. Experiments were designed to monitor the
rate of degassing as a function of alloy composition (specifically Mg content) and the
composition of the gas used to flux H out of the metal.
The third section, 3a, is an appreciation of the LECO H determination device and how it can
be used to degas Al samples to very low levels (<0.001 ppm). The absorption of H into
samples and the removal of H was assessed using the LECO. In section 3b LECO samples that
were degassed using the procedure developed in 3a were heated in various gaseous
atmospheres and exposed to pure H2 gas. The absorption of H then was measured using the
LECO and related to the oxide or nitride surface layer that formed on the surface of the
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sample during processing. This was done to better understand the diffusion of H in double
oxide film defects, (otherwise referred to as bifilms), and their effects on Al alloys.
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Chapter 2 literature review
2.1 Wrought aluminium alloys:

Al alloys are the primary material used in aerospace components such as wing skins and
fuselages due to the appealing properties that these alloys offer: a high strength to weight
ratio, good strength, toughness, fatigue resistance and acceptable corrosion resistance,
(some 2xxx and 7xxx alloys may be clad with pure Al for protection against the environment).
High strength Al alloys are commonly used in structural aerospace components in the
aerospace and defence industries and as part of safety critical components. Such alloys need
to be of a high quality to ensure optimal performance.
Al in its pure form has excellent corrosion resistance, thermal and electrical properties but
has a poor strength, less than 100 MPa [3] depending on purity. Alloying Al with elements
such as Cu and Mg will improve the strength through solute hardening. Additions of Si (in
combination with Mg) and Zn will allow precipitation and age hardening. The 2, 6 and 7xxx
series alloys (wrought) are heat treatable systems, which respond to solution and age
hardening, having a profound effect on mechanical properties. The other alloy series can
only be hardened further by cold working and grain refinement. The strongest Al alloys are
based on the Al-Cu-Mg-Zn system and can have tensile strengths in excess of 550 MPa [3].
Al alloys are divided into two categories; cast and wrought. Casting alloys tend to contain
large additions of Si as it increases melt fluidity and ease of casting and they are commonly
used in the automotive industry. The wrought alloy system is divided into 9 categories, by
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the major alloying elements in use. The applications for each series can be quite varied and
are briefly outlined in Table 2.1.
Flat rolled products such as those produced at Alcoa Kitts Green are typically from the two,
five, six and seven series systems.
Series

Alloying elements

Example of typical use

1xxx

Controlled unalloyed (Fe, Si).

Thermal and electrical applications

2xxx

Cu (Mg).

Aircraft plate

3xxx

Mn.

Aluminium foil

4xxx

Si.

Welding rods and brazing sheet

5xxx

Mg.

Marine applications, beverage cans

6xxx

Mg, Si.

Extrusions, e.g. Bicycle frame.

7xxx

Zn, Cu, Mg (Cr, Zr).

Aircraft structural components

8xxx

Li

or

Sn.

Miscellaneous Al-Li alloys

category.
9xxx

Reserved for future use.

N/A

Table 2.1 The wrought aluminium alloy series, major alloying elements (minor elements are
in brackets) along with typical examples where they might be used [4], [5], [6].

2.1.1 Direct chill (DC) casting of aluminium alloys:

DC casting was invented independently by VAW (Germany) and Alcoa (USA) [7] [8] and was
an essential technological evolution to improve the quality of large castings which were
originally produced using book, or permanent moulds. Problems arose because of the
increasing demand for larger plate for larger aircraft, which in turn generated demand for
11
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larger pre-cursor ingots. During and after casting, larger ingots will cool slower as they
contain a greater thermal mass and because of this ingots cast using those original
techniques suffered from macro segregation of alloying elements (and thus nonhomogenous properties) [9], problems associated with macroscopic porosity and gross
volume defects.
The properties of these alloys are enhanced using DC casting process as it rapidly solidifies
the ingot compared to any sand or mould based casting process. This is achieved by first
forming a thin solid shell layer (primary cooling) formed when the molten metal makes
contact with a water cooled mould. The solidifying metal ingot is then sprayed with water
(secondary cooling) as detailed in Figure 2.1. This process rapidly chills and solidifies the
interior of the ingot.
The benefits of rapid solidification through DC casting are;


Macro segregation is eliminated, although a homogenisation heat treatment is
typically still required after casting is completed to relieve micro segregation. Micro
segregation may occur over a few tens of µm’s, while macro segregation occurs over
many mm’s [9].



Primary cast porosity (composed of macroscopic shrinkage porosity, feeding and
dimensional defects) are eliminated [10].



Microscopic inter-dendritic porosity is reduced, as is the growth of H induced gas
porosity.



Rapid cooling encourages formation of a finer grain structure [11] which will lead to
improved mechanical properties.
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DC castings still require degassing to remove dissolved H gas from the liquid metal before
casting and also require additions of grain refining inoculants (such as TiBAl) to produce an
equiaxed grain structure and provide acceptable mechanical properties in the final product
[12], [13].

Figure 2.1 Schematic of the Direct Chill (DC) casting process [11].
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2.2 Molten metal quality:

Al is a reactive metal, which is why it is so energy intensive and expensive to extract from
ore. Producing components using entirely primary Al is not an economic option. There is
therefore a driving force for producers to use as much secondary Al as possible, by recycling,
because the amount of energy required to re-melt Al is only a fraction, about 5%, [15] of
that required to produce primary Al from Al2O3 using electrolysis. The drawback is that
secondary Al will have been melted and processed at least once previously, and can contain
increasing amounts of contaminants and undesirable alloying elements (e.g. Fe, Si) with
each cycle of use. These contaminants can then influence the chemistry, processing or
mechanical properties of future castings, and cannot be removed by techniques such as
fluxing.
Obtaining a consistent casting quality and being able to reproduce mechanical properties is
the primary challenge for foundries. The liquid metal quality is one of the most important
factors that influence the quality of the casting and the liquid quality is controlled by three
factors:


The levels of dissolved H within the melt, and subsequent porosity in the casting.



The concentration of non-metallic inclusions present in the liquid metal, primarily
oxides.



The concentration of trace elements dissolved within the metal.

This review will discuss in detail the influence of these three factors on molten metal quality.
The focus of the review will then move to the methods of monitoring H gas content and
inclusions and their removal from the melt.
14

Chapter Two

Literature review

2.2.1 Solubility of hydrogen in aluminium and its alloys

Al (unlike many of the other non-ferrous metals) can only dissolve one gas within its
microstructure. H is capable of diffusing into Al in the atomic state [16] [17], whereas other
gases such as O2 and N2 can only enter the bulk in the form of compounds, after reacting
with the melt surface, or within bi-films, entrained under the surface of the melt.
H dissolved in the solid metal must fit in appropriate interstices within aluminium’s FCC
structure as shown in Figure 2.2. Octahedral (the largest) sites have an effective radius of
0.059 nm in the solid [18] and the H, as a diatomic molecule H2, occupies 0.074 nm so
cannot fit within the Al lattice. The monatomic atom or proton (H+) however has a radius of
0.053 nm and can fit in the octahedral position, so all H that enters the solid solution will be
in this form [19]. The increase in volume on melting increases the size of these ‘holes’ to
about 0.060 nm [19].

Figure 2.2 H protons residing within the octahedral sites within the aluminium FCC lattice
structure [18].

15

Chapter Two

Literature review

H enters the metal through reaction between the melt and various H sources such as damp
refractory ceramics (which are often hygroscopic), wet tools, melt additions or re-melt
material which will contain elevated levels of H, and by reaction with water vapour in the air.
The reaction between water and Al is shown in Eq.1 and illustrated in Figure 2.3. Essentially,
the melt is oxidised and the reaction liberates H2 which is free to either disperse into the
environment or enter the metal. The oxidation reaction is exothermic and so highly
favourable that virtually all traces of water contacting the metal are converted to H. This
principle also applies to Mg as shown in Eq.2.

Figure 2.3 The reaction of Al and Mg with water vapour; oxidation of the melt surface occurs
forming an oxide layer at the surface of the melt. H2, the bi-product of the reaction, is either
lost to the environment or absorbed into the melt as a proton [20].

3H20 + 2Al  Al2O3 + 6H… Eq.1
H20 + Mg  MgO + 2H ... Eq.2
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As water vapour is always present in production environments it is virtually impossible to
eliminate H from solution in the liquid metal. In reality water vapour is so abundant that
only reaction kinetics and the capacity of the metal to receive the gas affect absorption.
The equation predicting the partial pressure of H in equilibrium with a given concentration
of H in solution in the melt is given by Sieverts law:
... Eq.3

which describes the squared relationship between a diatomic gas and its pressure. The
constant k is determined, and is affected by alloying element additions and the metal
temperature.
The change in solubility of H with temperature is approximately linear, with the H content of
the metal roughly doubling with every 110oC increase in temperature at a constant pressure
above the melting point [21]. Units used to express H content in Al are parts per million
(ppm) and millilitres or cubic centimetres of H, corrected to standard temperature and
pressure, per 100 g of metal. The relationship between the two is 1 ppm = 1.12 ml/100g.
To put the solubility levels into context, the calculated maximum solubility of H in pure Al is
0.88 ml/100g at 700oC [22] but the actual H content in solution is dependent on the local
atmospheric vapour pressure of water (ambient relative humidity, RH). For example at 10oC
and 50% RH air contains 0.6% water (0.006 atmospheres) which corresponds to an
equilibrium H content of approximately only 0.06 ml/100g within pure Al.
The metal will absorb H readily until it reaches equilibrium with the atmosphere and efforts
to raise the H content above this point will lead to a natural degassing process. Likewise,
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driving the H content below equilibrium levels will lead to a net increase in H content over
time [16] [23] as demonstrated in Figure 2.4. It is difficult to drive the H content of the metal
to high or low extremes, for instance driving the H content of pure (99.8%) Al at 700oC to its
maximum solubility requires steam injection directly into the melt over a prolonged period
of time to increase the melt H content to this value [24].
Furnaces using hydrocarbon fuels create environments that are both hot, 800 - 1000oC, and
humid due to the production of water vapour through combustion (see Eq.4), where the
flame is directed at the melt surface, significantly increasing the H content of the metal
above atmospheric conditions [18]. In reality one might expect to see metal H content
values in the range of 0.3 – 0.4 ml/100g exiting a flame fuelled furnace around 700oC [25].
The maximum solubility of H in pure Al at different temperatures is shown in Figure 2.5.

CH4 + 2O2 → CO2 + 2H2O... Eq.4
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Figure 2.4 The H content of liquid Al will naturally come to equilibrium with the environment
over time [18].

Figure 2.5 The solubility of H at 101 kPa (1 atm) in pure Al determined by Talbot [18].
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Alloying elements will have an influence on the solubility of H within the Al melt because
they change the mean atom size of the melt and influence the size of interstitial sites where
H resides [19] [21] [26] [27] [28]. Alloying elements will raise or lower the solubility
depending on the particular element and the amount present. Si, Fe and Cu are reported to
decrease the H solubility in the melt while Mg and Li increase the solubility. Zn and Ti have
only minor effects, as shown in Figure 2.6. The change in solubility occurs because the mean
atom size is changed when alloying elements are introduced into the melt which in turn
affects the size of the inter-atomic spacing and either increases or decreases the number
sites in which H protons can reside.

Figure 2.6 The influence of various alloying elements on the solubility of H in Al [27].
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2.2.2 Hydrogen in liquid aluminium

H protons in solution are free to diffuse interstitially [18] throughout the metal in both the
liquid and solid state, and do so rapidly when compared to elements that move by
substitution type diffusion like Mg or Cu, as shown in Figure 2.7. The diffusivity of H is
measured in m/s governed by the equation:
... Eq.5
Where d is the average distance an element can diffuse, (whether in solid, liquid or gas) in
m2, and t is time in seconds. D is the diffusion coefficient, and is reported (for H) to be
3.5x10-7 m2s-1 at 700oC [30].

Figure 2.7 The diffusivity of various alloying elements and H in pure Al [30].
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To demonstrate the diffusivity of H in liquid Al Ransley and Talbot [22] showed that applying
steam to the surface of a pure Al melt at 740oC increased the H content (measured by
vacuum extraction) of the Al inside a U shaped crucible. The crucible openings at A and B
were 75 mm in diameter at the top and the mean distance through the metal, (between the
surfaces at points A and B), was approximately 700 mm, as illustrated in Figure 2.8. Applying
steam to the metal surface (at point A) led to a rapid increase in the H content of the melt in
that area. The H diffused through the liquid and began to increase the H content on the
other side of the crucible (point B) after about 4 – 5 minutes. After 10 minutes the H content
of the melt at point B had reached approximately 0.8 ml/100g, equivalent to about 85% of
the H content measured at position A at the same time. Talbot estimated the diffusion
coefficient from these results to be about 1x10-4 m2 s-1, which is about 3 or 4 orders of
magnitude greater than the value for stationary metal at 700oC. Talbot discussed that the
true diffusion coefficient was uncertain, and difficult to calculate accurately due to the error
from convection currents facilitating the migration of H through the melt. Applying the
estimated diffusion coefficient to Eq.5 suggests that H would diffuse approximately 170 mm
in 300 second, (the approximate time at which that the H content of the melt at point B
begins to increase), which suggests that the diffusion coefficient was actually significantly
higher than estimated; closer to 1.6x10-3 m2 s-1. This value is obtained by rearranging Eq.5;
dividing the diffusion distance (d2 = 0.49 m2), by time (t = 300 seconds).
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Figure 2.8 The diffusion of H in pure (99.8%) liquid Al, between points A and B in a u-tube
furnace, up-gassed by steam [18].

Within molten Al, H resides in two forms; in solution and as a diatomic gas within any preexisting gas phases within the melt, such as bubbles. In solid Al H typically exists in solid
solution, within inter-dendritic and gas porosities (instead of bubbles) and is also partitioned
between lattice defects such as vacancies, dislocations and grain boundaries. Solid metal
hydrides are also known to form but this is only reported to occur in alloys containing Li [18].
The spaces or areas where H resides outside of solution are referred to as trap sites. Such
sites can accommodate either only a limited amount of H (such as vacancy sites or
dislocations) or an amount of H dependant on the gas pressure within the metal, such as
pores / cavities and at grain boundaries [20] [29] [31] [32]. Sites that can absorb additional
H2 as a diatomic gas, which can expand under heating, may actually cause deformation of

23

Chapter Two

Literature review

the surrounding metal and cause surface damage such as surface blisters during heat
treatments as described in Figure 2.9.

Figure 2.9 Illustrations of the diffusion and collection of H at certain trap sites a) grain
boundaries and internal cavities (e.g. pores) b) near surface cavities causing blistering of the
surface [20].

2.2.3 Oxidation of aluminium alloys

In pure liquid Al the absorption of H begins quickly at the surface of the melt due to
oxidation of water vapour but will quickly be limited in humid environments due to the
formation of a protective oxide at the melt surface [33].
The Al at the surface of the melt reacts almost instantaneously with O2, forming an
amorphous alumina layer, only a few nanometres thick [34] [35]. It is amorphous because it
forms directly on the amorphous melt surface. This oxide layer quickly (within a few minutes)
transforms to a predominantly ordered γ-Al2O3 crystal structure which nucleates from
underneath the amorphous layer at the oxide – metal interface and grows into the metal,
but leaves the amorphous layer unaffected [36]. The γ-Al2O3 layer is reported to be stable,
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and passivates the surface against significant further oxidation unless temperatures are
elevated above 700oC [37]. Above about 750oC the oxide film grows by a parabolic type rate,
as shown in Figure 2.10 [37]. The γ-Al2O3 grows by the diffusion and migration of metal
cations and oxygen anions through the non-porous oxide via lattice imperfections, the rate
of which accelerates as the temperature increases [38].

Figure 2.10 Oxidation of Al in dry O2, from Sleppy [39].

After an apparent incubation period of several hours [40] the γ-Al2O3 transforms into αAl2O3 (corundum), which is an ordered crystalline ceramic, and more favourable
thermodynamically [41]. The α-Al2O3 is denser than γ-Al2O3, and the associated volume
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change of about 24% [42] in oxide morphology causes stress in both the oxide layer and the
metal. This leads to the formation of cracks in the oxide layer and exposes fresh Al to the
local environment [43]. Typically, O2 and H2O are in abundance so oxidation occurs along
with the formation of a new, fresh, amorphous layer, which also converts over time. This
cycle would continue in environments with unlimited O2 through a process of breakaway
oxidation and many extrudations of Al would be visible at the surface of a melt [44] [45].
Stephenson [46] showed that during the first 20 minutes of exposure to humid air, pure
liquid Al rapidly absorbed H. This occurred because hydroxide ions were able to diffuse
through the amorphous oxide layer at the melt surface and provided a source of hydrogen
for the melt to absorb. The H content of the melt did not continue to increase after this time
because of the crystalline γ-Al2O3 layer growing at the interface between the melt and the
amorphous layer. This film grew and, once continuous across the melt surface, prevented
hydrogen absorption. Absorption stopped because hydroxide ions could not diffuse through
the γ-Al2O3 structure [18]. This continuous crystalline layer limits the absorption of H until
the γ-Al2O3 transforms to α-Al2O3 during break-away oxidation, which cracks the oxide layer
and allows water vapour to react with the surface again.
Imprey [42] demonstrated that in dry air, break away oxidation occurs rapidly, while the
melt surface is protected for a prolonged period of time in humid air (although the exact
moisture levels were not reported). This was reasoned to be because the hydroxide ions
actually stabilise the γ-Al2O3 and prevent it from converting into α-Al2O3, for a prolonged
period. Therefore maintaining a humid atmosphere would actually be beneficial in
protecting against surface oxidation in commercial purity Al. The effects can be seen in
Figure 2.11.
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Figure 2.11 The oxidation of commercial purity Al in dry and humid air at 750oC (35). Dry air
allows rapid break away oxidation while the presence of hydroxide ions stabilises the
protective oxide film for longer [42].

While γ-Al2O3 alumina is protective (at least for a time) Mg oxide is not. Mg oxide will allow
further reaction between the melt and both O2 and water vapour because unlike Al it does
not form a continuous layer across the surface of the melt.
The Pilling-Bedworth ratio (PBR) describes this relationship:

....Eq.6
where Mo and Mm are molecular weights of oxide and metal layers respectively,

and

are the corresponding densities and Nm is the number of metal moles in the oxide. If the
ratio is <1 the oxide is porous and not protective, >1 then the oxide is generally
protective, >~2 the oxide spalls, falling away from the surface and is not protective (rusting
of Fe is a common example). The PBR for some metals are shown in Table 2.2.2 [47].
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Metals that oxidise to produce an oxide that is smaller in volume than the metal that is
consumed in the reaction with O2 remain vulnerable to oxidation as the oxide formed is
porous. A porous oxide allows O2 and water vapour to continue to react with the metal
surface. If an oxide forms on a metal, and is greater in volume than the metal it consumes in
the process, it will expand outwards, to an extent limited only by the strength of the oxide.
Such oxides tend to seal the metal away from the reacting species by forming a continuous
barrier across the surface of the melt, this is unless the volume of the oxide is so great that
it cracks due to expansion and spalls away from the surface.
Metal

PBR

Metal

PBR

Al

1.28

Si

2.04

Ca

0.78

Mg

0.84

Cu

1.70

Zn

1.59

Li

0.60

Zr

1.55

K

0.51

Fe

2.06

Table 2.2 The Pilling-Bedworth ratio (PBR) for some common metals [47].

Al alloys containing Mg (or other elements that disrupt this surface oxide layer) will then
continue to absorb H as this protective barrier does not form. In Al alloys containing
approximately 0.005 wt% Mg, the surface oxide that forms is a mixture of MgO and Al203,
(spinel). As the melt Mg content increases, the levels of MgO at the surface scale with the
increasing Mg content of the alloy [48]. When the Mg content of the alloy is raised above
approximately 2% then the oxide film is expected to be pure magnesia, MgO from
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thermodynamic estimates [49] [50]. Al alloys with high Mg contents can have especially high
H content as the solubility of H within the alloy is also increased [18] [26].
Gaps in the oxide layer allow continued reactions with the environment and the melt
surface as illustrated in Figure 2.12. In Figure 2.13 the porous oxide (MgO) formed on an Al
2.2% Mg alloy allows both absorption and desorption of H into and from the melt to the
local environment. Elevated H levels are observed to first decrease rapidly (black dots) while
lower H levels (white dots) increase rapidly so that the melt is in equilibrium with the local
environment. Over time the H content is observed to increase by the continuous absorption
of H through reaction with water vapour. A melt with a lower Mg content would presumably
gain or lose hydrogen at a slower rate, dependant on the ratio of Al 2O3 and MgO present at
the surface.
Regardless of any protective films, disturbing the melt surface (such as metal splashing or
rupture due to direct flame impingement in a gas fuelled furnace), will cause rupture of the
oxide film. Increased melt turbulence which leads to surface disruption will increase the rate
of H absorption as the protective oxide layer is disturbed, so more water vapour can react
with the newly exposed Al surface.
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Figure 2.12 Gas absorption and desorption into and out of Al [20].

Figure 2.13 The influence of clean humid air on the H content of an Al – 2.2% Mg alloy at
550oC. Oxidation continues and an increase in H content is observed over time because the
Mg oxide film is not protective [18].
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2.3 Porosity in aluminium castings

Porosity may form within Al castings for a variety of reasons. Primary or macroscopic
shrinkage porosity occurs because Al alloys exhibit a relatively high shrinkage of between
typically 3.5 and 8.5% [51] [52] that occurs during solidification (the figure varies depending
on the alloy composition). Poorly fed castings might contain regions with gross porosity due
to this decrease in volume, but generally good design and casting practices eliminate this
type of porosity from modern casting processes, especially in direct chill (DC) casting, which
directly feeds the area of primary shrinkage during casting.
Secondary or microporosity on the other hand is quite common in castings and is generally
attributed to H2 gas evolution during solidification or due to inter-dendritic solidification
shrinkage, but most likely the overall microporosity in a casting is generated by a
combination of these two mechanisms [10]. Interdendritic porosity results from the inability
of the liquid to feed through interdendritic regions to compensate for the local volume
shrinkage at solidification. Gas porosity arises due to the presence of H2 gas within the metal,
perhaps diffusing into interdendritic regions and expanding to create more significant
defects.
2.3.1 Hydrogen gas porosity

H can have negative effects on a number of metallic systems, for example it is responsible
for embrittlement of steel. In Al it has been linked to the presence of gas porosities in the
casting and defects such as pores. Increasing the H content of the liquid metal leads to an
increase in both number and the average size of the pores formed. Figure 2.14 shows how
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the porosity of an Al-Cu alloy increases exponentially with increasing H content and Figure
2.15 demonstrates visually the effects of increasing H content on the porosity levels of small
Al samples observed using the reduced pressure test method. Pores have obvious adverse
effects on mechanical properties such as tensile and fatigue strength [53] [54] [55] as shown
in Figure 2.16.

Figure 2.14 The relationship between average H content and average porosity found in
industrial semi-continuously cast ingots of 2014 alloy (typically 4.5% Cu, 0.4% Mg, 0.8% Mn,
0.7% Si) [18].
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Figure 2.15 The H content (ppm) and corresponding porosity levels in pure Al samples.
Produced using the reduced pressure test [30].
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Figure 2.16 An example of the influence of voids on tensile strength, of alloy 355.0-T61 [56].

Gas porosity arises during solidification of the metal due to the large difference in solubility
of H gas in the liquid compared to the solid Al, decreasing from (a maximum) of
approximately 0.67 to 0.046 ml/100g [16] [57] during solidification; an order of magnitude.
The decrease in solubility of H in Al and other alloys is shown in Figure 2.17.
The difference in solubility arises due to the decrease in volume and increase in density
(solidification shrinkage) of the metal. The interstitial sites where H can reside are
compressed and thus the H is forced out of the solid and into the liquid ahead of the
solidification front. The H content of the liquid metal ahead of the solidification front
increases as solidification proceeds until the metal is nearly entirely solid and the last
remaining liquid is heavily enriched in H as shown in Figure 2.18. Due to this segregation
effect the concentration of H at the centre of an Al casting just after solidification is
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expected to be higher than the exterior. Over time the diffusion of H (from interior to
exterior) would be expected to reduce this segregation.

Figure 2.17 The solubility of H in Al and Al alloys containing Si and the solubility of Al
compared to those of other metals. A marked decrease in solubility is observed during
solidification [58].
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Figure 2.18: The solubility of H in Al decreases with temperature, resulting in Higher H2
concentration levels at the centre of the ingot. This occurs because during solidification H is
rejected from the growing solid and forced into the remaining liquid metal.

The conventional theory is that once sufficient H is present, the monatomic H nucleates into
the diatomic H2 molecule as a gas phase and grows by diffusion of additional H into the area.
The homogeneous nucleation of gas porosity is however unlikely [30], but regardless of the
nucleation process this gas phase survives as a H filled pore in the final casting. Zhao et al
[59] observed gas pores within a low-freezing range alloy and pure Al castings (using X-ray)
to float out of samples during rapid re-melting cycles as the gas within was buoyant and this
eliminated porosity from small samples. Wider freezing range alloys tended to re-absorb the
gas pores back into the eutectic composition phases as bubbles were trapped between the
dendrites. This prevented them from floating out of the melt and so they were absorbed
back into solution before the metal was entirely molten. The trapping of bubbles between
growing dendrites during solidification is shown in Figure 2.18 [60].
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The severity of the effect of porosity on mechanical properties depends on the amount of
porosity, size and the distribution of pores formed during solidification, which in larger
castings is typically towards the centre of the ingot. Porosity is usually found in quantities
less than 1% by volume of castings under normal casting conditions, but it is suggested that,
in the aerospace industry, levels less than 0.5% are required for good castings and superior
mechanical properties [56].

Figure 2.18 Nucleation of H2 gas pores within the mushy zone, between secondary arm
spacing [60].

Once pores have nucleated their growth is dependent on the diffusion of H from the bulk
liquid and solid to the pore. Since this process is diffusion controlled, the final size of a gas
pore is dependent on the amount of H in the melt and the time available for growth; that is
the time between nucleation and the end of solidification. Faster rates of solidiﬁcation
retard growth by reducing the time available for H diffusion to the nucleated pore site.
Faster rates of solidiﬁcation will also lead to H retention in supersaturated solid solution and
thus deprives the nucleated pores of the H they require for growth [21] [61]. Granger and
co-workers [62] showed that cooling rate and H content reduce the severity of porosity by
decreasing the average size and number of pores in A356 alloy and they also suggested that
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grain refinement with inoculants further decreased the size and number of pores. This is
explained by an increased number of nucleation points for the metal to solidify and
consequently more grains develop in the casting and the average grain size is decreased,
leading to an overall increase in grain boundary area. The H is then distributed along these
boundaries over this increased area during solidification, reducing the pressure of
segregated H in any one position along the boundary. Additionally the size of the spaces
available for pores to grow between growing dendrites is reduced and this reduces the
ability for H to segregate and accumulate within the liquid ahead of the solidification front
during solidification.

As grain boundaries are trapping sites for H, Pedersen and Jonsson [63] discussed that
(depending on the angle of the boundary) the diffusion of H could be inhibited along the
boundaries, which would limit the diffusion of H into pores. Atwood et al suggested that
grain refinement increased the overall fraction solid, affecting the rate at which H is rejected
from the growing solid; increasing the H concentration in the surrounding melt whilst
decreasing the effective diffusion coefficient [64]. The effects of rapid solidification, grain
refinement and H levels are illustrated in Figures 2.19 and 2.20. In contrast, Anyalebechi [65]
demonstrated that decreasing melt H content and increasing solidification rate decreased
the number and size of pores, but found that additions of grain refiner slightly increased the
average pore size and amount of porosity in a 4.5 wt% Cu 1.4 wt% Mg alloy at solidification
rates above 1 K/s. It is unclear if the grain refining inoculants or oxide defects are
responsible for this increase in porosity but it is suggested that this occurred due to earlier
and increased pore nucleation at grain refiner related oxide nucleation sites which would of
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been either entrained while adding refiner into the melt, or perhaps H within the grain
refiner master alloy contributed to increase the H content of the melt.

Figure 2.19 The influence of H gas content, cooling rate and grain refiner additions on the
average pore size in A356 alloy castings [62].

Figure 2.20 The effects of initial H content and cooling rate on pore formation [66].
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Porosity has been linked to ultrasonic edge noise in flat rolled products at Alcoa Kitts Green;
it has been responsible for the presence of ultrasonic indications close to the edges of rolled
7xxx plate [67] [68] [69]. Porosity that had formed during the casting of DC ingot has been
shown to survive into the final product by Rudolph [69] who observed that DC cast and hot
rolled plate that displayed ultrasonic edge noise contained significant levels of porosity in
the edges when compared to the centre when examined using a microscope. The porosity
was shown to be partly or completely healed (depending on the severity of the porosity and
rolling parameters) when small samples were extracted and hot rolled in a subsequent
process. In later, more detailed work, Rudolph [68] demonstrated that heavy rolling passes
first make pores widen (attributed to tearing of pores due to local deformation processes)
when the cross sectional area was reduced up to 60%. As rolling continued the pores were
gradually compacted, forced and welded together so that at about 80% reduction very little
porosity remains. These studies suggest that thick plate may still contain non-welded pores
and ultrasonic defects. Also, due to the variations of stress across an ingot during rolling,
pores at the edges of plate are exposed to lower levels of strain and so they do not always
entirely close, like those in the centre of an ingot.
It is worth noting that hot rolling utilises water and oil lubricant to minimise contact stresses
and the process is performed at an elevated temperature. The rolling process has been
shown to increase the H content of the metal due to the process supplying heat, a local
moisture source (from the lubricant) and damaging the surface oxide of the metal during
deformation. This effect is demonstrated by Talbot [18] shown in Figure 2.21.
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Figure 2.21 Effect of hot rolling on the H content of pure (99.2%) Al with a water vapour
pressure of 3000 Pa [18].
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2.3.2 Nucleation and growth of gas porosity

The amount of porosity in castings is influenced by the H content of the liquid metal, but the
exact mechanism for nucleation of the gas phase within the melt has been a source of
debate.
The conventional theory is that volumetric shrinkage and the change in H solubility during
solidification causes porosity. The liquid that must flow towards the dendrites to feed the
solidification shrinkage induces a pressure drop across the mushy zone and the liquid. As
the metal solidifies H is rejected into the liquid which becomes increasingly rich in H. The
dissolved H exerts a pressure (as given by Sievert’s law) and a pore is formed when the H
induced pressure in the melt is equal to the sum of the atmospheric, metallostatic and
surface tension pressures in accordance with the Laplace equation:

... Eq.7
Where PH2 is the pressure of the gaseous H inside of the pore, Pext is external or atmospheric
pressure, Pm is metallostatic pressure y1/g is interfacial tension at the liquid/gas interface
(surface tension of the melt) and r is the radius of the pore. For the gas phase to exist within
the liquid there must be a nucleation event for the pore to form before its growth phase,
which is not well understood.
Homogeneous nucleation is very difficult and typically requires significant under-cooling
(when considering solidification of metals) and probably only occurs in laboratory conditions.
For example, in the absence of nucleation sites it is possible for super-pure liquids to be
cooled well below their solidification temperature because there are no suitable nucleation
sites for the solid phase to grow from. Homogeneous nucleation of porosity requires the
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initial formation of microscopic bubbles which would grow a few atoms at a time, by
diffusion of H. These bubbles would be very small, only a few atoms across, and the surface
tension pressure (which is inversely related to pore size) would be high. Campbell [58]
calculated that the internal pressure within a pore in an Al melt would be approximately
30,000 atm. The magnitude of these pressures indicates the difficulty of homogeneous
nucleation of porosity, and it can be reasonably assumed that homogeneous nucleation is
very unlikely to occur [70].
The problem of pore nucleation can be greatly simplified if heterogeneous nucleation occurs
on an exogeneous non-wetted substrate such as refractory particles, oxide films, inclusions
or the mould wall [70]. Nucleation of gases on solid surfaces does not become favourable
until the contact angle exceeds 65o [71], this degree of wetting decreases the required
internal pore pressure from approximately 30,000 atm to 1500 atm and the required
pressures could be decreased even further if the bubble forms within in a crack [72],
presumably to zero.
The work by Chen and Gruzleski [71] and Laslaz and Laty [73] have shown that with the
same melt H content, the amount and size of pores was related to the amount of inclusions
in A356 and A319 casting alloys, demonstrating that inclusions do have an effect of
increasing porosity. This was achieved by comparing the porosity levels of filtered and nonfiltered melts. Inclusions have been observed visually using scanning electron microscopy on
the walls of pores [74]. Mohanty et al [75] observed that the addition of alumina to Al
caused an overall increase in the volume percent porosity due to an increased pore density,
but that the pores were smaller than when no addition of alumina was made. Smaller sized
alumina additions had a more significant effect on porosity than relatively large ones, as
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shown in Figure 2.22. This indicates that the surface area of the inclusion influences the
porosity levels. A possible explanation for this behaviour is that with an increase in possible
nucleation sites, pores form more readily, thus the H is distributed among more pores,
resulting in a decrease of the average pore size. It is more likely that the addition of alumina
into the melt entrained oxide films. The alumina particles would have passed through the
surface oxide during addition, coating or enveloping the particle, consequently this created
defects into which H could diffuse as shown in Figure 2.23.

Figure 2.22 The effect of inclusions on the porosity levels for three samples of A356.
Alumina particles of two different sizes were added to the melt to act as inclusions. The
porosity levels are significantly lower in filtered metal [75].
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Figure 2.23 A particle (such as an inclusion or alloying addition) added into the melt will be
encapsulated within an oxide - gas envelope during the entrainment event [30].

2.4 Inclusions in aluminium alloys

Inclusions are undesirable phases incorporated into the final casting which on the whole are
detrimental to the required properties (be they mechanical, fatigue, electrical or thermal).
Inclusions have been shown to degrade mechanical properties of castings, primarily fatigue
and ductility [76] [77] [78] [79] [80] primarily because hard particles such as ceramics can
fracture during forging processes or act as stress concentrators or crack initiators within the
casting.
Brittle particles such as ceramics can lead to pinholes in rolled foil, breakage during wire
drawing, tear-offs during can manufacture, they can lead to point defects (revealed using
ultrasound) in plate, or surface defects in sheet or extruded products. They can range in size
and composition, depending on the alloy composition or processing parameters and the
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severity of their effects can range depending on the size and location of the inclusion and
application of the end product.
Inclusions can be formed of macro-particles (such as large refractory ceramics), being many
millimetres in size, to smaller micro-scale particles and phases such as intermetallics which
may only be a few microns (typically 10-100 µm) in size [81]. General engineering parts may
contain many of these features without great concern but safety critical or performance
parts will necessarily be processed (at great expense) to ensure inclusions are kept to
minimum levels, or removed from the metal before casting. Campbell [58] stated:
“Depending on the end goal of the product, inclusion concentrations can be anywhere
between 10 mm2.kg-1 for general engineering to as low as 0.0001 mm2.kg-1 for more critical
applications such as computer disks, with wrought alloys containing about 0.01 mm2.kg-1.”
The unit mm2.kg-1 is taken from the analytical PoDFA process, which describes the area of
inclusions present over a fixed area, when a known amount of metal has passed through a
filter.
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Inclusions can be listed in three main groups (adapted from Prillhofer et al, [82]):


Nonmetallic inclusions:
o Al2O3, MgO and spinel in compacts or clusters
o Material from refractory lining
o TiB2 agglomerates
o Salt (metal chlorides)
o Carbides



Metallic inclusions:
o Cr, CrMn and Zr(Ti)Al3
o Fe-Si intermetallics
o Incompletely dissolved alloying elements



Oxide films:
o Al2O3
o MgO
o Spinel

Indigenous or in-situ inclusions; are those inclusions formed by chemical reaction within the
melt; e.g. the reaction between O2 and Al Eq.8 or with Al and Mg to form spinel Eq.9.
302 + 4Al  2Al2O3… Eq.8
Mg + 2Al + 4O  MgAl2O4... Eq.9

Metallic and intermetallic inclusions such as Al3Fe, Al6(Fe,Mn) (Figure 2.4.1) can come from
contamination of the melt with Fe and are detrimental to corrosion resistance [83] decrease
the toughness and fatigue properties [53] [84], as well as causing tearing during rolling [85]
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and disrupting anodising processes. Intermetallics can also be sourced from poor melt
control; for example TiBAl (Figure 2.24) is a grain refiner which is added to improve
mechanical properties but can actually cause problems such as tearing during rolling if the
TiB2 particles are allowed to agglomerate [86] [87] because they are relatively hard
compared to the surrounding Al matrix.

Figure 2.24 Inclusions found in Alcoa products a) coarse Al6(Fe,Mn) particles at the near
surface of 3004 sheet (typically 1.25% Mn, 1% Mg), and b) an agglomerated boride inclusion
in 3004 sheet [88].

Some alloys will have issues that arise specifically from their composition, such as the
precipitation of phases from the melt such as Zr(Ti)Al3 which can occur in high Zr content
alloys (above 0.13 wt% Zr such as 7050). These phases can lead to ultrasonic rejection of
plate products due to the response they cause during ultrasonic examination. Another
example is the 5182 alloy which is expected to contain intermetallics such as Alx(Fe,Mn)ySi
and Mg2Si after casting which have been shown to break up during hot rolling if they are >1
µm [89], so the development of these phases needs to be suppressed and reduced, typically
by a combination of chemistry control, rapid cooling and homogenisation heat treatments.
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Exogeneous inclusions; are those particles which already exist as a separate phase before
melting or entering the melt, such as refractory ceramics from furnace insulation.
Exogeneous inclusions are likely the most harmful to mechanical properties due to their
large size, but are also easier to remove for the same reason.
By far the most common inclusion in Al alloys are oxides as they are produced as soon as the
metal is molten. The reactions between metal and oxide are highly favoured
thermodynamically and are limited only by the formation of the oxide skin on the melt
surface. These oxides are Al2O3 but also MgO (magnesia) and mixed Al-Mg oxide structures
(spinel) in those alloys containing Mg, such as the 5 and 7xxx series alloys. These oxides can
be present as discrete compacts or clusters, or as an agglomerated cluster or films or they
can be found within the metal using techniques such as PoDFA or may be found specifically
at fracture surfaces. Inclusions such as exogeneous oxides have been shown to be deformed,
crushed, elongated and flattened in the hot rolling of steel plate as well as causing void
initiation between the inclusion and matrix [90] [91]. Similar mechanisms and effects are
likely in the hot rolling of Al alloys because of the difference in hardness between the
relatively soft and ductile Al matrix and the relatively hard and brittle ceramic oxide
dispersions within. Metal that is poorly handled will contain oxides and form a dross at the
surface of the melt (some 60-80% of dross from industrial applications can be Al encased in
oxides) [92].
Examples of the Al and Mg oxides obtained through the microscopic evaluation of PoDFA
samples are shown in Figures 2.25 - 2.27 [93].

49

Chapter Two

Literature review

Figure 2.25 Examples of a) newly formed (thin) and b) old thickened oxide films found in Al
using PoDFA [93].

Figure 2.26 Examples of Mg oxide and spinel found in Al using PoDFA [93].
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Figure 2.27 Spinel particles found in Al using PoDFA [93].

2.4.1 Double oxide film defects

Researchers have been focusing recently on a specific defect in Al and its alloys; the concept
of double oxide film defects originally proposed by Campbell [58], with current literature
summarised by Goplan [94]. These defects are thought to be responsible not only for
limiting mechanical properties in castings but also provide a novel mechanism for promoting
the formation of H gas porosity within castings during the final stages of solidification.
The molten metal surface is oxidised by the reaction of Al with atmospheric O2 or water
vapour, forming a thin film only a few nanometres thick on the surface of the melt within a
few milliseconds. This film is from one point of view beneficial, because it protects the
interior of the melt from significant further oxidation, and from corrosion once the metal
becomes solid.
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The oxide is flexible and tenacious and adheres tightly to the surface of the melt but if the
surface is disturbed in any way - such as by the motion of splashing, melt additions, bulk
turbulence or other forms of poor handling, then this oxide layer can be pushed under the
surface of the metal, encapsulating local atmospheric gases (probably consisting principally
of air) [95] within and transporting them underneath the surface of the melt, as outlined in
Figure 2.28.

Figure 2.28 The formation of a double oxide film defect caused by splashing and folding of
the metal surface. Atmospheric gases are encapsulated by the folding action [30].

Oxygen and alumina are completely insoluble in Al so they enter the liquid metal as a thin
flexible ceramic with the atmospheric gases still inside. Alumina particles are typically 50 –
100 µm in size but Al2O3 films can be significantly larger, many 100’s of µm in length but
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being possibly only a few microns thick. They may coarsen over time due to the reaction of
these entrained atmospheric gases with the melt [58] [96] so new oxides can be relatively
thin whilst old oxides, which have reacted with the melt are thicker, (as shown in Figure
2.25).
The duration of the atmosphere within the double oxide film defect is relatively brief; first
the O2 reacts with the melt and later the N2 [96] as shown in Figure 2.29 and it is suggested
that the gases are consumed within about 3-5 minutes, depending on the size of that defect
[97], after which the two opposing surfaces may come together.
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Figure 2.29 An illustration of the consumption of gases within an oxide film defect in Al as
proposed by Nyahumwa et al [96].
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Razideth and Griffiths [98] explored the reaction of air when held in contact with an Al melt
for a prolonged period of time (up to 7 hours). The gases contained within an inert ceramic
tube were observed to react with the melt causing a reduction in gas volume. First there
was a reaction forming Al2O3 by consumption of the O2, (and of course any water vapour),
within the chamber and after about 5 hours the formation of nitrides on the Al was
observed; the product of the reaction between N2 and the melt [99]. The consumption of
gases was observed to accelerate after about 5 hours (shown in Figure 2.30) which is likely
attributed to break-away oxidation causing rupture of the oxide layer. The O2 was
eventually consumed and N2 was allowed to react through cracks in the oxide, forming AlN
instead. The nitrides formed were small (< 20 microns) in length, with a feather-like
morphology as illustrated in Figure 2.31.

Figure 2.30 The change in trapped air volume when held in contact with an Al melt. After
about 5 hours a rapid decrease in volume is observed due to break-away oxidation caused
by conversion of γ to α alumina [97].
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Figure 2.31 A dense layer of AlN crystals was found on an Al sample that was held while
molten in contact with air for 10 hours, suggesting that N2 reacted with the Al surface [100].

Double oxide film defects present an opportunity to explain how porosity can nucleate
easily within Al melts, as an existing gas phase below the metal surface, into which H can
diffuse and then expand and removes the necessity for a nucleation event [101]. Due to the
presence of 1% Ar in air there will always be a gas phase present within the bi-film structure,
regardless of the reactions of Al between O2, water vapour, N2 and H2 within the envelope.
This residual gas phase would act as a reservoir into which H can diffuse during the final
stages of solidification. Diffusion of H into this gaseous envelope could cause expansion of
the defect into spherical bubbles with dimensions far greater than the original bifilm [102].
H dissolved within the metal could conceivably enter the bi-film either by 1) diffusion across
the Al2O3 and / or AlN layers, or 2) by entering the cavity directly by bypassing them
completely (such an opportunity might be present if there are cracks in the double oxide
film defect).
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As previously discussed Mg containing oxides will form porous oxide films at the melt
surface and below the surface of the melt the reactions with bi-films should be no different,
so if an oxide film will form at the surface of the melt and become immersed during an
entrainment event, it then reacts with the melt, the oxide cracks and allows further
reactions between the melt and the gases within the bi-film. Following this mechanism H
has an opportunity to diffuse into the feature at any time following the entrainment event
and could be expanded easily during the final stages of solidification as the H content of the
liquid increases due to changes in solubility.
In contrast, both Al2O3 and AlN are protective in nature so they will not crack immediately.
Al2O3 has been shown to be an effective barrier to the diffusion of diatomic H [103] [104] to
the extent that 20 nm thick films are being investigated as surface deposition barrier
coatings in chemical engineering applications [105] and in electrical engineering applications,
to minimise H diffusion. This also applies to the H proton diffusion across alumina, which
has been measured to be as little as 6.5x10-18 cm2s-1 at 25oC [106] [107]. At this rate, even if
the alumina surface of the bi-film was only 10 nm in thickness, it would take over 5,000
hours for H to permeate through the layer [106], (although the diffusion rate would be
expected to increase at elevated temperatures).
Based on this it is therefore more likely that either bulk turbulence or the change in oxide
morphology (from γ-Al2O3 into α-Al2O3) causes cracking of the bi-film surface and allows for
H from within the melt to enter into the bi-film. If the oxide film cracks then the melt will
interact with N2 to form nitrides (if the atmosphere is free of O2). Assuming that H does not
enter the interior of the film during this event (although there is no reason why it could not
enter at this point) the AlN layer will form and H will then only be able to enter the feature
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by circumventing these films when cracks form in them, or if they are of a porous
morphology.
It should be expected for bi-films to contain some H as well as Ar because air contains traces
of water vapour which will also be incorporated into the oxide film defect. At the surface of
the melt, moisture reacts with the melt to oxidise (by hydroxide ion diffusion through the
alumina layer), and liberate H within the bi-film (and also coincidently increase the H
content of the surrounding metal). H that enters into double oxide films directly from the
metal will do so, however, as a number of discrete protons (H+) as this is how the H exists in
solution.
Protons are extremely reactive and as they enter the interior of the bi-film it is highly likely
(given the temperatures involved) that they will bond with O2 to form water vapour, with
other protons to form diatomic H or even N2 to form ammonia, and all of these reactions
would immediately liberate energy within the bifilm envelope. Reactive by-products (water,
ammonia) would also be able to react with the melt, liberating more energy and in both
cases the end by-product would be H2 gas that is released within the oxide film itself.
Protons that do not have the opportunity to react with O2 or N2 will react with each other to
form the covalent diatomic H molecule H2, which is also a highly favourable and exothermic
reaction. The formulas for these reactions are reported in equations 10 – 14 [18] [108]. The
Gibb’s Free Energy ΔG, (in kJ mol-1) of a reaction is a measure of the thermodynamic driving
force that makes a reaction occur. A negative ΔG indicates an exothermic reaction that can
occur spontaneously while a positive value indicates and endothermic reaction that requires
energy input to occur.
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(-958 kJ mol-1 H2O)… Eq.10
(-498 kJ mol-1 H2)… Eq.11
(-436 kJ mol-1 H2)… Eq.12
(-275 kJ mol-1 H2)… Eq.13
(-105 kJ mol-1 H2)… Eq.14

The local generation of energy and the associated production and formation of diatomic H2
within the bi-film will lead to an increase in the internal gas pressure within the feature. The
combination of increased pressure and heat would likely cause an expansion of the defect
and cause failure of the surface film from within by inflating the pore. The failure of the
oxide film due to the production of H is described indirectly by the work of Deng and
Ferreira [109], who observed that pockets of H2 formed between alumina and Al during
reactions of Al particles with water, which led to fracture of the external alumina layer.
Campbell [58] discussed the possibility of “non-classical” methods of nucleation of porosity,
for instance he suggested that trace radioactive elements in an alloy, (that would release
high energy into the surrounding area), could create a small gas phase within Al by heating
the surrounding Al during solidification. The H would then diffuse into this gas phase and
develop into a pore. As H protons come together and react exothermically to form diatomic
H2 (or with other elements within the film such as O), they could theoretically release
sufficient energy to create a gas phase by boiling the surrounding Al.
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2.5 Hydrogen and inclusion removal from molten aluminium alloys

Foundries utilise a variety of methods to control H levels and inclusions in molten Al; they
typical involve injecting gases directly into the melt, by lances, porous plugs or diffusers, or
most effectively in-line rotary degassing units.
In each case an inert gas (typically Ar or N2, with an addition of either Cl or a salt flux to
remove inclusions) is bubbled up through the melt. H diffuses out of the melt and into the
bubbles, which exit the metal at the surface and release the H into the environment as
shown in Figure 2.32.

Figure 2.32 H dissolved in the molten Al diffuses into inert gas bubbles through a boundary
layer. The bubble exits at the melt surface, reducing the melt H content [93].
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2.5.1 Hydrogen removal

This degassing process occurs as a result of the partial pressure difference between H in the
melt and in the bubbles. There is a driving force for transport of H into the bubbles, since
equilibrium between the gas phase and melt demands that the H activity in the melt
equilibrates with the partial pressure of H in the bubble (assuming that the pressure of H
within the bubble is less than the surrounding melt). Within the melt the H is removed by a
series of steps outlined by Sigworth & Engh [110];
1) H transport in the melt to the vicinity of an inert gas bubble (by diffusion).
2) Diffusive transport through a thin stagnant layer of fluid or ‘boundary layer’
surrounding the bubble.
3) Chemical adsorption onto and subsequent desorption from the bubble surface.
4) Diffusion of H as a gaseous species inside the bubble of the purge gas.

In their work they highlighted that step 2 was the limiting step in H removal so melts
containing elevated levels of H will degas ‘more efficiently’ than melts with a lower H
content (shown in Figure 2.33). This occurs as there is more of a diffusive driving force
(greater diffusion gradient from melt to bubble) for H to enter the bubbles. In practise this
will mean that a degassing procedure implemented on a fixed quantity of metal using a
constant gas flow rate proceeds first quickly and then more slowly as the H levels within the
melt decrease.
The interactions at the bubble – melt surface are critically important as the area over which
diffusion can take place is also vital. Decreasing the bubble size will increase the efficiency of
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degassing dramatically because the gas bubble / melt interaction area is increased. High
degassing efficiency (> 80%) occurs when the gas bubbles are < 5mm in diameter. This is
because when the bubble size is halved the surface area increases by a factor of four [25],
increasing the degassing rate with decreasing bubble size (shown in Figure 2.33).

Figure 2.33 a) Degassing efficiency is limited primarily by H diffusion rates, decreasing with
lower melt H levels and with larger bubble size b) The H removal ratio increases with melt H
content (i.e. more pure gas is required to remove H when H levels within the melt are low)
[25].

If the bubble size increases above about 15-20 mm, the bubble changes from an ideal
spherical bubble to a less efficient ellipsoidal or spherical–capped shape. For this reason the
choice of gas injection technology becomes very important. Lances for example are a crude
poor design. Lances are reported as being as little as 1 – 20 % efficient at removing
inclusions and H [18] [25] because of the large bubbles generated by this process (bubbles
are many cm in diameter). Celik & Doutre [111] actually predicted that lance degassing will
generate additional inclusions due to the large bubble size created using this process,
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leading to splashing at the melt surface. Steel tubes can also corrode and introduce Fe (and
Si if they are glass coated) into the metal, which is undesirable in most aerospace alloys.
Porous plugs are an improvement in design, showing a performance of around ~40 - 50%,
but by far the best choice is to use rotary degassing units, which can remove 50 – 80% of the
melt H in a relatively short time due to their design. The concept of in-line degassing units,
which injects gases directly into the metal from below the metal surface using a spinning
rotor, were first introduced into cast houses by Union Carbide in 1974. Modern degassing
units such as SNIF (Spinning Nozzle Inert Floatation) or A622 reactors (differing by
manufacturer and design) utilise two or four rotors within in separate chambers within the
degassing unit. A schematic of a SNIF and the bubble distribution profile can be seen in
Figures 2.34 and 2.35. The metal enters the unit (which is sealed and covered with an inert
gas to prevent the metal surface being oxidised by interaction with the air) and gas mixture
exits the underside of the rotor dispenser and the gas mixture is broken up into fine discrete
bubbles as it passes up between the rotating vanes of the rotors. The metal then exits the
reactor and towards the casting station.
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Figure 2.34 A schematical diagram of a SNIF (Spinning Nozzle Inert Floatation device)
degassing unit used at Alcoa [93].

Figure 2.35 Visual interpretations of H pickup in Ar gas bubbles. Dissolved H will diffuse into
the bubbles and exit the metal at the surface [93].
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This type of degassing unit increases the effectiveness of H and inclusion removal, the
reasons for this are as follows;


Increased levels of bulk melt turbulence and stirring increases both particle - particle
and bubble – particle collisions.



Spinning rotors break up the gas stream into a fine dispersion of bubbles, which are
spread uniformly throughout the reactor in a more efficient ‘cloud’ of bubbles
(compared to a static lance).



Fine bubbles have lower buoyancy in the molten metal, meaning they will rise more
slowly up through the liquid and have longer time to interact with the metal.



Smaller bubbles have a greater surface area which will increase the rate of surface
controlled reactions (e.g. with inclusions) and diffusion of H into the bubbles.

2.5.2 Bubbles and solid phases in molten aluminium

As the bubble rises up through the metal the gas bubble interacts with solid particles and
transports them to the free surface of melt. Floatation of discrete particles is described in
similar mechanisms by Firouzi [112] and Wang et al [113] to consist of three basic sub
processes; namely collision, attachment and detachment.
Collision involves the approach of a particle to a bubble in the field of flow and is governed
by the liquid flow and the relative motion between bubbles and particles. The attachment
involves three steps: (1) the thinning of the intervening liquid film between a bubble and a
particle to a thickness of film rupture (2), the rupture of the liquid film and formation of a

65

Chapter Two

Literature review

three phase contact nucleus between the solid, liquid and gas (3) expansion and relaxation
of the nucleus contact line from the critical radius to form a stable wetting perimeter.
The process of removal is influenced by factors including the liquid flow, properties of the
inclusion (e.g. density, surface texture), bubble size and molten metal characteristics such as
temperature, fluidity and depth. When particles do not wet the liquid phase the particles
can be trapped by gas bubbles.
Attachment of inclusions to gas bubbles in steel is described in detail to occur in one of two
mechanisms; (1) “Collision attachment”, where the inclusion approaches the gas bubble and
a thin liquid film builds up between the inclusions and the bubble and the film drains until
film rupture occurs. If the collision time is longer than the film drainage time the inclusion
will be attached by collision but if the drainage time is greater the inclusion will be ‘bounced’
away from the bubble or it will slide on the surface of the bubble. (2) “sliding attachment”,
where if the sliding time is greater than the drainage time then attachment will occur during
sliding, but if the drainage time is greater, then the inclusion will not become attached at all
to the bubble. Schematics of the interactions between bubbles and solid phases in molten
metal are shown in Figure 2.36.
A water model [114] highlighted these steps using a 4mm diameter bubble and 100 µm
inclusions made of copolyamide, shown in Figure 2.37. Inclusions were seen to collide and
attach or leave the surface of the bubble around the equator of the bubble. Those inclusions
that did attach existed in a ring around the bubble, the most likely explanation for which is
that this location corresponded to the location where the force balance on the inclusions
was a minimum.
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Figure 2.36 Visual interpretations of spherical inclusions interacting with particle like
inclusions. Inclusions ahead of the bubble can either adhere with or flow around the gas
bubble [113], [115].

Figure 2.37 A cold water model demonstrating the collection of copolyamide inclusions on a
gas bubble during flow [114].
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Wang et al [113] described the probability of collision between a bubble and an inclusion (PC)
and the probability of adhesion of an inclusion to a bubble sliding (P A) as being defined to
describe the efficiency of inclusion attachment to a bubble. Small bubbles were
demonstrated to have a high PC while inclusions have a high PA and a low PC. The overall
probability P (PC x PA) and the floatation time of the bubble suggested that the optimum
bubble size for removal of fine non-wetted inclusions (inclusions of diameter 5 - 50 µm in
size) was 0.5 – 2 mm in diameter. Calculations by Szekely [116] indicated that 95% of
inclusions would be expected to be removed from molten Al within in a SNIF unit when
using a bubble size <5 mm.
Inclusions that float to the surface of the melt are essentially removed and form part of the
dross layer. Evidence has been presented in both steel [117], and water models [118]
however that trapping of small bubbles within the melt can occur as they have insufficient
buoyancy to exit the metal, or become trapped against a feature that prevents them from
exiting the metal (e.g. a thick oxide or salt layer present at the surface of the melt). In steel
for example this leads to development of line and internal defects in the product as the
bubbles are held beneath the slag layer and cannot exit the melt. Zhao et al [59] also noted
that H2 bubbles were sometimes prevented from exiting Al melt during rapid re-melting of
pure Al samples, presumably due to the presence of a surface oxide film that prevented
them from escaping the melt.
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2.5.3 Removal of inclusions and undesirable metallic elements from aluminium.

As inclusions and H can have detrimental effects on mechanical properties, methods are
needed to remove them from the melt before casting. Historically inclusions were removed
from the molten metal in the holding furnace by allowing the melt to stand un-touched for a
few hours before casting. This practise was employed as it allows inclusions that are lighter
or heavier than the liquid metal to separate out purely by density over time as shown in
Figure 2.38 [119]. These natural processes are slow and extremely in-efficient (it requires
holding the metal at temperature for a prolonged period, consuming energy and increasing
production costs) so active methods are implemented to reduce the treatment time and
increase the quality of molten metal. They are fluxing (using salt and/or Cl gas), and
filtration.

Figure 2.38 The effect of settling on inclusions concentration, measured using LiMCA and
PoDFA [119].
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2.5.4 Filtration

In-line ceramic foam filters (CFF) are commonly used to remove inclusions from molten
metal as it flows through the filter pores. Solid inclusions with a size greater than the pore
are trapped as they cannot flow through the network of pores. As the molten metal travels
through the filter, smaller entrained particles collide with the filter media, or settle upon it
by sedimentation. These small particles can begin to build a “cake” of bridged particles,
which effectively reduce the effective pore size and increase the effectiveness of the CFF
over time [93]. Traditional foam filters or glass fibrous web filters are reported to be good at
removing large inclusions (100% of inclusions > 125 µm were removed using a 30 ppi filter),
[120] but poor at removing small inclusions (<40 µm) unless coated with an active coating
such as KCl – NaCl which form a layer of molten flux during casting [121]. Any inclusions
which make contact with the wall adhere to this layer and are removed, although those
which don’t make contact with the filter wall will remain in the metal [14]. An example of
filtration performance of a deep bed filter is shown in Figure 2.39 [122]. The interactions of
inclusions with filter materials are shown in Figure 2.40.
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Figure 2.39 LiMCA II results in thousands of inclusions larger than 20 microns per kg of metal
(N20). Measured for can stock alloy (AA3104). Natural settling occurs over an hour of LiMCA
analysis whereas metal fed through an aluminia bed filter is cleaned to a higher standard
over a shorter period of time [123].

Figure 2.40 The mechanisms of removal of entrained inclusions by filtration [93], [121].

The erosion and corrosion effects on the filter surface can also generate inclusions as the
filter material is attacked by the molten metal, with the reaction products and debris (filter
material) entering into the melt over time. This is especially common in Li containing alloys
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unless filter material is taken into consideration and they are coated with a protective
substance such as boron nitride. Filters have no positive influence on the H content of the
metal, alternatively if they are poorly stored and are allowed to absorb moisture they could
provide a H source to the metal as the moisture reacts with the melt.
2.5.5 Removal of inclusions and alkali metals using chlorine

To non-metallic inclusions (such as oxides) Cl will act as a surfactant. The Cl or chloride
reaction products wet or coat inclusions and particulates and decrease the surface tension
between them and the melt [124]. Cl lowers the interfacial surface tension between gas
bubbles and entrained particles, facilitating adsorption of the particle to the gas bubble
surface [125] which causes the particle to be floated out of the melt along with the bubble.
This is especially true for oxide films suspended in the melt [25], probably because of the
large contact area presented by such features, making them easier and more likely to be
lifted out of the metal. Smaller sub-micron inclusions are likely to collide and agglomerate in
turbulent flow conditions leading to an increase in size across the inclusion size distribution
[114] [126], yet still removing them from the metal. Coalescence and agglomeration of
inclusions and de-wetting from the Al (with sufficient stirring) means that inclusions can be
separated from the melt much easier.
Cl in both gaseous and solid (salt) form has been shown to be effective at removing
inclusions and alkali metals from liquid Al [111] [114] [115] [127] [128] [129] [130] [131]
[132]. Examples of Na and inclusion removal by Cl utilising degassing units are shown in
Figure 2.41 and 2.42 [25] [124].
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Figure 2.41 The removal of Na and inclusions from molten Al using Cl and salt fluxes using a
rotary flux injector, adapted and modified from Leboeuf et al [124].

Figure 2.42 The removal of inclusions from 8111 alloy using an A622 rotary degasser (using
Ar and Cl). Results measured using PoDFA, values are mm2/kg except for oxide films which
have a unit value per kg. Approximately 90% of inclusions are removed during the process
[133].

Celik and Doutre [111] found that fluxing with Ar or N2 successfully removed dissolved H but
was completely ineffective in removing inclusions, while fluxing with Cl and inert mixtures
removed all types of inclusions and trace elements such as Ca. Chesonis and DeYoung [127]
also found that Ar + Cl removed Ca from molten Al but Ar alone did not influence Ca
removal. They found that it was actually likely that degassing with inert gases alone will
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increase the inclusion content as disruption of the melt surface caused by bubbles exiting
the metal will cause oxidation of the metal. The results of this experiment are shown in
Figure 2.43; where LiMCA N20 counts were shown to increase with inert gas injection and
decrease with Cl containing gas injection into pure Al.

Figure 2.43 The generation of inclusions by injection of N2 and Ar gases and removal of
inclusions by injection of Cl containing gases, in Mg free Al. Melt stirring by impeller at
600 rpm. Gas injection by graphite lance (12.5 mm ID x 50 mm OD) [111].

Cl usage has become a focus of strict environmental regulations by government agencies
[123], so the future use of Cl within industry is somewhat questionable. Many recent
technologies [23] [124] [129] [134] have been designed around replacing Cl (gas) with
chloride containing fluxes that are injected directly into the melt to reduce the
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environmental and health and safety implications.. The injection of solid (e.g. powder or
granular) fluxes has been shown to be effective at removing inclusions and reducing or
eliminating chloride emissions [135] [136].

2.5.6 Removal of undesirable alloying elements from aluminium using chlorine gas

This group of impurities includes those elements from the first two columns of the periodic
table; the alkali and alkaline earth metals, primarily Na, Ca, Li and Mg.
Mg and Li can be both deliberately made alloying additions or classed as impurities
depending on the alloy design. Both elements are solid solution strengtheners, increasing
the mechanical properties (e.g. increasing stiffness), but they also decrease ductility,
increase the oxidation rate of the alloy by substituting for Al at the metal surface and can
degrade the corrosion resistance (especially Li alloys). Both Na and Li have been known to
degrade surface quality during hot rolling of Al alloys [23]. Na has been reported to cause
hot shortness (a process where grains pull apart from one another during hot rolling, due to
the presence of low melting point eutectics at grain boundaries). Manufacturers of can
stock and foil may wish to control the amount of Mg in different parts of the Al container.
The top and bottom of beverage cans contain ~4 wt.% Mg while the can body has less, ~1
wt.% Mg. Re-melt Al which has excessive Mg for purpose is often ‘de-magged’, lowering the
Mg content of the alloy. This is typically achieved by salt fluxing or by injection of Cl gas into
the melt [137].
Cl is very reactive and it had been thought by Botor [138] that Cl will react with H in the melt
to form HCl, potentially enhancing the degassing rate, however the reaction between Al and
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Cl is more thermodynamically stable, and so the latter reaction will occur preferentially [138]
although it is possible for AlCl3 that exits the melt at the surface to react with atmospheric
water vapour to form HCl and Al2O3 dust which forms ‘white smoke’ in and around the
degassing units [111].
As bubbles comprising a mixture of Cl and Ar rise up through the molten Al they react with
the Al to form compounds of aluminium chloride (AlCl, AlCl2, AlCl3, Al2Cl6) depending on the
concentration of Cl in the purge gas, but below 10% Cl the most favoured gas species to
form are AlCl2 and AlCl3 [139].
The chlorides that form are then expected to be dispersed within the melt, depending on
their state and physical characteristics. Relatively low melting point salts might be expected
to reside as molten chloride droplets (e.g. MgCl2), floating within the melt, while insoluble
solid salts (such as NaCl) should be floated out of the melt and partitioned into the dross
layer at the surface of the melt, [133] as shown in Figure 2.44.
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Figure 2.44 Gaseous Cl additions are proposed to react with the melt, dispersing reaction
products between the surface of the bubble, within the melt as droplets and into the dross
layer [139].

A variety of chlorides form during degassing and fluxing and this occurs because Cl reacts
with the Al which then reacts with other elements such as Mg. Al reacts with Cl with a
conversion efficiency > 98% [111] and as most wrought alloys are > 90% Al, AlClx is likely to
form first and serve as the dominant species for other reactions within the melt. I.e. it is
AlClx that reacts with other chloride forming elements to form other more
thermodynamically favourable gaseous, liquid or solid reaction products within the melt,
not Cl directly. As an example the reactions between Al, Mg, Ca and Cl are detailed in
equations 15 – 18 [127] [124]. AlClx will react with Mg within the melt to form MgCl2,
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liberating Al as shown in equation 17 [137]. MgCl2 can then react with Ca in the same
manner, substituting with Ca to form CaCl2 and liberating Mg.
The reactions of Cl are greater with Ca, Li, Mg, Na, K (the most notable) than Al according to
the Ellingham diagram [140] so these elements can be removed from the melt using Cl, but
others (for example Fe and Si), cannot be removed by chlorination of the melt as reactions
of Cl with these elements are less favourable and will not substitute with the AlClx. The
reactions of O and Cl with various alloying elements are summarised in Figure 2.45. The
reactions of Mg and Ca with Cl at the bubble interface are shown in Figure 2.46.
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Figure 2.45 The reactions between common alloying elements reacting with oxygen and Cl
from Utigard et al [92]. Graph modified to show only the energies of formation of oxides
and chlorides of these common alloying elements.

Figure 2.46 The interactions of Mg and Ca with a chlorinated gas bubble within Al [141].
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Consumption of Mg by Cl to produce MgCl2 was demonstrated by Qian et al [142] by
reaction with Cl. The emissions of chlorides exiting a high Mg melt were shown to be much
greater below the melting point of MgCl2, 714oC. Above this temperature low levels of Cl
emissions persisted throughout a Mg removal experiment until nearly the end, at which
point the emissions increased greatly. Qian suggested that below a critical concentration the
reaction was first order, controlled by mass transport of Mg to the bubble surface and the
transport of Mg to the bubble was insufficient for conversion of all Cl / AlCl3 within the
bubble to MgCl2. Above the same critical Mg concentration the Mg removal rate was
controlled purely by the rate at which Cl was supplied to the melt, and due to the low
chloride emissions found above the melt it was concluded that above the melting point of
714oC practically all Cl was converted to liquid MgCl2.
It is therefore not Cl but MgCl2 that is the most important compound for removing alkaline
metals and inclusions from molten Al. Celik and Doutre [111] found that the rate of removal
of Ca from pure Al remained constant regardless of increasing Cl content within a N2 carrier
gas (6.25 – 25% Cl in N2). The same experiment performed with a 1% Mg addition increased
the removal rate by 25 – 133% over the same range of gas flow rates (shown in Figure 2.47),
this increase in Ca removal occurred because the rate of removal of Ca (which is initially
controlled by the reaction between AlCl3 and Ca), is enhanced as the liquid MgCl2 salt
formed at the bubble surface enters the melt and Ca is then removed by an additional
substitution reaction with the liquid salt. This effect is demonstrated by the dependence of
rate constant for Ca removal on both Mg and Cl contents. The rate constant depends on the
availability of MgCl2 (higher in a Mg containing alloy than in pure Al) and in the Mg
containing alloy the rate constant for Ca removal also increases with increasing Cl2, since
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that too increases the availability of MgCl2. The removal of Ca was shown to continue after
the gas injection had stopped (as shown in 2.48) because previously formed MgCl2 was still
present in the melt and continued to react with the remaining Ca over time.

Figure 2.47 The removal of Ca by injection of Cl containing gases occurs faster in alloys
containing Mg due to the formation of MgCl2, which enhances the rate at which Cl can react
with Ca [111].

Figure 2.48 The removal of Ca from Al occurs even after the application of Cl gas has been
halted. This occurs because molten MgCl2 continues to react with Ca within the melt over
time [111].
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Roy et al [131] demonstrated that increasing levels of Cl (1, 2, 5, 10 and 20% Cl, in N2),
increasing gas flow rates (200, 500 and 1000 cc/min), and increasing rotor speeds for a
rotary degassing system (100 – 500 rpm) all increased the rate of inclusion removal in an
A356 alloy (0.20 – 0.45 wt.% Mg) at 740oC when doped with SiC inclusions. The efficiency of
inclusion removal increased as the probability of successful collisions between injected gas
and those inclusions increased with increasing Cl and rotational speed (melt agitation),
shown in Figures 2.49 and 2.50.
By reducing the bubble size and increasing the degree of melt turbulence (both increase the
likelihood of collisions and successful adhesion of inclusions to the bubbles) and due to
increased concentration of Cl at the bubble boundary layer, more successful collisions
occurred. The inclusion removal rate was shown to be dependent on the number of
collisions which occurred after an incubation period, during which inclusion removal was
poor. The duration of incubation was the same regardless of flow rate and rotor speed but
decreased with Cl concentration. This was reportedly to be because the wetting properties
of the bubbles and inclusions became more favourable over time, although no mechanism is
presented for this phenomenon within the work. The likelihood was that chlorination of the
melt led to the development of liquid MgCl2 salt droplets which increased the adhesion rate
of the inclusions, making them agglomerate quicker with increasing Cl concentration.
Additional Cl above a critical amount made little effect on inclusion rate removal, probably
due to the consumption of all of the Mg within the alloy to form MgCl2.
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Figure 2.49 The effect of Cl content on inclusion removal while degassing with an N2 and Cl2
mixture [141].

Figure 2.50 The effect of stirring on inclusion removal while degassing with an N2 and Cl2
mixture [141].
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Stevens [132] investigated the removal of Ca, Na and H in various wrought Al alloys across
ranges of 0 – 500 ppm of Ca and 0.02 – 1.0 ml/100g H (measured using LECO), using 0 and 5 %
Vol.% Cl in Ar. She observed positive effects of Cl on Ca and Na removal, when Ca levels
were above ~10 ppm the removal rate was observed to remain constant, indicating that Cl
availability was the limiting factor and below this ~10 ppm level the Ca removal slowed
down due to Ca availability becoming the limiting factor.
Stevens [132] reported a reduction in reactive metal removal rate constants when using
elevated levels of Cl however, especially in Mg containing alloys, and clearly this contrasts
the work of Celik and Doutre [111] described earlier. The rate of alkali metal removal was
suggested to be dependent on transport of reactive elements to the bubble interface, on
the transport of Cl to the interface and finally transport through the stagnant bubble –
metal interface (in a similar mechanism to that of H). Instead of the Ca reacting with the
MgCl2 to increase the rate of Ca removal, it apparently slowed the removal process
indicating saturation of the melt with MgCl2 could occur. An interesting side note was that
Na removal was always found to be higher compared to that of Ca, and this was reasoned to
be due to the volatility of Na, causing it to diffuse into the gas bubbles and to be removed
by this mechanism in addition to chemical reaction.
2.5.7 Fluxes

The term fluxing is used to represent additives and treatments of molten Al in which
chemical compounds are used. Most fluxes are inorganic, based on salt (metal-chloride)
systems but also include inert and reactive gases such as Cl and hexachloroethane (C2Cl6) to
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remove H and alkaline metals. The most common chemical additives used in this function
are listed in Figure 2.51.

Figure 2.51 Characteristics of materials used in fluxes from [92].

Fluxes form many functions including degassing, demagging, cleaning and alloying. For
example fluxes based on KCl-NaCl may be used to cover and protect the metal from
oxidation while fluoride-salt fluxes may be utilised to improve metal recovery from dross [92]
by reducing the affinity between Al and Al2O3.
Fluxes for removing inclusions are generally based on KCl-NaCl and MgCl2-KCl and form low
temperature eutectics (dependant on composition, shown in Figure 2.52). These fluxes react
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with other alkaline metals and also coat the surface of the metal with a thin liquid
protective layer, and may be useful in protecting high Mg melts from excessive oxidation
and H absorption [141]. An additional benefit of solid fluxing is that MgCl2 is added into the
melt as part of the salt and so compared to Cl there will be minimal Mg loss from the alloy
during treatment.

Figure 2.52 The approximate melting points for MgCl2 based refining fluxes from Leboeuf et
al [124].

Certain compounds will react or decompose beneath the Al surface releasing gases such as
carbon-dioxide and Cl. Such compounds generate bubbles to form underneath the metal
surface which are useful for removing dissolved H, alkaline metals and inclusions. H that is
dissolved within the melt diffuses into the bubbles which then float out of the metal. The
most notable gas-releasing compound is (C2Cl6) which generates Cl2 and gaseous AlCl3 [92].
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2.5.8 Chlorides and degassing

The boundary layer between melt and gas bubble has been shown to be very important as it
is the rate limiting step for H removal during degassing. The rate of reduction of H relies on
H diffusing the gas bubble – metal interface and thus any films that may be present on the
surface of the bubble could disrupt H transport. As Cl containing gas bubbles interact with
the melt to form MgCl2, the formation of this salt film could influence the potency of
degassing.
The effects of Cl on degassing within the literature are conflicting. Some authors observed
an increase in degassing efficiency when using Cl, other report that there should be no
measureable effect on degassing rate, while others claim that salts have a potent negative
influence on the H removal rate because of their influence on the boundary layer.
Williams [23] noted an improvement in degassing performance of a 1% Cu alloy when a 5%
Cl (in Ar) mixture was used, compared to the use of Ar gas alone. On average the H removal
rate was 32% using Ar + Cl, compared to just 17% using Ar only. The gas was injected using
an in-line degassing system and the H content was established before and at two stages
during degassing. It was also clear from the results that degassing using wands (lances)
produced poor degassing results, actually increasing the H content of the metal by as much
as 40%. These results are shown in Figure 2.53.
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Figure 2.53 Williams results of an in-line degassing procedure on H content; using Ar 5% Cl
and Ar only, and PHD-50 in line degasser using the same mixture. H removal is, on average,
more efficient when utilising Cl additions [23].

Botor [138] reported that degassing proceeded far more intensively when using N2 and Cl2
compared to N2 and Ar alone. Mixtures of N2 and Cl2 with Cl2 contents of 4, 8, 12, 16, 20, 40,
60 and 80% Cl2 were found to increase the mass transfer co-efficient to a peak around 10%
Cl before decreasing and returning to a common value, shown in Figure 2.5.26. This was
attributed to Cl increasing the metal-gas interfacial area due to an exothermic reaction
between Al and Cl increasing the bubble volume. This is an unlikely explanation however as
the positive effects of decreasing bubble size have already been reviewed. It is more likely
that the Cl was having a chemical effect at the bubble surface / boundary layer, with an
unknown beneficial reaction occurring at 10% Cl.
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Figure 2.54: The mass transfer coefficient measured by Botor, was found to reach a
maximum around 10% when using Cl2 in N2 [138].

Both Talbot [28] and Eister & Krumme [128] observed no significantly measureable
difference in H removal when using stirred reactor vessels. Sigworth [110] and Engh [24]
both comment that the removal rate could / should be improved by using Cl, but not by any
measureable or significant amount. They provide no experimental data to support their
claims however.
Chesonis & DeYoung [127] suggest that the H removal rate is reduced when using Ar + Cl
compared to Ar alone in a 2.5 wt% Mg alloy, AA5052. The results compare degassing results
(H values obtained using using LECO) from an A622 rotary degasser with a flux injector that
forces solid MgCl2 based flux and Ar in the melt. The results presented appear to be quite
varied, with overall degassing efficiencies ranging from 29 to 67%, perhaps indicating that
the degassing techniques were not truly comparable
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Stevens [143] reports a negative impact on H removal, particularly in a 5083 high (4.5 wt%)
Mg alloy, as did Stevens & Yu [132] reporting that the H removal rate was greater (when
using an A622 degasser) with Ar alone compared to a mixture of Ar and Cl in a variety of
alloys. The greatest impact was observed in alloys containing Mg and this was explained by
the formation of MgCl2 at the bubble boundary layer, which increased interface resistance
at the bubble boundary layer and retarded H diffusion.
None of the reviews comprehensively evaluate the influences of Mg, Cl and temperature on
the degassing efficiency in degassing units however, so the speculation and conflicting
opinions on MgCl2 and influence on degassing efficiency remains to be fully explained.
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2.6 Methods of monitoring the hydrogen and inclusion content of aluminium

Determining the H content of the metal can be a difficult and expensive process and there
are many techniques that have been developed, each with their own relative strengths and
weaknesses [144]. The available techniques are discussed generally, relative to each other,
and then in individual detail. To begin, they are grouped into liquid and solid techniques,
reflecting the condition of the metal when the analysis takes place. The methods for
evaluating the inclusion content of Al are also reviewed briefly.
2.6.1 Liquid metal hydrogen determination techniques:

Arguably the most useful H determination systems (from a practical point of view) take
readings from the molten metal before casting. Techniques such as ALSCAN and ALSPEKH
report the H content of the liquid metal to a reasonable accuracy (typically 0.01 ml/100g)
[145] [146] and within a relatively short time period, typically less than about ten minutes.
Such units represent a significant investment, costing tens of thousands of pounds to
purchase run and maintain because the probes are consumable, lasting only a few hours
during immersion or a few dozen dips in liquid metal. Probes are fragile and cost hundreds
of pounds each.
Real-time reporting of data can then be used to assess the performance of a degassing unit
during in-line casting or monitor the progress of a degassing process on a batch of metal.
With these systems it would also be very apparent if there was a failure of the degassing
system as the typical H content of the metal exiting the reactor would be observed to have
increased. Such information is invaluable as it allows for immediate repair work to be
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carried out and for affected material to be scrapped before entering the rest of the
production system, preventing value from being added to an inferior product.
Monitoring the H content of the liquid metal may also be thought of ‘perhaps a little further
from the truth’ as far as the casting quality is concerned because the actual porosity content
of a casting depends also on the alloy composition and solidification conditions. Monitoring
the H content of the liquid metal only provides opportunity to predict the quality of a
casting.
2.6.1.1 ALSCAN

The ALSCAN utilises a porous ceramic probe which is inserted into the molten metal, which
is connected to a gas circulation system. A nitrogen carrier gas is circulated within the unit,
and the probe and H from the melt diffuses across the probe and into the gas supply. This
gas is then evaluated by a thermal conductivity cell which evaluates the amount of H in the
system. The probe and operation are shown in Figures 2.54 and 2.55.

Figure 2.55 Diffusion of H through the porous ceramic probe on an ALSCAN unit.
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Figure 2.56 The operation of the ALSCAN unit and the probe interacting with H within the
melt [147].

The unit uses alloy calibration factors and a thermocouple to refine the data and give more
accurate readings dependant on the solubility of H in the melt (as described in section 2.2.1).
The ALSCAN requires time for the gases within the unit to come to equilibrium with the melt,
which becomes more accurate the longer the unit is instructed to sample from the melt (an
analysis may take as little as three minutes but typically ten minutes or more).
2.6.1.2 ALSPEK H

The ALSPEK H unit utilises a ceramic (CaZrO3-In) proton conductor imbedded within a probe
which also houses a thermocouple, which is held in contact with the molten metal. The
ceramic can absorb and conduct H ions from the melt which are exposed to a measuring
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electrode, generating a voltage and this value is compared to a solid state reference
electrode (which has a known H content) to calculate the H content of the melt. The value is
also moderated by an alloy calibration factor and a built in thermocouple to factor the
influence of alloy type and temperature on the solubility of the metal. A schematic of the
probe tip is shown in Figure 2.56.

Figure 2.57 The interaction of H with the solid state proton conductor within the ALSPEK H
probe tip.

The ALSCAN necessitates an inert gas to purge the probe and collect the H, which can degas
small volume melts; it also collects H over a period of time, reporting the H content and
temperature at the end of the cycle. In contrast the ALSPEK H takes a period of time to
come to equilibrium with the melt, but then follows the H content (and temperature) in
roughly real time. This maintains the H content of the melt and allows accurate tracing of
the results over time.
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2.6.1.3 Solid metal hydrogen determination techniques:

Examining the porosity within the ingot after casting directly is undoubtedly the most useful
method of assessing metal quality but this is a destructive technique so not typically
available outside of laboratory environments, so casting and analysing samples that
represent the casting as closely as possible is the alternative. This is achieved through either
vacuum degassing or hot extraction processes such as LECO.
The vacuum degassing technique works by inflating pores within a small metal sample,
exaggerating the size of pores so that they can be visually assessed. Clearly this technique
gives an impression of the porosity, but does not actually reflect the true structure of the
ingot. The LECO analysis traditionally begins with the casting of a Ransley gas bar, which is
machined to obtain a single sample (8 mm in diameter and 50 mm in length, weighing
approximately 5 – 7 grams). This sample is heated during analysis and the H within enters a
nitrogen carrier gas stream, into a thermal conductivity cell. This system can evaluate the H
content of the metal to as little as 0.001 ppm of H. A schematic drawing of the key parts of
the LECO is shown in Figure 2.57.
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Figure 2.58 A schematic of the sample processing chamber in the LECO RH-402 H analyser
[148].

The accuracy of such a technique is undoubtedly useful but it is worth noting that casting,
preparing and analysing samples for LECO analysis takes a great deal of time which means
the result of the analysis will not be known until after casting has been completed (perhaps
for some weeks afterwards), clearly limiting its usefulness on commercial applications. Such
an approach is also statistically vulnerable to error as the H content of the liquid metal can
and will vary during a continuous casting process. It is not realistic to process dozens of
LECO samples taken at regular intervals across an entire cast without a great deal of time
and capital investment. Further to this a small number of samples will not accurately
represent the overall H content across the casting. There are also potential sources of error
from sampling, such as entrainment of dross during casting of the Ransley gas bar and
absorption of H during machining processes using lubricants. It is the opinion of the author
that the LECO is a relatively weak method for assessing the H content of Al in a high volume
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industrial casting environment, but is useful for detailed investigations and quality
assurance in specific applications.
2.6.2 Methods for monitoring molten metal cleanliness

2.6.2.1 PoDFA

The Porous disk filtration apparatus (PoDFA) is used to evaluate the quality of a known
quantity of liquid Al by forcing the metal through a ceramic filter, which filters inclusions out
of the metal. Typically 1.5 – 2.5 kg of metal is used in one sample. The metal is heated in a
pan until molten or extracted in the pre-molten state, poured into a crucible and is passed
through the filter either by pressure or vacuum. Inclusions within the metal are
concentrated on the disk, which is later extracted and can be evaluated using microscopy.
The consolidation of a volume of metal to an area across a filter leads to the unit mm 2/kg
metal.
PoDFA samples can easily remove entrained oxides, spinel, borides, many coarse
intermetallics and refractories which are visible and can be measured for size. Chlorides can
be detected although not reliably using traditional cutting methods which utilise a coolant
as they are water soluble and are pulled out of the sample before analysis. Holes in the
preparation surface usually indicate the presence of chlorides.
The PoDFA process can give interesting insights into the quality of liquid metal but its
greatest drawbacks are sample size and time or preparation. A PoDFA cannot give instant
cleanliness data on a melt as sample preparation is required and it probably will not
represent the true quality of a large semi-continuously cast product weighing a few tons or
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more. A typical batch of 4 ingots will weigh approximately 8 tons and a single PoDFA utilises
only 2 kg of metal, a sampling rate of 0.00025%. Obtaining a liberal amount of PoDFA
samples (e.g. 10) from each cast, which represents a significant amount of sample
preparation, would still analyse far less than 1% of the metal and is therefore (statistically) a
weak analysis method.
2.6.2.2 Prefil

The Prefil process is very similar to the PoDFA process in that a known quantity of metal,
(~2 kg), is forced through a filter to collect data on melt quality. As the metal is forced
through the filter a weigh balance is used which records the weight of metal filtered over
time, to represent the ease of which the melt passes through the filter. Clean melts will pass
through relatively quickly whereas dirty melts will take longer to be filtered, as inclusions
build up on the filter and restrict the flow of metal. The Prefil can then be used to gauge
immediately the general cleanliness of the melt compared to other casts. The rate over time
can also be associated with different types of inclusions found in the metal, borides for
instance are known to immediately affect the flow and oxide film defects tend to slow down
the end of the filtering process due to their size. The Prefil process then allows the
extraction and analysis of the filter in order to evaluate the actual inclusions found within
the melt.
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2.6.2.3 LiMCA

The LiMCA process is an in-line method for assessing inclusions floating in the liquid metal.
Metal passes through a small tube, which applies a voltage across it. The resistivity of the
metal will change as inclusions pass through the tube. The LiMCA is useful because it
provides instantaneous results, but it only measures a limited amount of metal, has a
maximum inclusion size and is prone to blockages. It also does not directly confirm the
species of inclusion within the tube so it cannot distinguish easily between a ceramic
refractory an aluminium oxide defect or a gaseous bubble.

2.7 Hot rolling and grain mobility

Plastic deformation of DC ingot occurs during hot rolling and this achieves the desired shape
and mechanical properties by work hardening the material. During rolling the grains
morphology changes from an equiaxed structure to an elongated one after deformation.
New grain boundaries are continually created during the working process, increasing
dislocation density, entangling dislocations and orientating the grains in the direction of the
applied stress. During rolling the material heats up and some of this energy is stored in the
material in the form of crystal defects. Cold rolling material requires more strain to deform
the material, generating more stresses within the bulk material.
There is a driving force to decrease the free energy arising from the reduction in elastically
stored energy (dislocations), which occurs through recrystallisation, a process where
nucleation and growth of a strain free grain microstructure occurs in certain areas of the
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material. These grains grow to consume the deformed (or recovered) microstructure as
shown in Figures 2.58 and 2.59. During recrystallisation the number of dislocations
decreases, the average grain size increases and the material softens so there is a relative
decrease in strength and increase in ductility during this process. After an incubation period
the new grains begin as small nuclei within the parent structure at grain boundaries or
second phase particles such as intermetallics. The rate of recrystallisation is alloy dependant
and occurs more rapidly with increasing temperature. To initialise recrystallisation a critical
deformation is required (stored energy) and a critical temperature to provide activation
energy.

Figure 2.59 The stages of recrystallisation. The deformed microstructure is replaced by
equiaxed grains that nucleate from the grain boundaries of existing grains [149].
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Figure 2.60 Polarised light micrographs showing the progress of recrystallisation in 5182H19 sheet annealed at 245 oC; a) as rolled, b) 1h c) 2h d) 3h e) 4h f) 7h. Barkers Etch, 120x
[149].

Dispersed phases can act to accelerate or retard recrystallisation, depending on their
spacing and size. Fe for example has been used as an example by Callister [150], to show
how alloying can dramatically inhibit recrystallisation in 1xxx aluminium in increasing
concentrations up to ~0.01wt% Fe, see Figure 2.61. Above this concentration the trend is
reversed. It is unclear here if Fe in solid solution (Fe solubility is only 0.04 wt% in Al) or Fe
intermetallic precipitates are influencing recrystallisation temperature. Coarse Fe containing
intermetallics could enhance the process, lowering the required recrystallisation
temperature as they act as nucleation points.
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Figure 2.61 Recrystallisation versus Fe content in high purity Al alloys (cold rolled 60%) [150].

Sanders et al showed by SEM investigation that Fe-Al-Cu precipitates are expected to be
present in 7075 and 7475 alloys, although no data on average size or distribution is recorded
in the work. It is predicted such precipitates could form phases which play a role in
accelerating or retarding recrystallisation [151]. Small particles that are coherent with the
microstructure (such as Zr and Cr) can be used to control recrystallisation as they pin grain
boundaries, preventing them from migrating through a process called Zener pinning. 7xxx
alloys contain Cr and / or Zr, which precipitate from supersaturated solid solution as
Al12Mg2Cr, and Al3Zr phases respectively, ranging in size from about 0.02 to 0.5 µm [152],
[153].
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2.7.1 Grain size and ultrasonic response

The sensitivity of ultrasonic detection is primarily determined by the ultrasonic wave
frequency, relative to grain size of the material being evaluated. If the grains are fine and
the wavelength long then the wave will pass through the material without any scatter. As
the grain size becomes greater then scatter will become significant, causing attenuation or
loss of signal during wave propagation. Coarse grain material causes an ultrasonic response
while relatively fine grains do not [154].
A temporary jam of the reel that feeds grain refiner rod into the molten metal was found to
be the cause of an ultrasonic failure in 7050 alloy plate (see Figure 2.62). This type of
diagram, referred to as a C-scan, shows a plane view of the plate and displays the features
detected by ultrasound. The defect was shown to be a series of indications in a band across
the central portion of the plate [2]. This type of defect occurred because the metal was not
supplied with grain refiner for a period of time. This caused a portion of the ingot to have a
coarse grain structure which was revealed by the ultrasonic scan after the material was hot
rolled.
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Figure 2.62 A plan view of a plate after ultrasonic examination. The effect of grain refiner
failure during casting on the ultrasonic scan of a 7050 alloy plate (1073 mm wide, 1638 mm
long, 90.9 mm thick) is shown. The lack of refiner causes coarse grain to develop over the
entire width of the plate, which is shown in blue on the scan.
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2.8 Statistical analysis

Independent samples t-test is used regularly throughout this work to determine if different
data sets are significantly different from one another. In each instance the standard t-test
function within Excel was used. Essentially it establishes if two means (averages) are reliably
different from each other. It determines how likely that the difference between two groups
is reliable, or whether it is just due to chance. It does this by calculating the variance
between the groups and the variance within the group.
A standard critical probability (p) value of 0.05 (5%) was chosen, so that any p value above
0.05 suggests there is no statistical significance between any two data sets (i.e. the 95%
confidence level). It is useful to decide upon a null hypothesis in each instance, for example
"Cl has no effect on degassing efficiency". If a value greater than 0.05 is obtained, for
instance 0.60, this would represent a 60% chance that the null hypothesis it true and we
would fail to reject it. If the p value is below 0.05 then the null hypothesis is rejected and it
would be concluded (with 95% confidence) that Cl does in fact influence the degassing
efficiency.
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Chapter 3 Experimental procedure

A number of experiments are described in this section. The first two are focused on
eliminating defects which were found in rolled plate products that were manufactured at
Alcoa and were detected using ultrasound. These investigations aimed to better understand
the aetiology of these particular defects, how and why they occur, and to find ways to
eliminate them from production, resulting in a cost saving for Alcoa.
The third experiment describes attempts to capture gas bubbles in molten Al and to
examine changes in gas composition using a mass spectrometer and to examine the
reaction products at the metal-gas interface using SEM. The aim of the experiment was to
give better understanding to the reactions between Cl and the various alloying elements
present in different alloys (2L99, 5083 and 7010). The compounds formed at the metal - gas
interface may influence the diffusion of H into the bubbles, so it was hoped to observe
differing levels of hydrogen within gas bubbles that were processed with and without Cl
additions. These gas levels could be linked to the different compounds at the gas - metal
interface and this would help to clarify the conflicting findings presented in the literature
(see section 2.5.8).
The fourth experiment explores how Cl gas additions affect the efficiency of degassing Al
alloys using a SNIF unit. Three commercial alloys (7010, 7050 and 7075) were treated in an
industrial setting; the degassing performance of the SNIF unit was assessed using ALSCAN
technology, when the degassing procedure was implemented both with and without Cl
additions. The aim was to observe an increase or decrease in degassing rate when Cl was
used in the degassing unit, to better understand the effects of Cl on degassing of 7xxx alloys.
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The fifth experiment examines the influence of Mg and Cl on the degassing efficiency of
small Al melts. Three different Al alloys (pure Al, 5083 and 7010) at different temperatures
with different gas compositions were degassed using custom built apparatus and the H
removal rate was monitored using ALSPEK H. These experiments would show how degassing
rates varied with alloy composition, melt temperature and gas Cl content. MgCl 2 salt has
been proposed to retard the diffusion of hydrogen into gas bubbles above its melting point
(714oC, see section 2.5.8). These experiments would clarify the role of MgCl 2 on the
degassing performance of commercial alloys by evaluating the rate of degassing above and
below 714oC.
The sixth experiment investigates both the effectiveness of the LECO H determination
device, (the aim of these experiments was to gauge the effectiveness of the LECO as a
degassing tool for small samples), and absorption of H into Al alloys over time and in
different atmospheric conditions.
The seventh and final experiment investigates the diffusion of H across AlN and Al2O3 films
that were formed on the surface of different Al alloys. Al 2O3 has been suggested to be a
barrier to H diffusion (see section 2.4.1), but AlN has been proposed to form by reaction
between the melt and air entrained / encapsulated within bifilms after any O2 within the
bifilm has been consumed by reaction with the melt. H may be able to diffuse through AlN
more easily than through Al2O3, and would explain part of the mechanism that allows bifilms
to facilitate H gas porosity within castings.
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3.1 Alloys

Six alloys were used in different aspects of this study; 7010, 7475, 7050 (AE and AT variants),
7075, 5083 and 2L99. The first five are commercially available wrought alloys and their
compositions are given in Table 3.1. These alloys feature good strength, fracture toughness
and fatigue performance, and they are amongst standard production material at Alcoa Kitts
Green and are widely used in the aerospace and marine industries. 2L99 is a casting alloy
which is often found in automotive parts and contains a relatively high amount of Si, which
increases the fluidity of the melt and therefore the ease of mould filling.

Alloy

Mg

Cu

Zn

Si

Fe

Ti

Zr

Cr

Mn

5083

4.0–4.9

<0.10

<0.25

<0.40

<0.40

<0.15

<0.05

0.05–0.25

0.4–1.0

7010

2.1–2.6

1.5–2.0

5.7–6.7

<0.12

<0.15

<0.06

0.10–0.16

<0.05

<0.10

2.4

2.3

6.2

<0.12

<0.15

0.03

0.11–0.15

<0.04

<0.10

2.4

2.3

6.2

<0.12

<0.15

0.03

0.11–0.14

<0.04

<0.10

1.9–2.6

2.0–2.6

5.7–6.7

<0.12

<0.15

<0.06

0.08–0.15

<0.04

<0.10

7075

2.1–2.9

1.2–2.0

5.1–6.1

<0.40

<0.50

<0.20

<0.25

0.18–0.28

<0.30

7475

1.9–2.6

1.2–1.9

5.2–6.2

<0.1

<0.12

<0.06

<0.05

0.18–0.25

<0.06

2L99

0.20–0.45

<0.10

<0.10

6.5–7.5

<0.20

<0.05

<0.05

<0.05

<0.10

7050 AE
(typical)
7050 AT
(typical)
7050
(generic)

Table 3.1 Specifications for alloys used in this investigation. All values are wt.%, balance Al.
Valid 2009 [155].

108

Chapter Three

Experimental procedure

3.2 Plate quality assessment

At the beginning of this study two specific types of defect were selected for detailed
investigation. The aim was to research and investigating their causes and, if possible, to
modify the production process or chemistry to eliminate them from future production. In
both cases plate that was produced through the standard production processes at Alcoa
(casting, hot rolling, etc.) was ultrasonically scanned. The scan revealed indications that
suggested the plates were of inferior quality.
The ultrasonic scan is applied as one of the final quality checks before the plate is released
to the customer. During the scan the plate is immersed in water, which acts as an acoustic
medium for the passage of ultrasound from the probes and into the plate. Ultrasound is
emitted by probes into the plate, which is reflected by the metal surfaces and any features
within the bulk of the material that can reflect sound waves. The plate is scanned and the
result is displayed on a “C-scan”, which details the size, depth and location of these features.
An example of a C-scan containing no notable features is shown in Figure 3.1.
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Figure 3.1 A plan view C-scan of an Al plate. The orange area represents the periphery of the
plate. This particular example is free from defects and thus the scan appears white / blank.

The first defect selected for investigation was found to occur in a specific sub-type of the
7050 alloy series referred to as ‘AE’ within Alcoa, the composition of which is in Table 3.1.
Point defect type indications were observed throughout plates of this alloy which led to
either the entire plate or part of a plate being scrapped (see Figures 4.1 - 4.3). The
specifications for both AE and AT alloys are within the generic 7050 alloy specification, but
have far tighter internal composition specifications to achieve the desired mechanical
properties in the final product.
The second defect investigated was observed to occur only within thin gauge (<45mm) 7475
alloy plates. During ultrasonic evaluation areas of ‘high noise’ were detected along the long
edges of the plates and these areas had to be cut away and scrapped. High noise refers to a
specific type of ultrasonic response which is characterised by an elevated background noise
across the entirety of the time scale of the pulse-echo scan, and is generally associated with
presence of porosity within the plate.
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3.2.1 Point defect indications in 7050 alloy plate

To examine any defect in detail a section containing an ultrasonic feature is cut from the
larger plate (which could be many meters in both length and width) to a more manageable
size and weight, to an approximate maximum of 0.5 m2. These plates were then stamped
with alloy type and plate number of origin at that time. Unfortunately this type of sample
collection prevented any reliable traceability so that the inclusions found could not be linked
to their exact position on a particular C-scan.
The plates were first examined in laboratory conditions using portable ultrasonic scanning
equipment. The equipment used was an EZ Avenger Pro with a twin crystal probe running at
a frequency of 5 MHz and a velocity of 6300 m/s-1 resulting in a wavelength of 1.26 mm. The
device was calibrated using standard drilled flat bottom-hole depth calibration blocks and
was capable of detecting features greater than about 0.8 mm in diameter. The range was
determined by the plate thickness and the gain was set within the range of 79-81 dB. A
chlorinated gel was applied to the plate for acoustic transmission and the probe was
coupled with the plate. The plate was then scanned slowly by hand and any inclusions
contained within the plate were revealed by the device, as shown in Figure 3.2. Inclusions
were clear, presenting as a definitive peak, typically above 80% full screen height (FSH). It
was generally quite obvious if an inclusion was present within the plate because the
ultrasonic response was clear and large. When a defect was detected its location was
marked using an indenting tool.
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Figure 3.2 The ultrasonic probe set up. The presence of an inclusion is marked by the
response on the screen of the ultrasound unit.
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After being scanned the plate was cut using a band saw into smaller sections containing the
inclusions. Blocks were approximately 20 x 20 x plate thickness (mm), examples are shown
in Figure 3.3.

Figure 3.3 Plate sections containing inclusions were marked with a scribe and cut out of the
plate into small blocks, approximately 20 x 20 x plate thickness (mm), in this instance 40 mm.

The depth and location of the indication within each block was then more accurately
assessed by re-scanning the plate with the ultrasonic probe. The exact depth of the inclusion
was easy to establish but due to the size of the probe the exact position of the inclusion in
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the X – Y axis was less accurate, but estimated to be within +/- 5 mm. The position of the
inclusion was marked on the top and side of the block and the side of the block notched
using a band saw, achieved by cutting towards the inclusion, but not into or across the
inclusion itself. The block was then fractured with a blow, which revealed the inclusion on
the fracture surface. A sketch of this procedure is shown in Figures 3.4 and 3.5. Both JEOL
6060 and Phillips 7000 SEM with EDX attachments were used to examine the inclusions. A
total of 20 samples were extracted from three separate plates using this process.

Figure 3.4 Plate samples containing inclusions were first cut using a band-saw along the
centre of the thickness and then fractured. This was the standard method for assessing the
composition of inclusions.
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Figure 3.5 The specimens are fractured to reveal the inclusion, split equally across both
fracture surfaces.

3.2.2 Near surface indications at the edges of thin gauge (<45mm) 7475 alloy plate

The investigation into the cause of the indications in the 7475 alloy plate began by cutting a
sample block from the defect containing area (approximate dimensions of the sample were
200 x 150 x 38 mm). A sample slice (dimensions 10 x 150 x 38 mm) was removed from one
end of this block for optical examination. The slice was ground to achieve a smooth surface
finish using Si carbide paper (grit sizes 200, 500, 1000, 2000 and 4000) to prepare it for dye
penetrant inspection (DPI) detailed in section 3.2.3.
Smaller samples were also cut from the block in order to evaluate the grain size. Specimens
were approximately 15mm2, cut so that the short transverse (ST) direction was visible, (see
Figure 3.6 for clarification), and then mounted in conducting Bakelite using a hot press.
These samples were ground with SiC paper (grit sizes 200, 500, 1000, 2000 and 4000), and
then polished using 5 and 3 µm diamond suspension and an OP Chem suspension. Water
was removed from the surface using a hot air blower, where heat was applied for about 30
seconds. These samples were then anodised as detailed in section 3.2.4.
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Figure 3.6 A schematic of rolled plate. The rolling direction is called the longitudinal
direction, the width of the product is called the long transverse direction, and the thickness
is called the short transverse (ST) direction.

3.3.3 Dye-penetrant inspection (DPI)

Checks for visible porosity within the plate edge were made using DPI. The slice was
polished using SiC paper before being painted with a photo-reactive dye (Britemor 4455).
The excess dye was washed away with water and the plate examined under ultraviolet light.
Pores were highlighted by the reactive dye (which was not washed out of the pores as it is
retained within by capillary action). The size and number of pores was measured by eye
against a standard scale to determine the typical size and distribution of pores, as described
in Alcoa work instruction WI-EN-203-I4 (see section 4.21 for detail of this instruction).
3.3.4 Polishing and anodising

Samples were anodised by immersion in Barkers reagent (5ml HBF4, 200ml H2O) for 40 – 80
seconds using the Al sample as an anode in a powered electrical circuit (20V DC) [156]. The
sample was then flushed with water and observed using a polarised lens in an optical
microscope. The sizes of the grains were measured by use of a 1 cm graticule, with
minimum spacings of 100 µm.
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3.3 The influence of chlorine on hydrogen removal and degasser performance in liquid
aluminium

Cl is thought to affect the degassing efficiency of Al and its alloys by influencing the kinetics
at the bubble boundary layer. In the literature it has been stated that Cl may either enhance
or retard or have no effect at all on the diffusion of H through the boundary layer by
different authors. The retardation is thought to be especially true in the case of Mg
containing alloys as MgCl2 forms around the bubble, having a negative effect on the removal
of H.
The first study aimed to evaluate the bubble - metal interface formed between gaseous
bubbles and liquid Al during degassing. This was to be achieved by capturing bubbles in the
melt and subsequently extracting them using a pore gas analyser and analysing the interface
between bubble and gas using SEM.
The second study took place in an industrial setting. Two ALSCAN units were used to
observe the performance of a SNIF degassing unit on a casting unit at Alcoa Kitts Green. This
was achieved by placing an ALSCAN before and after the SNIF reactor on DC (Direct Chill)
casting unit ‘DC3’. The incoming (pre degassing) and outgoing (post degassing) H contents
were measured using this technique, with readings being taken over a period of weeks
when suitable alloys and casting conditions became available. The aim was to evaluate the
performance of the SNIF unit when it was operating using two different gas compositions; 1)
using Ar gas only and 2) using an Ar and Cl gas mixture. These two gas compositions were
used to treat three commercial alloy systems (namely 7010, 7050 and 7075 alloys) produced
using standard casting practices.
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The third study took place in a laboratory and utilised the ALSPEK H unit to observe the
degassing progress of small Al melts in ‘real time’. These experiments were performed to
fully evaluate the effects of Mg and Cl and temperature on the degassing efficiency of three
commercial alloys (pure Al, 7010 and 5083 alloy). The experiments were carried out to
determine the effects of temperature, alloy Mg content and the presence of Cl on degassing
performance.
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3.3.1 Bubble trapping in liquid aluminium alloys

In this experiment Ar and Ar-Cl gas bubbles were caught in solidifying Al alloys placed in a
real time X-ray machine. It was intended to capture and analyse the gases within the
bubbles, to investigate the consumption of Cl during the degassing process. It was also
hoped to observe MgCl2 formed on the interior of the bubble and to observe any other
chemical products occurring at the bubble – metal interface.
Early attempts at this experiment showed that it was extremely difficult to capture bubbles
in pure Al, due to its negligible solidification range. 2L99 is a casting alloy with a relatively
long solidification range (approximately 550 – 615oC) and so this was chosen to improve the
success rate of capturing bubbles. A 5083 alloy was selected as it contained high levels of
Mg (~4.5 wt% Mg) and it was desired to observe the occurrence of MgCl2 at the bubble
interface. Finally a 7010 alloy was chosen as it is used in other experiments (detailed in
section 3.3.2 and 3.3.3).
In each experiment a stainless steel tube (316 L) of 8 mm OD and 6mm ID is first turned into
a ‘needle tip’ by machining. This reduced the cross-sectional area of the tube from 6mm to
approximately 0.2 mm, allowing small bubbles to be pushed out, up through the liquid
metal, while preventing metal ingress into the tube. A sketch is shown in Figure 3.7.
The needle was inserted into the base of a ceramic fibre crucible which was impregnated
with alumina-sol (200 mm x 65mm od, internal diameter 52 mm) and fixed in place using a
stainless steel washer and FiberFrax40 ceramic cement. The length of the needle tip inside
the crucible protruding from the insertion point ranged from 10 - 50 mm, and was coated
with boron nitride to protect it from reacting with the melt. In early experiments a
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thermocouple was glued against the side of the crucible to monitor the melt temperature as
it cooled, but this was removed as gas bubbles sometimes became trapped around it. An Xray picture of the crucible and needle can be seen in Figure 3.8.

Figure 3.7 A schematic of the bubble capture set up.
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Figure 3.8 An x-ray image of the bubble capture set up.

The opposite end of the steel tube was connected by flexible PVC tubing to a flow gauge
(range 0 – 300 cc/min Ar) and finally to the gas supply, controlled by standard bottle
regulators. The gases used were PureShield Ar (99.999% purity) and an Ar/Cl gas mixture
(8000 ppm, 0.8 % Cl in Pureshield Ar).
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Ar gas was first purged through the system for 20 minutes to remove any excess residual air
and moisture from the gas lines. The system was not heated, so some residual moisture was
expected to remain inside the tubing. Approximately 2 - 3 kg of Al alloy was melted in an
induction furnace and poured into the top of the crucible. The doors of the X-ray unit
(manufactured by Xylon Internaltional, X-ray at 100 – 225 keV), were then closed and the
unit activated. The bubbles were observed to flow up through the melt, at a rate controlled
by the flow gauge, releasing a single bubble approximately 1-2 cm3 in volume, every two
seconds at a minimum flow rate of 5 cc/min. It was difficult to maintain a steady gas flow
rate for long as the metal began to cool it became more difficult to release bubbles and it
was necessary to increase the pressure to maintain the bubble flow. In many cases the
bubble flow rate was either too high, so that multiple bubbles were forced out in ‘pulses’ of
two to four bubbles, or the metal entered the steel tube and solidified. In experiments
where the size of the needle aperture was decreased to below 0.2 mm, the pressure of the
gas in the line caused a constant release of dozens of tiny bubbles (< 0.25 cm 3) into the
metal which could not be trapped within the melt.
In a few successful experiments bubbles were caught, because as the alloy began to solidify
the bubbles became trapped against the solidification front. At a point where a bubble was
trapped and did not leak away the gas supply was isolated so that no more bubbles were
produced and the ingot was allowed to cool in air. After cooling the crucible was broken
open and the cylindrical ingot was extracted. The ingot was then sectioned and blocks
containing bubbles were produced of maximum height 23 mm and circumference 22 mm, in
order to fit inside a Pore Gas Analyser (PGA) sample chamber. In order to puncture the
bubble inside the analyser the samples needed to have only a thin barrier between the
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bubble and the external surface. Finally, samples were ground using SiC paper so that only
about 1 mm of material separated the bubble from the surface, which was thin enough to
puncture.

Pore Gas Analysis

The Pore Gas Analyser is a device which was originally designed to test the gas content of
welds, but was adapted easily to puncture cast samples containing bubbles of gas. The PGA
utilises a HAL RC-100 mass spectrometer and control unit manufactured by Hiden Analytical
(Warrington, UK).
The sample was first placed within the analyser, which was then sealed and a primary
vacuum pump was activated to remove atmospheric gases from within the sample chamber.
The system pressure was then reduced to about 1x10 -6 Pa using a secondary diffusion pump
between the specimen chamber and mass spectrometer.
Once this vacuum was achieved, the chamber was isolated away from the primary vacuum
pump and a Ti tipped needle screwed down to puncture the surface of the specimen. The
gas contained within the bubble was drawn through the mass spectrometer and the
composition and quantity of the gas is established. A picture and simplified sketch of the
PGA can be seen in Figure 3.9.
The sensitivity of the mass spectrometer to different elements was quoted to be not equal
by the manufacture, and a sensitivity factor was required to normalise the reading. The
measured values were corrected by dividing the recorded result by the sensitivity factor for
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that element, which were: H2 = 0.44, N = 1, H2O = 1, O2 = 0.86 and Ar = 1.2. This meant, for
example, that the equipment was more sensitive to H2 and less sensitive to Ar.
After the contained gases (if any) were extracted from the bubble containing samples they
were removed from the analyser, cut in half and examined using a JEOL 6060 SEM with EDX
attachment.

PGA accuracy and qualification:

The ability of the PGA to detect gases was determined by Mahmoud [157] by using an air
reference sample made from Cu. The Cu sample had a diameter of 6mm and was 5mm in
height. A thin Cu plate (1mm thick) was placed on top of this and soldered in place. This
trapped 141mm3 of air within the sample, which was then placed inside the analyser. The
needle was used to puncture the top of the Cu sample and the gases within were processed
by the mass spectrometer. The analyser reported for an average of three samples, a
composition of 79% N2, 18% O2, 1% Ar, and 0.6% water vapour, accurate with the
composition of air.
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Figure 3.9 A picture of the pore gas analyser and a simplified illustration of the working of
the unit.
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3.3.2 Hydrogen removal from 7xxx aluminium alloys using a SNIF reactor with and without
chlorine gas additions, measured using ALSCAN.

The aim of this study was to obtain data on degassing efficiencies from a commercial casting
process. Since the material was destined for release to customers there were restrictions to
the changes that could be made to casting parameters. The operating conditions could not
be altered as modifications could potentially have had a negative and costly impact on the
quality of castings, and clearly this had to be avoided. As such the study was designed to
extract information without interfering with the production process.
The three alloys; 7010, 7050 and 7075 are common production alloys on DC3, with casting
campaigns for each alloy type occurring approximately monthly, varying by schedule and
customer demand. These alloys were cast using the same degassing procedure in that the
SNIF unit uses an identical gas flow rate, gas composition and rotor speed within the unit to
treat these alloys. These parameters are outlined in Table 3.2. Less commonly, castings are
made on DC3 using those same SNIF parameters but without any Cl additions. These
castings are cleaned instead by the use of ceramic foam filter (CFF), which is situated
downstream from the SNIF unit. The CFF removes inclusions by de-wetting them from the Al
and has no impact on the degassing performance of the SNIF unit. These parameters are
outlined in Table 3.3.
This presented an opportunity to compare the performance of the degasser when operating
under two different conditions; with and without Cl additions. The operating temperature
and Cl contents of the SNIF could not be adjusted.
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Rotor one

Rotor two

Gas composition

Ar with 1.5% Cl

Ar with 0.8% Cl

Gas flow rate

1.5m3 /hour

1.5m3/hour

Rotor speed

450 rpm

430 rpm

SNIF temperature

Typically 700oC

Typically 700oC

Table 3.2 The (standard) operating conditions for the SNIF unit operating with Cl.
Rotor one

Rotor two

Gas composition

Ar only

Ar only

Gas flow rate

1.5m3 /hour

1.5m3/hour

Rotor speed

450 rpm

430 rpm

SNIF temperature

Typically 700oC

Typically 700oC

Table 3.3 The operating conditions for the SNIF unit operating without Cl.

ALSCAN preparation:

Prior to the experiments both ALSCAN units were fitted with new HME3000D probes for
wrought alloys, supplied by ABB Bomem, and standard Inconel sheathed K-type
thermocouples, and were filled with low oxygen nitrogen (99.998% pure) from the same
cylinder. Both units were set to operate with a calibration factor of 1.00 for all experiments
so that the alloy specific correction factor CF(A) could be factored into the results postanalysis.
The units were set to purge the probes with N2 3 times for 30 seconds before commencing a
10 minute analysis cycle, which recorded the H content in ml/100g as a function of the
metal temperature which was also recorded. If, during an analysis, the probe (or
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thermocouple) failed the measurement was ended and the result was removed from the
data. Probes (or thermocouples) were then replaced on both units simultaneously to
eliminate any variation in sensitivity over time from the results.
Accuracy of readings and drift of measurement:

Before and after these primary experiments took place the variation in the measurements
of the two ALSCAN units was examined by placing them side by side before the SNIF unit in
a long launder section of the same casting station, positioned so that the probes and
thermocouples were approximately 10 cm away from one other. A sketch of this
arrangement is shown in Figure 3.10. The units were then activated at the same time so that
they analysed approximately the same section of the launder. The results can be observed
in Tables 3.4 (before the experiments) and 3.5 (after the experiments). The H content of the
metal during these experiments was observed to vary by a maximum of +/- 0.009 ml/100g
slightly less than the reproducibility Figure quoted for the ALSCAN unit, (0.01 ml/100g). The
conclusion was that there was no significant difference in measurement between the two
units, either before or after the experiments took place.

Figure 3.10 The Two ALSCAN units (A1, A2) were first set to run next to each other on the
same length of launder during a casting to assess the variation in measurements.
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Analysis

A1: Melt H content

A2: Melt H content

Variance at the end of

cycle

(ml/100g)

(ml/100g)

analysis (ml/100g)

#1

0.349

0.351

0.002

#2

0.344

0.339

0.009

#3

0.316

0.313

0.003

Table 3.3 The measured H content of the two ALSCAN units on the same cast and the
variation in H content. These measurements were taken before the primary experiments
took place.

Analysis

A1: Melt H content

A2: Melt H content

Variance at the end of

cycle

(ml/100g)

(ml/100g)

analysis (ml/100g)

#1

0.323

0.319

0.004

#2

0.327

0.320

0.007

#3

0.326

0.319

0.007

Table 3.4 The measured H content of the two ALSCAN units on the same cast and the
variation in H content. These measurements were taken after the primary experiments took
place.

During the experiments the two ALSCAN units were positioned so that one was on either
side of the SNIF degassing unit, as shown in Figure 3.11. The same unit was placed in the
same position each time to eliminate any unnecessary measurement variations.
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Figure 3.11 A plan view of the experimental setup. One ALSCAN unit is placed before and
the other after the SNIF degassing unit. The red arrows indicate the direction of metal flow.

So as not to interfere with the potentially dangerous start of casting, the units were moved
into their respective positions but were only activated once the casting had entered steady
state conditions, so that readings began typically when the ingot was at a length of about
300 - 400 mm and the metal in the launders was at a constant depth. The probe and
thermocouple were allowed to pre-heat above the surface of the melt during this period
(which is essential to minimise thermal shock on the ceramic probes).
The unit in the pre-SNIF position (position one in Figure 3.11) was activated so that gas was
flowing out of the probe for a few seconds before the probe and thermocouple were
pushed under the metal surface to a distance of 2 cm from the bottom of the launder. The
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total metal depth in the launder varied from cast to cast and during each individual casting
(this occurs naturally and could not be accurately controlled) but is estimated to have varied
from about 12.5 – 17.5 cm during any one measurement. Approximately 15 seconds elapsed
before the post-SNIF position unit (position 2 in Figure 3.11) could be activated and
immersed in the same manner. Depending on the planned cast length typically 2 – 4
readings were taken during each cast.
The ingot size and number of ingots produced during each cast was recorded, as was the
ambient humidity and local temperature, using a LASCAR - EL-2-LCD USB data logger, which
was placed approximately 2 meters away from the SNIF unit. The alloy composition of each
cast was established by taking three OES samples; one at the start, middle and end of the
cast, and averaging the results.
Processing data: the elimination of influences of temperature and alloy composition on
measurements.

The H measurements made by the ALSCAN in both pre and post SNIF positions are a product
of the equation in Equation 19;
..... Eq.15
where S is the solubility factor, PH2 is the partial pressure of the H2 in the closed loop
(measured in atmospheres, multiplied by 1 atm-0.5), So is the solubility of H in pure Al at
700oC (0.92 ml/100g), CF(Tmelt) is the measured metal temperature (and takes into account
the increasing H solubility with temperature) and CF(A) is the alloy correction factor (which
takes into account the variation of solubility according to the chemical composition of the
alloy).
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The S value is a product of these variables, as an example;

(the measured melt temperature).
Before the data could be accurately compared it was necessary to normalise the data so
that the influence of measured metal temperature and the alloy composition could be
removed. Each measured value obtained during the casting was divided by the recorded
metal temperature and then multiplied by 700, thus removing the influence of melt
temperature. Once the exact alloy calibration factor CF(A) was calculated from the average
chemistry data obtained using OES, each measured value was then multiplied by the
correction factor to eliminate the influence of the alloy H solubility from the results.
The latter was done because the chemistry of the alloy directly influences the H solubility
and the generic alloy calibration factors recommended in the ALSCAN manual [147] are not
precise. The average chemistry of each casting was obtained using optical emission
spectroscopy (OES) and the information was used to determine a specific CF-A for each
casting using a calculator that was designed to incorporate the influences of Cu, Mg, Zr, Zn,
Ti, Fe and Si on the H solubility of the alloy, refining the accuracy of the measured results.
CF(A) is calculated using the equation in Eq.20.
.... Eq.20

..... Eq.16

where kx represents the influence of the alloying element on the solubility of H and Wtx is
the weight percentage addition of that element in the alloy. An example of the calculator
that was set up within Excel based on the work by Sigworth [158] can be seen in Figure 3.6.
It should be noted that there appears to be a decimal point error for k Zr (k Zr is reported as
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0.808) in this work, which is much higher than [159] so the value was reduced by a factor of
10 in Table 3.6.

Wt % element

k

Sub total

2.4

Mg

0.066

0.15906

0.06

Si

-0.0119

-0.00071

0.135

Fe

-0.0659

-0.0089

1.8

Cu

-0.0334

-0.05979

6.5

Zn

-0.016

-0.1032

0.10

Zr

0.0808

0.009696

0.04

Ti

0.0205

0.00082

Total

-0.00302

Factor

0.99

Table 3.5 An example of the alloy calculator employed to generate the alloy calibration
factor CF(A) in Excel. The final alloy factor is achieved by applying a power10 function to the
total.

So, as a general example, a measured S value of 0.350 ml/100g at 690 oC is first standardised
to 0.355 ml/100g at 700 oC and the final Si value of 0.348 ml/100g is obtained by
multiplication of the alloy calibration factor, which is 0.98.
After refining the raw data, the measured incoming and outgoing H levels were used to
calculate efficiency values as per Eq.21.
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x 100... Eq.17

Where Hi is the H content of the metal entering into the SNIF unit (pre SNIF, position 1), and
Ho is the H content of the metal exiting the SNIF unit (post SNIF, position 2). The equation
describes the amount of H removed from the metal during the degassing process and is
expressed as a percentage.
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3.3.3 The degassing efficiency of aluminium alloys, achieved with and without chlorine,
measured using ALSPEK H.

In these experiments the ALSPEK H was used to monitor the degassing rates of small
batches of Al melts, specifically with the aim of evaluating the influence of Mg and Cl on
degassing efficiency.
Choice of alloys and test conditions
Commercial purity Al (99.98%) and two Al alloys with varying Mg contents (7010 alloy
containing 2.1 – 2.5 wt% Mg and a 5083 containing 4.0 – 4.9 wt % Mg) were chosen in this
study as they were expected to influence the amount of MgCl2 formed during the degassing
procedure. These melts were heated so that they were either above or below 714 oC (the
melting point of MgCl2), to target temperatures of 680 - 695oC and 730 - 750oC respectively.
A listing of the experiments can be seen in Table 3.7.
20 kg of metal was melted in a standard Salamander super A60 crucible (340 mm internal
depth by 230mm internal diameter) using an induction furnace. This crucible was then
transferred into a custom built resistance-heated furnace and kept at a steady temperature
using a control system which held the furnace and metal temperature constant during the
experiments. There was typically a 20oC difference between the furnace and metal
temperature (the furnace was always hotter).
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Experiment Composition

Target

minimum Gas

number

temperature

1

Pure Al

730oC

Ar only

2

Pure Al

730oC

Ar & Cl

3

7010 alloy

730oC

Ar only

4

7010 alloy

730oC

Ar & Cl

5

7010 alloy

680oC

Ar only

6

7010 alloy

680oC

Ar & Cl

7

5083 alloy

730oC

Ar only

8

5083 alloy

730oC

Ar & Cl

9

5083 alloy

680oC

Ar only

10

5083 alloy

680oC

Ar & Cl

Table 3.6 The experiments performed using the ALSPEK H.

The crucible was partitioned into two by the use of a ceramic baffle (approximate dimension
360 mm height x 220 mm width x 20 mm thickness), which was added to allow metal to
circulate within the crucible (and H to diffuse), but to prevent bubbles from the ceramic
lance interfering with or damaging the ALSPEK H probe tip. The baffle was held in position
by a ceramic top plate and furnace lid that both contained two holes, through one hole the
ALSPEK H probe was inserted and through the other, a ceramic tube used for degassing. A
schematic of the experimental setup can be seen in Figure 3.12.
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Figure 3.12 A schematic of the ALSPEK H experiments.

The ALSPEK H probe was inserted into the melt at a constant metal depth of 150 mm by the
use of a supporting arm and laboratory clap stand attached to the side of the furnace. The
ALSPEK H unit was observed to take approximately 5 – 10 minutes to reach stable readings
within the melt. Once the measurements were stable the H content of the melt was
increased by adding 75g of moist organic material (apple) to the top of the melt. This
decomposed and provided moisture (steam) and thus H for the metal to absorb.
The H content of the melt was observed to increase a few minutes after the organic material
was added, and within typically 10 – 15 minutes the H readings had stabilised at a higher
value, between which the readings were noted to ‘overshoot’ and then reduce quickly to a
steady value as the H within the melt equilibrated with the atmosphere in the furnace.
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The elevated and stable H levels were then reduced by degassing, by purging Ar or Ar and Cl
through the ceramic tube, (which was made of SiAlON 101). The lance (250 mm in length,
external diameter 23 mm, internal diameter 11 mm) was submerged so that the tip of the
lance was as a constant metal depth of 150 mm, controlled by the ceramic insulating top
plate that was placed on top of the crucible. Although lances are a poor tool for degassing
they are simple in design, relatively cheap and require minimal engineering to fit into
position. The lance was connected to a gas supply via stainless steel compression fittings
and tubing to a mass flow controller with a range of 0 – 300 cc/min, and then by flexible PVC
tubing to the Ar and Ar-Cl gas bottles.
The melt was degassed by injecting either a) Pureshield Ar (99.999% Ar) or b) Pureshield Ar
with 8000 ppm (0.8%) Cl gas, which was supplied in a pre-mixed cylinder produced and
supplied by BOC Special Gases. Both gases were forced through the melt at 300 cc/min.
If, for example, the steady initial H content was observed to be in the region of 0.45 ml/100g,
the melt was degassed but the measurements were not made until the melt H content
decreased to 0.35 ml/100g, and recordings were made until the melt reached 0.15 ml/100g,
over a range of 0.2 ml/100g.
This range was chosen because it represents the typical range of pre and post degasser
readings commonly observed at Alcoa. It was also reasoned to limit the minimum H content
to 0.15 ml/100g, as below this level it becomes significantly harder to degas the metal, and
prolonging the ALSPEK H probe life and minimising the amount of Cl used was felt to be
important for reasons of both cost and safety.
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Response of the ALSPEK H to changes in H content and drift of measurement.

Before the main experiments, the ALSPEK H was used to monitor the increase and decrease
in H in pure Al, to gauge the units’ responsiveness to changes in melt H content. A 20 kg
melt of pure Al was first allowed to stand for an hour after melting and transferring into the
resistance-heated furnace so that any moisture sources were consumed and the metal
would be in equilibrium with the crucible and ambient atmosphere. The Alspek H probe
was inserted and allowed to come to equilibrium with the melt for another 20 minutes. The
readings were then recorded and observed to vary by +/- 0.01 ml/100g over 40 minutes.
The metal H content was then lowered by purging Ar gas up through the metal, (although
the gas flow rate was not recorded in this trial).
The melt H content was observed to decrease to 0.1 ml/100g H, over about 50 minutes,
when the degassing procedure was stopped. The furnace lid was then removed and
approximately 5 minutes elapsed before a small amount of organic matter was added to the
surface of the melt. The H content of the melt was observed to increase over the next
twenty minutes as the H was absorbed by the metal and diffused towards the probe. Once
the H content was similar to the original H content a second degassing procedure was
implemented. After a period of time when the melt H content appeared to be balanced, (by
the simultaneous absorption and floatation of H into and out of the melt), the H content of
the melt was observed again to be reduced by the degassing process. The results of the trial
are shown in Figure 3.13.
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Figure 3.13 The H content of a pure Al melt measured using the ALSPEK H. a) degassing
using Ar gas b) exposure to a H source and c) degassing using Ar gas.

140

Chapter Three

Experimental procedure

3.4 LECO degassing and hydrogen analysis experiments

The LECO H determination device is used to evaluate the H content of solid Al samples. The
LECO device measures the H content (in ppm) of cylindrical samples 8 mm OD x 50 mm
length. It does this by heating them with the H passing into a closed loop nitrogen gas
carrier stream, which passes through a thermal conductivity cell to give the H2 content of
the mixture. The analysis is non-repeatable as H within the sample is removed during this
process.
This work began as an investigation into the accuracy of the LECO device, as there were
concerns that the device was reporting un-reproducible measurements, and there were no
commercially available Al standards to which results could be compared. Initial experiments
assessed the capability of the LECO device to detect changes in the H content of Al samples
over time, which revealed that the device could also be used as a tool for degassing the solid
samples. Degassed samples could be exposed to different environments and the H
absorption measured over time. The experiments are described in section 3.4.1.
The literature states that H diffuses into double oxide film defects, inflating them into pores
during solidification. H, however, exists as protons in the melt which must diffuse across
Al2O3 and AlN layers before it can re-combine to form a diatomic molecule (gas phase)
within the double oxide film. As these layers have been shown to be inhibitors to proton
diffusion, the LECO was adapted in a novel way to measure the H content of surface
modified Al samples.
Samples that had been degassed using the LECO technique were placed inside a furnace and
then exposed to different gaseous environments (specifically, air and N2) and heated until
141

Chapter Three

Experimental procedure

molten. The gas influenced the formation of different films on the surface of the samples
(Al2O3 or AlN, respectively) as they melted. Samples were then exposed to H2, which would
have to diffuse across or migrate around these films in order to enter the Al samples. Finally,
the H absorbed into the samples was measured by inserting it back into the LECO. The
hydrogen furnace and LECO experiments are described in detail in section 3.4.2.
The following applies to both sets of experiments detailed in sections 3.4.1 and 3.4.2.
Before any experiments took place the Cu turnings and the incoming gas and furnace
cleaning reagents within the LECO were replaced using the recommended LECO procedures
detailed in the manual. The reagents were monitored electronically so that they were used
for no more than 200 analyses before being changed. If the Schultz reagent (which is used to
absorb carbon dioxide in the system, which can influence the results of an analysis) was
degraded (changing colour from yellow to black with exposure to CO2 or moisture) before
this limit, then it was replaced immediately so that it did add error into the measurements.
The LECO was prepared first by heating it five times using a high temperature out-gassing
procedure (>700oC) that drives any moisture from the furnace and the graphite crucible that
is used in the process. The unit is then calibrated by dosing the thermal conductivity cell
with pure H2 (99.9995%) six times. The first reading is discarded and an average of the
remaining five readings provides a calibration factor to be applied to future readings. The
reference point for accurate dose calibration is 3.01 ppm H and under this low sensitivity
mode the accuracy of the unit is +/- 0.01 ppm.
A sample is inserted into the unit, heated and then exposed to a commercial purity N2 cover
gas (99.998%). The H within the sample flows into the N2 and the H + N2 mixture travels
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through the thermal conductivity cell where the amount of H is established. This process has
a higher reported accuracy of +/- 0.005 ppm. The LECO reports both surface and bulk H
contents for a sample and also a total of these two values. In this report only the total H
content was used as the surface readings were always small compared to the bulk readings.
For example a typical surface value of 0.001 ppm would be added to a bulk reading of 0.15
ppm.
LECO sample production procedure:

32 Al LECO samples were machined from pure Al (99.98%) and 5083 alloy plate, as detailed
below. These samples were then used as stock material for the experiments detailed in
sections 3.5.1 and 3.5.2.


A section of DC cast and hot rolled 5083 alloy plate with the approximate dimensions
of 150 x 150 x 10 mm was cut into 20 bars approximately 50 x 10 x 10 mm in size.



A block of commercially pure extruded (99.98%) Al with the approximate dimensions
100 x 80 x 60 mm was cut into 12 bars approximately 50 x 10 x 10 mm in size.



These individual 50 x 10 x 10 mm bars were then machined into rods with final
dimensions of 8 mm OD x 50 mm length using a lathe without any liquid coolant. An
example of a LECO sample is shown in Figure 3.14.
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Figure 3.14 An Al sample used in the LECO H determination process, dimensions 8mm OD x
50 mm length.

3.4.1. Hydrogen absorption measured using the LECO.

It was desirable to observe the variation of the H content in cast and wrought products and
how the samples responded when exposed to different atmospheric conditions, so the
performance of the LECO was first evaluated using the high Mg (4.5 wt.% Mg) alloy 5083.
Two 5083 samples were processed in the LECO ten times to evaluate how much H was
removed during each analysis. This was done because the samples do not melt during the
LECO analysis cycle, and it was felt that H may be retained within the sample, with only one
analysis cycle being used. The repeated degassing of these two samples can be seen in
Figure 3.15.
It was established that the LECO removed about 85% of the H from within a sample during
the first analysis, with any significant levels of H being removed from the samples in the first
three analyses. Typically after this third degassing process only values close to the error
144

Chapter Three

Experimental procedure

levels of the LECO device (+/- 0.005 ppm) were observable. The LECO was deemed to be
capable of reporting accurate H levels as long as each analysis was above 0.01 ppm, but
once a value below this 0.01 ppm limit was obtained the analysis was stopped.

LECO pin sample analysis - multiple runs.
Samples repeated in LECO process to observe
change in H levels.
0.25

Hydrogen content (ppm)

0.2

0.15
S1 Hppm
0.1

S2 Hppm
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Figure 3.15 The degassing of two LECO samples. Any significant H within the samples was
observed to have been removed during the first three analyses. Error bars of +/- 0.01 ppm
are added to each value.

A number of experiments were carried out to test how the Al pin samples responded when
they were exposed to different environmental conditions after being degassed. As noted in
the literature, Al2O3 formed on pure Al should be protective, minimising H absorption over
time, whereas spinel and MgO formed on alloys containing Mg that are not protective, and
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so these alloys should absorb H over time. Acetone is used routinely at Alcoa to dissolve any
grease from the surface of the Al pins, but it was unclear if exposure to hydrocarbons had
any effect on H absorption. Three experiments were carried out to test these various points:
1) The two 5083 samples degassed in Figure 3.15 were allowed to sit in the laboratory
near an open window for ten weeks before being re-analysed in the LECO. H was
expected to be absorbed into the samples over this period.
2) Ten 5083 samples had their H content removed by degassing 3 times using the LECO
device and were then left standing in the laboratory along with a LASCAR - EL-2-LCD
USB data logger that monitored the local ambient temperature and humidity. One
sample was re-analysed every 24 hours for 96 hours, and then every seven days after
that to observe the H absorption into the 5083 alloy samples over time.
3) Four 5083 samples were degassed three times and one of each was immediately
inserted into a glass jar containing a specific atmosphere;
a. Sample resting in a glass jar that contained de-ionised water.
b. Sample resting in a glass jar that contained acetone.
c. Sample placed in an open top glass jar near an open window.
d. Sample sealed in a glass jar with only air.
Samples were left in these conditions for four days, before being tested again in the
LECO.
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3.4.2 Hydrogen diffusion across aluminium oxide and aluminium nitride experiments:

Double oxide film defects are thought to trap air and bring it beneath the surface of the
melt where it can react further; perhaps producing a feature into which H can diffuse and
expand to produce gas pores in castings. The Al2O3 film is known to coarsen and crack over
time which will allow N2 to react with the melt to form AlN beneath the pre-existing oxide
layer. It is unclear if H can preferentially pass through or around this nitride film, however.
The experiment below was designed to better understand the absorption of H through
these films.
Eight pure Al, four 2L99 alloy and two 5083 alloy samples, (all 8 mm OD x 50 mm length),
were degassed three times using the LECO, then immediately sealed in glass jars with screw
top lids and transported to the furnace. In total seven separate experiments were
performed using the furnace; four using pure Al, two using 2L99 alloy and one using 5083
alloy. Each experiment used two samples, processed simultaneously, and the experiments
are summarised in Table 3.8.
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Experiment number

Alloy / Heating
atmosphere

1

Pure Al /Air

2

Pure Al /Air

3

Pure Al / N2

4

Pure Al / N2

5

5083 alloy / Air

6

2L99 alloy / Air

7

2L99 alloy / N2

Table 3.7 The list of experiments used to assess the H absorption into Al samples.

Each sample was placed within its own cylindrical alumina crucible with dimensions of 9mm
ID and 100 mm length. These crucible dimensions were chosen as the crucible needed to be
large enough to accommodate the thermal expansion of the Al during the test, but also
small enough to ensure that the metal did not dramatically change shape when molten so
that it could be put back into the LECO to measure the H absorption after being in the
furnace. Alumina was chosen as it was inert and non-wetting to Al, allowing the crucibles to
be re-used, and also would not contribute to the H absorption.
These crucibles were placed on a holder that was then inserted into the tube furnace. A
standardK-type thermocouple was then inserted so that it rested between the two
approximately 5 mm away from both samples to provide accurate and repeatable
temperature measurement. A sketch of the setup is shown in Figure 3.16. The procedure for
each experiment is detailed below:
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Figure 3.16 A schematic of the hydrogen furnace.

The samples are contained within alumina crucibles which are inside a steel furnace tube.
The tube is connected to both the vacuum and gas supplies. The furnace tube is surrounded
by a tubular resistance furnace that heats the samples. In the experiments using N2 a small
ceramic tray loaded with 50g hafnium is inserted in front of the samples in order to absorb
any residual oxygen.
Experiments one and two:
Two pure Al samples were inserted into the furnace, which was then sealed. The furnace
was then heated to 700oC at a rate of 40oC per minute so that the samples first expanded
and then melted in air. They were allowed to stand at this temperature for 15 minutes, after
which the air was removed to a vacuum pressure of 1 Pa. The furnace was then immediately
filled with H2 to a pressure of 150 kPa and held at this temperature and pressure for one
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hour. The furnace was then cooled at a rate of 20 oC per minute to 50oC before the H was
removed and the samples extracted.
Experiments three and four:
Two pure Al samples were inserted into the furnace with a ceramic dish that contained
approximately 50g of Hf turnings. The furnace was then sealed and air was removed to a
pressure of 1 Pa, the furnace was then filled with Ar gas to a pressure of 100 kPa. The Ar was
then removed by vacuum until a residual pressure of 1 Pa remained within the furnace. This
Ar pressurising to 100,000 Pa and removal by vacuum to 1 Pa cycle was repeated a total of
five times to ensure that no atmospheric oxygen remained within the furnace.
The furnace was evacuated and then filled with N2 (99.998%) to a pressure of 150 kPa
before being heated to 700oC at a rate of 40oC per minute and allowed to stand for 15
minutes in a N2 atmosphere. This slightly increased pressure was chosen to encourage the
reaction of N2 with the Al surface. The furnace was then evacuated, removing the N2 gas,
and filled immediately with H2 to a pressure of 150 kPa and held at this temperature and
pressure for one hour. The furnace was then cooled at a rate of 20 oC per minute to 50oC
before the H was removed by vacuum and the samples were extracted.
After the Ar/vacuum cycling procedure the furnace was calculated to contain about
2x10-21 Pa of O2 from the air so the main source of background O2 contamination would be
from the oxygen free N2 gas used in the experiment. The oxygen free N2 gas was 99.998%
pure so would contribute an additional 0.002 Pa of O2 into the system, or 4x10-09 Pa O2 once
the N2 gas was removed by vacuum to a pressure of 1 Pa. Any residual O2 within the system
was expected to react preferentially with the hafnium turnings placed in front of the
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samples, acting as an O2 scavenger. With such low levels of O2, the formation of AlN was
theoretically possible, based on the work by Swaminathan et al. [160] [161] who estimated
that an O2 impurity threshold of 10-6 Pa O2 would prevent AlN formation.
Experiment five:
This was identical to experiments one and two but used 5083 alloy samples instead of pure
Al. The Mg content of this alloy (~4.5 wt.% Mg) was expected to change the surface oxide
formed during melting to Mg oxide and was expected to absorb excess H.
Experiment six:
Was identical to experiments one and two but used 2L99 alloy instead of pure Al. 2L99 alloy
contains a small amount of Mg (0.2 - 0.3 wt.% Mg) so would be expected to form spinel at
the sample surface.
Experiment seven:
Was identical to experiments three and four but used 2L99 alloy instead of pure Al. 2L99
alloy contains a small amount of Mg (0.2 - 0.3 wt.% Mg) so would be expected to form spinel
or nitride at the sample surface.
Post hydrogen furnace treatment:
Following each experiment the specimen obtained was removed from the furnace and
placed immediately into a glass jar and sealed with a screw top lid to minimise H pick-up
from the atmosphere. The samples had their H content measured three times. Those
samples processed in N2 atmosphere were then inspected using SEM in order to evaluate
the surface. The H contents of the pure Al samples heated in air and N2 were then compared
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using the Student’s t-test that was described earlier in this report (see section 2.8). In this
instance the null hypothesis is defined “Al2O3 and AlN are both equal barriers to H
absorption”.
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Chapter 4 Results

4.1 Point defect indications within the 7050 alloy plate

The ultrasonic C-scan for plates containing point defects can be observed in Figures 4.1 - 4.3.
Indications which are assumed to be inclusions were scattered across the scan, visible as
green and red dots or lines on the white background, (which indicates defect free Al). The
edges of the plates in the scan were represented by the orange border; red, green and
orange markings at the opposite long ends of the plate are surface defects created by
clamping during the stretching process. The plate number, temper and other details were
given at the top of the scan. Hand written notes, detailing the type of ultrasonic response,
defects and comments such as ‘reject’ are made by the operator running the ultrasonic
equipment.
In Figure 4.1 defects within the 7050 plate (those which are so large they require the plate
to be scrapped) are circled in blue and identified with an R. There were five such inclusions
within this particular plate and due to their locations it had to be completely scrapped.
There were so many inclusions in Figures 4.2 and 4.3 that these plates were also scrapped.
Inclusions were also observed to make up a ‘V’ shape profile on the scan. This profile
resembled the liquid-solid profile of the sump which forms naturally within the ingot during
the DC casting process. The sump is formed by the combination of heat input, from fresh
metal entering the top of the ingot, and heat extraction, by application of water sprayed
onto the surface of the ingot underneath the water cooled mould. From this observation it
was reasonable to assume that these inclusions were released in a flush of material, either
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out of the launder or distribution bag (which is situated on top of the casting between the
downspout and the solidifying ingot) into the metal stream during casting, see Figure 2.1.
Inclusions were successfully extracted from the plate for examination (as detailed in section
3.1.1) about 70% of the time, dependant on the size and location of the inclusion within the
plate. In general the larger and more central the inclusion within the thickness of the plate,
then the more successful the extraction process became. The inclusions weakened the
specimens and facilitated the fracture of the plate when notched and impacted, but very
small inclusions, and those near the surface of the plate or found in thin gauge plate, were
more difficult to extract, because the length of the specimens was reduced, making them
more difficult to break.
A total of 20 inclusions were surveyed from these three plates (shown in Figures 4.1– 4.3).
Both larger and smaller defects were evaluated and were found to be identical in
composition, varying only in size. Examples of inclusions are shown in Figure 4.4. These
images were chosen as they represent the largest, typical and the smallest size of inclusions
found in the survey, and their size ranged from over 15 mm2 to as little as about 1mm2 in
size.
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Figure 4.1 Plan view ultrasonic C-scan for 7050 alloy plate (length 8989 mm, width 1701 mm,
thickness 60 mm). A characteristic ‘v’ shape of inclusions can be observed from the crater
end pointing towards the centre of the plate.
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Figure 4.2 Plan view ultrasonic C-scan for 7050 alloy plate (length 9678 mm, width 1575 mm,
thickness 70.6 mm). A characteristic ‘v’ shape of inclusions can be observed from the crater
end pointing towards the butt end of the plate.
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Figure 4.3 Plan view ultrasonic C-scan for 7050 alloy plate (8645 mm length, 2257 mm width,
thickness 51.4 mm). A characteristic ‘v’ shape of inclusions can be observed from the crater
end towards pointing the centre of the plate.
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Figure 4.4 Examples of the inclusions found in 7050 plate samples.
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The inclusions appeared to be plane (there were no protrusions from the surface of the
defect and no fragments came loose from the surface of the inclusion during the extraction
process) and were primarily grey or grey - black in colour. Inclusions were not soft, did not
rub away when touched or dissolve in water and appeared to be well adhered to the surface
of the Al, presumably because of wetting during solidification or the heat and deformation
during the hot rolling process.
Inclusions were found to be made up of two different phases when examined using
backscattered imaging in the SEM. One phase appeared light and the other dark, when
compared to the Al matrix. The phases were contrasted in this manner because one was
made up of heavier elements that reflected more electrons and thus appeared brighter
compared to the Al matrix, the other was made up of lighter elements, reflecting fewer
electrons and thus appearing darker than the surrounding matrix.
Figure 4.5 shows the chemical analysis of the Al matrix and an inclusion using Energy
Dispersive X-ray spectrometry (EDX). The matrix was composed primarily of Al, Zn, Cu and
Mg, the inclusion was composed of O, Cl, Ca, Ti and Zr.
Figures 4.6 – 4.9 shows examples of inclusions found in four separate specimens. The light
and dark phases are found to be interlaced across the fracture surfaces of all inclusions.
Images in each instance are labelled by area: 1) Al matrix (the composition of which is
omitted) 2) light phase 3) dark phase. The EDX chemical analysis of each analysis is
presented below each image.
It should be noted that carbon was not present within the alloy but it is a known artefact of
the SEM and has been discounted from the analyses.
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Figure 4.5 BSE image of an inclusion found in 7050 plate. The first EDX spectra shows the
matrix of the surrounding alloy (primarily Mg, Cu and Zn). The second EDX shows an
overview of the entire inclusion surface (notable quantities of O, Cl, Ca, Ti and Zr).
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Figure 4.6 BSE image of an inclusion found in 7050 alloy plate. Spot labelled; 1) Al matrix /
fracture surface 2) part of the inclusion that is composed primarily of the light phase 3) part
of the inclusion that is composed primarily of the dark phase.
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Figure 4.7 BSE image of an inclusion found in 7050 alloy plate. Spot labelled; 1) Al matrix /
fracture surface 2) part of the inclusion that is composed primarily of the light phase 3) part
of the inclusion that is composed primarily of the dark phase.
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Figure 4.8 BSE image of an inclusion found in 7050 alloy plate. Spot labelled; 1) Al matrix /
fracture surface 2) part of the inclusion that is composed primarily of the light phase 3) part
of the inclusion that is composed primarily of the dark phase.
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Figure 4.9 BSE image of an inclusion found in 7050 alloy plate. Spot labelled; 1) Al matrix /
fracture surface 2) part of the inclusion that is composed primarily of the light phase 3) part
of the inclusion that is composed primarily of the dark phase.
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4.1.1 The dark phase

The dark phase was observed to possess a topography that resembled dried and cracked
mud; at greater magnification nodular protrusions were also evident (shown in Figures 4.10
and 4.11). The composition suggests that the phase was made of metal oxides (primarily
Al2O3 with traces of MgO and CaO) and metal chlorides, MgCl2 and CaCl2.
This phase was found to be composed primarily of Al and O, with as much as 60 wt% of the
phase being made up of O. Mg and Ca were present, and the oxides formed with Ca and Mg
are more stable than with Al so these compounds are likely also present. Cl was most likely
present in the form of metal - chlorides (solid salts). CaCl2 is the most stable Cl containing
compound and found exclusively with Al2O3 in Figure 4.8. MgCl2 reacts with Cl to form CaCl2
(see section 2.5) and it is proposed that this phase is typically composed of Al2O3 and Ca and
MgCl2.
Traces of Zn, ranging from ~2 – 10 wt.% were also found, but given the composition of the
alloy (6.0 – 6.4 wt.% Zn) it is difficult to establish if these contribute towards the salt portion
of the composition of the inclusion or if they are only present due to the interaction volume
of the electron beam interacting with the alloy beneath the inclusion.
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Figure 4.10 BSE image of an inclusion found in 7050 alloy plate. Analysis of the dark phase
with "cracked mud" appearance.
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Figure 4.11 SE image and compositional analysis of the ‘dark phase’ was found to be made
up primarily of Al2O3 and salts.

167

Chapter Four

Results

4.1.2 The light phase

The lighter phase (indicating that it was composed of elements heavier than the matrix) was
found to be composed of Zr(Ti)Al3, a mixture of ZrAl3 and TiAl3 intermetallics which were
found to exist as crystals deposited in clusters both across and within the dark phase, as
shown in Figure 4.12. Each crystal was typically less than 100 µm in size, (an example of
which is shown in Figure 4.13) but were observed to be agglomerated.
It was not clear from the SEM images if there was any repetitive / consistent layering of
these two phases from sample to sample. It was not possible to conclude that (for example)
the Zr(Ti)Al3 was always deposited on top of the oxide layer.
In summary, the inclusions found in 7050 AE alloy plate were found to be composed of Zr
and Ti aluminide intermetallics, oxides of Al, Mg and Ca and salts of Mg and Ca.
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Figure 4.12 BSE image of an inclusion found in 7050 alloy plate. The light phase is composed
primarily of Zr and Ti intermetallics.
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Figure 4.13 BSE image of an inclusion found in 7050 alloy plate. An Al-Zr-Ti aluminide
intermetallic found at the surface of the inclusion.
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4.2 Near surface indications at the edges of thin gauge (<45mm) 7475 alloy plate

The ultrasonic C-scan for a plate containing indications along the edges of the plate is shown
in Figure 4.14. The comments made by the operator are recorded upon it and suggest that
the ultrasonic response was interpreted as caused by porosity, and that the defective area
was closer to the surfaces of the plate than the centre. The operators comment in each of
these scans all reveal that the signal response was elevated in these near surface areas. In
each case they suggest that the defect being observed was sub-surface porosity. Examples
of other defective 7475 plates are shown in Figures 4.15 – 4.17.
The ultrasonic indications were concentrated in the first and final quarter of the thickness (a
sketch for clarification is shown in Figure 4.18). The signal in these surface regions ranged
from 18 – 30% full screen height (FSH), compared to the centre of the plate that displayed a
signal that was low, < 10% FSH. Acceptable quality material from the centre of the plate also
displayed a signal with < 10% FSH. The increased signal response led the operators to issue
recommendations that the areas with elevated noise were cut off and scrapped, reducing
the yield of useful material that could be obtained from each plate.
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Figure 4.14 Plan view ultrasonic C-scan of a 7475 alloy plate (length 7046 mm, width 3192
mm, thickness 38 mm) exhibiting high edge noise defect (example one).
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Figure 4.15 Plan view ultrasonic C-scan of a 7475 alloy plate (length 12598 mm, width 2325
mm, thickness 32.7 mm) exhibiting high edge noise defect (example two).
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Figure 4.16 Plan view ultrasonic C-scan of a 7475 alloy plate (length 9558, width 2268,
thickness 42.4 mm) exhibiting high edge noise defect (example three).
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Figure 4.17 Plan view ultrasonic C-scan of a 7475 alloy plate (length 11432, width 2520,
thickness 44.9 mm) exhibiting high edge noise defect (example four).
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4.18 A sketch of the location of the ultrasonic response
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4.2.1 Assessment of the porosity in 7475 plate:

Pore size measurements were made on the plate samples using the DPI technique outlined
in section 3.2.3. The pores retain the dye (through capillary action) and highlight the pores
in these areas under the UV light. The size and number of pores can be measured against a
scale. The results were compared to the size and distribution pore evaluation as described in
the Alcoa work instruction and summarised here:


Maximum pore size (diameter):
o Small <0.381mm (<0.015 inches)
o Average 0.381mm to 0.635mm (0.015 – 0.025 inches)
o Large >0.635mm (>0.025 inches)



Typical pore size distribution:
o 0-20 pores per (25.4 mm)2 (inch2) is deemed acceptable quality.

The evaluated sections were observed to contain a maximum pore size of 0.127mm, with 3 4 pores per (25.4mm)2. The size and distribution of pores were well within acceptable levels.
The maximum pore size was found to be in the ‘small, less than 0.381mm’ band, and the
distribution was well within the typical 0 – 20mm2 range. Figure 4.19(a) shows the porosity
assessment of the plate rolled surface under ultraviolet light (the scale used to evaluate the
porosity is placed on top of the plate) and Figure 4.19(b) shows the short transverse
direction. Both were observed to contain negligible levels of porosity. To contrast this,
Figure 4.20 shows an example of extensive centre band porosity (found in a series of 2xxx
alloy plates). These particular plates contained porosity ranging from about 40 – 80 pores
per (25.4 mm)2, with a typical pore size of about 0.318 mm. It was concluded that porosity
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was not the cause of the near surface ultrasonic response in the 7475 alloy plate, and that
there was another cause for the indications observed in the ultrasonic scan.

Figure 4.19 The DPI examination that highlights the size and number of pores revealed that
porosity levels in the "high noise" 7475 plate were insignificant. a) Rolled surface and
b) short transverse direction.
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Figure 4.20 Examples of severe centre band porosity found in 2xxx alloy plates, highlighted
using the DPI technique.
4.2.2 Grain structure:

The grain size of the material is known to cause indications across areas in ultrasonic scans
[154]. A fine grain structure does not impede ultrasound, but a large grain structure does, as
large grains cause attenuation of the signal as the sound propagates through the material
[154]. If the grains are fine and the wavelength long then the wave will pass through the
material without any scatter. As the grain size becomes greater then scatter will become
significant, causing attenuation. This starts to manifest itself when grain size becomes
greater than a tenth to a hundredth of a wavelength in size.
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The grain size of the near surface areas that contained an elevated signal (approximately the
first and last 10 mm of the thickness of the sample) was compared to the centre of the plate
that had a ‘normal’ ultrasonic signal (as in the sketch shown in 4.18).
The grains were found to be of a typical morphology; elongated in the direction of rolling
and thinner in the short – transverse direction, (see Figures 3.6), however the grain size in
the rolling direction in the near surface regions was found to be significantly larger when
compared to the centre of the plate, by about an order of magnitude. The near surface grain
size in low ultrasonic response 7475 alloy plate was of approximate length of 150 – 250 µm
(from left to right in Figure 4.21) compared to about 1,500 – 2,000 µm (from left to right in
Figure 4.22) in the high ultrasonic response plate. (Note that the circular ‘bubbles’
observable in these images are water droplets that have seeped out of the Bakelite-metal
interface that have been compressed by the graticule, and are not part of the
microstructure). The ultrasonic wave passes through the width of the grains, (i.e. from top
to bottom in Figures 4.21 and 4.22). The grains in this direction are estimated to be
approximately 1 - 20 µm in the low ultrasonic response 7475 (see Figure 4.21), and
50 - 300 µm in the high ultrasonic response 7475. The wavelength of the ultrasound is
estimated to be approximately 1.26 mm at 5 MHz, which would explain why the signal is
attenuated in the coarse grain regions of the 7475 plate (see section 2.7.1).
BSE SEM analysis of the surface of the coarse grain sample confirmed that Fe based
intermetallics (Al7Cu2Fe) were present, and these were in the region of 2 - 50 µm in length,
shown in Figure 4.23.
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Figure 4.21 The near surface grain size of an anodised 7475 alloy plate from ‘defect free’
material. Grains were observed to be typically 150 - 250 µm in length.

Figure 4.22 The near surface grain size of an anodised 7475 alloy plate from the edge of
plate 1016502. Grains were observed to be typically 1000 - 2500 µm in length.
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Figure 4.23 BSE image of Al7Cu2Fe particles identified in 7475 alloy exhibiting coarse grain
microstructure.
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4.2.3 Aetiology of coarse grain structure in 7475 alloy plate:

Relationships between the chemistry and processing (in particular rolling profiles) were
obtained from Alcoa internal production databases, focusing on thin gauge 7475 plate
which had been rolled to <45 mm in thickness, in particular,
A) Chemical analysis; and the presence of Fe, Si and Cr within these plates (note Zr is
not added into this particular alloy).
B) Processing parameters; namely starting ingot size and the degree of rolling.
Figures 4.24 and 4.25 show comparisons of the chemistries of 7475 plates that exhibited
high noise at the edges of plates against those that did not. The graphs compare distribution
curves of combined Fe and Si contents (Figure 4.24) and Cr levels (Figure 4.25) for all of the
plates produced during this period (2009). Within this survey 5.7% of the plates were found
to have possessed this specific ‘high surface noise’ edge defect. The differences between
the data sets were checked for statistical significance using a Student’s t-test.
The majority of plates (94.3%) contained no edge defects. The mean combined Fe and Si
content for these plates was 0.081 wt%. 5.7% of these plates contained edge defects, and
although they contained a slightly higher combined Fe and Si content of 0.084 wt% (as
shown in Figure 4.24), the values were not found to be significantly different using a
Student’s t-test, where P was calculated to be 0.18.
Figure 4.25 shows the Cr content of the same plates. Plates that had no edge defects
contained a mean value of 0.196 wt% Cr while plates that did contain edge defects
contained a mean value of 0.193 wt% Cr. The data sets were shown to be significantly
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different using a t-test where p = 0.03, revealing a trend for plates with reported edge
defects to have lower Cr content.
Figure 4.26 shows a simple frequency chart of the amount of plates produced from the
three ingot thicknesses, 325, 440 and 525 mm. The plates that contained no defects are
represented in blue and the plates that contained edge defects are additionally added in red
on top of the same column. More thin gauge plate products were produced from 325 mm
ingots (48% of total) than both the 440 mm (27%) and 525 mm (25%) ingots, and no plates
that were produced from this smallest cross section exhibited this edge defect. 5.7% of the
plates were defective; 1.3% of the defective plates were produced from 440 mm ingot and
4.4% were produced from 525 mm ingots. There was a clear trend that increasing ingot
thickness increased the occurrence of the reported defect.
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Figure 4.24 the average combined Fe and Si contents in 7475 alloy plates rolled to <45 mm
thickness. There is a slight but not statistically different correlation between increasing
combined Fe and Si content and edge defects.
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Figure 4.25 The average Cr content in 7475 alloy plates rolled to <45 mm thickness. There is
a positive correlation between the presence of edge defects and plates that were lower in
Cr content.
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Figure 4.26 The percentage of edge defects increases directly with increasing ingot size. No
defective plates were sourced from 325 mm ingots. Defective plates originated from 440
mm ingots (1.3% of total production) and 525 mm ingots (4.4% of total production).

Each plate was produced first by direct chill casting of an ingot of a certain size which was
then rolled down into the desired gauge plate. Ingots that were larger required more rolling
passes, i.e., received more strain, to reduce the cross-section to the same gauge when
compared to thinner ingots. As an ingot is rolled it becomes steadily longer but also wider.
Larger ingots will also have increased levels of widening compared to thinner ingots when
they are rolled to the same gauge.
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Plates that were produced from 440 and 525 mm thick ingots were found to have a
significant variation in the amount of widening that occurred during rolling as shown in
Figure 4.27. Plates that contained edge defects were far more likely to of come from ingots
that received excessive widening during rolling.

Figure 4.27 The influence of ingot widening during hot rolling on the defect occurrence.
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In summary the ultrasonic “high noise” defects were found to be caused by a coarse grain
structure that was localised near the surface of the plate. The defect occurred more often
when larger ingots were rolled to thinner gauges and with a relatively large degree of
widening. The plates that contained this type of defect were found to contain statistically
lower amounts of Cr.
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4.3 Bubble trapping in liquid aluminium alloys.

The interactions between Cl and the melt were investigated by trapping gaseous bubbles
within molten metal. The change in gas composition was evaluated using the Pore Gas
Analyser and the metal – gas interface was examined using SEM and EDX. This was done in
an in an effort to increase the understanding of the effects of Cl on degassing of Al alloys.
During the experiment, bubbles typically followed the same path through the metal once
injected; directly up through the central portion of the crucible. Occasionally bubbles were
observed to divert from this path (left or right along the X-axis) suddenly, towards the
crucible wall, before exiting the melt. As the X-ray camera only looks from one plane
through the metal / crucible it was not possible to determine the bubble movement in the
radial–axis (towards or away from the camera) during the experiments.
When the metal began to solidify the bubbles would become temporarily stationary near
the melt surface due to presence of semi-solid metal. If the gas flow was interrupted at this
point then any bubbles would eventually exit the melt, slowly decreasing in size as the gas
leaked out through the melt surface. If the gas flow was allowed to continue, however,
approaching bubbles would collide, agglomerate and subsequently the combined gas
contents of both bubbles would be forced out of the surface of the melt.
It was only possible to capture bubbles by either a) temporarily stopping the gas flow rate
and restarting it at a later point in time (typically a few minutes) as this allowed the metal
surface to completely solidify to provide a physical barrier to the bubble escape or b)
reducing the gas flow rate to such a low level that a bubble was held temporarily within the
melt at the tip of the needle, which could then be released a few minutes later after surface
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solidification had occurred, by carefully increasing the pressure. These techniques allowed
the surface to completely solidify and form a barrier through which the bubbles could not
escape. By repeating this technique it was often possible to emit and capture a single
bubble and wait for the ingot to partially solidify, and then repeat the process. This allowed
multiple bubbles to be caught within a single ingot.

4.3.1 X-ray analysis:

Figure 4.28 shows two Ar gas bubbles caught in a 2L99 Al melt using the bubbling technique.
The bubbles are held within the centre of the solidified Al ingot. One bubble was relatively
large, with a diameter of approximately 20 mm and was oval in shape (labelled A). The
second (B) was roughly spherical and is slightly smaller, approximately 15 mm in diameter.
Both bubbles in this image are surrounded by “clouds” of gas that are not of a typical bubble
size or shape. It is thought that these are formed by Ar gas trapped within interdendritic
regions during solidification (C). The bubble labelled A was too large to fit in the analyser,
but the bubble labelled B was cut out successfully and processed.
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Figure 4.28 An example of Ar bubbles caught in an Al melt (A and B). Gas has forced itself
into interdendritic spaces forming “clouds” around the bubbles (C).

Bubbles were cut from the solidified ingots and machined into small 20 (diameter) x 20
(height) mm cylindrical blocks as shown in Figure 4.29. The cylinders in each case were
clearly porous, being pitted by numbers of pores, suggesting that the bubbles and pores
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were connected to the interdendritic shrinkage. Figure 4.30 shows the cross section of a
bubble caught in Al using this technique, it is clear that the pores are in contact with the
bubble. In Figure 4.31 (a) a gas bubble tapped underneath solid metal is shown, below the
bubble the metal was still liquid. In Figure 4.31 (b) after complete solidification a dense
network of interdendritic porosity has formed throughout the casting and surrounds the
bubble.

Figure 4.29 Images of a 2L99 sample from experiment #3 (left) and 5083 alloy from
experiment #4 (right) samples before analysis in the pore gas analyser. Porosity is visible
across the surface of both samples.

Figure 4.30 A trapped bubble surrounded by porosity (a cross section from the solid ingot).
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Figure 4.31 (a) An Ar gas bubble caught in 2L99 alloy just after capture (left), and (b) 12
hours later (right) after complete solidification has occurred. A network of porosity has
developed in the solidified metal and surrounds the primary bubble.

This capture and cutting procedure was successfully implemented for 4 different bubbles
generated using Ar gas; 3 trapped in 2L99 alloy, one in 5083 alloy (samples 1 – 4
respectively). Two bubbles were also caught using an Ar & Cl gas mixture (0.8% Cl in Ar), one
in 5083 alloy (sample #5) the other in 7010 alloy (sample #6). All of these samples were
individually examined using the Pore Gas Analyser. They were then sectioned and the
internal bubble surface examined in the SEM. The results are summarised below in Table 4.1.

194

Chapter Four

Sample

Results

Alloy

number

Gas

Pore gas analyzer

composition

summary

SEM / EDX summary

#1

2L99

Ar

H2, N2, H2O

Al oxide coating

#2

2L99

Ar

No gas detected

Metallic interface

#3

2L99

Ar

H2, N2, Ar, H2O

Al oxide coating

#4

5083

Ar

No gas detected

Metallic interface

#5

5083

Ar + Cl

No gas detected

Al and Mg oxides, traces of
CaO and CaCl2

#6

7010

Ar + Cl

No gas detected

Al and Mg oxides, MgCl2

Table 4.1 Summary of bubble capture experiments

4.3.2 Interior of bubble samples and gas compositional analysis using SEM and the PGA:

Only two of the six bubble samples contained any detectable gases (samples #1 and #3).
Both of the samples were 2L99 alloy obtained using Ar gas. The other four samples yielded
no results. The gas containing specimens were found to have heavily oxidised interiors when
examined in the SEM, those that didn’t contain gases generally had insignificant or no
oxidation.
The SEM analysis of the interior of the bubble of 2L99 alloy (samples #1 and #3), the two
bubbles that were found to contain gas using the Pore Gas Analyser, is shown in Figures
4.32 – 4.37. The interior of both of these bubbles was covered with spinel. This is deduced
because the Al peaks were not symmetrical, having a ‘shoulder’ around 1.4 keV, where Mg
is present (this is because the 2L99 alloy contains 0.2 – 0.45 wt.% Mg). At increased
magnification the spinel was found to be fragmented, as shown in Figures 4.33 - 4.34. The
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spinel is shown to be lighter in colour, and is disrupted by the darker Si rich eutectic
protrusions (see Figure 4.35). The presence of the eutectic pushing up through the spinel
layer suggested that O2 or water vapour within the gas bubble had reacted with the liquid
metal. As solidification has taken place, Si rich eutectic has grown in towards the centre of
the bubble, causing stress and fracture of the spinel layer. The result is a series of Si rich
protrusions into the interior of the bubble, surrounded by plate – like spinel fragments.
Images are secondary electron, (SE), showing the topography of the specimen, or backscattered electron, (BSE), showing the contrast between phases (composed of heavier or
lighter elements).
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Figure 4.32 Sample #1. SE image of 2L99 alloy with oxidised interior following the bubble
trap experiment with Ar, after gas removal using the Pore Gas Analyser.
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Figure 4.33 Sample #1. BSE image of 2L99 alloy with oxidised interior following the bubble
trap experiment with Ar, after gas removal using the Pore Gas Analyser.
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Figure 4.34 Sample #3. BSE image of 2L99 alloy with oxidised interior following the bubble
trap experiment with Ar, after gas removal using the Pore Gas Analyser. Plate-like spinel
covers the interior of the bubble.
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Figure 4.35 Sample #3. BSE image of 2L99 alloy with oxidised interior following the bubble
trap experiment with Ar, after gas removal using the Pore Gas Analyser. Si rich eutectic is
found to protrude into the gas bubble, through the spinel layer.
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Figure 4.36 Sample #3. SE image of 2L99 alloy with oxidised interior following the bubble
trap experiment with Ar, after gas removal using the Pore Gas Analyser.
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Figure 4.37 Sample #3. SE image of 2L99 alloy with oxidised interior following the bubble
trap experiment with Ar, after gas removal using the Pore Gas Analyser.
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The SEM analysis of the interior of the 5083 alloy (sample #4), produced using Ar, is shown
in Figures 4.38 - 4.40. The surface of the bubble was clearly dendritic in structure. Only a
trace (<1 wt.%) of oxygen was found during the analysis indicating that oxidation of the
surface was minimal when compared to sample #1 and #3 that contained gas. Clearly no
significant O2 or water vapour was present in the Ar gas. Analysis of the central portion of
the bubble was not possible in this instance due to the geometry of the sample (the depth
of the bubble blocked the electrons reaching the detector).
The analysis of the 5083 alloy processed with Ar + Cl (sample #5) is shown in Figures 4.41 –
4.43. Although no gases were detected when this sample was processed in the Pore Gas
Analyser, the interior surface of the bubble was found to be oxidised. Particulates were
found between dendrites, which were mostly Al2O3 and MgO with traces of Ca, Na and Cl.
This suggests that in this sample the Mg in the alloy reacted with O2 (or water vapour) to
form Mg oxide around the interior of the bubble, rather than Cl to form MgCl2. This is
because the reaction of Mg with O is more thermodynamically preferred to the reaction of
Mg with Cl [140]. The Cl apparently reacted with traces of Ca and Na within the melt to form
salts, formed at the interface of the bubble.
The analysis of the 7010 alloy processed with Ar + Cl (sample #6) is shown in Figures 4.44 4.47. The interior of the bubble was found to be covered with a relatively thin layer of oxide,
presumably MgO, due to the Mg content of the alloy being 2.1 – 2.6 wt.%. The sample
resembled sample #4, having a metallic appearance. Traces of Cl were detected by EDX
analysis but were present at <0.5 wt.%. There did not appear to be any particles on the
bubble surface, and no evidence of Ca, Na, potassium, Zr or Ti was found. The Cl was
therefore presumed indicative of MgCl2 as this is the most stable compound. Cl did not
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appear to be concentrated as part of the intermetallics compared to the rest of the Al
matrix, shown in Figures 4.46 and 4.47.
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Figure 4.38 Sample #4. SE image of 5083 alloy with metallic interior following the bubble
capture experiment with Ar. No gas detected using the Pore Gas Analyser.
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Figure 4.39 Sample #4. SE image of 5083 alloy with metallic interior following the bubble
capture experiment with Ar. No gas detected using the Pore Gas Analyser.
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Figure 4.40 Sample #4. SE image of 5083 alloy with metallic interior following the bubble
capture experiment with Ar. No gas detected using the Pore Gas Analyser.

207

Chapter Four

Results

Quantitative results

80

Weight%

60

40

20

0
O

Mg

Al

Figure 4.41 Sample #5. BSE image of 5083 alloy with oxidised interior following the bubble
capture experiment with Ar + Cl. No gas detected using the Pore Gas Analyser. The interior
is largely oxidised.
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Figure 4.42 Sample #5. BSE image of 5083 alloy with oxidised interior following the bubble
capture experiment with Ar + Cl. No gas detected using the Pore Gas Analyser. Oxidised
particles trapped within the dendrites were found to contain traces of Ca, Na and Cl.
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Figure 4.43 Sample #5. BSE image of 5083 alloy with oxidised interior following the bubble
capture experiment with Ar + Cl. Only minute traces of Cl were found during the survey,
along with Ca. No gas detected using the Pore Gas analyser.
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Figure 4.44 Sample #6. SE image of 7010 alloy with only minor oxidation of the interior
created using Ar + Cl mixture. The dendritic structure is visible.
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Figure 4.45 Sample #6. BSE image of 7010 alloy with only minor oxidation of the interior
created using Ar + Cl mixture. Traces of Cl are identified, presumably coating the bubble as a
thin layer of MgCl2.
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Figure 4.46 Sample #6. BSE image of 7010 alloy with only minor oxidation of the interior,
created using Ar + Cl mixture. Traces of Cl are identified, presumably coating the bubble as a
thin layer of MgCl2. Chlorides are not found to be concentrated along with intermetallics.
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Figure 4.47 Sample #6. BSE image of 7010 alloy with only minor oxidation of the interior,
created using Ar + Cl mixture. Traces of Cl are identified, presumably coating the bubble as a
thin layer of MgCl2. Chlorides are not found to be concentrated along with intermetallics.
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There was a delay after puncturing the sample before pressure levels were observed to
increase within the mass spectrometer detection system as the extracted gases take a few
seconds to enter the spectrometer. The pressure of each gas detected was observed to
increase quickly and peak at about 125 seconds (1.6x10-6 Pa) in experiment #1 before slowly
declining as these gases exited the mass spectrometer. The data obtained from the
experiments, where samples contained gases (Pore Gas Analyser samples #1 and #3, and
after applying the sensitivity factors discussed in section 3.3.1), are shown in Figures 4.48
and 4.49.
The sample from experiment #1 contained mostly H (82%) and N2 (14%). Trace levels of
water vapour were detected (4%), but no traces of Ar or O2 were detected during the
analysis.
The sample from experiment #3 also contained primarily H2 (80%) and N2 (12%). Amounts of
water vapour and Ar were also found within this sample; 3% and 5% respectively, and no O2
was deteced. Lower gas pressures were observed in the second sample and the gas
collection time was shorter, because the bubble contained less gas.
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Figure 4.48 2L99 sample #1: Gases observed in the analyser once the sample had been
punctured.
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Figure 4.49 2L99 sample #3: Gases observed in the analyser once the sample had been
punctured.
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4.4: Hydrogen removal from 7xxx aluminium alloys using a SNIF reactor with and without
chlorine gas additions.

The effects of Cl on the degassing of 7xxx Al alloys was investigated using a statistical
approach. In total 169 individual readings were taken during this survey. 82 readings were
from casts with Cl (half of which were pre-degasser and half were post-degasser), and 87
readings were from casts without Cl (half of which were pre-degasser and half were postdegasser). As discussed in section 3.3.1, two readings (one pre and one post) were used to
generate a single efficiency value.
All of the efficiency values that were obtained are presented together in a frequency table
and chart in Figure 4.50, and they are compared using a standard distribution plot in Figure
4.51. Beneath this graph the mean, standard deviation and t-test results are presented to
determine the significant differences between the two data sets. The degassing efficiency
values for each individual alloy, with and without Cl additions are then presented in the
same fashion. In casts made with Cl additions the Cl addition rate was 1.5% in rotor 1 and
0.8% in rotor 2 as per the Table 3.2. The results for the 7010 alloy can be seen in Figures
4.52 and 4.53, the results for the 7050 alloy in Figures 4.54 and 4.55 and finally the 7075
alloy in Figures 4.56 and 4.57. These three alloys are 7xxx alloys with minor differences in
the major alloying elements (Cu, Mg and Zn) and minor alloying elements (Zr, Cr, Fe, Si, Ti).
The compositions of the alloys examined in this survey (minimum maximum and averages)
are listed in Table 4.2, and this shows the differences between the three alloys investigated
in this review.
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The degassing efficiency of 7xxx series alloys, with
and without Cl
20
18
16

Frequency

14
Frequency
(without
chlorine)

12
10
8

Frequency
(with
chlorine)

6
4
2
0
50-54.9

55-59.9

60-64.9

65-69.9

70-74.9

75-79.9

Degassing efficiency (%)

Efficiency range (%)

50-54.9

55-59.9

60-64.9

65-69.9

70-74.9

75-79.9

Frequency (without Cl)

2

4

18

18

2

0

Frequency (with Cl)

3

12

16

1

0

4

Figure 4.50 The measured degassing efficiencies of all three alloys, with and without Cl
additions.
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The standard distribution of degassing efficiency for
7xxx alloys with and without Cl additions
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Figure 4.51 The standard distributions of the degassing efficiencies of all three alloys a)
without and b) with Cl additions. The average (mean) and standard distribution for each
data set are detailed, as is the t-test result that compares the two data sets.
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The results from all measurements shown in Figures 4.50 and 4.51 suggest that there was
no significant difference in degassing efficiency when 7xxx alloys are treated with either
pure Ar, or an Ar + Cl gas mixture. This is demonstrated by the predominantly overlapping
standard distribution curves in Figure 4.51, the very similar means (62.8 % without Cl and
61.3 % with Cl) and the t-test result of 0.26, which suggests there is only a 26% chance that
there is a difference in efficiency when casts are degassed with the two different gas
compositions.
The standard distribution curves shown in Figure 4.51 suggest a slight reduction in efficiency
when using Cl additions as this curve is moved slightly to the left due to the difference in
mean values, but that effect is very small within this overall data set. The average degassing
result was only 1.5 % lower in those casts degassed with Cl additions. Those casts treated
with the Ar + Cl gas mixture were slightly more variable, with an increased standard
distribution (6.7 % compared to 4.6 %), and an increased range of results (28.7 % compared
to 21.9 %).
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The degassing efficiency of 7010 alloy, with and
without Cl
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Figure 4.52 The measured degassing efficiencies of the 7010 alloy, with and without Cl
additions.
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The standard distribution of degassing efficiency of
7010 alloys processed with and without Cl
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Figure 4.53 The standard distributions of the degassing efficiencies of the 7010 alloy a)
without and b) with Cl additions. The average (mean) and standard distribution for each
data set are detailed, as is the t-test result that compares the two data sets.
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When the data obtained from the 7010 alloy casts are interpreted alone, the results were
observed to be quite different. The standard distribution curves in Figure 4.53 are clearly
separate and demonstrate a reduction in degassing efficiency in 7010 alloy when using Cl
additions. This was shown to be significant by the t-test, which produced a p value of 0.003,
below the 0.05 confidence threshold, so in this instance we should reject the null hypothesis
(that Cl has no effect on degassing efficiency) and conclude that Cl retards the degassing
process.
The data was approximately the same in terms of standard deviation (4.2 and 3.88 %) and
range of results (13.8 and 13.6 %) when comparing casts without Cl to casts with Cl
additions respectively, but the mean degassing efficiency was reduced by 5 % when using an
Ar + Cl mixture.
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The degassing efficiency of 7050 alloy, with and
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Figure 4.54 The measured degassing efficiencies of the 7050 alloy, with and without Cl
additions.
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The standard distribution of degassing efficiency
of 7050 alloys processed with and without Cl
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Figure 4.55 The standard distributions of the degassing efficiencies of the 7050 alloy a)
without and b) with Cl additions. The average (mean) and standard distribution for each
data set are detailed, as is the t-test result that compares the two data sets.
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The results from the analysis of the 7050 alloy (Figures 4.54 and 4.55) shows that there was
no statistically significant difference in degassing efficiency when using Ar or an Ar + Cl gas
mixture. This is demonstrated by the t-test P value of 0.11.
The average degassing efficiency value for those casts with Cl additions was observed to
decrease by 3% but the data was quite varied; with a standard deviation of 5.8 compared to
2.08 and a range of 21.7 % compared to 7.1 %. The deviation and range reduce the ability to
accurately resolve a difference between the two data sets.
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without Cl
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Figure 4.56 The measured degassing efficiencies of the 7075 alloy, with and without Cl
additions.
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Figure 4.57 The standard distributions of the degassing efficiencies of the 7075 alloy a)
without and b) with Cl additions. The average (mean) and standard distribution for each
data set are detailed, as is the t-test result that compares the two data sets.
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The results from the 7075 alloy series, in contrast to those from the 7010 and 7050 alloys,
showed an increase in degassing efficiency when an Ar + Cl mixture was compared to Ar
alone. This was demonstrated to be statistically significant by the t-test result of 0.02, lower
than the 0.05 confidence level. Therefore in this instance we reject the null hypothesis as Cl
appears to increase the degassing efficiency of this alloy. See Figures 4.56 and 4.57.
The average degassing efficiency was observed to be increased by 8% when Cl is present.
The standard deviation, (8.66 compared to 1.64), and range of data (20 .2 % compared to
6.6 %), for those casts with Cl were far more varied and had a greater range than those
without Cl.

4.4.1: Alloy compositions:

The 7010 alloy was observed to be affected by the addition of Cl; the average degassing
value was reduced by 5% when an Ar + Cl mixture was used. The 7010 alloy was observed to
possess an average composition between that of the 7050 and 7075 alloys when
considering the three major alloying elements Mg, Cu and Zn, see Table 4.2. Theoretically Cl
could react to form chlorides with any of these elements, but from this simple comparison it
seems unlikely that interactions between the Cl and these three major alloying elements
had an influence on degassing performance in this alloy.
The 7010 and 7050 alloys were observed to contain significantly more Zn than the 7075
alloy (6.26 and 6.48 vs. 5.8 wt% Zn respectively), more Zr than the 7075 alloy (0.11 and 0.11
vs 0.02 wt% Zr respectively) and less Cr (0.01 and 0.00 vs 0.20 wt% Cr respectively).
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The Ti content was not observed to vary significantly between the three alloys. The Fe and Si
contents were quite varied as the 7050 alloy had a very low Fe and Si content but this does
not appear to fit any trend.
7010

7075

7050

Cu

Min
1.69

Mean
1.78

Max
1.80

Min
1.61

Mean
1.63

Max
1.66

Min
2.02

Mean
2.06

Max
2.11

Fe

0.104

0.130

0.137

0.137

0.150

0.160

0.039

0.040

0.049

Mg

2.30

2.34

2.37

2.46

2.51

2.56

1.82

1.90

1.98

Si

0.040

0.050

0.056

0.061

0.070

0.072

0.023

0.020

0.027

Zn

6.15

6.26

6.36

5.72

5.80

5.89

6.46

6.48

6.52

Ti

0.034

0.04

0.039

0.036

0.040

0.041

0.022

0.020

0.027

Cr

0.007

0.010

0.011

0.194

0.200

0.206

0.001

0.000

0.006

Zr

0.104

0.110

0.112

0.017

0.020

0.022

0.108

0.110

0.113

Table 4.2 The minimum, average (mean) and maximum compositions for the three alloys
used in the SNIF ALSCAN survey.

In summary, the 7010 and 7075 alloys appeared to interact with Cl, reducing the efficiency
in 7010 alloy and increasing the efficiency in 7075 alloy. There was no obvious effect of Cl on
the degassing efficiency of the 7050 alloy. When the three alloy series are brought together
to represent the general 7xxx alloys there is no apparent effect of small amounts of Cl (1.5
and 0.8% Cl in Ar) on the degassing efficiency.
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4.5 The degassing efficiency of aluminium alloys, achieved with and without chlorine and
measured using ALSPEK H.

In this section small Al melts were degassed using a static lance and the progressive
reduction in H was recorded using the ALSPEK H. In each experiment the time was measured
as the melt H content fell by 0.01 ml/100g over the range 0.35 – 0.15 ml/100g.
An example of a degassing curve (experiment #1) where pure Al in the temperature range of
730 – 750oC was degassed using Ar is shown in Figure 4.58. The H content of this melt was
observed in each experiment to be reduced quickly at first, and then more slowly as the
degassing procedure continued and the H content of the melt decreased. A reduction in H
removal rate occurred for two reasons 1) H was being absorbed from the environment at a
faster rate, slowing the overall progress of the degassing procedure, 2) as the amount of H
within the melt decreases, so does the difference in H content between the melt and the
bubble(s) as there is less of a diffusion gradient between bubble and melt so the rate at
which H enters the bubble decreases.
The results of the degassing experiments are tabulated in Table 4.3. The results are
presented linearly (in the order they were performed) and separated into three groups by
alloy type; pure Al, 5083 alloy and 7010 alloy. The temperature range during degassing, the
gas composition used and the total time taken to degas the melt from 0.35 to 0.15 ml/100g
are listed for each experiment. As batches of experiments (e.g. all of the experiments using
pure Al) were done on a single day the relative humidity for that day (RH%) was also
recorded, determined using the average local met-office published figures. The times at
which the alloy was changed or metal of the same type was replaced, (to prevent chlorides
in the melt interfering with further experiments of the same alloy type) are noted, as are
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probe changes, and used to separate out each batch of experiments. No probe failures
occurred during the analyses but probes were noted to have failed after being removed
from the melt, left over night and re-inserted into the melt, most likely due to thermal shock.
No results for low temperature range pure Al degassing are given because the lower
temperature range (680 – 695oC) temperature was close to the solidification temperature of
the pure Al, approximately 660oC.
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Figure 4.58 The degassing curve of pure Al using a static lance (experiment one) measured
using ALSPEK H.
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Alloy

reference

Temperature Gas

Relative

range

humidity degas

composition

number

(RH%)

Time

to Mean
the degassing

melt

time

(minutes)

(minutes)

#1

Pure Al

730 - 750oC

Ar

79

73

#2

Pure Al

730 - 750oC

Ar

79

60

66.5

#3

Pure Al

730 - 750oC

Ar + Cl

79

71.5

71.5

*Pure Al – 5083 alloy change
#4

5083

730 - 750oC

Ar

89

49

#5

5083

730 - 750oC

Ar

89

33

#6

5083

730 - 750oC

Ar + Cl

89

45

#7

5083

730 - 750oC

Ar + Cl

89

35

40

41

*Fresh 5083 alloy melt prepared and probe changed.
#8

5083

680 - 695oC

Ar

74

46

46

#9

5083

680 - 695oC

Ar + Cl

74

40

40

* 5083 – 7010 alloy change
#10

7010

730 - 750oC

Ar

76

36

#11

7010

730 - 750oC

Ar

76

33.5

#12

7010

730 - 750oC

Ar + Cl

80

56.5

#13

7010

730 - 750oC

Ar + Cl

80

50
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7010

730 - 750oC

Ar + Cl

80

48

51.5

*Fresh melt prepared and probe changed.
#15

7010

680 - 695oC

Ar

68

42

#16

7010

680 - 695oC

Ar

68

35

#17

7010

680 - 695oC

Ar+ Cl

68

60

#18

7010

680 - 695oC

Ar+ Cl

68

51

38.5

55.5

Table 4.3 The experimental results of the ALSPEK H experiments.

4.5.1: Comparison of pure aluminium, 5083 alloy and 7010 alloy

The pure Al melt was shown to take a relatively long time to degas when compared to the
5083 and 7010 alloys. The mean time taken to degas the pure Al using Ar was 66 minutes
compared to 41 and 35 minutes for the 5083 alloy and the 7010 alloy using Ar, respectively.
The variation in degassing time between 5083 and 7010 alloy degassed with Ar in the 730 750oC range, was 6 minutes (an overall variation of approximately 15%). The variation is
likely due to the differences in relative humidity (RH%) at the time of these experiments.
The RH% was higher in the 5083 alloy compared to the 7010 alloy (89% RH and 76% RH
respectively) which is likely to of led to the increased rate of H absorption into the 5083
alloy, slightly decreasing the overall rate of H removal.
Pure aluminium, 730 - 750oC temperature range, Ar / Ar + Cl comparison

When the pure Al was degassed using Ar and Ar + Cl there was very little difference in
degassing efficiency. When degassed using Ar only, the melt H content decreased from 0.35
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– 0.15 ml/100g in 73 and 60 minutes (experiments #1 and #2). When the pure Al was
degassed using the Ar + Cl mixture the degassing time was 71.5 minutes (experiment #3). By
comparing experiment #1 and #3 directly there was only a 90 second difference in degassing
time and this suggests that the reaction between molten Al and Cl gas during the degassing
process (to form aluminium chloride, AlCl3) had no apparent influence on the removal rate
of H.
5083 alloy, 730 - 750oC temperature range, Ar / Ar + Cl comparison

The average time to degas the 5083 alloy in the 730 – 750oC range using Ar was 41 minutes
and when using Ar + Cl was 40 minutes. At this temperature any MgCl2 (which is proposed in
the literature to affect the degassing efficiency of aluminium alloys, see section 2.5.7)
formed should be a liquid and this should (theoretically) effect degassing rate, but there was
no apparent variation in degassing efficiency detected during these measurements.
5083 alloy, 680 - 695oC temperature range, Ar / Ar + Cl comparison

There appeared to be very little difference between the data obtained when the 5083 was
processed at using the two different temperature ranges, 680 - 695oC compared to 730 750oC.
7010 alloy, 730 - 750oC temperature range, Ar / Ar + Cl comparison

The degassing rate of the 7010 alloy was observed to be affected by the addition of Cl. The
average degassing rate for the Ar experiments was 34.75 minutes, compared to 51.5
minutes for the Ar + Cl mixture, a variation of 32.5%.
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7010 alloy, 680 - 695oC temperature range, Ar / A r+ Cl comparison

The Cl additions were observed to have an increased influence on the degassing rate of the
7010 alloy in the lower (680 - 695oC) temperature range. The experiments that degassed the
melt using Ar only achieved degassing on average in 38.5 minutes compared to the Ar + Cl
mixture which took on average 55.5 minutes, an increase of 30%.
In both temperature ranges the 7010 alloy was observed to have been affected significantly
by the presence of Cl, with degassing rates being reduced significantly when using Cl
additions.
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4.6 Degassing of aluminium and analysis of hydrogen absorption using LECO.

In this section the LECO H determination device is evaluated as a degassing tool and to add
confidence that the device is capable of accurately assess the H content of Al samples.
The two 5083 alloy samples that were degassed ten times using the LECO and left in
laboratory air conditions were re-analysed ten weeks later and both had picked up H by
reaction with water vapour in the air, as shown in Figure 4.59. This presumably occurred
because the 5083 alloy contains a relatively high Mg content (4.5 wt.%) and was therefore
covered with a Mg oxide layer. Mg oxide is porous and not protective and allows further
reaction between the metal and the environment. The two samples were shown to have
picked up almost as much H as the initial reading, suggesting that this was the limit to which
the alloy could absorb H. This limit is probably dictated by a combination of lattice defects
and internal pore structures, the combined volume of which would provide a maximum H
content for each sample.
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Figure 4.59 Two 5083 alloy LECO samples that were degassed 10 times and then left in a
laboratory environment for 10 weeks absorbed H from water vapour in the air.
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1

Sample 1
(ppm)
0.198

Sample 2
(ppm)
0.214

2

0.045

0.03

3

0.031

0.013

4

0.009

0.008

5

0.001

0.002

6

0

0.007

7

0.009

0.007

8

0.01

0.01

9

0.01

0

10

0

0.009

10 weeks later

0.175

0.204

Analysis cycle number

Table 4.3 The degassing of two 5083 pin samples using the LECO. The samples are analysed
10 times and then subsequently tested ten weeks later. Both samples were observed to of
re-absorbed H.

The results for the other 5083 alloy samples that were degassed using the LECO (degassed 3
times) and analysed over a number of days or weeks before being re-analysed are shown in
Figure 4.60. The average degassed value shows the mean value of H that remained in the
samples after they were degassed using the LECO. One sample was then analysed every 24
hours to measure the H absorption. The rate of absorption was shown to occur rapidly over
the first 24 hours (1 day), and then absorption proceeds relatively slowly over the following
7 days (48 hours = 2 days 72 hours = 3 days, 96 hours = 4 days and 168 hours = 7 days). The
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first sample, (left for 24 hours before being analysed), was observed to have absorbed 0.09
ppm of H. After four days had past the average H content was still only 0.09 ppm. It was
only after 336 hours (14 days) that the H content was observed to increase markedly, from
an average of 0.085 to 0.125 ppm.

Measureed hydrogen content (ppm)

0.140

0.120

0.100

0.080

0.060

0.040

0.020

0.000
Average
degassed
value

24

48

72

96

168

336

Number of hours passed after the initial degassing process

Figure 4.60 The absorption of H into 5083 alloy pin samples over time.

The results for the 5083 samples degassed and placed in different environments were
analysed and the results are shown in Figure 4.61. Each sample was processed in the LECO
three times, (referred to as degassing cycles #1, #2 and #3 in Figure 4.61), and a decrease in
H content was observed after each cycle. The fourth column shows the amount of H
extracted from a fourth analysis cycle, which was performed after the sample had rested in
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an environment for four days. The sample submerged in water and the sample in laboratory
air absorbed 0.164 and 0.145 ppm of H respectively. In both cases moisture was readily
available for reaction with the alloy and provided a source of H for the metal to absorb. The
sample that was placed in a sealed container, (i.e. having limited water vapour), was
observed to have absorbed only 0.024 ppm of H after four days. The limited amount of
water vapour in the container minimised the amount of H and led to less absorption. The
sample submerged in acetone also absorbed very little H, only 0.038 ppm, so apparently
there was very little reaction between the hydrocarbon and the Al surface. Clearly the
practice of washing samples in acetone to remove grease has no significant effect on the
measured H content.

0.35
Air tight container
(sealed) .+4 days

Hydrogen content (ppm)

0.3
0.25

Immersed in water .+4
days

0.2
0.15

Immersed in acetone
.+4 days

0.1
0.05

Laboratory
environment (open to
the air) .+4 days

0
Degassing #1

Degassing #2

Degassing #3

Absorption after 4
days exposure

Figure 4.61 The absorption of H into 5083 pin samples that were first degassed three times
and then exposed to four different environments for four days.
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4.7 Modification of LECO sample surface using air and nitrogen gas

In this section Al samples degassed using the LECO were exposed to either air or N2 gas,
heated to 700oC and held at temperature for 15 minutes. As the samples melted the freshly
exposed Al reacted with the O2 or N2. Samples were then exposed to H for one hour. The
samples were then cooled and immediately transported to the LECO, (transported in sealed
glass jars), and the absorption of H was measured. The purpose was to simulate the H
absorption into double oxide film defects as they are expected to react with the surrounding
melt.
The LECO samples that were heated in the furnace experiments were confirmed to have
melted during the procedure, (the samples were observed to have elongated and partially
flattened when compared to unprocessed samples). The pure Al 2L99 alloy and 5083 alloy
specimens that were heated in air remained predominantly silvery / grey in appearance but
the pure Al and 2L99 samples that were heated in a N2 atmosphere were observed to have
become blackened at the surface, shown in Figure 4.62.
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Figure 4.62 Pure Al samples heated in a N2 atmosphere.

4.7.1 Sample H absorption after exposure to pure hydrogen gas, measured using LECO.

Table 4.6.2 shows the atmosphere in which each sample was heated, the degassing results,
(each sample was degassed three times), and those values combined to give a total
absorption of H. The results were also averaged for comparison, which is also shown in
Figure 4.63. The results for the pure Al samples that were heated in air and N2 were
compared against each other using a t-test in order to observe any differences between the
two data sets, and these results are given in Table 4.5.
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Alloy / Heating
atmosphere

LECO #1
(H, ppm)

LECO #2
(H, ppm)

LECO #3
(H, ppm)

Total H
extracted
(ppm)

Average
(mean, H
ppm)

Pure Al /Air
0.035
0.005
0.006
0.046
Pure Al /Air
0.023
0.003
0.002
0.028
0.041
Pure Al /Air
0.03
0.004
0.001
0.035
Pure Al /Air
0.045
0.005
0.004
0.054
Pure Al / N2
0.043
0.01
0.007
0.06
Pure Al / N2
0.064
0.012
0.006
0.082
0.081
Pure Al / N2
0.068
0.01
0.002
0.08
Pure Al / N2
0.085
0.014
0.003
0.102
2L99 / Air
0.024
0.015
0.003
0.042
0.045
2L99 / Air
0.034
0.013
0.001
0.048
2L99 / N2
0.022
0.019
0.006
0.047
0.056
2L99 / N2
0.043
0.02
0.002
0.065
5083 / Air
0.235
0.067
0.004
0.306
0.279
5083 / Air
0.206
0.039
0.006
0.251
Table 4.4 The H content of pure Al, 2L99 alloy and 5083 alloy LECO samples heated in air and
N2 atmospheres.

Average Hydrogen content (ppm)

0.3
0.25
0.2
0.15
0.1
0.05
0
Average
degassed
value

Pure Al / Air

Pure Al /
Nitrogen

2L99 alloy / 2L99 alloy / 5083 alloy /
Air
Nitrogen
Air

Figure 4.63 The average H content measured using the LECO. The average degassed value is
0.002 ppm H.
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Samples absorbed H in the range of 0.028 – 0.307 ppm, demonstrating that H was able to
pass into the samples either by diffusing through or circumventing the surface film(s), that is
the MgO, Al2O3, spinel and AlN layers to be found on the sample surface, at least to some
extent.
The 5083 alloy samples heated in air absorbed, on average, 0.279 ppm of H. This occurred
presumably because Mg oxide had formed on the surface and was not protective, allowing
H to be absorbed. The H absorption into the pure Al samples that were heated in N2 appears
to be greater compared to those that were heated under air, although both sets had
absorbed relatively small amounts compared to the 5083 alloy samples. The mean H
content of pure Al samples heated in air was 0.041 ppm compared to those heated in N2,
which was 0.081 ppm. The 2L99 samples heated in both air and N2 were found to be similar,
0.045 and 0.056 ppm respectively. These values are also relatively low when compared to
the 5083 alloy samples.
Comparing the measured H absorption of the pure Al samples heated in air and N2 using a ttest showed that the pure Al samples heated under N2 absorbed significantly more H (on
average 0.081 ppm vs 0.041 ppm) than those that were heated in air, (shown in Table 4.6).
The t-test result value was 0.009, so in this instance we reject the null hypothesis and
conclude that samples heated in N2 absorb more H than those heated in air. The 2L99
samples that were heated in air absorbed an average of 0.045 ppm H and those heated in N2
absorbed an average of 0.056 ppm H. When compared using a t-test these values were not
found to be significantly different (p = 0.42), so there was no apparent increase in H
absorption when these samples were heated under N2, (shown in Table 4.7).
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Pure Al / Air

Pure Al / N2

0.046

0.06

0.028

0.082

0.035

0.08

0.054

0.102

t-test (p)

0.009

Table 4.5 The total H extracted from pure Al samples heated in air and N2. The t-test result
comparing these two sets is found below.

2L99 alloy / Air

2L99 alloy / N2

0.042

0.047

0.048

0.065

t-test (p)

0.42

Table 4.6 The total H extracted from 2L99 alloy samples heated in air and N2.

4.7.3 SEM investigation of the surface of specimens

The Mg oxidised at the surface of the 5083 samples forming MgO, which cracked as it
formed (the Pilling-Bedworth ratio of MgO is 0.73, see section 2.2.3). A value less than 1
indicates that the oxide cracks and as the oxide was cracked, when the sample was exposed
to H there were few barriers to prevent H from being absorbed into the samples.
The surface of the pure Al specimens before heating was shown to have almost no surface
oxidation. This indicated that the Al2O3 on the surface was so thin that the interaction
volume, the penetration depth of the electron beam was not sensitive enough to evaluate
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the oxide film entirely. The machined surface of an Al specimen is shown in Figures 4.64 –
4.66.
When the pure Al samples were heated in air the oxide film was found to have grown,
having grown by reaction with the O2 in the air when the Al was molten. The Al2O3 film was
found to be covered with cracks, also covered with Al2O3, as shown in Figures 4.66 – 4.68.
Figure 4.69 shows presumably a large crack that was covered with Al2O3. The oxide grew
when the crack formed in the original Al2O3 layer during heating.
No evidence of AlN formation was found during the examination. The original aluminium
oxide film present on the surface of the commercial purity Al is continuous (PBR = 1.12) but
would have cracked during heating, due to thermal expansion, as the surface area of the
cylinder increased by approximately 20% from room temperature to 700 oC. As the oxide
film cracked the Al beneath was exposed to the air. Instantaneous oxidation of the Al
occurred and this effectively healed the cracks as soon as they formed. When they were
exposed to H, the gas diffused through the oxide film and into the sample.
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Figure 4.64 SE image of the machined surface of the pure Al samples. No significant traces of
oxygen are found.
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Figure 4.65 SE image of the machined surface of the pure Al samples. No significant traces of
oxygen are found.
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Figure 4.66 SE image of the surface of the pure Al sample heated in air. Surface defects are
found to be slightly oxidised.
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Figure 4.67 SE image of the surface of the pure Al sample heated in air. Small cracks in the
oxide film are found to be covered with Al2O3.
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Figure 4.68 SE image of the surface of the pure Al sample heated in air. Small cracks in the
oxide film are found to be covered with Al2O3, as is the surrounding area.
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Figure 4.69 SE image of the surface of the pure Al sample heated in air. Larger cracks in the
original oxide film are found to be covered with small 'islands' or nodules of Al2O3.
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The surface of the commercial purity samples heated in N2 was also found to contain large
and fine cracks in the original oxide film, and these cracks varied in size and length just like
those in the samples heated in air. Examples of the larger cracks in the oxide film are shown
in Figures 4.70 and 4.71.
These cracks were found to be covered with AlN. Evidently when the commercial purity Al
samples were heated in N2, cracks in the oxide film formed and the Al reacted with the N2
gas to form AlN. An overview of the typical compositions of the cracks and of the area
surrounding them is shown in Figures 4.72 – 4.73. The composition of the oxide and nitride
change across the five different areas are described below:
a) Spectrum 1 (Figure 4.72) shows the original Al2O3 layer, with a very thin layer of
nitride formed on, in or around it.
b) Spectrum 2 (Figure 4.72) shows a large crack (approximately 10 µm width), is
observed to be covered with a film composed of a mixture of both Al2O3 and AlN in
roughly equal quantities. These large cracks were distributed across the entire
surface of the specimen
c) Spectrum 3 (Figure 4.72) shows a fine crack in the Al2O3 film (approximately 5 µm
width). The AlN appears to be found in its highest concentration along this type of
crack when considering the quantitative weight % analysis of spot 3 in Figure 4.74.
d) Spectrum 4 (Figure 4.73) shows a mixed Al2O3 and AlN layer similar to that found in
spectra 1.
e) Spectrum 5 (Figure 4.73) shows the typical composition of the bulk of the sample
surface. The surface was found to be largely composed of Al2O3, although small
traces of AlN were found, suggesting that the nitrides were not only forming within
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the cracks and the immediate area surrounding them, but were in fact forming
across the entire surface of the specimens. The area surrounding the cracks (as
shown in spectra 1 and 4 in Figures 4.72 and 4.73 respectively) was found to be
composed primarily of Al2O3, however evidence of AlN formation was also found,
suggesting discrete AlN crystals had formed within the Al2O3 layer, as shown in
Figures 4.75 - 4.78. These small, discrete AlN crystals presumably formed when very
small cracks or pin holes opened up in the oxide film during heating, creating small
localised cracks. Although the bulk of the nitrides were concentrated along the large
cracks in the Al2O3 film, nitrides were actually dispersed all over the specimen
surface in the form of these smaller pin holes. On the larger cracks, nitrides
appeared to have nucleated from the edge of the crack in the Al2O3 layer, and grown
inward across the surface, shown in Figures 4.74 and 4.79.
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Figure 4.70 SE image of the pure Al sample heated in N2. Cracks that were observed in the
original Al2O3 film are highlighted by arrows.

Figure 4.71 SE image of the pure Al sample heated in N2. Large and small cracks were
observed at the sample surface.
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Figure 4.72 SE image of the pure Al sample heated in N2. The composition of spectrum scans
1, 2 and 3. Nitrides are found concentrated on cracks in the Al2O3 film.
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Figure 4.73 SE image of the pure Al sample heated in N2. The composition of spectrum scans
4 and 5. Nitrides are found concentrated on cracks in the Al2O3 film, AlN was also found
across the surrounding area.
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Figure 4.74 SE image of the pure Al sample heated in N2. Nucleation of AlN crystals appears
to have occurred at the edges of a crack that has formed in the original Al2O3 film.
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Figure 4.75 SE image of the pure Al sample heated in N2. An overview of an area
surrounding a crack in the original Al2O3 film. In this region extensive growth of AlN crystals
has occurred within the Al2O3.
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Figure 4.76 SE image of the pure Al sample heated in N2. The area surrounding the cracks is
also found to be a mixture of Al2O3 and AlN (in this instance associated with Fe and Si
intermetallic).
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Figure 4.77 SE image of the pure Al sample heated in N2. The area surrounding the cracks is
also found to be a mixture of Al2O3 and AlN.
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Figure 4.78 SE image of the pure Al sample heated in N2. The area surrounding the cracks is
also found to be a mixture of Al2O3 and AlN. The oxide rich area is broken up by the
presence of small AlN crystals.
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The large cracks (as shown in spectra 2, Figures 4.72 and 4.73) were found to be covered
with a fine feather-like dispersion of crystals, as shown in Figures 4.74 and 4.79. The
surrounding area was also found to be a mixture of Al2O3 and AlN. A seam was visible along
the centre of the nitride crystals, shown in Figure 4.79 where the AlN crystals have impinged
on one another. Evidently, AlN crystals nucleated and grew from both edges of the original
Al2O3 film, until they met, impinged, and completely covered the crack.
The fine cracks (as shown in spectra 3, Figures 4.72 and 4.73) were covered with coarser,
claw-like AlN crystals, as shown in Figure 4.80. These crystals interlocked in a zip-like fashion
and were also surrounded by a mixture of Al2O3 and AlN.
The permeability of H into the pure Al samples heated in N2 was greater compared to the
pure Al samples heated in air (0.081 vs. 0.041 ppm H respectively) presumably because the
diffusion of H through the nitride crystals was greater (compared to the oxide) and thus
these samples absorbed significantly more H. The claw-like coarse AlN crystals shown in
Figure 4.80 are interlocked in a zip-like fashion, and it is proposed that the crystal structure
has greater permeability of H because of this zip-like morphology. In the mechanism
proposed by Nyahumwa et al.[8], once the melt has reacted with the O2 and the N2 within
the bifilm there remains a small reservoir of Ar into which H can diffuse. The experiments
here demonstrate that H can diffuse through both Al2O3 and AlN layers, and that the
thickness, structure and perfection of these films likely influence the rate at which H can
diffuse into the envelope over time.
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Figure 4.79 SE image of the pure Al sample heated in N2. The larger cracks in the original
Al2O3 were covered with a fine dispersion of feather-like AlN crystals, nucleated from the
oxide at the edges of the crack.
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Figure 4.80 SE image of the pure Al sample heated in N2. The fine cracks in the original Al2O3
were covered with coarse, claw-like AlN crystals that were interlocked in a zip-like fashion.
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The surface of the 2L99 alloy samples heated in air were observed to be covered with a
dispersion of spherical nodular protrusions. EDX analysis showed that some of these
nodules appeared to be Si rich, (as shown in Figure 4.81), and others appeared to be low in
Si (as shown in Figure 4.82). These protrusions are thought to be spinel and are shown
Figure 4.83.
The surface of the 2L99 alloy samples heated in N2 were also found to be covered with
nodular protrusions, but instead of appearing spherical they were more crystalline, being
roughly rectangular in shape but with rounded edges, as shown in Figure 4.84. These
structures also varied in Si composition, but once again no evidence of nitride formation was
found during the examination of the surface. The absence of nitrides seems to suggest that
the surface Al2O3 layer that was formed was protective in both air and N2 conditioned
samples, and this is likely why not much additional H or nitrogen was absorbed into the
2L99 sample heated under N2 atmosphere, compared to those heated in air.
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Figure 4.81 Nodular protrusions found on the surface of the 2L99 sample heated in air (SE
image). These protrusions are thought to be a mixture Al2O3 and MgO.
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Figure 4.82 Nodular protrusions found on the surface of the 2L99 sample heated in air (SE
image). These protrusions are thought to be a mixture of Al2O3 and MgO.
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Figure 4.83 Nodular protrusions found on the surface of the 2L99 sample heated in air (SE
image). These protrusions are thought to be a mixture of Al2O3 and MgO.
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Figure 4.84 Crystalline protrusions were found on the surface of the 2L99 sample heated in
N2 (SE image). These protrusions also varied in Si content, likely due to eutectic beneath the
surface, but are thought to be a mixture of Al2O3 and MgO.
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Chapter 5 Discussion

5.1: Point defect indications in 7050 alloy plate

The point defects identified in 7050 ‘AE’ alloy plate were found to be composed of two
phases, as shown in Figures 4.3 – 4.13. One was a mixture of Al, Mg and Ca oxides,
combined with MgCl2 and CaCl2. The second phase was a mixture of Zr aluminide and Ti
aluminide Intermetallics, Zr(Ti)Al3.
The oxides of Al, Mg and Ca may enter the melt at any point while the metal is molten and
exposed to air or water vapour. Oxides can easily up build on furnace walls, and can form a
significant part of the dross layer in the degassing unit [162] through submergence of
alloying additions, surface metal turbulence, or in any situation where the melt surface is
disturbed. There are so many potential sources of oxides that it was impossible to isolate
the exact point of origin. Salts, however, are likely formed within the holding furnace or
degassing unit as these are the locations where Cl is deliberately added into the melt to
remove alkaline metals such as Li, K, Na and Ca, and the salts found in these inclusions are
most likely the by-products of such reactions.
It was difficult to establish the exact composition of the salt part of the inclusion as all of the
metallic elements will react with Cl to form salts (and the interaction volume of the SEM
beam penetrated into the sample, and probably interacted with the alloy as well as the
inclusion). All of the SEM images included in this section were made using beam energies of
20 keV and using the equation from Potts the interaction volume was calculated to be 2.1 –
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3.4 µm, given that the densities for Al2O3, ZrAl3 and TiAl3 are 3.95, 3.4 and 4.1 g/cm3
respectively [163] [164].

Eq.18

where Eo = accelerating voltage (keV) and = density (g/cm3).
The average Ca content of the 7050 alloy after treatment in the holding furnace and
degassing unit (during Q4 2008 and Q1 2009) was found to be just 1 ppm in both AE and AT
alloys. Interestingly the three AE casts 8V051, 8T944 and 8V220, (from which the plates
were produced, shown in Figures 4.1 – 4.3), contained higher than average Ca after the
degassing unit, with an average Ca of 3 ppm. Cast 8V051 had the highest Ca content, (postSNIF), of all casts during this period, containing 6 ppm Ca. These casts also had higher than
average incoming Ca contents, (i.e. pre-SNIF), with an average of 9 ppm Ca compared to an
average of just 5 ppm in the other AE and AT alloys cast during this period.
The removal of Ca occurs by reactions with Cl or other reactive products (e.g. AlCl3, MgCl2,
as described in section 2.5) and if there is more Ca coming into the SNIF then there will be
more CaCl2 present within the degassing unit and this salt could then form part of the
inclusions found in this work. There is also the additional consequence that any MgCl2
formed within the melt that would normally be free to react with inclusions is in
competition with Ca. Presumably CaCl2 forms preferentially so there would be a reduced
amount of MgCl2 available to react with and remove inclusions.
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Zr and Ti are minor alloying additions to the 7050 alloy, added in relatively small amounts
(typically <0.15 wt.% Zr and <0.04 wt.% Ti) and because Zr and Ti were found to be
concentrated within the inclusions their presence prompted further investigation.
Ti is added into the melt in quantities of <0.030 wt.% in the melting furnace, and in even
smaller quantities (approximately 100 and 20 ppm respectively of Ti and B, added as a grain
refiner (in master alloy form to increase the speed of dissolution into the melt). If there was
an issue with the grain refiner, (for instance poorly dispersed, dissolved or agglomerated
grain refiner particles), one would expect both Ti and boron to be present within the
inclusions. Boron would not be detected by EDX so it was not possible to establish if this was
the case.
Zr is added into the melting furnace in either pure form, (as a powder compact), or as a 6
wt.% Zr-Al master alloy depending on the desired charge composition and melting practices,
(pure metal compacts would not be added to the holding furnace due to the lower
temperatures and thus poor dissolution rate). Zr is added to control recrystallisation in the
plate product [153], and is known to precipitate from the melt if metal temperatures fall
below a critical temperature during liquid metal processing [165]. The Al - Zr - Ti phase
diagram was not considered to be useful when studying the light phase of the inclusions as
the 7050 alloy contains Cu, Zn and Mg which would influence the solubility of these phases,
[166] and lead to false conclusions.
The lattice parameter of ZrAl3 and TiAl3 intermetallic mixtures have been measured to be
almost equal to that of pure Al. The lattice parameter of Al3(Ti0.6Zr0.4) has been shown to be
approximately 0.4008 nm [167] and pure Al is 0.405 nm [168], a difference of about 1%,
which leads to the conclusion that these particular intermetallics may be nucleated on α-Al.
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Chu [169] [166] noted that Zr and Ti were precipitating out of solution in 7050 and 7055 Al
alloys below a critical temperature that depended on the Zr, Ti, Zn, Mg and Cu contents of
the alloy, (these exact details were not made available in the document). He found that
when the combined Zr + Ti content of the melt exceeded a critical level (at a fixed
temperature and known Zn, Mg, Cu composition) both ZrAl3 and TiAl3 were precipitated
from the melt simultaneously [166].
Chu developed an alloy ‘protection’ calculator based on the 7050 alloy composition using
Thermocalc® software.. With a fixed Zr content, the effects of decreasing temperature or
increasing Ti content of the alloy were shown to increase the likelihood of precipitation of
the Zr(Ti)Al3 phase.
The two 7050 alloy variants AE and AT have identical casting parameters (target casting
temperature, water flow rates, etc.) and the SNIF temperature for both alloys was 690 700oC. The Ti contents were identical (the specification for both alloys was <0.04 wt% Ti)
but they were noted to have different Zr specifications. The more "problematic" alloy , AE,
(in that there were significantly more ultrasonic defects noted in this alloy), had a Zr range
of 0.11 – 0.15 wt% Zr, which was higher than the ‘AT’ variant that had a range of only 0.11 0.14 wt% Zr. The typical chemistry of the AE alloy cast during Q1 2009 was established to be
0.036 wt.% Ti and 0.119 wt.% Zr, compared to 0.035 wt.% Ti and 0.110 wt% Zr in the AT
alloy, so on average the AE alloy Zr content was approximately 0.01 wt.% higher during this
period.
3.9% of AE alloy plate produced during 2008 went on to fail ultrasonic evaluation at the
tanks, (specifically ultrasonic inclusions/defects). The chemistry of those plates combined
with the chemistry of the three plates that failed in Q1 2009 (shown in Table 5.1) was
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compared to the rest of the ‘good’ AE casts. The results are compared using standard
distribution curves in Figure 5.1.
The combined Zr + Ti content of normal plates ranged from 0.147 – 0.164%, with a mean of
0.156%. In contrast combined Zr + Ti content of the defective plate ranged from 0.154 –
0.166% with a mean of 0.160% showing that the defective material was higher in Zr + Ti
content by about 0.04 wt.%. The t-test result comparing this data was calculated to be (P) =
0.001, so there was strong statistical evidence that higher combined Zr + Ti content
correlated with the presence of inclusions.

Cast number / alloy

Combined Zr + Ti content

8T944 (AE)

0.159

8V051 (AE)

0.161

8V220 (AE)

0.166

Year

Average Zr + Ti content (AE alloy)

Max Zr + Ti content (AE alloy)

2008

0.156

0.166

Q2 – Q4 2009

0.148

0.165

2010 - 2014

0.142

0.159

Table 5.1 A summary of the Zr + Ti contents of the three plates examined in this study and
the average and maximum combined Zr + Ti contents of 2008, 2009 and 2010 - 2014.
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Figure 5.1 A comparison of combined Zr + Ti content cast chemistry data (normal production
- casts without defects Vs. plates containing ultrasonic indications).

5.1.1 Modification of the alloy chemistry and processing:

Using the calculator [166], the precipitation temperature for these Intermetallics with a
fixed Zr content of 0.11 wt.% Zr and 0.035 wt% Ti was calculated to be 687 oC.
The maximum Zr content of both AE and AT alloys was therefore reduced to a tighter range
of 0.11 - 0.13 wt.% Zr, to control the upper Zr limit in an effort to reduce any peaks in the Zr
content that could occur in future production. Lowering the specification for either Zr + Ti
could lead to issues with grain morphology in the plate product. To combat the precipitation
problem the SNIF temperature, originally set to a control limit of 690 – 700oC, was increased
to 705 - 715oC in order to increase the solubility of the Zr and Ti and thus reduce the
likelihood of precipitation of these inclusions within the degassing unit.
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5.1.2 Effects of chemistry and process modifications:

The increase in minimum SNIF temperature made an immediate and positive effect,
reducing the occurrence of these inclusions and the scrap rates for both of the 7050 alloys,
particularly AE. The combined Zr + Ti content was managed so that the overall combined
value was reduced over time, through the period 2010 – 2014.
In Q2 2009 only 0.18% of the AE alloy plate produced was scrapped for ultrasonic
indications, (compared to 3.6% in Q1 2009), and there was zero AT alloy plate scrapped
during this period (compared to 0.7% in Q1 2009) [2]. The scrap generated (for this type of
"point defect" ultrasonic indication) during Q2 2009 is shown, (by contributing alloy), in
Figure 5.2. The contributions of the AE and AT 7050 alloys to the total are noted to have
decreased significantly, contributing just 6% (AE) and 0% (AT) compared to 45% (AE) and 19%
(AT) during Q1 2009 (see Figure 1.4).
Evidently there were casts where the combined Zr and Ti content was sufficiently high and
the metal temperature of the AE alloy was sufficiently low that precipitation of ZrAl3 and
TiAl3 intermetallics occurred, and were a major contributor to the development and
formation of these particular point defect ultrasonic indications. Based on the tonnage
scrapped in 2008 and the apparent improvements in rejections this aspect of the project is
estimated to have saved £50,000 per annum.
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Percent of overall rejections for ultrasonic
indications

Rejections by Alloy Q2 2009
70
60
50
40
30
20
10
0
AA (7010)

AB (7010)

AC (7010)

AE (7050)

AT (7050)

LE (7075)

Figure 5.2 Rejection rates for common alloys produced at Alcoa during 2009 [1].

5.1.3: Bubbles and precipitation of Zr(Ti)Al3 within a degassing unit.
Gas bubbles are deliberately introduced into the molten metal within rotary degassing units
in order to remove inclusions and H. The literature reviewed in section 2.5 shows that for
both inclusion and H removal we should use the smallest bubble size possible, as this
increases the surface area of the bubble for reactions to take place, and reduces the
buoyancy of the bubble, prolonging the residence time within the melt [25].
Micro-bubbles of 10-30 µm diameter [170] are known to interfere with the operation of the
LiMCA inclusion monitoring device if it is placed after a degassing unit [171], reducing the
accuracy of LiMCA readings, or even making analysis impossible [172]. This suggests that
bubbles do not float immediately out of the melt, but survive within the metal stream for a
considerable distance after the degassing unit. Sigworth [25] noted that bubbles were
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observed to break the surface of the melt after 10 m of travel in the launder after an A622
degassing unit. The launder exiting the SNIF unit from DC units 1, 2 and 3 are each less than
3 meters in length, so it is theoretically possible, if not extremely likely, that some bubbles
survive into the ingot head. These could be incorporated into the casting or trapped by the
distribution bag and allowed to agglomerate before release into the casting. Due to the
dispersion of the inclusions on the C-scan pictures, (see Figures 4.1 – 4.3), being similar in
shape to the ingot sump, the likelihood is that that these inclusions build up in number
within the distribution bag, (the location of which is shown in Figure 2.1), and are released
in a flush when disturbed during casting.
These bubbles could interact with other features within the melt, such as suspended oxide
films or precipitated intermetallics. If a chlorinated bubble was trapped underneath an
oxide film that was floating or circulating within the degassing unit, then salts could form or
be deposited on the surface of the film by interaction of Cl with metallic elements within the
melt, such as Mg and Ca. These salts would then be deposited and retained on the surface
of the oxide. Precipitated intermetallics, (such as Zr(Ti)Al3), floating within the melt could
also collide and stick to the bubble by metal turbulence, agglomerating and increasing the
size of the inclusion [173].
The densities of both TiAl3 and ZrAl3 are 3.4 and 4.1 g/cm3 respectively [164], which are both
high compared to that of the liquid Al (approximately 2.345 g/cm3) [5]. Once these
intermetallics begin to deposit on the surface of the inclusion it becomes more and more
likely that the inclusion will remain suspended or sink down into the metal, either within the
launder or a degassing unit (this speculation was also made by Campbell [174]).
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One of the flaws of this discussion is that the typical size of these inclusions entering the
ingot head is not known, because the ultrasonic tanks at Alcoa are not suitable for
examining ingots. During hot rolling the inclusions are flattened and elongated to a degree
dependant on the characteristics of the inclusion and the surrounding matrix [91] and the
rolling profile employed e.g. the temperature, force applied and number of passes during
the rolling process [69]. Assessment of the defect in the liquid metal might establish the
exact aetiology of these defects and lead to effective countermeasures (such as filtration
systems, improved SNIF design and better cleaning procedures) all to eliminate these
inclusions from the melt. Alcoa does not utilise ceramic foam filters (CFF) as a standard
metal cleanliness tool and theoretically these could be quite effective at removing
precipitates and solid salts from the liquid metal.
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5.2 Near surface indications at the edges of thin gauge (<45mm) 7475 alloy plate.

The ultrasonic indications at the edges of 7475 alloy thin gauge plate were found to be
caused by a coarse grain structure and not porosity, which was originally suggested by the
operators of the ultrasonic equipment. Previous Alcoa studies that suggested rolled porosity
to be a cause of ultrasonic edge defects in rolled plate [69] [68] were therefore not relevant.
The coarse grain structure caused attenuation of the ultrasound and gave a response similar
to that of porosity, but it was not until the defect was evaluated during this project that the
exact cause became known.
Porosity is known to reduce the mechanical properties of cast products [175]. The
mechanical properties of rolled plates would be expected to be reduced in the coarse grain
regions due to the relationship between grain size and strength. A decreasing grain size
increases strength because the grain boundary area increases and grain boundaries are
regions of disorder that act as pinning points, impeding the movement of dislocations from
one grain to another.
5.4% of the total plates produced during 2008 contained this type of defect. Those plates
were shown, (by statistical analysis of plant data), to have originated primarily from the
larger ingots that Alcoa produced; those with 440 and 525 mm cross sections.
48% of all the plates were produced from 325 mm ingots, but none of the defective plates
came from this ingot size. 27% of the total production originated from 440 mm cross-section
ingots, and 4.8% of those contained this particular defect (1.3% of the total), and finally 25%
of the total production originated from 525 mm cross-section ingots and 16% of these
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contained this type of defect (4.4% of the total). Clearly there was a correlation between
increasing starting ingot size and the occurrence of this particular defect.
Plates are first cross-rolled in order to obtain the desired plate width. This is done before
the plate is rolled to length, because cross rolling long plates is not possible on the mill (a
sketch is shown in Figure 5.3).

.
Figure 5.3: A sketch of the rolling process. Ingots are widened and then elongated due to
limitations on the rolling mill.

The amount of widening depends on both customer specifications and the desired number
of smaller plates, (referred to as malts), that are to be cut from a large plate. It became
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apparent that when ingots were widened above a certain level the coarse grain defects at
the edges were statistically significantly more likely to occur, as shown in Figure 4.27.
A management review of this data led to the production of thin gauge 7475 alloy plates
from the larger cross section ingots (525, 440 mm) being discontinued, so that only the 325
mm ingots were used to produce thin gauge plate for this alloy. This effectively eliminated
this defect from production, but also prevented defective material becoming available for
further study. Elimination of this defect from the thin gauge 7475 plate is estimated to have
saved the company between £17,000 - 25,000 per annum.
5.2.1 Potential cause of the coarse grain defect

The grain size in DC casting is controlled by additions of grain refining inoculants (TiBAl), and
by rapidly solidifying the ingot (achieved by direct water impingement on the solidifying
ingot) which further reduces the overall grain size.
A part or total failure of the grain refiner supply to the ingot during casting would have
affected the entire width of the ingot, with coarse grain appearing at the point where there
was insufficient grain refiner in the melt. This problem would have presented itself as a band
across the full width of the ingot, (as shown in Figure 2.61). The cooling of DC cast ingot
occurs at the surface of the cast ingot; first as the liquid metal makes contact with water
chilled mould, and then water jets. The point of heat extraction, (the external ingot surface
area), should have the most rapid solidification rate and thus have a finer grain size when
compared to the centre of a large ingot, the opposite of what was observed in this defect.
A thermo-mechanical process that might have been responsible for grain growth and
recrystallisation was identified as a potential cause of the change in grain size and
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morphology in 7xxx Al alloys during rolling (as discussed in section 2.7). Zr and Cr are added
to 7xxx wrought alloys to control the grain structure, (although only Cr is added in the 7475
alloy) and these elements form small coherent precipitates that restrict grain growth by
Zener-pinning [176]. In contrast Fe and Si are present in the alloy as impurities and give rise
to constituent particles which are detrimental to most of the mechanical properties of the
alloy and are known to lower the temperature for nucleation of recrystallisation to occur. Fe
containing intermetallics were identified in the coarse grain region, as shown in Figure 4.23,
and these particles were in the region of about 2 - 50 µm, larger than those found in 7075
alloy by Atkinson et al. [177], who found particles of 1 - 30 µm. Although not proven,
theoretically these intermetallics could have promoted recrystallisation.
This theory is supported by the statistical analysis of the chemical elements in the defective
plates, as it shows that they contained, on average, higher levels of Fe and Si, (although
these were not statistically significant), and lower Cr contents, (found to be statistically
significant) when compared to defect free castings, (see Figures 4.24 and 4.25). A
combination of high Fe and Si and low Cr levels combined with excessive widening
(increased strain) could have increased the likelihood of this type of defect occurring. This
theory is undermined, however, by the fact that the images obtained during the grain size
examination, (Figure 4.22), do not appear to show evidence of recrystallisation nuclei at the
grain boundaries. The grains were deformed in the rolling direction of the plate, and are not
equiaxed, as would be expected after recrystallisation process has occurred.
It is possible that during the rolling process recrystallisation occurred near the surface,
causing localised grain growth until the plate microstructure was entirely recrystallised (Otemper, see Figure 2.59). If there was a delay in the rolling procedure the plate would have
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been left at temperature for a period of time, (allowing recrystallisation to take place), and
at some later time the final rolling stages took place and the coarse grain material was rolled,
creating coarse but elongated grain structures at the surface of the plate.
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5.3: Bubble trapping in liquid aluminium alloys

The interactions between Cl and the melt were investigated by trapping gaseous bubbles
within molten metal. The change in gas composition was evaluated using the Pore Gas
Analyser and the metal – gas interface was examined using SEM and EDX. This was done in
an in an effort to increase the understanding of the effects of Cl on degassing of Al alloys.
While bubbles were successfully caught in the solidifying metal, only two extracted
specimens contained gas. The X-ray images showed that combined gas – shrinkage porosity
(as described by Anson [178]) around the bubble was extensive, and probably connected to
the bubble. The porosity found within the metal that surrounded the bubble is thought to
have provided a series of leak paths through which the gas escaped, especially during the
machining and evacuation process in the Pore Gas Analyser.
However the composition of the gases in the bubbles containing gas, established using the
Pore Gas Analyser was not as expected. Ar was used to create the bubbles in both
experiments yet there was very little Ar retained within either of the samples, in fact only
one bubble contained any Ar at all, and it made up only a small fraction (5%, see sample #1
in Figure 4.49) of the gas volume. The largest fraction of gas in both bubbles was H,
contributing 82 and 80% respectively, which diffused into the bubble during solidification.
The second most common gas found was N2 which could only have come from air. The
presence of N2 within the bubble was not expected, and indicated that there was a leak of
air into the samples at some point while the metal was still molten, although no O2 was
detected. It seems unlikely that air would leak into the gas lines as these were under a
positive pressure and Ar would have leaked out of the pipe system instead. If air was
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somehow able to get into the gas supply one would have expected a minor contamination of
N2 and O2 into the Ar, and not dilution or complete displacement of the Ar.
The Ar gas used in the experiment was 99.998% Ar, expected to contain 2 ppm O2 as an
impurity and / or moisture [179]. The surface area of a 10 mm diameter bubble is 314 mm2
and at 2 ppm an oxide with negligible thickness (less than one molecule thick) would have
been expected to form across the metal – gas interface. The Ar and Cl mixture was also
composed of Pureshield Ar (99.998% Ar) and 0.8 % Cl (99.5% Cl). The maximum total
impurities from the Cl would therefore be no more than 0.5% of 8000 ppm Cl, or 40 ppm. If
we assume that this was all O2, then the total maximum O2 content of the gas would be 42
ppm, max. At 42 ppm an oxide formed on the bubble surface was calculated to be 0.4 µm
thick, again negligible, (the interaction volume of the SEM beam is calculated to be 2.3 µm at
20keV [163]). It is therefore impossible that all the O2 contamination came directly from the
Ar or Cl gases that were used in these experiments.
The gas within the bubble must have been encapsulated and / or trapped in some way or it
would have been removed from the sample during processing in the Pore Gas Analyser, (by
the application of the vacuum). A possible explanation for the presence of N2 is that gas was
able to diffuse from the surface into the bubble interior through bubble trails that were
formed by the trace O2 and moisture contents of the gases, as described by Campbell [174],
shown in Figure 5.4. The Ar therefore leaked out of the sample and was gradually replaced
with air. When the atmospheric O2 and water vapour entered the bubble interior they
reacted with the surrounding Al, coating the interior of the bubble with an Al2O3 film, and
sealing the interior so that gas could not escape. When the liquid metal contracted during
solidification the bubble trail would have ruptured, preventing the bubble from being
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subsequently evacuated, and the gas would have been contained in the bubble by the oxide
film that then coated the bubble interior.

Figure 5.4 Small entrained bubbles could form gas porosities (A, B) while buoyant O2
containing bubbles (C, D) moving through the liquid metal would react with the surrounding
melt and surrounded themselves with a bifilm. In this manner they would also leave
oxidised trails behind them in the melt [174].

One weakness to this theory is that, if air was able to enter into the bubble then there is an
absence of O2 within the bubble that must be explained. Air contains 19% O2 so it is
proposed that any O2 or water vapour that did not react with the Al melt, later reacted with
the H2 that diffused into the interior of the bubble and the reaction of the H with O2
produced water vapour. Water vapour was found in both gas containing samples in roughly
the 4:1 ratio of N2 to O2 found in air; sample #1 contained 14% N2 and 4% H2O (78% N2, 22%
H2O) and sample #3 contained 12% N2 and 3% H2O (80% N2, 20% H2O).
The fractured oxides found in samples #1 and #3 during SEM analysis, (see s 4.32 – 4.37),
suggests that air entered into the bubble while the alloy was still molten. The Si-rich eutectic
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was observed to have penetrated through the oxide layer. This suggests that the oxide film
had already formed and sealed the interior of the bubble before the metal was completely
solidified. The presence of an oxide film might also explain why some samples contained gas
and others did not. If air entered a bubble then an oxide film would have formed across the
interior of the bubble and could potentially have sealed the bubble away from the
surrounding interdendritic porosity, therefore when the samples were cut the contents of
the bubbles did not leak away through the porosity network during examination in the Pore
Gas Analyser.
Very little MgCl2 was found during the experiments with 5083 alloy and the Ar + Cl mixture.
There was no Cl evident on the dendrites by EDX (see 4.41) but salts were found to have
formed, present as small clusters between the dendrites (see Figures 4.42 and 4.43). Ca, Na
and Mg were found during the analysis and, due to their Free Energy of Formation (see
section 2.5) it is most likely that these were CaCl2 or NaCl. The results are not conclusive
however as the amount of Al2O3 and MgO found during SEM analysis (see 4.43) suggests
that this sample had also been exposed to air while molten. As the reactions of Ca, Mg and
Na with O2 are more favourable than the reaction to form MgCl2, the O2 would have reacted
with these elements first and limited the amount of MgCl2 that formed, (but not eliminating
it). In comparison the 7010 alloy that was processed with Ar + Cl appeared to contain very
little oxygen and the dendrites were observed to be coated with a chloride, presumably as
MgCl2, (see Figures 4.45 - 4.47) because this was the most reactive element detected. The
presence of Cl appeared to be quite uniform, with ~1wt.% Cl observed across the specimen
surface. This means that the Cl was not concentrated on either the matrix or the
intermetallic-rich regions. No evidence of Na, Ca, Zr or Ti was found during the survey.
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5.4 Hydrogen removal from 7xxx aluminium alloys using a SNIF reactor with and without
chlorine gas additions, measured using ALSCAN.

The effects of Cl on the degassing efficiency of Al alloys was found to be conflicting in the
literature (see section 2.5). The degassing performance of 7xxx Al alloys was investigated
using the ALSCAN and a statistical approach. Cl is also added to the Ar gas in order to float
inclusions out of molten Al and if Cl was detrimental to the degassing process, better
degassing efficiencies might be obtained by separating the degassing and inclusion removal
processes. If Cl was removed entirely there would be advantages in regards to
environmental, health and safety aspects (EHS) and cost savings, but the major disadvantage
would be that there would potentially be an increase in inclusion related issues within the
castings and plate products. Considering that the work here suggests variations of only 3 - 5%
in H removal, there is no attractive benefit in removing the Cl, as there may only be a minor
increase in H removal, at the expense of a detrimental increase in the number of inclusions
in the plate product.
It is worth nothing at this point that if these experiments were repeated on other alloys, (for
instance, those with a higher Mg content, such as 5083 alloy), the influence of Cl might be
found to be more substantial.
When all of the data from the three alloys was collected and presented together there was
no apparent effect of Cl addition (1.3 % Cl in rotor one and 0.8 % Cl in rotor two, balance Ar)
on the degassing of 7xxx Al alloys processed using a SNIF unit. The standard distribution
curves were almost identical (see 4.51), and with a t-test p-value of 0.26 there was no
statistical evidence to suggest that Cl enhanced or reduced the degassing rate. The casts
processed with Ar + Cl were observed to be more variable than those with Ar alone, having a
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greater range and standard distribution, but the difference between the two means was less
than 1% (62.8% no Cl and 61.3% with Cl) and the t-test showed that that the two data sets
were not significantly different. Statistically speaking, as more samples are drawn from a
population then the more accurate the results. Based on that theory this is potentially the
most useful data set simply because it contains the greatest number of data, with 80
individual degassing results.
As this data consolidates information from three different alloys, this may draw data from
three separate populations and that blending them together is not possible. From one
perspective these alloys can be grouped together as the major alloying elements (Cu, Mg
and Zn) of the 7xxx series are all found in similar quantities, (each is less than 1 wt.%
different from the other), but significant variations in degassing efficiencies were observed
within these individual data sets that require explanation.
The 7010 series was the largest individual alloy data set that was obtained, (containing 40
individual degassing results), and showed a clear reduction in degassing efficiency when Cl
was present in the Ar. The mean degassing efficiency was reduced by 5% when using Cl
additions (63% no Cl, and 58% with Cl), as shown in Figure 4.53. There were no out-lying
results and the data had similar ranges and relatively small standard distributions. The pvalue was calculated to be 0.0003; strong statistical evidence that there is a detrimental
effect on degassing efficiency when using Cl additions to degas 7010 alloy, agreeing with the
research by Stevens [143] who proposed that MgCl2 increased the interfacial resistance at
the bubble boundary layer, and retarded H diffusion into the gas bubbles.
There was no apparent effect of Cl on the degassing efficiency of the 7050 alloy. The mean
degassing efficiency values differed by 3%, (65% no Cl and 62% with Cl), but the t-test p
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value was 0.11 (i.e. not statistically significantly different) probably because the standard
deviation of the “no-Cl” data was quite large, being 5.8 compared to just 2.08 in the “with-Cl”
data. This made it difficult to draw any conclusions.
In contrast to the 7010 alloy, however, there was an 8% mean improvement in degassing
efficiency when the 7075 alloy was processed with Cl additions (60% “no-Cl” and 68% “withCl”), see Figure 4.57. In the data obtained during the 7075 alloy analysis, four readings were
found within the 75 – 79.9% degassing range, (the highest division), and these readings
came from one individual cast. The presence of these four outlying readings is concerning as
they are far removed from the bulk of the data, which was typically in the 55 – 64.9%
degassing efficiency range, as shown in Figure 4.56. If these four values were removed then
there would be no statistically significant effect of Cl on degassing in 7075 alloy and the
overall conclusions would change. The analysis of the three alloys previously discussed
would shift, (those results are shown in Figure 5.5), so that the overall effects of Cl on the
7xxx alloys would become slightly negative. The mean degassing efficiency would be 3%
lower in Ar + Cl mixtures compared to Ar only, and with a t-test p value of 0.0009 there
would be strong statistical evidence that Cl slightly reduces degassing efficiency. It is
therefore tempting to remove these four readings although they are within the expected
degassing ranges observed by other authors [25] [128] [180]. When these values are
retained, the effects of Cl on the degassing of 7075 alloy appear to be slightly positive,
contrasting that of the 7010 alloy.
After reviewing the combined data for the three 7xxx alloys, (the 7010, 7050 and 7075, see
Figures 4.50 and 4.51), the results obtained tend to agree with researchers Sigworth [110]
and Engh [24], in that Cl has no significant effects on the diffusion of H into inert gas bubbles

294

Chapter Five

Discussion

during degassing, at least when Cl is added in relatively small quantities (1.3% and 0.8% Cl)
in 7xxx alloys. There are significant variations between different alloy groups however, that
should be investigated further.

0.12

The standard distribution of degassing efficiency
for 7xxx alloys with and without Cl additions
(outliers excluded)
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Figure 5.5 The standard distributions of the degassing efficiencies of all three alloys a)
without and b) with Cl additions. The average (mean) and standard distribution for each
data set are detailed, as is the t-test result that compares the two data sets.
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5.4.1: Alloy chemistry and variations in degassing efficiency:

The purpose of this study was to consider the effects of Mg and Cl, (and MgCl2), on
degassing efficiencies. When the three Mg contents are compared with the degassing results
they do not support the conclusion that Mg interacts with Cl to affect degassing efficiency.
The mean Mg contents of the alloys were ranked: 7075 (2.51% Mg) > 7010 (2.34% Mg) >
7050 (1.90% Mg). However the degassing efficiencies were ranked 7075 > 7050 > 7010 when
considering degassing rates with Cl additions. The variations observed therefore do not
appear to be influenced by variations in Mg content. This is not entirely unexpected as the
MgCl2 would not be molten, as the processing temperature for all alloys was below 714 oC,
the melting point of MgCl2. Any MgCl2 formed would be expected to be a solid and therefore
not expected to coat the bubble surface completely, affecting H transfer across the bubble –
melt interface.
Interestingly, the combined Zr and Ti contents of these alloys do rank with the degassing
performance. For instance the degassing of the 7075 alloy appears to have been positively
influenced by Cl additions, containing the lowest amounts of these elements (0.04 wt.% Ti
0.02 wt.% Zr). The 7050 alloy contained the second highest levels of Zr + Ti (0.02 wt.% Ti and
0.10 wt.% Zr) and the degassing of this alloy appeared to be negatively influenced by Cl
additions, although not significantly. The 7010 alloy had the highest combined value of Ti +
Zr (0.03 wt.% Ti and 0.11wt.% Zr) and the negative impact of Cl additions was most apparent
in this alloy.
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In sections 4.1.1 and 5.1.1 the presence of Zr and Ti and Cl have been identified in inclusions
in 7050 alloy plates. Perhaps the Zr and Ti are influencing the degassing process in 7xxx
alloys more so than MgCl2, especially at these lower (<714oC) temperature conditions.
If the Zr (and / or Ti) react with Cl to form salts, these liquid chlorides could also influence
the degassing rate by retarding the diffusion of H into bubbles during degassing.
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5.5 The degassing efficiency of aluminium alloys, achieved with and without chlorine and
measured using ALSPEK H.

The degassing rates for pure Al, 5083 alloy and 7010 alloy were monitored using the ALSPEK
H H determination device in real time, over the range of dissolved H of 0.35 – 0.15 ml/100g.
The degassing time required for repeated experiments decreased consistently. The initial
measurement was always higher than a following repeat measurement. For example,
experiment #2 was a repeat of experiment #1. Experiment #1 took 73 minutes for the melt
to be degassed from 0.35 to 0.15 ml/100g, while experiment #2 took only 60 minutes (13
minutes less) to achieve the same amount of degassing. This applied to all of the repeated
experimental results, as follows:
1) #1 > #2,
2) #4 > #5,
3) #6 > #7
4) #10 > #11,
5) #12 > #13 > #14,
6) #15 > #16,
7) #17 > #18.
The variations between the first and second (repeated) experiments are shown in Table
5.5.1. The value obtained from a repeat experiment was on average 18% lower than the
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initial measurement and the variation was demonstrated to be statistically different using a
paired t-test, producing a p-value of 0.0015.
Initial experiment

% difference

and repeat

Initial value

Repeat experiment value

experiment

(time, minutes)

(time, minutes)

#1 and #2

73

60

18

#4 and #5

49

33

33

#6 and #7

45

35

23

#10 and #11

36

33.5

7

#12 and #13

56.5

50

11.5

#15 and #16

42

35

17

#17 and #18

73

60

18

Average

53.5

43.79

18

t-test

0.0015

Table 5.2 The time required to degas repeated experiments are compared using a t-test. The
initial and secondary degassing processes are found to be significantly different, indicating
that the second degassing run proceeds faster than the initial.

The reduction in required degassing time and apparent increase in degassing efficiency for
sequential experiments suggests that, even though H was added back into the melt by
addition of the organic matter, H did not fully equilibrate, (to the starting level of 0.35
ml/100g), within the melt before the next experiment began. This suggests that error in the
results has been generated because the exact same amount of H was not present within the
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melt in each experiment. The average difference in degassing for the same experiments
(repeats, e.g. experiments #1 and #2) was 18%, with a minimum of 7% and maximum of 33%
observed. This suggests that separate experiments and melts using different alloy types
cannot be compared to each other because the melt H content was not consistent at the
start of the experiment.
The diffusion of H in the melt is described by Eq.23 [52] and Eq.24.
…Eq.19

...Eq.20

Where t is time in seconds, x is the diffusion distance in m, and D is the diffusion coefficient
for H in Al, in m2s-1. The ALSPEK H probe was inserted to a constant depth of 150 mm within
a melt, 340 mm deep. The organic matter added to generate H was added at the surface, so
H incorporated at the surface would have diffused from the surface towards the probe
position and then into the liquid metal at the bottom of the crucible, over twice the distance.
When the H content of the metal surrounding the probe had reached 0.35 – 0.45 ml/100g
the H content of the melt closer to the source would have been higher, and at the bottom of
the crucible it would have been lower.
The reported diffusivity of H in liquid Al is 3.5x10-7m2.s-1 [58], so the H would be expected to
diffuse from the source to the probe tip in about 9 hours, but would need approximately 21
hours to reach the bottom of the crucible.
This calculation excludes the obviously significant influences of convection that would have
enhanced the rate of flux of H within the melt, but this cannot be calculated. Due to
convection the flux of H over this distance would have been increased significantly. It is
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proposed that the distance was great enough for a measureable difference in H content and
this led to variation between experiments.
The consequence is that, after the initial degassing cycle the melt H content was reduced to
0.15 ml/100g. When a new H source was added at the surface, the H content around the
probe was raised to the range of 0.35 – 0.45 ml/100g, but the H content at the bottom of
the crucible would have been lower compared to the previous experiment(s), thus the
degassing process appeared to take less time. The repeated experiments, (when they were
performed directly after one another) cannot be used as the true H content at the beginning
of the second degassing process was not accurately known. It also brings the results of the
initial experiments into question, as these could also have had varying starting H contents.
Each experiment was setup in the same manner. The alloy was melted in an induction
furnace and transferred into the wire resistance furnace and left for over an hour within the
crucible and during this time both the temperature and melt H content would have come to
equilibrium with the environment. As the same amount of organic matter was added each
time, the initial H content for each initial experiment would likely have been the same.
5.5.1 Degassing rates; pure aluminium, 5083 alloy and 7010 alloy.

As the pure Al melt contained primarily Al atoms (and approximately 0.1 wt.% Fe and 0.1 wt.%
Si) the mean-inter atomic spacing will be constant. During degassing H protons will diffuse
through the interstitial spaces between the Al atoms, and towards the Ar gas bubbles, due
to a diffusion gradient. The 5083 and 7010 alloys contain a variety of alloying additions (Mg,
Zn, Cu, etc.) thus the mean atom size and the mean interstitial spaces between atoms would
be increased. As Mg increases the solubility of H in the melt (see section 2.2.1) it suggests
301

Chapter Five

Discussion

that the interstitial spaces for H to reside in are larger, accommodating more protons, also
suggesting that H diffusion can occur more quickly. The consequence is that pure Al takes
significantly longer to degas compared to the 5083 and 7010 alloys as the latter have higher
Mg contents and higher H contents. Surface tension is not thought to have played a role in
increasing or decreasing the H diffusion rate as the work by Anson et al. [181] showed that
the surface tension of A356 alloy did not change appreciably with increasing Mg content,
although his experiments were undertaken in the range of 0 – 0.8 wt.% Mg, whereas the Mg
content is greater in the 7010 and 5083 alloys.
5083 alloy measurements.
According to Stevens [143], above 714oC the formation of MgCl2 at the bubble – metal
interface should dramatically reduce the rate of H removal. In these experiments no
significant variation in degassing efficiency was observed when the 5083 alloy was in the
730 – 750oC range. The bubbles were delivered into the melt using a lance, which is a
relatively poor method for obtaining smaller gas bubbles. As the surface area of the bubbles
would have been quite large and the Cl content of the gas was small, 0.8% wt.% Cl, it is
possible that liquid MgCl2 formed on the bubble surface only has an appreciable effect on
the removal of H when the gas bubbles are below a certain size, or if the Cl content of the
gas mixture is relatively high. There appeared to be very little difference between the data
obtained when the 5083 alloy was processed at different temperatures of 680 - 695 and
730 – 750oC.
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7010 alloy measurements
A surprising trend identified within the data was that the degassing rate of the 7010 alloy
was negatively influenced (680 – 695 and 730 – 750oC) by the presence of Cl. In the higher
temperature range the degassing rate was decreased by 32.5% and in the lower range the
rate was decreased by 42% when the Ar + Cl gas mixture was used.
Due to the variation in degassing rates it is difficult to build up reliable statistical data from
these results. Repeating the experiment with a smaller crucible would reduce the amount of
metal and thus decrease the distance over which H would have to diffuse. This would
eliminate the error identified in the repeat experiments. The method could also be
improved by application of a small rotary degassing unit to decrease the bubble size,
increase melt turbulence and better disperse the bubbles within the crucible. Increasing the
Cl gas levels would also be desirable, but presents a significant safety risk.
As the 5083 alloy contained 4.5 wt.% Mg and the 7010 alloy contained only 2.1 wt.% Mg
there was no obvious relationship between Mg content and degassing efficiency (with or
without Cl).
Discounting Mg, (for a comparison against the 5083 alloy), the 7010 alloy contains Cu and Zn
as the major alloying elements and Zr as a minor alloying addition, (0.10 - 0.16 wt.% Zr, 5.7 –
6.7 wt.% Zn and 1.5 – 2.0 wt.% Cu). The Ellingham diagram suggests that zirconium chloride,
ZrCl4, is the most stable compound (ΔGo -368 kJMol-1) followed by AlCl3 (ΔGo -354.5 kJMol-1)
ZnCl2 (ΔGo -285 kJMol-1) and finally CuCl (ΔGo -184 kJMol-1).
Since the Zr content of the alloy was low (0.11 - 0.15 wt.%) and there was no apparent
influence of AlCl3 on the degassing rate, (demonstrated by comparing experiment #1, pure
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Al, Ar only, degassed in 73 minutes and experiment #3, pure Al, Ar + Cl degassed in 71.5
minutes), the next significant chloride expected to form at the metal – gas interface would
be ZnCl2. The 7010 alloy contains up to 6.7% Zn, (about three times as much Mg), and ZnCl2
is molten above 206oC, and therefore could affect the diffusion of H into the gas bubble in a
similar way to MgCl2. Perhaps the formation of ZnCl2 is responsible for the general reduction
in degassing efficiency of 7xxx alloys.
The effects of salts on degassing:
It is interesting to speculate on the effects of salts on H diffusion. Cl is electronegative and
reactive, and after an electron has transferred from the metal to the Cl atom during
reduction / oxidation reaction, the metal and Cl ions will be held together by attractive ionic
bonds. The negatively charged Cl and positively charged metal ions would bond together
and create a complex network of polarised links where electron density would be higher.
The anions and cations would be held at a distance that is balanced by the attractive and
repulsive forces of neighbouring ions, potentially leaving a channel of roughly neutral charge
in the centre of the lattice structure through which H protons could diffuse to reach the
bubble. The diffusion of H is known to be low in alumina, and this would suggest that other
ionically bonded structures such as salts might also present barriers to H diffusion. It seems
likely that the dense electron field between the metal and Cl atoms might initially attract
the positively charged proton, but in order to pass between the atoms and through to the
gaseous Ar bubble the protons would need to pass by the positively charged metal ions,
perhaps making transfer through the salt layer more difficult. Assuming that the density of
the salt increases during melting, there should be greater inter-atomic distance between
atoms, and perhaps this increases the rate of H flux through the salt.
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5.6 Hydrogen absorption measured using the LECO

The LECO has been demonstrated to be an effective and reliable way to extract H from small
Al samples. Two 5083 samples degassed 10 times showed a progressive reduction in H
content, but which after three repeated analyses was below the limit of detection. After the
first analysis, approximately 85% of H was removed from each sample, and after three
analyses nearly 100% of the H was removed. Subsequent analyses were on average 0.005
ppm, which is the reported accuracy of the device in high accuracy mode [182].
Two 5083 samples were found to have absorbed a large amount of H after being left to
stand in laboratory conditions for 10 weeks. During this time atmospheric water vapour was
able to react with the Mg at the sample surface and H entered the metal. The literature
supports this explanation as Mg oxide is a discontinuous film that is not protective and
allows reactions to continue (see section 2.2.3). Interestingly, after ten weeks the absorbed
H levels were lower than, but close to, the original degassed value (analysis 1). This indicates
that trap sites such as lattice defects, grain boundaries and internal pores provided a limit to
which H could be absorbed. It is unlikely that pores would collapse during the
measurements as the sample does not melt. The voids were presumably evacuated during
the degassing process and filled again when H re-entered the sample from the atmosphere.
The rate of H absorption into the 5083 alloy samples was initially rapid and significant
quantities of H (~0.1 ppm) were measured after only 24 hours post degassing. The
absorption rate appeared to slow down over time and the H content became significantly
higher weeks after the initial degassing procedure. The various samples used in this
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experiment appeared to absorb H at slightly different rates, and this is probably because
each individual sample has varying amounts of internal trap sites for H to reside.
The 5083 alloy sample submerged in water and the sample left in laboratory air for four days
absorbed 0.164 and 0.145 ppm of H respectively. In both cases moisture was readily
available for reaction with the Al surface. The sample that was placed in a sealed container
(i.e, limited water vapour available for reaction), was observed to have absorbed only 0.024
ppm of H after four days. The sample submerged in acetone also absorbed very little H, only
0.038 ppm, so apparently there was very little reaction between the hydrocarbon and the Al
surface. As a standard practise at Alcoa samples are washed in acetone before analysis to
remove any soluble contaminants from the surface. Washing samples in acetone should
have no significant effect on the H content, and there is no need to change this practise.
5.6.1: Absorption of hydrogen across aluminium oxide and nitride layers

The initial dimensions of the cylindrical Al LECO samples was 8 mm diameter and 50 mm
length, giving an approximate volume of 2514 mm3 and an approximate surface area of 1357
mm2. Pure Al has a density of 2.7 g/cm3 at room temperature and approximately 2.357
g/cm3 when molten [149] so the volumes increase by 12% upon melting. As the volume of
the sample increases so does the surface area and a volume increase of 12% would be
accompanied by a surface area increase of 20%. As the sample expands during heating the
pre-existing surface oxide layer would be placed under tension and cracks form within it,
exposing fresh un-oxidised Al underneath.
In the experiments where specimens were heated in air, the exposed Al reacted with O2,
almost instantaneously sealing the cracks with a fresh layer of Al2O3. When the specimens
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were subsequently exposed to H the gas would be obliged to diffuse through the oxide layer
and / or structural defects in this film. Oxidation of the surface would also be expected to
cause additional thickening of the original Al2O3 film [183].
In experiments where specimens were heated in N2, when the oxide layer cracked, the
freshly exposed Al would react first with any residual O2, and then with N2, (because the
reaction with O2 is more favourable at 1000 K). This preferential reaction of O2 was found to
be deleterious to commercial AlN production by Zheng and Reddy [184] [185] who
attempted to produce AlN by bubbling commercial purity N2 through liquid Al. The Gibb’s
Free Energy of formation of Al2O3 and AlN are -908 kJmol-1 and -423 kJmol-1 respectively
[186], [187]. In these experiments the N2 reacted with the Al between cracks in the oxide
film. This is concluded because traces of oxygen were detected in the EDX analysis of the AlN
crystals that covered cracks in the pre-existing oxide film, as shown in Figures 4.72 - 4.78.
Due to the presence of oxygen in the analysis it is not clear if the crystal structures that
formed in the cracks were composed exclusively of AlN, that had nucleated and grown on
top of a thin Al2O3 film, or if they were an aluminium oxy-nitride spinel with the formula
(AlN)x·(Al2O3)1-x [188].
AlN crystals and Al2O3.AlN mixtures were found across the surface of the specimens. Nitride
crystals were observed to have grown within the Al2O3 (see Figures 4.75 - 4.78). These
discrete crystals presumably formed on smaller cracks and defects in the Al2O3 layer which
were opened during the heating and melting, and expansion and failure, of the original
oxide film.
The crystals that formed in the cracks had a featherlike morphology (see Figure 4.79). A
seam was observed to run down the centre of the feather like crystals, suggesting that they
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nucleated from the sides of the cracks in the original Al2O3 film, and grew in towards the
centre of the crack and eventually impinged on one another. Smaller cracks in the oxide film,
(as shown in Figure 4.80), were covered with crystals with a more claw-like morphology,
(these crystals appeared to be thicker than those in Figure 4.79). It is proposed that the
coarser, claw-like crystal structure has greater permeability for H (compared to alumina)
because of this morphology. The experiments here demonstrate that H can diffuse through
both Al2O3 and AlN layers, but that the thickness and structure of the films likely influences
the rate at which H can diffuse into the envelope over time and that AlN offers less of a
barrier to the passage of H than does alumina.
The implications of this are that, as double oxide film defects are initially expected to be
contained within an alumina layer, as cracks appear in the film the O2 content will be
depleted and eventually the N2 will react with the melt to form AlN. As this process occurs
the transport of H into the interior of the bifilm would be expected to increase, as H
diffusion is greater over AlN.
When these samples were exposed to H, more H was absorbed by the specimens heated in
N2, most likely because these feather-like and claw-like crystals were porous, possibly due to
their shape, compared to the fully dense alumina film. The results demonstrated that H can
diffuse through both Al2O3 and AlN layers, but that the thickness and structure of the films
likely influences the rate at which H can diffuse into the envelope of a double oxide film
over time, and that AlN offers less of a barrier to the passage of H than does alumina. The
amount of AlN that forms on the surface likely increases the amount of H absorbed for this
reason.
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The 5083 LECO samples that were heated and melted under an air atmosphere were shown
to have absorbed H after subsequently being exposed to H2. This occurred as a MgO oxide
layer should form at the surface, that was not protective, cracking extensively, and did not
present a barrier to H diffusion. In an Al 4.5 wt% Mg the oxide formed at the surface should
be entirely MgO and this is discontinuous (the Pilling-Bedworth ratio for MgO is <1, see
section 2.2.3).
Raizideh and Griffiths [100] showed that, in air bubbles trapped in liquid Al, O2 reacted first
and then N2 began to react, once nearly all the O2 was consumed. In low O2 conditions (such
as a mid-life bifilm, where there is little or no O2 remaining - as represented in these
experiments), cracks in the oxide layer would form and allow N2 to react to form nitride
crystals by reaction with the melt. This mechanism would repeat until all the available N2
was consumed and only the residual un-reacted gases remained, (theoretically H2 and Ar).
Interestingly the formation of AlN upon cracks was often associated with the presence of Fe
and Si, (presumably as an intermetallic in the area beneath the oxide film, as shown in
Figures 4.76 - 4.80). Fe-rich phases have been suggested to nucleate on oxide film defects
within the melt during solidification and are responsible for a loss in mechanical properties
[30], [189]. The presence of Fe and Si below the surface suggests that the cracks that formed
in the Al2O3 lay above Fe rich intermetallics and thus the oxide film nucleated and grew on
top of them. If Fe and Si intermetallics were near the surface of Al then the Al2O3 film might
be discontinuous. Perhaps cracks open up in the alumina films more readily in these regions,
due to Fe-Al-Si intermetallics substituting for Al atoms close to the surface.
The Gibbs Free Energy of Formation for Mg3N2 is -257.14 kJMol-1 [108], less than that of AlN,
indicating that AlN was the more favourable nitride to form. There was no evidence of
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nitride formation on the surface of the 2L99 alloy (that contained 0.2 – 0.45 wt.% Mg),
however. There appears to be difficulty forming nitrides in low Mg containing alloys, perhaps
because in small amounts Mg inhibits the nucleation of both AlN and Mg3N2, an effect that
was also experienced by El-Sayed [157]. The spinel surface layer is apparently effective at
preventing H diffusion, comparable to an Al2O3 film.
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5.7 The influence of alloying elements on the degassing of 7xxx aluminium alloys

Three independent studies (see sections 5.1, 5.4, 5.5) have suggested that Zr and Ti might
react with Cl in a manner that is detrimental to the quality of Al alloys. Zr and Ti
intermetallics have been found mixed with Ca and Cl salts as inclusions in rolled Al plate. In
section 4.3 there was an apparent reduction in degassing efficiency when 7050 and 7010
alloys were degassed using an Ar and Cl gas mixture. These alloys contained significant
quantities of Zr, (0.11 wt% Zr), when compared to the 7075 alloy, (0.02 wt% Zr), which saw
no such reduction in degassing efficiency. In section 4.4 the time required to degas 7010
alloy with an Ar and Cl gas mixture was greater than with both pure Al and 5083 alloy, in
both of the temperature ranges investigated (680 - 695oC and 730-750oC) and the degassing
rate of the 7010 alloy processed with Ar and Cl was lower, compared to the rate for Ar alone.
A possible mechanism of inclusion formation was discussed earlier that involved the
interaction of chlorinated bubbles with oxides, and the precipitation of Zr and Ti compounds
from the melt. The precipitation of these intermetallics on the surface of bubbles (perhaps
on salts or oxides) within the reactor could be responsible for a decrease in degassing
performance.
Unfortunately, there is no evidence that Zr or Ti had reacted significantly with Cl when Cl
containing gas bubbles were caught in a 7010 alloy melt (as described in section 4.2). If Zr
was present on the interior of these bubbles it was not detected during the SEM/EDX
analysis, suggesting that there was no agglomeration or adherence of ZrTiAl 3 particulates to
the gas bubble in this particular experiment, or if there was the equipment was not sensitive
enough to detect it. The presence of MgCl2, ZnCl2 or any other chloride was difficult to
establish using the SEM images in section 4.2, as Mg and Zn make up substantial portions of
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the alloy composition and Cl is present in such small quantities (< 1 wt.%), and any chloride
is expected to form a fine coating. For example there was no clear difference in Cl
concentration in matrix or eutectic phase / intermetallics (see EDX analysis in Figures 4.46
and 4.47). It is therefore impossible to differentiate between the type of salts that might be
formed.
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5.8: The internal atmosphere of a double oxide film defect

The results presented in sections 4.6, 4.7 (and 5.6) show that H can pass through alumina
and nitride films and successfully pass through the surface of Al alloy, and it also shows that
H can be extracted back out of the samples once these various films are formed on the
surface of the samples. This suggests that H can diffuse into double oxide defects through
these layers.
The consequences of H recombining inside a double oxide film defect have not been
considered. The reaction of protons to form a diatomic molecule is a highly exothermic
process (see section 2.4.1), giving off -436 kJ mol H2. If we assume that protons enter the
oxide film defect towards the end of solidification, (this is logical as the partitioning of H
from solution into the liquid ahead of the solidification process is expected to concentrate H),
the protons would enter into the envelope, recombine and release energy in the form of
heat, which would cause expansion of the gas and an overall expansion of the bifilm. This
would occur not only because H recombines to form a gas phase, but because the gas is
heated due to the energy of the reaction (although heat would also be conducted away from
the bifilm and into the Al melt).
Assuming that a single bifilm is a simple cylinder and has dimensions of 2 mm and a radius
of 0.5 mm, it will occupy a volume of 1.57 mm3 and contain 1.57x10-6 Kg of air. This bifilm
will act as a reservoir for protons during and at the end of solidification.
The atomic mass of Al is 26.98, therefore 100 g of molten Al contains 3.71 mol Al (2.23x1024
Al atoms). If 100 g Al contains between 0.1 - 0.4 ppm of protons then the internal proton
content of 100 g Al would range from 2.19x10-7 to 1.33x10-6 mol H.
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Protons will partition during solidification, some will be trapped in solid solution, others in
trap sites, (primarily grain boundaries) and remainder will be forced into a bifilm. Talbot [18]
reported that the solubility of H at the point of solidification was 0.041 ppm in pure Al (see
Figure 2.4), so a portion of the protons would not reach the bifilm.
If the protons were to enter and react within the bifilm then they would release energy and
increase the temperature of the air within the bifilm. The temperature increase caused by
the reaction of these protons is calculated using Eq.25, and the results summarised in Table
5.3. The temperature increase of the gas inside a single bifilm was calculated to be only 30 –
180 K.
ΔT = Q/m.Cp …Eq.25
where T is the temperature in Kelvin, Q is heat energy in Joules, m is the mass of air in
kilograms and Cp is the specific heat capacity of air, which is taken to be 1 kJ/kg.
ppm H in liquid Al
ppm H not retained in
solid solution
Moles of H (not in solid
solution)
Heat evolved in Joules

0.1

0.2

0.3

0.4

0.059

0.159

0.259

0.359

2.19x10-7
0.10

5.89x10-7
0.26

9.60x10-7
0.42

1.33x10-6
0.58

Temperature
30
80
130
180
increase (K)
Table 5.3 The temperature increase of the air within a double oxide film defect by reaction
of protons to form diatomic H.

There would be numerous bifilms per 100 g of metal so the heating effect would also be
reduced for each bifilm. The DPI inspection reviewed in section 4.1.4 suggests that typically
0 - 20 pores per inch2 (25.4 mm2) Al might occur. If this is extrapolated to consider how many
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pores might be present in 100 g of Al, it suggests that the temperature increase within each
pore, (assuming they are all bifilms), is significantly smaller and thus insignificant.
There would be scope for H to react with any residual O2 within a bifilm to form water
vapour, and for the vapour to react with the surrounding melt to form Al, increasing the local
temperature further. One would also have to consider the pressure of the gas within the
bifilm and the effect of the gas expansion on the surrounding area, the solidification
conditions, (primarily solidification rate, as this would have an effect on the rate and degree
of segregation of H and formation of porosity) [66], the protons retained in trap sites and
the solubility of H at grain boundaries and the ability of H to diffuse or “short circuit” along
grain boundaries and through grains towards pores [190] [191]. One would also have to
consider the conduction of heat away from the oxide film into the surrounding alloy and the
influence of latent heat released during solidification of the surrounding alloy.
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Chapter 6 Conclusions
1. Inclusions in 7050 plate were composed of Zr Ti aluminide intermetallics, oxides of
Ca, Mg and Al, and CaCl2 and MgCl2.
2. The prevalence of these inclusions in 7xxx alloy plate, (such as 7050 alloy), can be
decreased by decreasing the amounts of Zr and Ti in the alloy, or increasing the melt
temperature during degassing. This occurs because the solubility of Zr and Ti in the
alloy decreases with temperature and subsequently Zr and Ti precipitates come out
of solution.
3. An unknown phenomenon causes agglomeration of the intermetallics, oxides and
salts, but these three components develop into inclusions in the final plate product
that are detectable as they are hot rolled, becoming flattened and elongated.
4. A coarse grain structure was found to be the cause of near-surface ultrasonic defects
in the edges of thin gauge 7475 alloy plate, not near surface porosity as initially
proposed.
5. There was strong statistical evidence that the coarse grain structure was more
common in plates that were produced from ingots with greater cross sectional areas
(440, 525 mm) that were widened over 130%. Restricting thin gauge plate to 325
mm cross section ingots eliminated these defects.
6. Small amounts of Cl added into Ar gas in a SNIF unit (1.5% Cl rotor one, 0.8% Cl rotor
two) did not significantly influence the degassing of 7xxx wrought alloys.
7. Degassed 5083 alloy specimens absorbed H by reaction with atmospheric water
vapour, as did specimens that were immersed in water. Specimens that were
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degassed and sealed in an air-tight container absorbed very little H over a period of
four days, measured using the LECO.
8. 5083 alloy specimens that were degassed using the LECO, melted in air and exposed
to H2 readily absorbed H as the porous Mg oxide surface film did not impede the
diffusion of H.
9. In a low O2 atmosphere, (such as might exist in a double oxide film defect), N2 will
react with Al to form AlN at cracks or tears in oxide film.
10. Commercial purity Al specimens that were heated in air or N2 (forming Al2O3 or AlN
on the surface, respectively) were both observed to absorb H. Absorption into
samples that were heated in N2 was significantly greater, (0.081 vs. 0.041 ppm), and
this was probably due to the formation of porous AlN crystals that grew within
cracks in the original Al2O3 film.
11. The reaction of protons within a double oxide film defect has been calculated to be
insignificant, increasing the temperature of the air within a bifilm by only 30 – 180 K
when the H content ranged 0.1 – 0.4 ppm.

317

Chapter Seven

Future Work

Chapter 7 Future work

1. To evaluate the effects of Ca and Cl concentration on the formation of inclusions in
Zr and Ti containing alloys (such as 7010 and 7050).
2. Repeat the experiments using the ALSPEK H device, using a smaller crucible, or
reducing the amount of metal. If this work was to be repeated, the results might be
more easily clarified by monitoring the degassing rates of custom alloys such as Al5wt.% Zn, Al-5wt.%Mg, Al-5wt% Zr etc. to isolate the influences of each specific
alloying addition on the degassing efficiency.
3. To take and compare pre-SNIF and post-SNIF H contents (using ALSCAN) on high Mg
containing alloys such as 5083 (4.5 wt.% Mg), to gauge the influence of MgCl2 on
degassing efficiency.
4. To further investigate the interactions of O2 and H within bifilms, to calculate or
model the distribution of H during solidification (into solid solution, grain boundaries,
lattice defects etc.), to calculate the expansion of the gas phase by diffusion of H into
the bifilm and the energy released and conducted away into the surrounding alloy
during this process. These calculations could also be used to evaluate the effects in
Mg and Mg alloys where the H content would be greater.
5. Modifications to the pore gas analyser could be used to incorporate a drill and larger
sample holder into the system to make it more suitable for extracting gases from
castings.
6. An experiment to test the H diffusivity through liquid and solid salts (such as MgCl2)
could be designed. Perhaps linking a H source to one end of a glass u-tube,
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(containing the salt) and a thermal conductivity cell to the other end. This
experiment could be used to measure the permeation of H through the salt over a
period of time.
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Abstract
Liquid aluminium readily forms a surface oxide film, and during melting, casting and metal transfer
operations double oxide film defects may be readily entrained into the liquid metal. Dissolved H is
thought to diffuse into these defects and re-combine to form diatomic H2 molecules, leading to the
formation of H porosity in the solid casting. However the diffusion of H into double oxide film
defects may be considered unlikely as even thin Al oxide films have been reported to be effective
barriers to the diffusion of H. In the experiments reported here, solid samples of commercial purity Al
alloy were degassed by repeated use of a LECO H measurement device, then melted and exposed to
an atmosphere of either oxygen or nitrogen. This created a surface containing Al 2O3, or Al2O3 and
AlN, respectively. When exposed to a H2 gas atmosphere, the absorption of H was found to be greater
in specimens containing AlN on the surface. The results suggest that AlN can form in cracks in an
existing oxide layer and allowed greater diffusion of H when compared to samples with only alumina
on their surface.

Introduction
An oxide film rapidly forms on the surface of molten aluminium and aluminium alloys due to their
high chemical affinity for oxygen. These surface oxide films can fold over due to surface turbulence
of the melt, such as that generated by a poor running system, resulting in the formation of double
oxide film defects, (also referred to as bifilms), in a process initially proposed by Campbell [1].
Campbell also suggested that H dissolved in the melt, (which originates from the reaction between
molten aluminium and water vapour), could diffuse into bifilms and inflate them, leading to the
development of H gas porosity. This occurs because bifilms will encapsulate and entrap atmospheric
gases during their entrainment (probably consisting principally of air) [2], and provide a pre-existing
gas phase into which H can diffuse [3]. Diffusion of H into this gaseous envelope could cause
expansion of the defect into spherical bubbles with dimensions far greater than the original bifilm [4].
Bifilms present a convenient solution to the problem of nucleation of H2 gas porosity during
solidification, as both homogeneous and heterogeneous nucleation have been suggested to be unlikely
to occur due to the high internal gas pressures required [1,5,6,7]. A pre-existing gas phase eliminates
the requirement for nucleation of a gas pore.
Following entrainment and formation of a bifilm the gases within have been suggested to be
consumed by reaction with the melt. Nyahumwa et al.[8] suggested that the continuous amorphous
alumina formed on the surface of the melt is entrained, and then transforms to γ-Al2O3 and then to αAl2O3, resulting in a 24% reduction in oxide volume. This transformation leads to rupture of the oxide
film, allowing the gases within the bifilm to react with the surrounding melt. Raiszadeh and Griffiths
[9] trapped an air bubble in an inert ceramic tube held in an Al melt, and observed a reaction between
aluminium and oxygen, forming aluminium oxide, followed by a quicker consumption of gases after
V

Appendix
about 5 hours, perhaps attributable to break away oxidation and failure of the oxide film as described
by Sleppy [10]. Once all the available oxygen was consumed the nitrogen contained within the bubble
started to react with the melt (through the cracks in the oxide film) to form AlN.
For a bifilm to be a precursor to gas porosity, H must first be able to enter the bifilm envelope. H in
solution exists in the form of protons, diffusing interstitially throughout the liquid metal [7,11].
Protons would be expected to diffuse through or circumvent the ceramic bifilm and to recombine in
the bifilm interior to form diatomic H2 molecules, which is an exothermic process [12]. H might also
react with O to form H2O. Aluminium oxide however, has been shown to be an effective barrier to the
diffusion of H [13]. The diffusion coefficient of protons through alumina has been measured to be as
little as 6.5x10-18 cm2s-1 at 25oC [14]. Films of aluminium oxide as little as 20 nm thick are used as
surface deposition barrier coatings in chemical and electrical engineering applications to control the
diffusion of H. Relating this to double oxide film defects, aluminium oxide films that crack or tear
should be quickly sealed by formation of aluminium oxide, which means that the theory that bifilms
are a precursor to hydrogen porosity is undermined by the apparent inability of protons to diffuse into
the defect through the oxide walls.
However, once all or most of the oxygen in the interior atmosphere has been consumed in this way,
AlN should then form. It is unclear if H can diffuse through AlN structures, and this work is aimed at
determining if H can diffuse into the bifilm defect interior atmosphere more readily through AlN than
through alumina.

Experimental Procedure
Accurately assessing the H content of solid aluminium alloys is challenging because there are no
standards to which measurements can be compared. The LECO H determination device heats solid
specimens and extracts the H contained within into a nitrogen carrier gas. The H content is established
by assessing the thermal conductivity of the resulting N2 and H2 gas mixture, however the extraction
proces is not repeatable.
Commercially pure Al (>99.7% Al) and 5083 wrought alloy were used in these experiments. The
composition of the alloy influences the oxide that forms on the sample surface; pure aluminium forms
aluminium oxide (Al2O3) and 5083 (containing 4.0-4.9 wt.% Mg) forms MgO oxide (MgO),
respectively [1]. Several specimens were machined from each alloy of 8 mm OD and 50 mm length,
for determination of H content using a LECO. In each instance the LECO was first prepared by
heating it five times using a high temperature outgassing procedure (>700oC) that drives moisture
from the furnace and the graphite crucible used in the measurement. The machine was then calibrated
by dosing the thermal conductivity cell with pure H gas (>99.9995% H). Low oxygen nitrogen
(>99.998% N) was used as a carrier gas to extract H from the samples.
In the first experiment the degassing potential of the LECO was evaluated by repeatedly analysing
two 5083 alloy samples 10 times. After 10 analyses the two samples were left to stand exposed to air
in the laboratory for 10 weeks, before being re-measured by the LECO, in order to determine the H
absorption over this period.

In the second experiment analysed/degassed samples were placed in different environments to
observe their influence on the absorption of H. Four 5083 alloy samples were analysed/degassed using
the LECO (three times), and then placed in different atmospheric conditions for four days before their
H absorption was determined using the LECO. A single sample was placed in each of the following
environments; (1) submerged in a glass container filled with water, (2) placed in a glass jar open to
the atmosphere, (3) sealed in a glass container (limiting the available water vapour), and (4)
submerged in a glass container filled with acetone.
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In a third experiment the composition of the surface film was modified by melting the alloy samples
in different atmospheres. Pure aluminium and 5083 alloy samples were degassed using the LECO
(three times), then placed in a furnace with a controlled atmosphere, with different experiments
conducted as detailed in the following:
Experiment 3(a):
Two commercial purity aluminium samples were degassed and then sealed into the furnace at room
temperature in an atmosphere of air. The furnace was heated to 700 oC at a rate of 40 Kmin-1 and the
samples first expanded, cracking any surface oxide film, and then melted. The surface of these
samples would therefore be oxidised during heating and melting in the air, forming an Al 2O3 surface
oxide film over the entire surface of the samples. They were held at 700oC for 15 minutes, after which
the air was removed to a vacuum pressure of 1 Pa. The furnace was then filled with H2 gas to a
pressure of 150 kPa and held at this temperature and pressure for one hour. The furnace was then
cooled at a rate of 20 Kmin-1 per minute to 50oC before the H was removed and the samples taken out.
The samples were placed in sealed glass jars and their H content measured in the LECO.
Experiment 3(b):
Two degassed commercial purity aluminium samples were inserted into the furnace along with a
ceramic dish that contained approximately 50g of Hf turnings, (to act as an oxygen scavenger). The
atmosphere was reduced to a pressure of 1 Pa of air, and then filled with Ar (99.999% purity) to a
pressure of 100 kPa. The Ar was then removed by vacuum until a residual pressure of 1 Pa remained
within the furnace. The system was pressurised with Ar and removed by vacuum five times to try to
ensure that minimal atmospheric oxygen or water vapour remained within the furnace. The evacuated
furnace was then filled with low oxygen nitrogen (>99.998% N) to a pressure of 150 kPa, before
being heated to 700oC and allowed to stand for 15 minutes in a nitrogen atmosphere. It was expected
that these samples would form AlN (AlN) on any exposed Al surface occurring during heating or
melting. The furnace was then evacuated, removing the nitrogen gas, and filled with H2 gas to a
pressure of 150 kPa and held at this temperature and pressure for one hour. The furnace was then
cooled at a rate of 20 Kmin-1 per minute to 50oC before the H was removed and the H content of the
samples measured.
Experiment 3(c):
This was identical to the experiment described in 3(a) but used 5083 alloy samples instead of
commercial purity aluminium.
Results
In experiment one, the repeated H measurements showed that about 85% of the initial H content was
removed from each sample during the first analysis in the LECO. Nearly all of the H was removed
from the sample after three analyses, after which an average of 0.005 ppm H remained, (see Figure 1),
(the accuracy of the device is claimed to be ± 0.005 ppm). Ten weeks later, after resting uncovered in
a laboratory environment, both samples had absorbed H. 5083 alloy would be expected to have a
porous MgO oxide surface layer, which is not protective, and which would allow continued reaction
between the surface and atmospheric water vapour. The two samples were shown to have picked up
almost as much H as their initial content, suggesting that this was the limit to which the solid alloy
could absorb H.
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Figure 1: Two 5083 alloy samples measured using the LECO ten consecutive times. The absorption of
H was evaluated ten weeks later.

Experiment two showed that the 5083 alloys placed in specific environments absorbed varying
amounts of H. Figure 2 shows that the sample submerged in water and the sample in laboratory air
absorbed 0.16 and 0.15 ppm of H respectively. In both cases moisture was readily available for
reaction with the alloy. The sample that was placed in a sealed container (i.e. limited water vapour)
was observed to have absorbed only 0.024 ppm of H after four days. The sample submerged in
acetone also absorbed very little H, only 0.038 ppm.
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Figure 2: The degassing of 5083 alloy samples (three times) and the absorption of H into those
samples after exposure to various environments.

In experiment 3, the H absorbed during each experiment, in air and in nitrogen, was determined by
analysing each sample three times. The results are shown in Figure 3. The measured mean absorption
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figures were, for Experiment 3(a) an increase of 0.04 ppm for the pure Al heated in air, for
Experiment 3(b) an increase of 0.08 ppm for the pure Al heated in N2 and, for Experiment 3(c) an
increase of 0.279 ppm for the 5083 alloy heated in air.

SEM analysis of the commercial purity Al samples heated in nitrogen revealed that cracks that had
developed in the original aluminium oxide film during expansion and melting were decorated with
AlN crystals, (established by EDX). These crystals, shown in Figures 4(a) to 4(c), may have nucleated
from the edges of the aluminium oxide layer and grown upon the aluminium exposed underneath,

Absorbed hydrogen
(ppm)

0.3
0.25
0.2
0.15
0.1
0.05
0
Pure Al / Air

Pure Al / Nitrogen

5083 alloy / Air

Figure 3: The absorption of H measured using the LECO.
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Figure 4: The surface of a commercial purity aluminium sample heated in nitrogen, showing cracks
in the original oxide film (a). The cracks were observed to be covered with a mixture of (b) fine or (c)
coarse AlN crystals.

Discussion
In experiment 3 the pure aluminium samples heated in both air and nitrogen absorbed measurable
amounts of H. This demonstrated that H was able to diffuse through the aluminium oxide and nitride
films on the surface of the specimens. But the H absorption of the pure aluminium samples heated in
nitrogen was greater, by 0.04 ppm, or about double, a difference demonstrated to be statistically
significant at the 95% level.

The original aluminium oxide film present on the surface of the commercial purity aluminium should
have cracked during heating, due to thermal expansion. As the oxide film cracked the aluminium
beneath was exposed to air, and instantaneous oxidation of the aluminium would occur, effectively
healing the cracks as soon as they formed. When they were exposed to H, the gas must diffuse
through the oxide film into the sample.

When the commercial purity aluminium samples were heated in nitrogen, however, the cracks in the
oxide film that formed would allow the aluminium to react to form AlN, as shown in Figure 4. The
AlN crystals may have nucleated and grew from both edges of the original aluminium oxide film,
until they met and completely covered the cracks. The permeability of H through the nitride crystals
was evidently greater (compared to the oxide) and these samples absorbed significantly more H. The
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coarse AlN crystals shown in figure 4(c) appear interlocked, and it is proposed that the crystal
structure has greater permeability for H because of this morphology. The experiments here
demonstrate that H can diffuse through both aluminium oxide and AlN layers, but that the thickness
and structure of the films likely influences the rate at which H can diffuse into the envelope over time,
and that AlN offers less of a barrier to the passage of H than does alumina.
The 5083 alloy samples also readily absorbed H. This occurred because the MgO oxide that formed
on the surface of the sample was permeable, allowing H to diffuse through the MgO. The internal
atmosphere of a bifilm composed of MgO would be expected to react with the surrounding melt
relatively quickly (compared to pure Al) because when the film cracks or tears, the oxygen contained
within reacts with the melt to form a discontinuous oxide, which would easily tear again. Cracks that
form in both MgO and any nitride that formed would also allow protons to diffuse into the internal
atmosphere of the bifilm for continued reaction.

Conclusions
1. Repeated use of the LECO was used to degas aluminium samples to low H levels (<0.01
ppm).
2. Degassed 5083 alloy specimens absorbed H by reaction with atmospheric water vapour, as
did specimens that were immersed in water. Specimens that were degassed and sealed in an
air tight container absorbed very little H over a period of four days.
3. Degassed 5083 alloy specimens that were melted in air and exposed to H gas readily absorbed
H as the porous MgO oxide surface film did not impede the diffusion of H.
4. In a low oxygen atmosphere, (such as might exist in a double oxide film defect), nitrogen will
react with aluminium to form AlN at cracks or tears in oxide film.
5. Commercial purity aluminium specimens that were heated in air or nitrogen (forming Al 2O3
or AlN on the surface, respectively) were both observed to absorb H. Absorption into samples
that were heated in nitrogen was significantly greater, and about double, probably due to the
formation of porous AlN crystals that grew within cracks in the original Al2O3 film.
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