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ABSTRACT 

Hydrogen causes defects, for which aluminiurn alloy products are rejected. The 
behaviour of hydrogen in aluminium-magnesium-silicon alloy extrusion ingots, has 
been studied throughout the course of manufacture from freshly reduced aluminium. 

It is shown that hydrogen in the liquid metal is produced by temperature-dependent 
reaction between the metal and water vapour in the atmosphere. As the metal is 
received from the reduction cells, its temperature is -850 'C and its hydrogen content, 
>0.4 crn'/100 g, is too high for casting sound ingots. The metal is transferred first to a 
so-called melting furnace, where it is alloyed and stirred, thence to a holding furnace, 
where the composition is adjusted, the metal is degassed by gas sparging and allowed to 
settle before casting. The metal cools throughout these operations and as the 
temperature falls, the calculated value for the hydrogen content in equilibrium with the 
atmosphere falls in response to the reduced hydrogen solubility. The actual hydrogen 
content of the metal exhibited marked hysteresis in following the equilibrium value. 
Significant reduction of the hydrogen content occurred only when the metal was 
agitated. The hydrogen content never fell below the equilibrium value even during the 
nominal degassing operation, leading to the conclusion that gas sparging in a furnace 
does not positively remove hydrogen but only assists the equilibration. 

The hot-top DC casting process yielded a8 rn x 0.18 m diameter ingot with a 
virtually uniform hydrogen content. When this ingot was homogenised by heating it to 
590 T in a 7h cycle, a significant proportion of the hydrogen content was lost from the 
surface zone. By matching the loss to a theoretical model assuming diffusion control, it 
was shown that the loss of hydrogen is attenuated by trapping in n-dcropores. 

The effects of simulated industrial atmospheres on the loss or absorption of 
hydrogen by the solid alloy were investigated in an extended series of laboratory 
heat-treatments. The interaction of the metal with these atmospheres was found to be 
determined by the nature of the oxide films formed and therefore the films were 
investigated by XPS and SIMS surface analysis techniques. In clean atmospheres the 
absorption or loss of hydrogen was determined by the balance between inward 

migration of protons and outward diffusion of hydrogen atoms through the oxide. 
Pollution of the air by chlorine or especially sulphur stimulated hydrogen absorption to 
a degree which seriously damaged the metal by pore growth. These effects are 
explained by modified compositions and structures in the surface oxide. 
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1. INTRODUCTION 

1.1 Philosophy Of Approach 

This thesis describes a project designed to develop a scientific approach to a serious 
industrial problem. 

In Industry, recurrent difficulties associated with a chronic problem incur 

unacceptable costs and disruption. They must be rectified expeditiously as they arise, 
if necessary by empirical means, and incentives to address the fundamental principles 
underlying the problem din-dnish with temporary remission of immediate difficulties. 

Conversely, a University has resources and opportunity for impartial study but the 
small scale of the work and artificial conditions applied to control experiments often 
leads to oversimplified models which are unrelated or even irrelevant to the industrial 

problems they are intended to address. A few examples illustrate the point. Small-scale 

experiments cannot simulate the behaviour of liquid metal handled in bulk. The 

atmospheres in industrial melting or heat-treatment furnaces are not amenable to the 
same degree of evaluation and control as atmospheres simulated in laboratories. 
Isothermal heat-treatment of solid metal in batch furnaces is usually impossible because 

of the thermal capacity of the load and the finite time needed for heat conduction 
through large pieces. Above all, idealised procedures are often excluded by costs. 

In the present work, the project was devised to combine the advantage of the author's 
continuing association with the plant of a large aluminiurn producer with extended 

access to the scientific attitudes and resources of a University. Various aspects of the 

project were conducted in the plant and in the laboratory as appropriate. This approach 
has its particular frustrations. Industrial experiments require Management sanction 
because they disrupt the regular operation of the plant and can seldom be repeated. Bulk 

materials selected for study must be accepted as they are and cannot be conditioned to 

aid interpretation of the results obtained from them. However, the merit of the 

approach is that any conclusions drawn are both fundamentally sound and directly 

relevant to the real problems of interest. 
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1.2 Purpose And Objectives 

The occlusion and effects of hydrogen in aluminium and its alloys have been 

extensively investigated both empirically and in the laboratory. Nevertheless, the 
interactions which can occur are so complex and variable that aluminiurn producers and 

manufacturers can still experience intractable problems attributable to hydrogen 

occluded in the metal. 

An example of such a problem is the unpredictable sporadic incidence of fine 

blisters, 1-3 mm in diameter on the surface of aluminium-magnesium-silicon alloy 

extrusion billets, within the AA6063 specification, occurring after "homogenisation". 

The incidence of blistering does not correlate with any obvious variations in metal 

origin or production procedures, both of which are nominally consistent. As used in the 
Aluminium Industry, the word homogenisation does not necessarily have its usual 

meaning of eliminating variations in composition but is an established term describing 

any production process in which cast material is heat-treated for several hours at high 

temperatures, to develop desirable characteristics for subsequent fabrication. 

This particular problem was selected for study because it has many features typical 

of the industrial difficulties which remain through insufficient information on the 

underlying fundamental principles and their application. A comprehensive approach 

was adopted in which carefully designed and executed experiments in a major 

alun-dnium plant were integrated with corresponding laboratory experiments at Brunel 

University. In this way, a systematic assessment was built up to explain the interaction 

of hydrogen with the liquid and solid metal as it progressed through the production 

sequences by which the extrusion billet is produced. 

The objectives were: 

* to identify conditions which influence the hydrogen of the liquid metal, with 

special reference to metal transfer operations and to degassing procedures. 

to identify and quantify factors which control the absorption or loss of hydrogen 

by interaction of the solid metal with the atmosphere to which it is exposed 

during heat-treatment. 
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* to identify factors which promote un-soundness, i. e-. porosity and blisters. 

generated by hydrogen in the metal. 

* to optin-dse existing practices or to suggest'alternative procedures to minimise 

unsoundness in commercially-produced AA6063 extrusion ingots. 

1.3 Scope And Organisation 

1.3.1 ne Industrial Context 

The production of alun-dnium alloy ingots is don-driated by the need to ensure that 
high quality is maintained, because defects of any kind in the ingots are inherited by 

semi-finished products fabricated from them. Such products are supplied for critical 
applications in a cost-conscious market in which there is intense competition between 

manufacturers. 

The thesis begins by describing the industrial context to which the work is related. 
Section 2 is a comprehensive review of the theory and practice of metal treatment 
processes by which liquid metal is prepared and solidified as ingots. This is followed in 
Section 3 by a more detailed description of direct chill (DQ casting, which controls the 
structure of the ingots and which has been intensively developed, culminating in 

advanced techniques such as the Airslip@ process by which the material used in. the 

present work was cast. 

1.3.2 Ilieoretical and Practical Aspects of the Effects of Hydrogen 

The extensive theory which underlies the effects of hydrogen in aluminium alloys 
is critically reviewed in Section 4. This covers the nature of hydrogen occlusion, the 

thermodynamics of metal-hydrogen systems , and theories and measurements of 

solubility and diffusivity. Practical matters considered include methods, of measurement 

and effects of hydrogen in manufactured products. 
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1.3.3 Quantitative Approach 

The essence of the approach adopted was to obtain quantitative information for 

interpretation and the accurate determination of the hydrogen of the metal is the basis of 

the investigation. From a review of the available techniques given in Section 5a 

decision was made to base the investigation on the hot vacuum extraction (Ransley) 

method, supported by in-plant measurements made with the Telegas. The principles of 

these techniques and the construction, calibration and commissioning of suitable 

equipment is described in Section 6. 

The first stage of the experimental work was designed to examine the behaviour of 
hydrogen in the liquid metal throughout the industrial processes in which the metal was 

received from the reduction furnaces, alloyed, degassed and cast into ingots. 

'Me second stage was to characterise the distribution of hydrogen within a selected 

actual industrially-cast ingot before and after homogenisation. 

The third stage was to exan-dne the absorption or loss of hydrogen from samples of 

metal in laboratory experiments simulating homogenisation. In these experiments, the 

temperature and furnace atmosphere were systematically varied to represent conditions 

which could conceivably prevail in a production environment. The experimental 

atmospheres used included clean air and air contarninated with sulphur or with 

chlorides, representing industrial and marine pollution. In the course of these 

experiments, it became clear that the factor controlling the absorption or loss of 

hydrogen was the nature of the oxides formed on the metal in these various 

environments. Composition profiles of these oxides were therefore studied by surface 

analysis techniques including XPS and SIMS. 

Finally, the new information was assessed and used to evaluate existing industrial 

processes and to suggest possible modifications. 
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2. THE PRODUCTION OF EXTRUSION INGOT 

Alun-dnium is produced by electrolytic reduction of Alumina (Al, 03). The principal 

commercial process in present day operation was developed in 1886 by Charles M. 

Hall (USA) and Paul T. Heroult (France), thus is generally known as the Hall-Heroult 

process. 

The process consists of dissolving the alumina into molten cryolite (NaAIF6) and 

electrolysing the solution in electrolytic cell or "pot", as it is tenned in industry. The 

cell process is very complex but the overall reaction may be summarised by: 

4AII03 =2 AP' + 6AI02- (primary i. onisation) 

6AI02' + 3C (anode'carbon) =, 3Aý03 + 3CO + 6e (anode reaction) 

2 Al'+ + 6e =2 Al (cathode reaction) 

Cryolite 
I: 1 An 

Figure 2.1 End view of a pre-backed pot. 

Figure 2.1 shows an end view sketch of a pre-baked type pot. 

The. aluminium produced is normally in. the commercial purity'* range of 99.50 - 

99.79% p. ure. High purityl grade of 99.80 - 99.949% pure aluminium can also be 

produced by Hall-Heroult process if great care is taken and high quality raw materials 

are used in the process. , 

5- 
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2.1 Metal Quality And Liquid Metal Treatment 

The extracted metal is delivered to the cast house or cast shop to be cast in a suitable 
intermediate product i. e. ingot. 

The electrolysed. metal is often not suitable for immediate casting and must undergo 

some refining and treatment to achieve the required chen-dcal composition and metal 

quality. 

Metal quality is a composite of three interrelated components, which are the level of 

alkali and alkali earth trace elements, hydrogen, and inclusions in the metal. The 

components are impurities of both elemental and compound state. The main sources of 

these iMPurities in alurninium are: 

* The electrolysis process, e. g. Na and Ca, 

" the alloying elements, e. g. MgO, SiO2, 

" turbulence in the transfer and treatment of liquid metal, e. g. A1203 

" chen-dcal reaction of fluxing agent, e. g. AIC13 
, 

MgC12 

* the reaction of liquid alurninium with water vapour which is the source of 
hydrogen. 

A survey of impurities in the metal from the electrolysis cell and impurities 

attributed to alloying elements'. are listed in table and 2.2 3 respectively. In an 

un-treated'aluminium melt, the inclusion concentration could be 0.005 - 0.025- volume 
fraction (5000 - 20000 ppm). The observed inclusion particle sizes range from MgO. 

dispersoids of a few gm in size to Al 203 films and clusters that extend sey. eral 

millimetres. The concentration of alkaline and alkali earth metals in un-treated liquid 

alumilnium can be as high as 80 ppm. 

Hydrogen is a major detrimental impurity which is the main subject of the work at 

hand, and will be dealt with in detail on its own. 
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Table 2.1 
A survey of impurities in alun-dnium 

from electrolysis cells. 
Impurity Concentration 

(wt ppm) 
Typical size (Pm) 

H 0.2-0.5 
C 5- 13* 
Na 40-80 

Mg 10-20 
Si 300-700 
Ca 3-10 
Ti 30-50 
v 100-200 
Mn 10-30 
Fe 500-2000 
Ni 10-80 
CU -5-30 
Zn 20-200 
Ga 80-180 
Carbides 1-5 0.1-20 
Borides 0.1-1 0.1-10 

Nitrides 0.3-2 
Oxides 0.3-3 10-300 
Salts -0.1 10-20 
*C content is near er to 50 ppm and is precipitated as TiC 
or ZnC. 

Therefore an aluminiurn melt is refined prior to casting. The degree of refinement 

necessary is dictated by requirements in the subsequent fabrication process, and 

ultimately by the final product, for example although many products require the particle 

size of an inclusion population to be less than 50 pm' , much smaller particles size of 

several gm could have a deleterious effect in the production. of 5 gm (thickness) 

aluminium foil. 

The treatment of alun-dnium melt typically involves: 

* Settling, floatation, and filtration for removal of inclusions, 

fluxing out dissolved alkali impurities, 

degassing for hydrogen removal. 
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Table 2.2 
IMDurities in allOvin2 elements. 

Alloying 
elements 

Mg 
99.8% 

Si 
98.4% 

Ti 
99.8% 

Mn 
99.9% 

Fe 
96% 

Cu 
99.9% 

Zn 
99.9% 

Impurity (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) 
H2 0.2-3 150 
C 1000- 

1500 
30 3-1.5% 

S 100-350 
Ca 2000 
Ti 1200 
Fe 100-300 4500 500- 12000 

Oxides 10-40 1000 370 400 
Carbides 1.5-7 300 
Sulphate 140 

1176 

2.1.1 Settling 

Settling entails simple gravity sedimentation of inclusions heavier than the melt, 

which is achieved by leaving the melt undisturbed for 0.5 to 2.0 hours in the holding 
furnace, thus is an in-fumace melt treatment. 

The mechanism of settling is commonly expressed 
5.6.7 

* by Stokes law: 

2 LRI, vs 
911A, (Pp - PAI 

Where; 

V, = settling velocity, 
Rp = particle radius, 
IJAI = viscosity of aluminium, 
Pp 9 PAI = particle and aluminium densities and, 
g= gravitational acceleration (9,80665 m sec-2) 

(2.1) 
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Based on Stokes Jaw Martin et al" predicted that all MgO inclusions (density = 

3.58 g cm-) with diameters greater than 30 4m can be separated out, over a distance of 

I m, in half an hour, but the results of their experimental investigations did not fit the 

static model, however modifying the model to include the inclusions capture 
mechanism was said to have improved its correspondence to the observed trends. 
Nevertheless the investigations confirmed the benefit of settling treatment by reporting 

significant reduction (over 60%) in the inclusions concentration. Common industrial 

practice is to include settling along with other melt treatment. 

Time (min. ) 
60 

50 - 

40 - 

30 - 

20 - 

10 

0 
0 20 40 60 80 100 

Inclusions dia. RM 

Figure 2.2 Settling of-inclusions. 

2.1.2 Melt Treatment by Gas Sparging 

120 140 

The floatation of inclusions, fluxing of the alkali impurities and the removal of 
hydrogen or "degassing" are 'carried out by sparging the melt with an inert gas (argon or 

nitrogen) or with a n-dxture of An active gas (mainly chlorine) and an inert gas. 

The gas sparging may be performed in the holding or casting furnace in which case it 

is known as in-furnace melt treatment, or in a dedicated reactor unit in in-line melt 

treatment. 

TiB2 

mgo 
..... c ...... 
A1203 

9 



2.1.2.1 In-furnace Melt Treatment 

In furnace melt treatment consists of either injecting the sparging gas through a lance 

into the melt, or by submerging a reactive compound such as hexachloroethane (CIC16). 

which generate the sparging gassesof Cl2and AIC13. 

Although still widely practised, this process suffers a numbers of drawbacks: 

I'lie holding furnace commonly a large (typically 30-50 tonne) reverberatory type 
is designed for thermal efficiency is not suited for gas purging thus leading to 

poor gas utihsation, 
* the process produces large gas bubbles9* (45 rmn dia. ), which contribute to 

refining inefficiencY, 

the large gas bubbles rise up rapidly through the melt causing extremely turbulent 

melt surface, thus contributing to inclusion contentlo*. 
the sparging gas reacts with water moistýre in the atmosphere resulting in 

environmental pollution with HCI , 
2AIC13 + 3H20 = 

A'203+ 6HCl (g) 

However Nilmani et al'- suggest that adding diffusers to the lance, or by using helical 

plug lance the efficiency of the process is improved, and Grandfield'- reports significant 
reduction in inclusion content can be achieved if chlorine is added to the purge gas. 

2.1.2.2 In-line Melt Treatment 

To improve melt treatment efficiency and productivity in-line melt treatment was 
adopted. 

An in-line melt treatment process is defined as' a continuous refining of the melt 
during casting. Liquid aluminiurn is continuously fed into the treatment vessel from the 

holding furnace. The treated metal which leaves the vessel is then often filtered before 

it is cast. 

The early versions (still used) of in-line systems consisted of a vessel containing fine 

tabular alumina balls, tabular alumina flakes and a graphite, quartz or porcelain 

enamelled steel tube"- to inject purging gas at the bottom of the vessel. This set up 

provided for melt treatment by filtration and gas sparging. Alcoa's 181 (Figure 2.3), 469 
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and British Aluminium's FILD are some examples of this type of system. 

flow 

Figure 2.3 Alcoa 181. 

". -Ww 

The efforts to understand bubble dynamics and the behaviour of gas bubbles in 

molten metals, particularly in steel, resulted in the concept of gas injection into the melt 

through rotating impeller. The first embodiment of this technology for the aluminium 
industry' was the introduction of Spinning Nozzle Inert Flotation (SNIrm ) unit by 

Union Carbide in the early seventies. 

Currently the in-line melt treatment by rotating-impeller gas injection is the 

dominant technology in the aluminium industry. There are numerous units of this type 

commercially available, such as; Alcoa's 622 (Figure 2.4), Pechiney's Alpur, Norsk 

Hydro's Hycast, and others. 

purge gas in through 
rotating impeller 

metal in --w- IIH metal out -0- 

00 00 

o(sý )0 00 0 0 
0 0 

000 
0 000 

00 

1 

00 
0 

ýýo 
13 m 0 

Figure 2.4 Alcoa 622. 
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The system consists of a refractory lined vessel, and one or more impeller assemblies 

which can be inserted vertically into the vessel from the top. The impellers design 

varies with each unit, but are mainly made of graphite. Most systems include a 

provision for heating such as gas fired burner, immersion heater or induction heater to 

maintain the melt temperature at desirable level. 

The operation of the unit consists of feeding it with liquid metal from the holding 
C- 

furnace, lowering the impeller into the melt, and injecting inert or mixture of inert with 

active gas through the impeller while it is being rotated. Consequently the metal is 

sparged with well dispersed fine gas bubbles. The gas bubbles refine the liquid metal 
by: 

" Floatation of inclusions, 

" fluxing out of active elements, 
" degassing. 

These refining mechanisms are discussed next. 

2.1.2.3 Flotation 

One of the major benefits of gas purging is the removal of inclusions by floatation. 

The theory of operation is that if a gas bubble contacts a particle non-wetted by the melt 
the two join and the particle is carried to the surface with the bubble. 

The mechanisms of particle flotation have been. comprehensively investigated by 

Szekely'2-, Eckert et a15, , and Simensen 4. who predicted that all large partic les (> 80 pm) 

should be removed by inertial impaction on gas bubbles and an efficient particle 

removal is expected down to 6 pM particle size by peripheral interception if the size of 
bubbles is in the 1-10 mm range. 

Experimentally Simensen' found that all inclusions greater than 100 pm and 

approximately 90, % of oxides with diameters -75 and 25 pm were removed by in-line 

treatment. 

Simensen 4, also reported that oxide films 100 pm long had been observed to have. 

escaped being removed and had passed through the in-line treatment, which he 
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explained could occur if the oxide is oriented with its major axis parallel to the velocity 

vector of the bubbles, in which case the bubble can "see" a much smaller inclusion 

(thickness 1-2 pm ). 

All theoretical and experimental investigations have shown that the effectiveness of 

melt treatments by gas purging are inversely related to the gas bubbles size. A 9 

simplified expression for 100% inclusion removal for various gas bubble diameters is 

derived by Eckert et al'-, which is: 

2 0.222 db (2.2) 

Where: d and d,, are particle and bubble-dia. in pm and nun. This expression is P 
plotted in figure 2.5. 

The addition of chlorine to the purge gas is believed to be beneficial by increasing 

the probability of capturing oxide inclusions by the salt formed on the gas bubbles as 
inclusions are well wetted by the salt and not by the mele-, and also by reducing melt 
loss by promoting dry dross'2-. 

Inclusion dia. RIM 
140 r- 
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Bubble dia. Inun) 

Figure 2.5 Bubble size for 100% inclusion removal 
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2.1.2.4 Fluxing 

The removal of alkali and alkali earth metals by their reactions with AIC13 in the gas 

bubbles is often termed as fluxing. 

Significant reduction in sodium content of the melt, as a consequence of settling and 

sparging with inert gas, due to its high vapour pressure has been reported 13 -. But if 

extremely low level of sodium, calcium and lithium is required, which is the case for 

some rolling ingots, then gas sparging with a mixture of chlorine-inert gas is 

required 14. The fluxing out of alkali and alkali earth impurities by chlorine is due to the 

higher chemical affinity of chlorine for these elements versus aluminium. And the more 

stable chloride an element forms the easier it is to remove, i. e. calcium will be removed 

to its thermodynamically lowest concentration'-, followed by sodium and lithium. If the 

amount of chlorine used is in excess of that required for alkali and alkali earth removal, 

magnesium level will start to be reduced. 

The theoretical chlorine requirement Q min-') in the purge gas, for the removal of 

Na, Li, and Ca, can be estimated by the following expression 7. : 

(wt., YoNa) HwI. 9o'Na), 
+ 

(WI 9"', J) i-(W, -%LJ) 

Qcl, = F(2.24F,,, ) 2UN. 2MLi (2.3) (wt. %Ca)i-(wt. %Ca), 
MCa 

Where: 

Fm metal flow rate (kg min-'), 
M molecular weigth, 
i inlet condition, 
e equilibrium condition, 
Qci, = flow rate of chlorine (I min-1), and, 
F= correction factor - 2-3, as actual C12 utilization is not 100%. 
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2.1.2.5 Degassing 

The term degassing in alun-dnium industry is often used to describe the whole melt 

treatment system, as in in-line degassing or in-furnace degassing which are in-line and 
in-furnace melt treatment systems. 

A more accurate definition of the term is, the removal of hydrogen from liquid 

aluminium or its alloys by gas sparging, which may be said to be a primary objective of 
the melt treatment systems mentioned above. 

Hydrogen dissolved in molten aluminium has a relatively high vapour pressure 7 *, and 

this fact is the basis for its removal by gas sparging. Atomic hydrogen passes from the 
liquid metal phase to the gas phase (sparging gas bubbles) where it forms di-atornic 

hydrogen gas. The hydrogen concentration difference between these two phases being 

the driving force for mass transport. This phenomenon can be represented by the 
following reaction: 

2 [H]AI = (H 2)& 

For hydrogen to be removed by the ascending gas bubble, it is transferred by a series 

of steps outlined below and in Figure 2.6. 

1. Transport of atomic hydrogen in the melt to the vicinity of a gas bubble by a 

combination of convection and diffusion, 

2. Diffusive transport through the liquid boundary layer, to the bubble surface, 

3. The chemical adsorption on to the outside and subsequent desorption from the 
inside of the bubble surface, and the formation of di-atomic hydrogen. 

4. Diffusion as a gaseous species into the gas bubble. 

The mechanism and efficiency of hydrogen removal by gas purging have been 

extensively investigated by Engh et al 13.14.15. 
, and others. The following equation by 

Engh, expresses the efficiency of gas purging (Z), as a function of "dimensionless" 

melt/gas contact area (OA) . 
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Figure 2.6 Hydrogen removal by purge gas 

Z=I- exp(-ýA) (2.4) 

and, 

OA ": 
ki p. A P,,,,, 

(2.5) 100-m., GK 

where: 

kt total mass transfer coefficient (m s-'), 
pm density of the metal (kg M-3), 
A interfaccial contact area (M2), 

Pi,,,., = partial pressure of inert gas (atm), 
m., molar mass of component x (kg kmol-1), 
6 flow of gas (kmol s-1), 
f activity coefficient for component x in melt and, 
K equilibrium constant. 

From Equation 2.5, it is apparent that ýA increases with the ratio between contact 

area and gas flow rate it also increases when equilibrium constant K is small. 

When K is small, the bubble in equilibrium will have a low partial pressure of x 
(hydrogen) and the "x-capacity" of the bubble is low. Similarly ýA increases with Pi,,,,,, 

which is approximately equal to the total pressure. When the total pressure is high, the 

gas volume available to be "filled" with hydrogen is low. 
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To approach equilibrium, Z=1 (100% efficiency ), OA must be greater" than 3. 

Engh'5- has estimated that gas purging efficiency (Z) for in-furnace treatment by lance 

and for in-line treatment by spinning impeller to be -0.1 and -0.7 respectively. 

The addition of chlorine has traditionally been believed to increase hydrogen 

removal. But recently this beneficial effect has been questioned, with Engh et al's. 

stating that chlorine will not react with hydrogen, therefore based on thermodynan-dc 

reasoning there seems to be no advantage in its use. Grandfieled et al"- adding that the 

chloride formed on the gas bubble may present a diffusion barrier preventing the 

hydrogen removal from the melt, and this view is supported experimentally by Stevens 

17. et al 

Nevertheless, Engh"- suggests that if the degassing process is mass transfer 

controlled; that is, if bubbles are large, the chlorine may improve hydrogen removal, 

because the mass transfer coefficient increases by about two times in the presence of 
halogen, but the mass transfer coefficient is not important if very small purge gas 
bubbles are present, as the efficiency is already nearly 100 percent 

2.1.3 Filtration 

Filtration of liquid aluminiurn and its alloys is another mean of removing inclusions, 

which is widely employed either as an integral part of the in-line melt treatment unit as 
in Alcoa 469 or as a separate unit located inunediately before the casting unit, 

supplementing the melt treatment by gas sparging. 

Filtration consist of passing the melt through a porous medium designed to arrest and 

retain particulate matters.. 

The porous media available for filtration of liquid alun-iinium can be classified in the 

following types: 
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2.1.3.1 Woven glass fibre filter 

Is the simplest type of filter, made of woven glass fibre, shaped in the form of bag 

of various sizes which are commonly known as filter or trough "sock". which can be 

fitted in the trough or over the mould at the liquid metal feeding point. 

The filtration efficiency of this type of filters are lin-dted to large particulates, 

(> 500 gm ) but they are often used to supplement other filter types, with the aim of 

removing particles such as pieces of trough lining or foreign objects which may enter 

the liquid metal between the main filtration unit and the casting unit. 

2.1.3.2 Packed bed filter 

It isusually constructed of a refractory lined steel "box" packed with loose ceramic 

particulate such as tabular alun-dna flakes and/or alun-dna balls, which form the filter 

"bed". The filter bed varies in size, but 50-70 cm may be a common thickness range. 

Liquid metal enters on to the top of the filter bed and is collected from the bottom. 

7bus the unit must be engineered between the casting furnace and the casting station. If 

an in-line gas sparging unit is used, then the filter is located immediately after it. 

If designed with proper filter factor i. e. filter bed surface area appropriate for the 

metal flow rate, packed bed filter or deep bed filter as they are commonly known are 

considered to be the most efficient" "- type of filter. Netter et a120- predict efficient 

removal of inclusions down to 6. gm in size by deep bed filtration. 

Packed bed filters such as British Aluminium FILD, Swiss Aluminium DUFFI, 

Alcoa 469 and 528, were the predominant filtration technology until the ceramic foam 

filters where introduced on to the market in the seventies. 

2.1.3.3 Ceramic foam filter (CFF) 

They are available in plate shape, typically 17"xl7" or 20"x2O" and 2" thick, made 

by replication of reticulated polyurethane foam, and are currently produced in a range 
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of compositions2'- including phosphate 

zirconia/alun-lina and others. 

bonded alumina, sintered alumina, 

I'lie filters are characterised by their pore size in term of number of pores per linear 

inch (ppi). The phosphate bonded alumina filters in the pore size range of 20-60 ppi are 

commonly used in aluminium casting2'*. Each filter is normally used once and for one 

cast. 

To accommodate the filter and provide for rapid filter changing, a filter holder (filter 

"bowl") is fitted in the trough immediately before the casting station. 

For CFF of 30 ppi, an efficiency of 80-100% is expected' for oxide and boride 

particles 
-larger 

than 50 gm. 

2.1.3.4 Rigid media filters (RMF) 

Rigid media filters are made of alun-dna or silicon carbide refractory grains which 

are bonded together. This type of filter is characterised by its grain size or grit number, 

with a6 grit designation being most appropriate22* for use with aluminium extrusion 
billet casting. 

Rigid media filter in fon-n of tube was developed by Tokyo Koyo Rozai and has been 

in use in Japan since the seventies, but due to -cost consideration it has not been widely 

. used elsewhere. RMF (TKR HQ is claimed22- to have a filtration efficiency of >80% 

for particles >8 gm as determined by PoDFA type assessment.. 

2.1.4 Mode of filtration 

1,21,21.24. The mode and mechanism of filtration have been extensively investigated 

therefore only a brief description of modes will follow: 
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2.1.4.1 Filtration by straining 

If the inclusions are larger than the filter pores, they will be retained on the filter's 

inlet surface by straining, this is the primary filtration mode for glass fibre type filter. 

2.1.4.2 Cake mode filtration 

When the particles size are large compared to the filter pore size and their 

concentrations are high (>500 ppm)-, they form a layer on the inlet surface of the filter 

effectively reducing the pores sizes, leading to the build up of more layers of smaller 

particles. The accumulation of these inclusion layers on the inlet surface is termed cake 
formation. 

2.1.4.3 Depth or deep bed filtration 

Normally the melt has already been treated prior to filtration, thus should only 

contain low concentration (< 100 ppm )'- of small inclusions, which can not be 

removed by straining and cake mode. Therefore the particles will follow the melt 
through the filter until they contact the filter where they are retained. 

Eckert et a15- state that " it is believed that impingement is the main transport 

mechanism in aluminium. melt filtration, and pressure Van der Waal forces are 

responsible for particle attachment" to the filter media. 

Table 2.3 
Inclusion removal efficiencv for various tvDes of filter 

Filter type 1hickness 
(cm) 

Melt veloc. 
(cm/s) 

Inclusion 
6-12 pm 

Inclusion 
13-20 pm 

Inclusion 
20-30 pm 

Inclusion 
>30 pm 

Packed bed 20(fine)or 
50(coarse) 

0.1 90-100% 100% 100% 100% 

Packed bed 20(fme)or 
50(coarse) 

0.4 60-85% 85-98% 98-100% 100% 

RMF 2 0.03 55-80% 85-95% 95-98% >98% 

RMF 2 0.06 30-70% 70-90% 90-95% >95% 

CFF 40 ppi 5 0.25 25-50% 50-70% 70-85% >85% 

CFF 40 ppi 5 1 22-35% 35-55% 55-70% >70% 

Inclusion removal efficiency for various types of filters based on the removal of TiB2 

(density of 4.5 g. cnf3 ) are listed 20. in Table 2.3. 
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2.3 Aluminium- Magnesium- Silicon Alloys 

In 1906 Alfred WilM*26. (Germany) discovered the phenomenon of precipitation 
hardening at room temperature (natural ageing) following quenching. The alun-dnium 

alloy contained about 4% Cu, 0.5% Mg, 0.5% Mn, and the usual Fe and Si impurities 

that were around 0.5% each. 

Wilm's discovery led to a search for other alloys that could age-harden. In 1921 a 

copper-free alloy containing 1% Si and 0.5% Mg (AA 6051) was successfully heat 

treated in the United StateS26' . Following this success a major class of age-hardenable 

alun-dnium alloy, AA 6XXX was developed. Some of the major alloys within this class 

are listed 26.27.21. in table 2.6. 

The ratio of magnesium to silicon added is normally 1.73: 1 (wt%) or with slight 

excess silicon which leads to the formation of M92S' intermetallic compound. 

The equilibrium-phase diagram (Figure 2.7) is pseudo binary AI-M92S' with the 

pseudo binary eutectic horizontal at 868 K. The composition of the eutectic liquid is 

8.15 wt% magnesium and 4.74 wt% silicon in equilibrium with aluminiurn solid 
solution containing, 1.13 wt% magnesium and 0.67 wt% silicon 1.85 wt% 
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Figure 2.7 Al - M92 Si phase diagram. 

22 



2.2 Aluminium Alloys 

Most of the aluminium used is alloyed, with the principal alloying elements being 

copper, manganese, silicon, magnesium and zinc. Other elements are also added in 

smaller amount for grain refinement and to develop special properties; e. g. titanium, 

strontium etc. 

Since there are&de variety of alun-linium alloys, special designation were developed 

by the Alun-dnium Association'5- (AA) as listed in Tables 2.4 for wrought and 2.5 for 

cast alloys. 

Table 2.4 
Designation system for wrought aluminium alloys 

Alloy series Description or major alloying element 
lxxx 99.00% minimum aluminium 
2XXX Copper 
3XXX Manganese 
4XXX Silicon 
6XXX Magnesium and Silicon 
7XXX Zinc 
8XXX Other elements 
9xxx Unused series 

Table 2.5 
Designation svstem for cast aluminium allovs. 

Alloy series Description or major alloying element. 
lXXX 99.00% minimum aluminium 
2XXX Copper 

3XXX Silicon plus Copper and/or Magnesium 

4XXX Silicon 
5XXX Magnesium 
6XXX Unused series 
7XXX Zinc 

8XXX Tin 

9XXX Other elements 
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Table 2.6 Chemical COMDosition of some alun-dnium allovs. AA6XXX series 
Alloy 6151 6351 6061 6063 6066 6070 6009 6013 
Year 
introd. 

1928 1935 1944 1954 1962 1976 

Si 0.6-1.2 0.70-1.30 0.4-0.8 0.2-0.6 1 0.9-1.8 1.0-1.7 0.6-1.6 0.6-1.0 
Fe 1.00 0.50 0.70 0.35 0.50 0.50 0.50 0.50 
Cu 0.35 0.10 0.15-0.4 0.10 0.7-1.2 0.15-0.40 0.15-0.6 0.6-1.1 
Mn 0.20 0.40-0.8 0.15 0.10 0.6-1.1 1 0.40-1.0 0.2-0.8 0.20-0.8 
Mg 0.45-0.8 0.40-0.8 0.8-1.2 0.45-0.9 0.8-1.4 0.50-1.2 0.4-0.8 0.8-1.2 
Cr 0.15-0.35 -- 0.04-0.35 0.10 0.40 0.10 0.10 0.10 
Zn 0.25 0.20 0.25 1 0.10 0.25 0.25 0.25 0.25 
Ti 0.15 0.20 0.15 0.10 0.20 0.15 0.10 0.10 
Others 
(each) 

0.05 0.05 0.05 0.05 0.05 0.05 

I 

0.05 0.05 

Others 
(total) 

0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15 

Al Balance , alance I Balance j Balance I Balance Balance 1 Balance 1 Balance 
Composition given in wt% either as maxhnum or range. 

2.3.1 AA 6063 Aluminium alloys 

The alloy nominally contains 0.67% Mg and 0.4% Si, but more versions of this alloy 

are probably made than there are versions of any other alloy"-. 

The favourable characteristics of this alloy family includes, moderately high 

strength (see Table 2.7), relatively low quench sensitivity", good corrosion resistance 

and good extrudability (see Table 2.8) in case of AA6063 extrusion ingot. 
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Table 2.7 AA6063 Mechanical Dronerties at various heat treatment "*. 
Temper Ultimate 

Tnsilc 
Strenoth I-- M]Pa 

Yield 
Tensile"' 
Strencyth C 

MPa 

Elonuation C 
% in 50 

mm 

Hardness 
BHN(" 

Shear 
Strcn(, th L_ Mpa 

Fativuc L_ 
limit"MPa 

0 90 50 ... 
25 70 55 

TI 150 90 20 42 95 70 

T4 170 90 22 ... 
110 ... 

T5 185 145 12 60 115 70 

T6 240 215 12 73 150 70 

T83 255 240 9 81 150 ... 
T831 205 185 10 70 125 ... 
T832 290 270 12 95 185 

(a) At 0.2% offset, (b) 500 kg load 10 mm. ball, (c) Based on 500 million cycle using 
R. R. More-Type rotating machine. 

Table 2.8 Relative extrudability of aluminium alloys-. 
Alloy 1350 1100 3003 LQL116061120111508612014 5083 2024 7075 7178 

Extrudability* 160 135 

1 

120 1100 1 60 1-- 35 1 25 1 20 20 1 15 918 
* Extrudability. % of rate for AA6063. The key factors which are often used in 
determining extrudability are "break in pressure", extrusion speed. and surface condition 
of the extrusion. 

2.4 Solidification 

Following all the necessary liquid metal treatment and alloying, the metal is cast into 

suitable ingot. Although an intermediate product, the quality and the metallurgical 

properties of the ingot has profound effect on the efficiency of the operations that 
folloWS30.31. the ingot casting e. g. extrusion and rolling. 

To appreciate the factors that govern the as-cast structure it is necessary to first 

consider some fundamental aspects of solidification science. 

2.4.1 Nucleadon 

For solidification to occur it requires an out flow of heat which changes the free 

energies, and therefore the relative thermodynamic stability of the phases present. Then 

if the atoms cluster into "embryo" in the liquid or on a foreign substrate and at some 
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temperature below the thermodynamic equilibrium melting temperature they reach a 

critical size, they can become a stable nucleus and grow to form a solid grain. 

2.4.1.1 Homogeneous nucleation. 

When a solid forms with its own melt without the aid of foreign materials, it is said 

to nucleate homogeneously. 

The free energy change for the homogeneous nucleation of a spherical embryo is 

given by"-"-: 

A Gr = 41cr2 a+ 4/3 7c r3A Gv (2.6) 

where: 

A G, is the free energy (J mol-1) to form the embryo of radius r, 
(Y is the solid-liquid interfacial energy (J m -2), 
A Gv is the free energy per unit volume (j M-3 ), and 

AGv= 
AHf, &T 

(2.7) Tf V. 

where; 

A Hf is laten heat of fusion per mole (J mol-1), 
AT is undercooling (K), 
Tf is the melting point of pure substance (K), and 
V,, is molar volume of the embryo (M3 Mol-1). 

The variation of the different free energy terms and the overall change in free energy 

Equation 2.6 is illustrated in figure 2.8. Any embryo which form above 34 Tf will rapidly 

disperse. On the other hand below Tf , provided the embryo reaches a critical size with 

radius rý, at which 

(D(AG)IDr) = 

it is equally probable that it will disperse or that it will grow as a stable nucleus. To 
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form this critical nucleus a random fluctuation producing a localised energy change 
A G* is required. differentiating Equation 2.6 and allowing for the sign of A Gv 1 

«MIN -Embryo ob lo« Nilcleus WO. 

AC 

Ad 

0 

Figure 2.8 The free energy change resulting from 

homogeneous nucleation of sphere of radius r. 

r 2a 
= _2aTfV. (2.8) AGV AHfAT 

I 

The localised energy change or the activation energy for nucleation"* A G* can be 

determined by introducing r' into Equation 2.6: 

32 V2 

AG 16 7C (y3 
= 

16 n cr T; , m. 
22(, &7)2 3 AGV 3 AH; 

(2.9) 

Since A Gv increases approximately linearly as temperature falls (see Equation 2.7), 

the critical radius rý decreases rapidly as does the activation energy of nucleation 

(A G) as illustrated in figure 2.9. 
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Figure 2.9 The effect of decreasing temperature on the critical 

radius for nucleation and on the activation energy for nucleation. 

2.4.1.2 Heterogeneous nucleation 

When the melt contains solid particles, or is in contact with a crystalline container or 

oxide layer, nucleation may be facilitated if the number of atoms, or activation energy 

required for nucleation, are reduced. This is known as heterogeneous nucleation. 

Turnbull" showed, that when the solid-liquid interface of the substance is partly 

replaced by an area of low-energy solid-solid interface between the crystal and a 

foreign particle, nucleation can be enhanced, and the magnitude of the effect was 

expressed as: 

(2 + Cos 0) (1 - COS 0)2 
(0) = (2.10) 

Where 0 is the wetting angle, in the presence of the melt, between a growing spherical 

cap of solid (nucleus) and solid substrate (particle or mould), illustrated in Figure 2.10. 

Numerical values of f(0), based on equation 2.10, are listed 35. in Table 2.9, and 

show that, under conditions of good solid-solid wetting (small 0) between the crystal 

nucleus and the foreign substrate in the melt, a large decrease in A G* (activation 
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energy for nucleation) can be expected. 

Figure 2.10 Heterogeneous nucleation of spherical 

cap of solid formed on a planar substrate. 

Table 2.9 Calculated values forf (0), based on equation 2.10. 
00 Type of nucleation f(O) 

0 complete wetting no nucleation barrier ( immediate growth can occur 0 

10 heterogeneous 0.00017 

20 heterogeneous 0.0027 

30 heterogeneous 0.013 

40 heterogeneous 0.038 

50 heterogeneous 0.084 

70 heterogeneous 0.25 

90 heterogeneous 0.5 

110 heterogeneous 0.75 

130 heterogeneous 0.92 

150 heterogeneous 0.99 

170 heterogeneous 0.9998 

180 homogeneous I 

For spherical cap nucleus representation 32- A G* is expressed as: 

L, 7r 03 LC 

f (0). A G* ý. 2 3, ä Gv 
(2.4 1) 
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The critical nucleus radius ( r* ) is unaffected by nucleation site. 

2.4.1.3 Rate of nucleation 

An expression for the rate of nucleation (I), essentially equivalent to that derived by 

Turnbull and Fisher32-, based on earlier work 37. of nucleation of droplets from the 

vapour, can be stated as: 

Io exp (A G* +A Gd 

kT 

whcrc: 

Io is a pre-exponential factor, 
A G. d is the activation energy for diffusion through the solid-liquid interface, 
k is Boltzmann's constant, and 
T is temperature (K). 

(2.12) 

In Equation 2.12, A G* varies as -I /T (A T)', while A Gd as -I / T. An increase in 

AT, giving more numerous and smaller nuclei of critical size ( see Equation. 2.8 - 
2.11), is accompanied by a decrease in T. i. e. lower diffusion - These opposing 

tendencies lead to a maximum in nucleation rate at a critical temperature, which is 

approximatel? '- at - 0.2 Tf undercooling for most metals for homogeneous nucleation 
but at only - 0.02 Tf undercooling for heterogeneous. nucleation as shown 34. in 

Figure 2.11. 

At low undercooling, equation 2.12 can be"- approximated to 

1039 exp (- 
A G. (2.13) kT 

Kurz and Fisher"* illustrated ( figure 2.12) that due to the exponential relationship, 

variation in the value of the term, (A G* /k V), have a remarkable effect upon the rate 

of nucleation, I. If, for an observable rate. of I=I cm"' s-1 , the exponential term is 

changed by a factor two, from 50 to 100 for example, the resultant change in. the 

nucleation rate is of the order of -10' . When A G* /kT is equal to 50,10' nuclei per 
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litre of melt per microsecond are formed. If the latter term is equal to 100, only one 
nucleus will be formed per litre of melt over a period of 3.2 years. 

Thus changing the temperature or changing the value of A G* can enormously 
increase or decrease the nucleation rate. 

Minimisation of the activation energy for nucleation (A G* ) by the use of foreign 

crystalline particles which are readily wet by the growing nucleus is the basis for the 
inoculation and grain refining in the metallurgical industry. 
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Figure 2.11 The critical undercooling for 

homogeneous and heterogeneous nucleation 
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Figure 2.12 Nucleation rate as a function of activation energy A G* . 
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2.4.2 Crystal growth 

Once nucleation has occurred, crystal growth begins and the structures that develop 

can be related to the growth conditions. Crystal growth is a consequence of the 

movement of the boundary separating the liquid from the solid i. e. the solid-liquid 
interface. Such a growth will be limited b? 5-: 

" the kinetics of atoms attachment to the interface, 

" capillarity, 

" diffusion of heat and mass. 
The relative importance of each of these factors depends upon the substance in 

question and upon the solidification conditions. 

There are basically two types" of solid-liquid interfaces; it is described as "smooth" 

or "faceted" when the boundary is aton-dcally flat and sharp, and "rough", "diffuse" or 
"non-faceted" when the solid-liquid transition extend over a number of aton-dc layers. 

Metaleo* are expected to grow with a rough interface. 

Different mechanism of interface advance; are attributed to the different interface 

forms, the three listed by Davies" are: 

2.4.2.1 Normal or continuoue'. growth 

In normal growth all sites'2- on the interface are considered to be equivalent and the 
interface advances by the continuous random addition of atoms. This theory was based 

on earlier works by WilSon43 - and Frenkel' and predicts that the mean growth rate, is 

proportional to undercooling. 

For normal growth the growth rate can be quite high and the requirement of site 

equivalence implies the need for a rough interface. This is the growth mechanism 

considered applicable to most metals. 
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2.4.2.2 Growth by surface mechanism or lateraV" growth, 

This theory3"5- assumes that the crystal interface is smooth and that growth proceeds 

by the homogeneous nucleation of new layers in the form of disc nuclei which grow 

laterally until a complete layer is formed. 71iis is shown schematically in Figure 2.13. 

The theory predicts growth rates which are negligibly slow at low undercooling. 

D-we-0 

t 
Figure 2.13 Crystal growth by surface mechanism. 

2.4.2.3 Growth on imperfections, 

Here the assumption is that some form of continuous growth steps exists at which 

atoms can be added. The simplest form of step is that formed when a screw dislocation 

emerges at a crystallographically smooth interface. The theory of growth on screw 
dislocation has been treated by Frank' and Hillig and Tumbule'*. In this case the 

predicted growth rates are also very low and this is due to restriction on the number of 

available growth sites. 

2.5 Solidification of Pure Metals 

Presun-dng the casting takes place in a container (mould), the solidification begins 

with the initiation of crystallisation at the mould wall immediately after the liquid is 

poured, thus forming a thin layer of solid metal there; for pure metals and in absence of 

inoculant, the solidification proceede"" by gradual thickening of this layer of solid 

metal i. e. by "skin formation". It had beený2* "tacitly assumed that the solidification 

front (solid-liquid interface) advancing from a plane mould wall is itself substantially 
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plane". Works by Chalmers, Weinberg and their associateS5334,55 ", demonstrated that 

certain conditions e. g. thermal gradient. constitutional supercooling, can cause 
instability in the planar interfaýe leading to cellular and dendritic morphology. 

The morphology of the advancing solid-liquid interface of pure metal is determined 

by the thermal gradient. which refers to the gradient in the liquid ( GL ) away from the 

interface. In keeping with 7-iller et al55* convention, if the temperature increases. the 

temperature gradient is considered to be positive and vice versa. 

As illustrated' in Figure 2.14, the growth of pure metals in a region of positive 

temperature gradient is controlled by the flow of heat away from the interface through 

the solid. Provided the interface is at a temperature below the equilibrium temperature, 

just necessary to provide sufficient undcrcooling (AT) the interface should grow in a 

stable planar form. Any localised'instability formed on the interface would project into 

a region at a temperature higher than the melting temperature (T. ) and would remelt to 

restore the isothermal interface (Figure 2.14 b). 

However, if a state of metastability is created on the growing interface in a region of 
negative temperature gradient (see Figure 2.15), the growing planar interface will break 

down as shown in Figure 2.15 (b). 

In reality solidification morphology and the transition of solid-liquid interface from 

planar to cellular and to dendritic is extremely complex and has been the subject of 

numerous investigations, the latest of which are a series of papers by Trivedi and Kurz 

and co-workerss"""'. 
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Figure 2.14 Interface growing into liquid with positive temperature gradient 

solid 

AT 

T 

G3 POSiliVC 

liquid 

4, ý*GL'n; 
Sative 

rperature 

I. I Distance 
Interface 

(a) 

solid 

I 

Liquid 
solid liquid 

Initial form Interface with unstable Stabilisation of 
of interface protuberance protuberance 

(b) 

Figure 2.15 Interface growing into liquid with negative temperature gradient 
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2.6 Alloy Soliclification 

Tlie solidification of pure metal is rarely encountered in practice. Even commercially 

pure metals contain sufficient impurities to change the characteristics of solidification 
from pure metal to alloy behaviour. 

When a liquid solution of uniform composition, is solidified, the distribution of 

solute in the solid is different from that in the liquid, although the total amount is 

unchanged. 

2.6.1 Solute redistribution 

Consider the freezing of binary eutectic alloy of composition C. shown in figure 

2.16 (a). The first solid to freeze, at the liquidus temperature TL , has the composition 
W. , where the partition coefficient (k) equals C, / CL ( where CL is approximately 

equal to C. at liquidus temperature). If it is assumed that there is no diffusion in the 

solid and complete diffusion in the liquid, then during subsequent solidification the 
liquid becomes richer in solute and the solid that forms is of higher solute content at 
later stages of solidification. Ibis sequence of events is shown schematically in figure 

2.16 (b-d). A quantitative expression may be obtained by equating the solute rejected 

when a small amount of solid forms with the resulting solute increase in the liquid. T'his 

balance is 

(CL - C*. ) df, =(I -f, ) dCL (2.14) 

Substituting the equilibrium partition ratio (k) and integrating C*, =kC. at f. =0 

yields the composition of the solid at the Iiquid-solid interface C. . as a function of 
fraction solid. 

C*, =kC. (I -f. )" "ý (2.15) 

or, in terms of liquid composition and fraction liquid, 
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CL 

= C. f, "" (2.16) 

Equations 2.15 and 2.16 were first derived by Gulliver" and later by Scheil', and 
are termed the non-equilibrium lever rule, or the Scheil equation. 

2 

,2 

(a) 

ki 

(b) (c) (d) 

Figure 2.16 Solute redistribution at solidification. 
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2.6.2 Constitutional supercooling 

The consequence of limited diffusion in the liquid is the development of a solute-rich 
boundary layer ahead of the growing interface. Chalmers and co-workers" quantified 
the concept and applied it to crystal growth from the melt. Figure 2.17 shows how the 

driving force for instability of the planar front develops. 

As illustrated in Figure 2.17(b), the concentration of solute at the interface (1) 

reaches a maximum Cdk then decreases according to the equation: 

1+ L--ý exp 
( RX)] CL = Co 

1k-u 
(2.17) 

where R= rate of solidification, D= diffusion rate of solute in the liquid and 
X= distance ahead of the interface. 

If the liquidus line is assumed to be linear the liquidus temperature of any 

composition is related to the freezing temperature of pure metal by the expression: 

TL = To -M CL 

so that; 

(R 
TL = To - mCo I+ L-k- exp -75X)] (2.19) 

1k 

where To = freezing temperature of pure metal, m= slope of the liquidus. The rise in 

equilibrium liquidus temperature with distance from the interface is shown 

schematically in Figure 2.17(c). 

From equation 2.18: 

T, = To -Mc- k 

where T, is the interface temperature. 

(2.20) 
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Ilus the temperature in the liquid at a point X is: 

T, + GX 

or 

T= To - mýý'- + GX k 

(2.21) 

(2.22) 

where G is the temperature gradient in the liquid. When the real temperature is 

superimposed upon the equilibrium freezing temperature the situation is as in 2.17(d). 

Note that this zone of supercooling is eliminated if the slope of the actual 

temperature equals or exceeds the slope of the liquidus temperature curve. The 

constitutional supercooling criteria given by Chalmers and co-workers is: 

G> 
MCo 

I-k) 
7- D 

(Lk 
(2.23) 

Figure 2.17(d) shows two conditions, one in which the actual temperature T 'ahead of 

the interface is above the equilibrium liquidus temperature and the other, T ", where it is 

below the liquidus. In the former case the planar interface is stable because any 
instability that would give rise to a protuberance will find itself in a super-heated 

environment and melt-back. On the other hand, for T ", the melt is below the liquidus 

temperature and is therefore supercooled. Constitutional supercooling results in 

instability of the interface since any protuberance forn-ang on the planar front would be 

in supercooled liquid and would not remelt. 

The factors that tend to maximise this zone, ahead of the advancing interface, are 
important in the control of the as-cast grain structure. For heterogeneous nuclei to grow 

in the melt, ahead of the interface, it is essential that there is a supercooled region. 

0 
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Figure 2.17 Origin of constitutional supercooling in alloy solidification 
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3. DIRECT CHILL (DC) CASTING 

The direct chill casting process developed in 1930s by W. T. Ennor, is still the 
dominant method in the aluminium industry in making extrusion ingot. 

The process consists of pouring liquid metal into a ring shaped shallow, and water 

cooled mould which is closed off with the bottom block. When the metal begins to 

solidify, the bottom block is lowered at a rate that provides for a balance between 

solidification rate and the flow of liquid metal entering the mould. Water is sprayed on 

the surface of the freshly solidified metal as it comes out of the mould, as illustrated in 

Figure 3.1. 

moub 

mg water 

Figure 3.1 Direct chill casting of aluminium extrusion ingot. 

Solidification of outer skin of the ingot commences with the first contact of molten 

metal with the water-cooled mould forming a solid shell to hold the liquid metal. The 

shell pulls away from the mould wall due to solidification shrinkage, so continuous 

removal of the ingot from the mould is made possible. 

Direct chill casting method is a semi-continuous process, in which the rate at which 

the process can be conducted is determined"- largely by the problem of the removal of 

the latent heat and the flow of the metal during solidification. An important 

characteristic of this process, is that a steady state is maintained. This corresponds to a 

constant shape of the liquid-solid interface (solidification front), and a solidification 
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rate that depends only on the position relative to the surface (metal head) and not on 

time. The solidification rate is clearly not uniform, because as shown in Figure 3.2 

solidification at A and B (and at all points on the solidification front) must take place at 

rate such that the longitudinal components of the rates, AN and BB', are equal to the 

withdrawal ("casting") rate of the billet (v, ) . The rate of solidification, however, is the 

rate along the local normal to the interface (13Q, which is equal to BB' Sin ý, where 

0 is the local inclination of the interface to the direction of motion. It follows that, in 

order to achieve an interface shape of the kind shown in" Figure 3.2, it is necessary to 

provide cooling conditions such that the rate of extraction of latent heat is greater at A 

(i. e., on the axis of the billet) and least at D. This necessitate the secondary cooling of 

the billet as it emerges from the mould. If the rate of solidification is a minimum at the 

centre of the billet, then the interface will assume a shape of the type shown in 

Figure 3.3. This is most undesirable because of the excessive solute accumulation 

(terminal transient) and possibility that shrinkage and other type of defects can occur. 

Figure 3.2 Interfacial shape and rate of 

solidification in continuous casting. 

Figure 3.3 Alternative interface 

shape in continuous casting. 

The quantitative aspect of continuous casting of cylindrical billet are discussed by 

Boichenko64., who expressed the depth of the liquid core, h. , by the equation: 

he = 
IyR 2 Vc 

4K (Tf -T, ) 

42 

(3.1) 



where ; 

I is latent heat plus heat extracted, for unit mass, during fall of temp. from Tf to 
(Tf + T, )/2, 

y is density, 
R is radius of billet, 

v, rate of withrawal of billet ( casting rate), 
K is thermal conductivity of the solid metal, 
Tf melting point and, 
T, is surface temperature (assumed uniform). 

3.1 Structural Characteristics of DC Cast Ingot. 

As illustrated schematically in figure 3.1, the combination of water-cooled mould 

and direct impingement of water on the hot ingot surface as it emerges from the mould 

result in moderately high cooling rate, (0.5 -2 Ks-')"- and rapid solidification" 

3.1.1 Grain structure. 

Traditionally the grain structure of rapidly and directionally solidified ingot is 

depicted to comprise of three distinct regions, which are apparent in an etched ingot 

section; an outer equiaxed "chill" zone, a columnar zone, and a central equiaxed zone as 

sketched in Figure 3.4. 

Outer c 
chdi zc 

Central 

Z, 

Figure 3.4 Variation of shape and orientation of grains across an ingot section. 

43 



Nevertheless, modern DC casting process, result in ingot with complete fine 

equiaxed dendritic grain structure, which is attributed to either or combination of 

constitutional supercooling67., "crystal multiplication" 11.61-111 
, and convection 71.72. The 

grain size rangeS73. from about 50 to 500 ýim in a grain-refined DC cast ingot. 

Master alloys containing finely distributed TiB. prticles are used to obtain a uniform 

and fine equiaxed grain structure. The master alloy must have higher Ti/B ratio than 

stoichiometric as the grain-refinement is thought to be by TiAl complex overlaid on 

TiB, particles. 

7 

20 4m 
Figure 3.5 Dendritic structure of equiaxed grains in DC cast AA6063 

extrusion ingot. Etched in Keller's reagent. x 100. 

Cells or dendrites are the internal features of the grains, see Figure 3.5. The cell size 

or the secondary dendrite arms spacing (DAS) affects the heat treatment operation 

(homogenisation), which follows the ingot casting. The cell size or DAS, for grain 

refined DC cast aluminium alloy ingot range"- from about 10 to 100 gm. An empirical 

equation has been developed"-, where the secondary dendrite arm spacing, d (in ýLrn ) is 
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correlated to the average local cooling rate during solidification, fAvg (OC S'I ), or local 

solidification time 
75. (time available for coarsening), tf , by: 

d= ac -n (3.2) Avg 

or 

d=bn (3.3) Ij 

where 

F-Avg = 
(TL-TS) (3.4) 

tf 

and ( TL - Ts ) is the solidification temperature range, a and b are constants, and it is 

an exponent which experimentally is found 76. to be between 1/4 and 2/5, and 

theoretically is expected to be 1/3. An approximate plot of dendrite arm spacing against 

the cooling rate is given7'- in Figure 3.6 . 

A review of extensive experimental data was found 77. to correspond closely to a 

straight line, which can be expressed as: 

d=7.5 tO. 39 
f 

which is plotted in Figure 3.7. 
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Figure 3.6 An approximate plot of dendrite arm spacing 

aginst cooling rate of an aluminium alloy. 
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Figure 3.7 Relationship between dendrite arm spacing 

and local solidification time, in Al - 4.5 % Cu alloy. 
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3.2 Segregation 

The redistribution of solute during solidification results in chen-dcal and structural 
heterogeneities or segregation. The fundamental theory was briefly discussed in 

previous sections, therefore what follows is a short review of the segregation 

phenomena as they pertain to the industrial production of aluminiurn ingot. 

I 
Solute 

Figure 3.8 Partial phase diagram of a typical binary eutectic alloy. 

With either equilibrium or non-equilibrium conditions of cooling, the composition of 

the primary nuclei which form during the initial stages of solidification is the same, 

being that of point bý , as illustrated"- in Figure 3.8. The composition of the material 

which solidifies to form the secondary and tertiary arms of the dendrites can be read 

from the same diagram, for the metal has a composition corresponding to progressively 

lower points on the solidus line XZ. At each successively lower temperature the metal 

which separates contains more and more of the solute than is present in either the 

original nuclei or the solid deposited at any preceding stage. Solidification under 

non-equilibrium conditions does not provide sufficient time for the process of diffusion 

to remove the gradient of concentration with in the crystal, and thereby to induce a 

uniform composition throughout the solid.. As a consequence, the average composition 
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of a growing crystal at an intermediate temperature, tj , during solidification is bq 

instead of bi, as it would be if cooling were taking place under equilibrium conditions. 

Depending whether the concentration gradient is the result of7'- short-range or 
long-range mass transport, it is classified as micro- or macrosegregation accordingly. 

3.2.1 Microsegregation 

Segregation on the scale of dendrite arms spacing or across a grain would be classed 

as microsegregation and is usually expressed by Scheil equation (Equation 2.15). 

3.2.1.1 Coring 

Concentration gradient between dendrite arms is known as coring, and it 

determines"- the extent of hornogenisation which is required after casting. 

3.2.1.2 Grain boundary segregation 

Another type of microsegregation which is also effected by homogenisation, is grain 

boundary segregation, which is primarily the result of the accumulation of mainly 

insoluble elements and intermetallic compounds (mainly Fe, and Fe-bearing 

compounds), at the grain boundary. 

3.2.2 Macrosegregation 

Macro segregation as stated before, refers to long range variation in composition, 

such as those found between the outside and the centre of an ingot. 

3.2.2.1 Normal segregation 

This type of segregation is defined" in terms of motion of solute parallel to the 

direction of solidification, and can be represented by a single curve, relating the 

concentration of a solute to the distance from the start of solidification as shown in 

Figure 3.9. 
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Both coring and grain boundary segregation, occur by normal segregation, but due to 

rapid solidification, DC cast ingots are almost free"- of normal macrosegregation. 

Figure 3.9 is an idealised segregation pattern. In a real ingot there is solute depletion at 

the centre because surface dendrites from above showers down into the centre under 

purely mechanical action. The concentration of elements which form peritectics, at the 

centre is a further confirmation of this phenomena. 

3.2.2.2 Inverse segregation. 

Inverse segregation is"- the enrichment of initially solidifying regi. Ons with lower 

melting point compositions due to the flow-back along the interdendritic channels of 

normally segregated residual liquid. The, cause and mechanism of inverse segregation 

has been extensively investigated and discussed"- 12.83.84.85.86.87.88. 
,a consensus of opinion 

supported by experiments (originally proposed by Scheils'), identify the shrinkage that 

in most alloys accompanies solidification as the cause of the "flow-back" of the solute 

enriched liquid in a direction opposite to that of the solidification front. 

As illustrated in Figure 3.10, the material to the left of line OP is assumed to be 

completely solidified. As the regions AA solidify, shrinkage takes place, causing the 

solute enriched liquid at BB to move toward the left. Due to large solidification 

shrinkage in aluminium as shown in Table" 3.1, inverse segregation in DC casting 

process places serious' limitations on the size and composition of ingot made. 

Table 3.1 Solidification shrinkage of some metals. 
Metal Shrinkage, volume % 

Aluminium -6.0 
Magnesium -5.1 

Zinc -4.2 
Copper -4.1 
Sodium -2.5 

Iron -2.2 
Lithium -1.65 
Gallium +3.2 
Bismuth +3.3 
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The inverse segregation with serious practical implication as discussed by Kirkaldy 

and Youdelis", and Yu and Granger 86. 
, occurs when eutectic or other low melting point 

liquid. which are high in solute, are sucked out through the boundary QR (Figure 3.10) 

by a difference of pressure arising from the contraction of solidifying metal away from 

the mould i. e. by exudation mechanism. The liquid which has exuded, solidified on the 

surface of the metal, in the form of small drops, known as "sweat" or "bleb" or in 

extreme case "bleed" or "liquation". 

A typical inverse segregation in the "chill" zone of a DC cast extrusion ingot is 

shown in Figure 3.11. 

r/ 
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Figure 3.11 Typical inverse segregation zone in DC cast 
AA6063 extrusion ingot. x 400 

3.3 DC Ingot Casting Process Development. 

The effort to improve the quality of DC cast ingot as well as improve the economy 

of the process, has been fruitful particularly in the development of level transfer or hot 

top casting and the implementation of shallow mould or low head DC casting. 
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3.3.1 Level transfer or Hot top casting, 

Conventionally liquid metal would be delivered to a distribution basin, and then 

lowered to the individual moulds through refractory tubes ("dip tube" ) and a floating 

flow regulator ("float"), as shown schematically in Figure 3.12. The bilevel delivery of 
the molten metal to the moulds was thought to cause excessive turbulence, disturbing 

the oxide skin on the molten metal surface, leading to further oxide, "dirty metal" and 
hydrogen pick up. 

'Me solution to the problems was the level transfer or hot top casting, whereby the 

moulds are fitted in the metal distribution basin (casting table), elin-dnating the bilevel 

delivery as shown in Figure 3.13. 

3.3.2 Shallow mould or Low head casting, 

In the DC casting process, the liquid metal is subjected to primary cooling by 

conduction of heat through the wall of the water-cooled mould and to secondary 

cooling through direct application of water to the solid shell as it emerges from the 

mould. At some point after the primary cooling, the solidifying metal shrinks away 
from the mould leaving an air-gap. Extraction of heat through the mould wall is greatly 

reduced by the air-gap and this leads to reheating of the shell before the secondary 

cooling can take effect. If the mould is deep and the metal level in it high, then the 

air-gap will extend over a greater length of the mould, which could leave to the 

formation of subsurface band of coarse cell90- grains, severe inverse segregation and 

even Equation. Therefore a shallow mould or low head casting has been adopted. 

Figures 3.14 and 3.15, illustrate the heat extraction for conventional and low head 

casting. 

Modem DC casting technology incorporates both hot top and low head casting. 
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Figure 3.15 Low head casting. 
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3.3.3 Airslip casting 

A further development of DC casting, is theAirslip mould, in which air is injected 

between the liquid metal and the mould through the graphite ring indicated in 

Figure 3.13. The air flow prevents direct mould/metal contact and so reduces the effect 

of primary cooling. It has the further advantage of reducing mould/metal friction. The 

combined effect of these two advantages is that the ingot has a shallow sump, less 

surface segregation and a better finish. 

3.4 Homogenisation 

Industrial casting processes including DC casting of aluminium extrusion ingot 

(billet), involves rapid and non-equilibrium solidification, resulting in heterogeneities, 

namely micro- and macrosegregation which were discussed. 

Unacceptably severe macrosegregation can only be physically removed by scalping, 

but inicrosegregation can be reduced by a high temperature treatment termed 

homogenisation? "'. 

The process consists of heating the cast ingot or billet to a temperature which 

depends on the alloy but is typically about 20 - 100' C below the solidus, as listed"- in 

Table 3.2, and then held at temperature -for a time period which depends on the 

interdendrite arm spacing and the diffusivity of the solute. 

Table 3.2 
Typical homogenisation temperature range. 

Alloy series Solidus (' Q Homogenization temp. CQ 
1000 640-650 560-600 
2000 500-650 480-530 

3000 630-645 530-620 

5000 570-630 380-550 

6000 580-620 560-600 

7000 > 500 400-440 
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A useful expression for approximate prediction of times and temperature required to 

homogenise a given cast structure is given by Flemings": 

-ic (Ds tl 12 0 

where; 

(3.5) 

5i is the index of residual n-dcrosegregation, =I before any homogenization and =0 
after complete homogenization, 
Ds is the diffusion coefficient in the solid at the temp. of homogenisation of element 
(assumed to be constant) 
t is the homogenization time and, 
10 is one-half the dendrite arm spacing. 

Iberefore the effectiveness of homogenisation is strongly dependent on the diffusion 

distance, that is the dendrite arm. spacing and the diffusivity of the alloying elements 

and the impurities. 

Simultaneous with constitutional equalisation, however, a number of additional 

diffusion related processes may occur-, some of which are: 

3.4.1 Surface oxidation 

Extensive surface oxidation o the casting results during thennal exposure unless a 

very low 02 and H20 partial pressure is maintained 15. in the furnace atmosphere. The 

problem is particularly severe with magnesium containing alloys where blackening due 

to MgO formation can occur. The blacýening can be reduced or elin-dnated by the 
96.97. 

introduction of fluorides and the control of moisture in the furnace atmosphere 

3.4.2 Hydrogen loss or pickup 

Normally, homogenisation results in the drop of dissolved hydrogen content of the 

casting. The hydrogen release is related to the temperature and the heating rate. Too 

low a temperature results in ineffective release, too high temperature and rapid heating 

result in sudden gas release and large subsurface and interdendritic voids left by the 

escaping hydrogen. If surface oxidation occurs during thermal exposure, the escape of 
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hydrogen across the casting surface is impeded by the oxide laye? " and large 

sub-surface cavities or surface blistering often result in the homogenised material. 

Heat treatment in certain atmospheres, e. g. high humidity9"99* or sulphur"0- 

contan-driated atmosphere an increase in the hydrogen content of metal i. e. hydrogen 

pick-up has been observed. Magnesium containing alloys are particularly prone to 

surface oxidation and hydrogen pick-up. 

3.4.3 Localised melting 

Heavily cored areas of the casting, such as cell boundary ( microsegregation), ingot 

surface (inverse-segregation) and centreline segregation (normal-macro segregation), 

can undergo localised melting during the homogenisation. 
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4. THEORY OF HYDROGEN IN ALUMINIUM 

Hydrogen is the only gas which is appreciably soluble in both solid and liquid 

alurninium and its alloys. 

Sieverts' classic observations that the solubility of hydrogen in dilute solution is a 

parabolic function of the pressure in the diatomic gas phase established empirically that 
hydrogen dissociates on dissolution in metals, yielding a monaton-& solute: 

(H2)g =2[H], u (4.1) 

A combination of x-ray investigation and direct density measurementslo", established 

that the solid solution was of the interstitial type when the system was in a state of 

thermodynamic equilibrium. 

Other experiments supporting the interstitial character of the gas-metal solutions are 

the measurements of diffusivities of gases in metals. Fast'O'* cites the examples of 
diffusion coefficients of nitrogen and carbon in iron (interstitial solution) at 7000C, 

which are approximately 104 times larger than that of sulphur and 10' times larger than 

that for phosphorous (substitutional solutions) under the same conditions. 

4.1 The Interstices In The Rigid Sphere Models. 

The face centred. cubic (fcc) structure of aluminium provides two potential interstices 

for the hydrogen atom in aluminium hydrogen system namely the octahedral and the 

tetrahedral interstices. 

Calculating the radii of the largest spheres that can be accommodated in the 

octahedral (r6), and the tetrahedral (r4) interstices without distorting the structure, from: 

r6= 0.414 R and r4= 0.225 R, where R is the atomic radii of the metal, and assun-dng 

the Bohr radius, 0.053 nm to represent the "size" of the hydrogen atom. The octahedral 

interstice appears to be the more feasible site for the hydrogen in the fcc metals. The 

sizes of the interstices for various metals are tabulated in Table 4.1. 
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Table 4.1 
Atomic radii and the sizes of interstices in some metals (nm). 

Metal atomic radii (R)** octahedral (r) tetrahedral (r,, ) 
Al (fcc) 0.143 0.059 0.032 
Ag 0.144 0.060 0.032 
Cu 0.128 0.053 0.029 
Fe 0.126 0.052 0.028 
Ni 0.125 0.052 0.028 
Co 0.126 0.052 0.028 
Ti (hcp) 0.171 0.071 0.038 
zr 0.160 0.066 0.036 
Ti (bcc) 0.173 0.020 0.050 
zr 0.161 0.018 0.047 
Fe 0.128 0.015 0.037 

For bcc metals; r6=0.115R r4= 0.291 R, and for hcp metals, the same as for fcc. 
** Gold-schmidt atomic radii, Smithells Metal Reference Book, 7th edition, 
Butterworth-Heinemann Ltd., Oxford, 1992. 

4.2 Electronic And Chemical Factors. 

The rigid sphere model discussed in the previous section illustrated the influence of 
the size factor on the solubility of hydrogen in a metal. 

Nevertheless it assumes the solvent metal to be composed of rigid spherical atoms 

which are in contact with each other. Further more it implies that the solute atoms 

occupy completely void interstices without any interaction with the solvent atoms. 
Therefore this model does not accommodate the electronic theory of metals. 

Ibis theory"'-, describes a metal as a three dimensional lattice of positive ions, 
floating freely as it were, in a dense electron "gas" filling the space between the ions. 

The mutual electrostatic repulsion of the ions causes them to stay as much apart as 

possible and their distances adjust themselves such that the pressure of the electron gas, 

the electrostatic attraction between the ions and the electrons and the mutual repulsion 

of the ions compensate each other. This results in the ions arranging themselves in a 

regular lattice. 
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In some metals the ions are relatively" far part, e. g. in sodium 70% of the metal 

volume is taken up by the electrons gas. In copper, however, the ions are very closely 

together. 

The space between the metal atoms can therefore, in many cases, be larger than 

would be expected from the rigid spheres model. On the other hand, this space is not 

empty as in the model, because they are filled with electrons. Consequently, the 

introduction of an atom into an interstice implies a strong electronic interaction with the 

metal. 

4.2.1 The embedded atom theory. 

The embedded atom theory is a relatively new semi-empirical theory, proposed by a 

number of physiciStS103.104.105. 
, to explain various hydrogen phenomena in metals and is 

based on the "quasi-atom"O' or "effective medium" 
107. theory. 

nis model is"'- an extension of the simple free-electron model; only the valence 

electrons of the metal are considered to contribute to the electron charge density, and 

the ion-cores (the nuclei plus inner-shell electrons) are represented by a smeared-Out 

positive charge of density equal to that of the free electron. The electron charge 
distribution within the bulk of the metal is uniform. 

4.3 Thermodynamics Of Solution 

With the assumption that the solute is accommodated as non-interacting atoms, all 

occupying equivalent interstitial sites, no impurities are present in the system which can 

form stable hydrides, the dissolution process can be represented by (Equation. 4.1): 

(H2)g =2[H IAI 

Assuming ideal behaviour for the gas and that for the dilute interstitial solution, 

Henry's law is applicable, the equilibrium can be stated by: 
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a 
2, 

(M/Me)2 

P/P" 
(4.2) 

which yields the Sievert's isotherm: 

0.5 
11 e (4.3) M PI 

MP 
lp 

where: 

a(H, 
,) 

is the activity of the gas referred to the pure gas at a standard pressure, p 
usually chosen as 10 1325 Pa (1 atm. ), 
a[H] is the activity of the solute in equilibrium with a(H, ), 
m is the solute molality in equilibrium with a pressure, p, 
mG is the solute molality in equilibrium with the pressure, po and, P 
mo is a value of molality within the range of Henrian activity selected as the 
standard state for the solute. 

The variation of equilibrium constant with temperature is described by an equation 
known as the van't Hoff isochore. The isochore is derived"- by combining the 

van't Hoff isotherm; 

AG'9 = -RTInK 

and the Gibbs-Helmholtz equation: 

d(AO) 
=A 

do -A Ile 
dT T 

Differentiating the van't Hoff isotherm with respect to temperature yields, 

d(AG'a) 
--R In Kp - RT d (In Kp) 

dT dT 

multiplying both sides by T gives; 

T d(AGG) RT In Kp - RT' d(InKp) 
dT dT 

d(AGO) 
and substitution of T -dT =AG' -AH' and 

(4.4) 

(4.5) 
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-RT In KP =A Go in the above equation produces; 

A0-AHG=AGG RT 2 d(InKp) 

dT 

and hence rearranging, gives the van't Hoff isochore: 

d( In Kp) 
=A 

He 
(4.6) dT R T2 

Based on equation 4.2 and the isochore, the van't Hoff isobar is arrived at: 

d (In Kp) = 2-! L (In AHe (4.7) 7T dT R T2 

Since for a restricted temperature range, the standard enthalpy of solution (A H' ) 

can be considered constant, integration of Equation 4.7 yields: 

In (a=-A He 
+ constant (4.8) 

m 2RT 
(m )p 

The Equation 4.8 can be modified to incorporate pressure as a variable yielding: 

A 110 In M 1/2 In P) 
2RT + constant (4.9) 

(; 
QL 

)- (7 

4.4 Interstitial Hydrogen Solution in FCC Metals 

4.4.1 Entropy of solution 

The solution of hydrogen in pure metals reflects the random distribution of hydrogen 

atoms among the available lattice interstices. The entropy of mixing is determined by 

the statistical distribution of the solute atoms among identical interstitial sites and is 

expected to be the same for metals of the same crystallographic form. 

The constant in Equation 4.9 includes a term, X, relating the different standard states 

to which the activities of the diatomic gas and the atomic solute are referred and the 
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particular units adopted for the hydrogen content but is otherwise determined by 

entropy change in the solution, i. e.: 

Constant =X+ ASd + ASP + As, (4.10) 

where: 
ASd is the entropy of dissociation of diatomic hydrogen 

ASP is due to change in partition function for the atoms on dissolution 

AS. is the entropy of mixing for solute atoms in the metal. 

The value of X is detern-dned by the convention adopted and the contributions from 

AS, and ASP are due to inherent characteristics of the gas, so that any difference found 

in the value of the constant for metal/hydrogen system must be due only to differences 

in the entropy of mixing for the solute, AS.. 

In Figure 4.1, hydrogen solubilities in equilibrium with the gas at a pressure of I atm 
(101325 Pa) for some pure FCC metals are fitted to Equation 4.9, using critically 
assessed values"0- expressed as ratios of numbers of solute atoms, NH, to the numbers of 
interstitial sites, NI. The extrapolations converge to the same intercept at I/T = 
confirn-dng that the entropies of mixing for hydrogen in the various metals are equal. 
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Figure 4.1 Solution of hydrogen in FCC metals 

4.5 Units and Symbols for Hydrogen Content, 

In the SI system the quantitative relation between a solute, B and its solvent, A, is 

represented by either the molality, m. = n. / nA MA or the concentration, C. = nB /V 

where, n. , nA , MA and V are respectively the number of moles of B, the number of 

moles of A, the mass of A and the volume of the phase. 
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However, hydrogen content is commonly expressed in a pseudo-unit, the "cm`/100g" 

which is: 

neither a recognised unit in Sl system, 

nor, it is rational to express a quantity of atomic solute in terms of the volume 

occupied by its gaseous diatomic equivalent, especially when the temperature and 

pressure at which the volume of the diatomic gas is to be measured are not given 

explicitly. 

The matter can be resolved"', by a simple expedient. In the SI system the molality of 

a solute, m, can be referred to any standard value. Since hydrogen is virtually ideal at 

temperatures of interest, the unit "cmý/ 100g" can be assimilated into SI system by 

setting the standard value, m' , equal to 8.93 x 10' mol kg-' , which is the molality of a 

solution of atomic hydrogen formed when 1 crn' of diatomic hydrogen measured at 
273 K and 101325 Pa (1 atm), dissolves in 100 g of metal. 

This both satisfies international conventions on units and SyMbOIS112.113 - and yields 

values for m/ m' numerically equal to and interchangeable with values given elsewhere 

as "cmý / 100g". Throughout the thesis "cd / 100g" and m/ mo are synonymous terms 

for arbitrary hydrogen content. To accord with established practice, another synonym, 
11 s/ s", is used where the value of m/ m' is a "solubility", i. e. the hydrogen content in 

equilibrium with the gas phase at standard pressure p' , usually 10 1325 Pa (I atm). 

4.6 Solubility of Hydrogen in Aluminium, 

Considering the solubility of hydrogen in aluminium in idealised solution, outlined 

in sections 4.1 to 4.3, the intrinsic solubility would be implied. 

Talbot defines"'-: "The intrinsic solubility of hydrogen in aluminiurn or a phase in 

one of its alloys is the quantity of hydrogen contained in a prescribed mass of a single 

crystal with an undisturbed lattice, containing the equilibrium vacancy population when 

in equilibrium with a gas phase of normal diatomic hydrogen at prescribed temperature 

and pressure. " 

65 



Obviously such a structural perfection and compositional homogeneity is 

unrepresentative of industrially produced metal and difficult to achieve even under 

laboratory conditions. 

Even when gross defects are not present the failare" of Equation 4.3 and 4.8 to 

represent observed behaviour'and anomalous diffusion effect discussed later indicates, 

that hydrogen is partitioned between the interstitial solution and other occluded forms, 

referred to as hydrogen trap sites"'-. 

1/2 H, = solution)= H(,. 
Pit. ) 

Ile identified trap sites can be divided into three main types"-, 

4.6.1 Aton-dc traps, 

In principle the association of solute atoms with lattice defects is expected"'-. 

Foster et al"', produced direct autoradiographic evidence for an association of hydrogen 

with dislocations and other defects in alurninium loaded with radioactive isotope 

'H (tritium). 

Other evidences are the work of Wriedt and Darken"s-, which showed that prior cold 

working enhanced the solubility of nitrogen in steel which they attributed to 

dislocations generated by plastic deformation. Mokaram"'* also attributed the 

anomalous diffusion of hydrogen in copper to the association of the solute with 

quenched in lattice vacancies. 

4.6.2 Molecular traps 

There are two kinds of molecular trap, the first kind is the gross internal flaws which 

are generated in the course of manufacture. The most familiar are: 

1. Interdendritic porosity in ingots cast from liquid melt with excessive hydrogen 

cO*ntentlls*, 
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2. Extraneous inclusions, notably fragments of oxide entrapped in the liquid metal 
during melting and casting 

120.1) 

3. Defects generated mechanically during fabrication, including cracks, and 
incomplete welding at roll-bonded core/cladding interface. 

The other kind of trap is due to spontaneous precipitation of hydrogen with in the 

solid metal producing widely distributed very small spherical pores identified by Talbot 

and Granger 121. 
. 

4.6.3 Chen-dcal traps 

The trapping of hydrogen due to the formation of stable hydrides is termed chemical 

trapping. 

Neither pure nor the common alloYs of aluminium form stable hydrides under 

conditions of metallurgical interest, therefore chemical trapping is not a consideration 
for aluminium and its alloys except for: 

1. Hydride formation by sodium impurity in very pure alun-dnium"'-. 
2. The potential for hydride formation in aluminium-lithium alloys. 

4.7 Determination Of Solubility 

As stated in section 4.6, when experimentally determined, the term solubility denotes 

the total hydrogen contained in interstitial solution and other occluded forms. 

There are three basic methods which have been used to determine the solubility of 
hydrogen in metals. 

1. Sieverts'method 123 -. This method, as used by Ransley and Neufeld"- and Opie 

and Grant'25*, consist of determining the volume of a system above the molten 

metal, known as the "dead space" 124. 
, at a given temperature and pressure, using 

an insoluble gas. The system is then evacuated and the soluble gas is introduced 

at the same temperature and until the same pressure is reached. Obviously a 

larger volume of soluble gas will be required, the difference in volume being the 

solubility. 
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2. Eichenauer's method 
126.127 

'. Eichenauer equilibrated the liquid metal with a 
hydrogen atmosphere and then rapidly evacuated the system above the sample. 
The quantity of dissolved hydrogen was then determined by collection in a low 

pressure system as it subsequently diffused out of the metal. 
3. Quenching method. To determine the solubility of hydrogen in liquid copper 

alloys, Jones and Pehlke 128, and Thomas 129 *, equilibrated the metal with hydrogen 

and then rapidly quenched solid samples. The hydrogen content of these samples 

was then detern-dned using a low pressure collection system. 

Similar method was adopted by Ransley and Neufeld'24-, and Anyalebechil"- in 

determining the solubility of hydrogen in solid aluminium. and some of its 

alloys. 

4.7.1 Solubility of hydrogen in liquid pure aluminium 

The solubility of hydrogen in liquid aluminium using one or another of the three 

techniques discussed have been extensively determined. 

The reported solubility at 973K and 101325 Pa, from works extending back to 1932 

are listed in Table 4.2. 

Table 4.2 Hydrogen solubility in liquid pure aluminium at 973K and 101325 Pa. 
Author Year Solubility cm'/100g 

Rotgen and Braun"', 1932 0.08 
Bircumshaw 132. 1935 0.23 
Baukloh and Oesterlen'33* 1938 0.95 
Baukloh and Redjali'34* 1942 0.45 
Ransley and Neufeld"* 1948 0.92 
Opie and GrantI25. 1950 0.90 

e3l, Ransley and Talbo 1955 0.89 
Eichenauer et al 

136, 1961 0.63 
Anyalebechi 130* 1985 0.93 

More recently the solubility of hydrogen in aluminiurn had been systematically 

measured , in works carried out at Brunel university under the supervision of Dr Talbot. 

Their results are presented and discussed next. 
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Figure 4.2 is a Van't Hoff plot of the results in Table 4.3 with equivalent results by 

Ransley and Neufeld 124 
- and Opie and Grant 125. 

. 
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Figure 4.2 Van't Hoff isobar at 101325 Pa (I atm) for solution of hydrogen in liquid 

pure aluminium. 

Table 4.3 Temperature dependence of hydrogen solubility 
in liquid pure aluminium for 101325 Pa (I atm)130.137.. 

Temperatue K Solubility/ (cm/ 100g) 

Stephenson 

(m1m), reported by: 

Anyalebechi* 

943 0.66 

953 0.70 

973 0.93 

983 0.95 

993 0.98* 
1023 1.20 1.28 

1033 1.28" 

1048 1.36* 

1073 1.66 

1123 1.89 

*mean of duplicate values. 
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Table 4.4 Pressure dependence of hydrogen 
solubilitv in liouid vure alun-dnium" at 973K 

Pressure/ kPa (PIPO)lr- Solubilty*/(cm'/100g) (nilm") / (Plpo), r- 
(nilme) 

67 258 0.78 3.0 X 10-' 

80 283 
93 305 

101 Oatm) 
ý318 

107 327 
113 337 

0.82 19 xi o-, 

0.89 2.9 X 10-' 
0.93 2.9 X 10-' 
0.97 3.0 X 10-' 
0.99 2.9 X1 o' 

* mean of duplicate values. 

The linear plot given in Figure 4.2 and the constancy of the ratio (m1m,, )1(p1j)')rr_ 

given ip table 4.4, show that these results fit the Equations 4.3 (Sieverts' isotherm) and 

4.8 (Van't Hoff isobar). This is a necessary. criterion"'* for the acceptability of the 

results. 

After a comprehensive and critical review of all the available results, Talbot" 

concluded that the best values for the solubility of hydrogen in liquid pure aluminium 

are those derived from the works of Ransley and Neufeld'2*, 'Opie and Grant` and 

Anyalebechi 130. 

Based on these results Talbot"-, reconunended the following equation for the 

solubility, at 101325 Pa (latm),, 

log =- 
2700 + 2.72 (4.12) (-TSO) 
TIK 

Introducing pressure as a variable: 

log 
(Týe (4.13) 

ý, q 
)- 1/2 log p 2700 + 2.72 

s pe TIK 

where: s is solubility (cm 3 /1 00g), pe = 10 1325 Pa and so =I cm3/1 00g. 
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4.7.2 Solubility of hydrogen in solid pure aluminium 

Due to the extremely small solubility and difficulty in experimental detection, the 

solubility of hydrogen in solid pure aluminium has only been systernatically measured 

on two occasions, by Ransley and Neufeld 1.24- and by Eichenauer and Pebler' 27. 
. Both 

sets of investigators fitted their results to the Van't Hoff isobar. Equation 4.8, and 

Sieverts' isotherm, Equation 4.3, yielding: 

Ransley and Neufeld: 

738 <TIK< 893 log (-L 1/2 log 
(-2- )= 2080 +0.788, (4.14) 

so p9 TIK 
Eichenauer and Pebler: 

743 <TK< 863 log -1/2 log 
(SO 4254 +3.35 (4.15) TIK 

The results are plotted in Figure 4.3 and tabulated as in Table 4.5. They agree 

reasonably well at temperature approaching the melting point of the metal but diverge 

at temperatures < 800 K. 
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Figure 4.3 Van't Hoff isobar at 101325 Pa (I atm) for solution of hydrogen in solid 

pure alun-dnium. 
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Table 4.5 Temperature dependence of hydrogen solubility in solid aluminium, 
for 101325 Pa, [Ransley and Neufeld"-, and Eichenauer and Pebler'2'-] 

Temperature Solubility/ Metal purity% Sample forin Grain size Investigator 
TIK (cm"1100g) grains MM2) 

893 0.029 99.99 cylinder '0.0005 R&N 
878 0.029 99.2 cylinder 50 R&N 
868 0.026 99.99 cylinder I R&N 
868 0.024 99.99 cylinder 5 R&N 
868 0.025 99.99 cylinder '0.0005 R&N 
863 0.024 99.5 unspecified E&P 
853 0.024 99.99 cylinder 5 R&N 
843 0.022 99.99 cylinder I R&N 
838 0.020 99.99 cylinder '0.0005 R&N 
835 0.018 99.5 unspecified E&P 
818 0.018 99.99 cylinder 1 R&N 

818 0.017 99.99 cylinder 5 R&N 

818 0.015 99.2 cylinder 0.3 R&N 

808 0.015 99.99 cylinder '0.0005 R&N 

803 0.011 99.5 cylinder unspecified E&P 
803 0.012 99.5 unspecified E&P 
793 0.014 99.99 cylinder 5 R&N 
773 0.006 99.5 cylinder unspecified E&P 
773 0.008 99.5 unspecified E&P 
768 0.013 99.99 cylinder '0.0005 R&N 

748 0.010 99.99 cylinder '0.0005 R&N 
743 0.004 99.5 cylinder unspecified E&P 

743 0.012 99.99 cylinder 5 R&N 

738 0.010 99.99 cylinder 5 R&N 

In the absence of further reliable experimental results, Talbot'll- combined the results 

of both sets of investigators"" for the temperature range 800 - 900 K, in which they 

agree, yielding the following equation: 

800 < TIK < 900 log -- 1/2 log 2270 + 1.0 
(SO) 

p TIK 

Extrapolating equation 4.16, the solubility of hydrogen in the solid pure metal at the 

melting point, 660'C (933K), is 0.037 cd/ 100g. 
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The value for the liquid metal at the melting point, similarly derived from equation 

4.12, is 0.67 cd / 100g. The quotient yields 18 for the partition coefficient of hydrogen 

between the liquid and solid phase during solidification. 

4.7.3 Solubility of hydrogen in aluminium alloys 

Apart from the works carried out at the Brunel university under the supervision of 

Dr Talbot"o*"', "'* on aluminium-lithium alloys, the only other available systematic 

results for hydrogen solubility in aluminium. alloys are those determined by Opie and 

Grant" for liquid binary alun-dnium-copper and aluminium- silicon alloys. 

Values for the temperature range 700 - 1000T (973 - 1273 K) are given by the 

equations: 

Al- 2wt% Cu log 1/2 log 
P 

2950+2.90 
TIK (4.17) 

Al- 4wt% Cu log 
(-SS-9) 

1/2 log - 
(P 

T, q) 
P 3050+2.94 

TIK (4.18) 

Al- 8wt% Cu log 
(-SO) 

1/2 log P -P 3150+2.94 
TIK (4.19) 

Al- 16wt% Cu log 
(-SS-3) 

1/2 log (; L -P 3150+2.83 
TIK (4.20) 

Al- 32wt% Cu log 
(-, 

a) 1/2 log P -P0 2950+2.57 
TIK (4.21) 

Al- 2wt% Si log 
se 

) (- 
1/2 log 

P9 - (L) = 
2800 

+ 2.79 TIK (4.22) 

Al- 4wt% Si log 
(-Sfl9 ) 

1/2 log 
(P 

Pe 
2950 + 2.91 TIK 

(4.23) 

Al- 8wt% Si log 
(-SO) 

1/2 log ( 7P -P9) 3050+2.95 
TIK (4.24) 

Al- 16wt% Si 

Al- lwt% Li 

log 

log 0 

1/2 log (P 
P43 

)- 
1/2 log 

P 

-L'5-0 + 3.00 TIK 

2113+2.568 = TIK 

(4.25) 

(4.26) 

Al- 2wt% Li log 1/2 log 
P 

2797+3.329 
TIK (4.27) 

Al- 3wt% Li log 1/2 log P 
;7) = 2889+3.508 

TIK 
(4.28) 

Al- 2wt% Li- 2.5wt% Cu log 1/2 log L) 
(7819) (; 

P 0 = 
2243 

+3.019 TIK 
(4.29) 
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When fitting the result to Van't Hoff isobar for solid alun-dnium-lithium alloys, the 

alloys exhibited' "-"0- a two part Van't Hoff isobar with a discontinuity at a 

composition-dependent critical temperature. Thus two equations are given for every 

alloy"'-. 

Al- lwt% Li 

473 < TIK < 680 log - -1/2logý; P-. )= (SE) 

p 
358+0.576 
TIK (4.30) 

680 < TIK < 873 log (sq )- 
1/2 log 

( 
TP. 

)= 
,f0 

p 
604+0.620 
TIK (4.31) 

Al- 2wt% Li: 

473 < TIK < 740 1/2 log log 
p 

273 
+ 0.597 TIK (4.32) 

740 < TIK < 873 log(-Lý-1/2log(-E-ý= 
so p0 

676+0.767 
TIK (4.33) 

Al- 3wt% Li: 

523 < TIK < 770 log 1/2 log = 
(-sse)- (; pj ) 615 +1.272 TIK (4.34) 

770 < TIK < 873 log 1/2 log = 
(-se)- (; p-e 830+1.166 

TIK (4.35) 

Al- 2wtt7o Li- 2.5wtc/o Cu (AA2090): 

473 < T/K < 773 log 1/2log(P 
(31-9) 

p 
376+0.889 
TIK (4.36) 

773 < T/K < 893 log 1/2 log (; ý. 
(-SSIB) 

p 
714+0.971 
TIK (4.37) 

Al- 2wt% Li- 2wt% Cu- 1.5wt% Mg (AA2091): 

473 < T/K < 773 log 1/2log (P (-sse)- 

p9 
366+0.880 
TIK (4.38) 

Copper and silicon decrease'25- the hydrogen solubility in aluminium, the effect of 

copper being considerably greater than that of silicon. Lithium on the other hand 

increase4the solubility and copper and magnesium addition to Al-Li alloys enhancýthe 

effect of lithiUM139*. 

4.8 Interstitial Diffusion Of Gases In Metals 

Diffusion is the process by which atoms move through the crystal lattice by jumping 

from one available site to another. 
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In the simplest cases the net result of the diffusion is that existing differences in 

concentration are reduced and finally disappear altogether. 

Realising the analogy of diffusion mechanism to the transfer of heat by conduction, 
Fick" adopted the Fourier's 141* equation for heat conduction to express diffusion in 

isotropic substances; 

q= kA TI-T2 
t (Fourier's equation) (4.39) 1 

where at the constant temperatures T, and T2 ( T, > T2 ) and under steady-state 

conditions, the amount of heat q, flowing through a transverse cross-section with the 

area of A in the time t.. 

In analogy with the fourier's equation, Fick proposed an equation for unidirectional 
diffusion, 

l 
now known as Fick's first law. In this equation the flow of heat is replaced by 

a flow of matter and the temperature T, and T2 by the concentrations C, and C2 of the 

diffusing substance ( C, > C2); this results in the equation 

DA Ci 
1 

C2 
t= -DA 

C2 

1 

Cl 
t (4.40) 

or, in the differential form: 

dm = -DA 
acdt 

(4.41) ax 

In the two equations above, m or dm represents the quantity of substance diffusing in 

time t or dt through A cm' of transverse cr'oss-section. The quantity D is called the 

diffusion coefficient or diffusivity, and is usually given in terms of square centimetres 

per seconds ( cmý s--' ). 

Fick's first law is commonly written as: 

J-- -DOC (4.42) ax 

where J= dm /A dt is known as the flux. 
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4.8.1 Steady state diffusion 

Fick's first law is only applicable to diffusion problems where the concentration in 

the flow region does not change with time, i. e. in cases of steady-state diffusion. This 

is typified by the diaphragm type experiment142. used in measuring the rate of diffusion 

of a gas through a metal, shown schematically in Figure 4.4. 

t 

. "I- ---I- go. 

To high To low 
--, 0, 

A 

pressure (p Permeable pressure (po) 

diaphragm 

Distance x 

Co 

A, x 
Ný11_ 

"4- 'M 

Fo high To low 

. )ressure (p Permeable pressure (po) 

diaphragm 

Figure 4.4 Schematic representation of steady-state diffusion. 

The gas is maintained at a pressure p, on one side of the diaphragm and at a lower 

pressure p. , on the other side. A steady state is achieved when the rate at which the gas 

enters the metal on the high-pressure side and the rate at which it leaves the 
low-pressure side become equal, L e., the flux (J) is constant. If diffusivity (D ) is also 

constant then (see Equation. 4.41) the concentration gradient . 
1c js also constant and ax 

the concentration of gas varies linearly with distance in the flow direction (Figure 4.4). 

4.8.2 Non-steady state diffusion, 

In this case the concentration gradient varies from point to point and from moment to 

moment. 
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Derived from the first law, Fick's "second law", relates the rate of change of the 

concentration IC at x and the change in the concentration gradient. 
( LaT ) 

ac D 
ý2c 

7t 
aX2 (4.43) 

Functions fitted to Equation 4.43, satisfying relevant initial and boundary conditions 

are available for recurrent situations' 
11.143 

-. Two examples useful for the geometry of 

common industrial products are: 

1. diffusion into or out of an infinite plate of thickness, 2a, with an initial uniform 

solute concentration, C. , and constant surface concentration, C. . The 

instantaneous concentration, C, at point x, referred to as mid-plane of the plates 

as origin, is given by: 

c-c. =1- .1" 
(-')" + exp 

D(2n+1)2'X2l 
COS[(2n+l)lu] (4.44) 2n+l 2 2a 

I 

4a 

The ftaction of solute, Q, / Q. , entering or leaving the plate after the elapse of 
time, t, is given by: 
Qt 

=1- -i- y-, 1 exp 
D (2n+1)27t2t 

u -- 
it2 r--1 (2n+1)2 

1 

42 (4.45) 

2. diffusion into or out of an infinite cylinder of radius, a, referred to the radial 

co-ordinate, r, with the same initial and boundary conditions as the plate. The 

analogous equations are: 
C-CO ** Jo(P. r1a) DIP2 

=1- 2a Z -ý-- exj (4.46) 71--C0 n--I Van) 

and 
Q1 Djp2] 

7= I- 14 
exp (4.47) 

n--I P2 a2 

where; J. ( P,, ) and J, ) are the Bessel functions of zero and first orders 

respectively; P. is the root of the equation, J. (P. )=0. 

4.8.3 The influence of temperature 

Many experiments have 'shown that the dependence of diffusivity on temperature, 

over a limited temperature range, can be represented by an Arrhenius type expression of 

the form: 
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Do is called the frequency factor and A H* the activation enthalpy. 

4.8.4 Intrinsic diffusivity of hydrogen in pure aluminium 

Intrinsic diffusivity can be measured only with laboratory artefacts specially 

prepared to satisfy the assumptions that: 

1. The hydrogen is present in solution and not in traps and is uniformly distributed. 

2. The desorption rate of the gas from the sample is not controlled by the surface 

process. 
3. The diffusivity is not a function of the concentration. 
4. That all the gas measured is hydrogen. 

Some of the published results on "diffusivity" determinations are listed in table 4.6. 

Table 4.6 
Diffusion of hvdroizen in alun-dnium. 

Material Temp. 
range K 

D. (m 2 S") 
x 10-1 

A H* 
U mol-I 

Investigator(s) 

99.999% Al 633-873 1.1 41 Eicheanauer et al 
136. 

99.999% Al 743-863 2.1 45.6 Eicheanauer and Pebler"'- 
99.999% Al 723-863 1.9 40 Papp and Kovacs Csetenyi"- 
99.99% Al 843-903 0.2 50 Matsuo and Hirata, 145. 

99.9999% Al 573-673 2.6 58.6 Hashimoto and Kino 146. 

99% Al 773-873 1.2 61 Andrew et al 
147. 

99.8% Al 723-863 0.25 90 Papp and Kovacs Csetenyi 148. 

I'he discrepancy in the published results is because some of them refer to samples of 
industrially prepared materials which are almost certainly subject to hydrogen trapping. 

After strict review of the experimental procedure, Talbot'll- concluded that the 

results reported by Eichenauer and Pebler" can be confidently accepted where the 

intrinsic diffusivity, D (tiý s-1), as a function of temperature is expressed as: 

D=2.1 x 10-5 exp 
(-5505 
ý-T 

) (4.51) 
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Figure 4.6 Comparison of diffusion coefficients and mobility constants for 

hydrogen in pure aluminium plotted in Arrhenius' format 

4.8.5 Mobility of hydrogen in manufactured aluminium products. 

Although the intrinsic diffusivity has important theoretical significance, it offers 

little guidance in assessing the redistribution of hydrogen in manufactured aluminium 

products because of the trapping phenomena described earlier in Section 4.5., 

In fact, extensive experience with hydrogen content determination by the hot vacuum 

extraction method shows that the apparent diffusivity, or mobility"'-, of hydrogen in 

small samples of commercially produced metal is much lower than the theoretical 

values as shown in Figure 4.6. This is in accordance with diffusion in a field of ttaPs, 

using the approach developed by Crank""-. 

in the simplest case, the concentration, -S, of trapped substance is directly. 

proportional to the concentration, C, of the substance in true solution, i. e. 

RC (4.52) 
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D= D� exp 
AG* ) (_ 

RT (4.48) 

A G" , represent the activation energy which the diffusing atom must overcome. 

Within the rigid sphere (hard ball) model of atomic arrangement, the activation 

energy is required to move apart a number of metal atoms between two interstices to 

allow the interstitial atom to squeeze through the narrow space, and in the context of the 

embedded atom theory, the activation energy is required to facilitate diffusion through 

region of high electron density. Either approach indicate the activation energy to be a 

sinusoidal function of position of a diffusing interstitial atom. Thus the maximum 

energy existing at a point midway between any two adjacent equilibrium sites. 

AG 

ir 

Figure 4.5 Potential energy of a crystal as a function of the position of a diffusing 

interstitial atom. The minima correspond to the equilibrium positions, the maxima 

to the energy barriers to be overcome by the diffusing atom. 

Equation 4.48 can be written as: 

D,, exp 
(-AH*+TAS* 

, RT (4.49) 

Over a limited temperature range A S* is not temperature dependent, thus A S* /R 

can be assumed to be constant, therefore, 

D,, exp 
N, 

TH 
*) (4.50) 
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When diffusion occurs in a field of traps, the standard diffusion equation given in 

Section 4.8. 

DC 
=D 

D2C (4.43a) at DX2 

must be modified to allow for this and becomes: 

ac , a2C as 

at =D aX2 at (4.53) 

On substituting for S from (4.5 1) we obtain, 

ac 
--D 

a2C 
(4.54) at R+j aX2 

Equation 4.54 is of identical form to equation 4.43 if a mobility constant, 
M= DI R+I is substituted for the diffusion coefficient, D: 

ac 
=Ma2C at DX2 (4.55) 

Hence the mobility coefficient in metal where hydrogen is trapped is less than the 

theoretical diffusion coefficient. 

The above treatment is not strictly correct because Equation 4.52 does not apply to 
hydrogen trapped as diatomic gas in secondary porosity for which it is replaced by the 

non-linear equation: 

S= RC2 (4.56) 

due to the dissociation of hydrogen from the traps by the equation: 

H2 
(gas) = 

2H(solution) (4.57) 

As Crank points OUtI43., substitution of Equation 4.57 into Equation 4.53 yields an 

expression that can only be resolved mathematically by numerical methods. 
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From empirical measurements, based on several hundreds of determinations, Ransley 

and Talbot'15. found that the mobility was remarkably consistent and for pure 

alun-linium was given by the expression: 

M= 12 exp 
16900) (M 2 S'I) (4.58) T 

Ibis approach has provided extensive evidence that the mobility of hydrogen in 

commercial products are much less than Equation 4.51 suggests and the difference is 

greater at lower temperature. 

4.9 Hydrogen Content Determination 

The -precise deterrnination of the hydrogen content in aluminium, either as a 

characteritic for the quality of an industrial product, or as a fundamental parameter in a 

research program, is imperative. 

The ongoing world-wide effort has lead to the development of numerous quantitative 

and semi-quantitative techniques with varying degree of sophistication. There are more 

than 20 reported techniques" that are used in the aluminium industry, a few of the 

common techniques are reviewed. 

.. 4.9.1 Straube-Pfeiffer test 

I'his test is based on the formation of bubbles when molten aluminium or its alloy is 

solidified under reduced pressure. 

An iron crucible containing 100-200 9 of molten metal is placed in a vacuum 

chamber. Pressure is reduced -rapidly to a selected value and held during solidification. 

A qualitative estimate of the hydrogen content of the metal is obtained from the 

observation of the bubble evolution during the solidification, the apparent density of the 

s ample, and examining cut surface for porosity. 
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The main drawback of the test is its sensitivity" (or greater than) 0.30 cmý 1100g, 

which is far too high for aluminium alloy products for critical applications. 

4.9.2 The Initial Bubble test 

This test was first proposed by Dardel"'-'5'- and is based on Sievert' law, 

[H] =k 
JPH2 

(4.59) 

where: 

[H] is the concentrtion of the dissolved hydrogen in the melt, 
PH, is the partial pressure of hydrogen in the atmospher, 
k is a temperature dependent constant. 

The test consist of gradual application of vacuum over small sample of molten metal, 

which is contained in an electrically heated crucible until the first bubble is observed at 
the molten surface. The pressure and temperature at which the first bubble appear are 
recorded. A monograph relating pressure, temperature and hydrogen solubility of the 
alloy being tested is used to obtain the hydrogen content. 

The results obtained by initial bubble test are erratic and not easily 
reproducible""'-. 

4.9.3 Telegas Instrument 

The Telegas instrument developed by Ransley et al 154.155. operates on the principle of 

monitoring the hydrogen activity developed in a small quantity of inert gas or nitrogen 

continuously recirculated through the molten metal under the test until the gaseous 
hydrogen diffused in the nitrogen bubbles is in equilibrium with the solute hydrogen in 

the metal. 

The Telegas instrument has proven to be suitable method for absolute detern-dnation 

of hydrogen content of molten alun-dniurn in industrial conditions. 
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AIScan developed by Alcan and Sumitomo Light Metal (SLM) Hydrogen 

Detern-dnator are also based on the same principle. 

The technique will be further discussed in Section 6.2. 

4.9.4 Nitrogen Carrier Fusion Techniques 

The technique involves the melting of a solid cylindrical specimen of several grams 
in a nitrogen gas flow at atmospheric pressure. The hydrogen that evolves from the 

sample is transported by the nitrogen gas to a thermal conduciivity detector 

(katharometer hot wire) for measurement. 

There. are two commercially available instruments based on this principle, namely 

LECO RH, manufactured by Instrument S. A. and Ithac, manufactured by Adamel 

-Lhomargy (a division of Instrument S. 4. ). 

Although results obtained by Degreve"'-157. are reported in good agreement with 

those of hot vacuum extraction method (to be discussed), several other investigators 

have reported significant disparity between hydrogen content values obtained with Ithac 

instrument for Al-Mg'58-159- and AI-Zn'5'- alloys. At very low hydrogen content level 
(<0.10 cm3/100g) results obtained with LECO instrument are reported 

160. 
to be erratic 

and not very reproducible. 

The fundamental drawbacks which are attributed for the inaccurate measurements 

are 
149. : 

1. The "surface hydrogen" evoived by the reaction between. water absorbed in thin 

hydrated oxide film on the sample, formed in the atmosphere at room 

temperature and the metal itself, 

A1203 * 
3H20 A1203 + 3H20 (4.60) 

2AI + 3H20 A1203 + 3H2 (4.61) 

Although Degreve and Jardin recommended"', that surface hydrogen could be 

eliminated by thermal treatment at 673K prior to melting, Simensen and 

Lauritzen"'- found that preheating to 773K is necessary in the case of Al-Mg 
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4.10.1 Interdendritic porosity 

When liquid aluminium. or any of its alloys is cast by the techniques used in normal 

production routes, it retains virtually all of the dissolved hydrogen it may 
124.13S. 162.163. 

contain 

The solubility of hydrogen in pure liquid alun-dnium at solidification temperature 
(933 K) is approximately eighteen times greater than in solid state at that temperature, 

as illustrated in Table 4.7, which also list equilibrium solubility limit for some other 

metals. 

Table 4.7 Hydrogen solubility at solidification 
temperature for some common metals. 

Pure metal Hydrogen solubility (cml/100g) Ratio of 
In liquid (L) In solid (S) L. / S. 

Al 0.67 0.037 18 
cu 5.30 2.10 2.5 
Mg 25.00 15.00 1.7 
Ni 40.00 14.00 2.9 

In accordance with general principle of solute redistribution the marked change in 

solubility at the solidification causes some of the hydrogen to be expelled from the solid 

crystals into the adjacent liquid. If the concentration of hydrogen in liquid rises to a 
level sufficient to exceed the sum of the local pressure with in the liquid and the excess 

pressure attributed to surface tension, then gas bubbles are nucleated. Since this 

condition is usually reached near the end of solidification, the gas bubbles are 

constrained to occupy the restricted space between the growing dendrites, so they 

become irregular, gas-filled cavities with the characteristic shape illustrated in 

Figure 4.7. 

The quantity of porosity in solid aluminium is often expressed as volume percentage, 

detern-dned by: 

Percentage porosity = 
(Theoretical Density) - (Actual Density) 

X100 (4.62) (Theoretical Density) 
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alloys. Holding samples at these high temperature could lead to evolution of 

some of the bulk hydrogen. 

2. Reaction between volatile alloying elements, such as Mg, Li and Zn, evaporated 
from the sample and the water vapour absorbed on the surface of the glass 

and/or silica (quartz) extraction tube walls on which they condense. 
3. Reaction between the sample and water vapour evolved from the walls of the 

apparatus, 
4. Presence of porosity and/or oxide inclusions in the samples. These pores tend to 

retain moisture which subsequently reacts with the sample during heating. 

4.9.5 Hot Vacuum Extraction (Ransley) Method 

The Ransley technique, generally referred to as the hot vacuum extraction method, 

was developed and first described by Eborall and Ransley"- and later modified to its 

present form by Ransley and Talbot"'-. The method comprises the collection and 

measurement of hydrogen desorbed into an evacuated system from a specially prepared 

heated solid sample. The technique is a subfusion and direct method which provides 

absolute hydrogen content values for aluminium alloys but is essentially a laboratory 

method. It has earned a reputation for reliability and constitute a reference method 

valuable for any alloy. Hot vacuum extraction is the standard method against which 

other techniques are calibrated and compared. 

This was the technique used in the work at hand, thus will be described in detail in 

Section 6.1. 

4.10 Defects Caused By Hydrogen In Aluminium And Aluminium Alloys 

I'lie main defect which has long been recognised and is well documented, is the 

precipitation of hydrogen gas phase during solidification, leading to porosity in the 

solid metal. 

Characterised by the mechanism and morphology of their formation, two types of 

porosity -have been identified, namely the interdendritic and secondary porosity. - 
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The method to deten-nine the theoretical density to, an accuracy of +/- 0.0317c is 

reported to be by 135. measuring the density of the sample after a hot-pressing operation 

in a steel die at a pressure of approximately 150 Mpa (10 tons/in), and a temperature of 

about 450'C for 10-15 minutes. The technique is said to be suitable for most aluminium 

alloys. 
J 
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Figure 4.7 Interdendritic porosity direct cast ingot of 99.2% aluminium"' x 12.5. 

Plotting the percentage porosity against hydrogen content a linear correlation was 

observed 124. ". Extrapolating the best straight line to zero porosity yields a theoretical 

threshold gas content for the particular alloy, below which no interdendritic porosity is 

expected. 

Thomas and Gruzleski 165. p1loted percentage porosity against hydrogen content from 

all the previously reported results and their own work on AI-8 wt% Si. Using a linear 

regression technique and the best straight line fit, they re-determined the threshold 

hydrogen content for pore formation for a variety of aluminium alloys, over a wide 

range of casting conditions. Their results are presented in Table 4.8 and Figure 4.8. 
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Table 4.8 Threshold hydrogen content for pore formation 
and experimental details of various investigations. 

Investicrator(s) Ref. Alloy Casting condtion Threshold hydrogen 
(CM3/j()()_)I content 

Line 

Ransley & Neufeld 124 Commercial Sand cast 0.117 a 
purity 

Ransley & Talbot 135 99.99% pure Sand cast 0.168 b 

Ransley & Talbot 135 Duralmumin, DC 0.167 C 
Al-4.5%Cu 

Metcalfe 164 A-4.6%Cu Sand cast 0.169 

Jordan etal 162 A]-Cu-Mg DC (I I "dia x 44" 0.119 e 
ingot) 

Jordan etal 162 AI-Cu-Mg DC (5"dia x 12.5" 0.141 f 
ingot) 

Thomas & Gruzleski 165 Al-8%Si Water cooled mould 0.150 9 
(chilled region) 

nomas & Gruzleskj 165 Al-8%Si Water cooled mould 0.053 h 
(non-chilled region) 

1. As determined by Thomas and Gruzleski which in some case s may differ from the value 
reported by the original investigator. 
2. Corresponding to the line s plotted in Figure 4.8. 
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Figure 4.8 Plot of volume percentage porosity vs hydrogen content for aluminium 

alloys cast under variety of conditions. 
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'llie efforts to identify the conditions thus predicting the formation of porosity, have 

revealed numerous contributory factors which can be broadly classified to: 

1. The influence of hydrogen content i. e. the threshold hydrogen content which 

was discussed. 

2. The effect of solidification conditions"'-, some of which are tabulated in the 

following Table 4.9. 

Table 4.9 Effects of solidification conditions 
on hydrogen p orosity in alurniniurn. 

Condition Average pore size Pore fraction volume Threshold hydrogen content 
increasing cooling rate Decrease Decrease Increase 

Grain refinement' Decrease Decrease Increase 

Eutectic, modification' Increase Increase Decrease 

Smaller freezing range Decrease Decrease Increase 

1. Grain refinement with Al- 5%Ti- 0.2%B master alloy. 
2. Eutectic modification with Al- %5Sr. 

3. The effect of alloying elements, were- higher threshold hydrogen content in Al- 

4.7%Mg compared with Al- 7%Si was attributed'" to higher solubility of 

hydrogen in the former. 

4. - Ruddle and Cibula 167 Brondyke and Hess 168-, and Celik and Bennet' 
. 
6'- have 

shown that inclusions enhance bubble formation and to lower the threshold 

hydrogen content by acting as bubble nucleation sites during solidification. 

4.10.2 Secondary porosity 

The early 
investigationSI24.135.162.163. of porosity in alun-dnium, led to an'assumption of 

threshold level of hydrogen (0.12 cný/100g for pure aluminium)" below which no 

porosity would form. The hydrogen in excess of the solubility limit was assumed to be 

in super saturated solution. 

Adopting the same reasoning as-that advanced by Seitz"O* and Barnes and Mazey"` 

and supported by the experimental observation of Doherty and Chalmers"'-, 'Talbot and 

Granger 121. showed that in the absence of interdendritic porosity, the hydrogen retained 
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in cast aluminium is partitioned between solid solution and numerous small - 1-2 ýIm 

diameter pores, which they termed secondary porosity, shown in Figure 4.9. 
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Figure 4.9 Secondary porosity in (a) direct cast and homogenised 99.99% 

aluminium x90, (b) hot rolled and annealed 99.2% alun-tinium plate x350. 

Electropolished in Perchloric -Ethyl alcohol mixture. 
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Figure 4.10 Blisters on the surface of alurninium extrusion 

4.10.3BIlstering 

Surface blistering illustrated in Figure 4.10 is a common form of defect which is 

encountered on wrought aluminium and aluminium alloy products. 
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The basic cause is the inflation of internal defects by hydrogen when the overlying 

metal is soft during heat treatment. 

The incidence of blister is determined by the nature and distribution of internal 

defects and hydrogen content in the metal by one or more of the following mechanism. 

4.10.3. lRe-expansion of the existing defects, 

- If the metal contains interdendritic porosity, the pores tend to concentrate near the 

surface. At high temperature the gas pressure can exceed the restraining force of the 

thin overlaying metal leading to surface blistering. 

The concentration and size of intermetalic and non-metallic inclusions ("dirt") in the 

metal have a detrimental effect on the threshold hydrogen content for interdenctritic 
173174. 

porosity and blistering 

Blister can be induced in otherwise sound metal if faults are introduced in the course 

of mechanical working. Naturally, the metal must spend some time at high temperature 

to, allow hydrogen to accumulate in the defects"5- by diffusion because hydrogen is 

127.135. 
virtually immobile in aluminium at room temperature's 

Blister can also be induced by incipient fusion which occurs when solidus 

temperature of an alloy is exc . eeded 175. 

175. 
or Diffusion 176- blisters 4.10.3.2Reaction 

These type of blisters are caused by reaction of the furnace atmosphere with the 

surface of solid aluminium leading to marked hydrogen absorption. Consequently 

-spherical cavities grow near the surface and coalesce to form blisters. 

Although water vapour in the furnace atmosphere can lead to some absorption of 

hydrogen, the surface reaction is remarkably catalysed by traces of sulphur"'. 

, Contamination of the metal surface with chloride ion is also reported"'- to act in a 

catalytic capacity for the surface reaction. Figure 4.11 is a microsection through a 

reaction blister. 
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Figure 4.11 Microsection through a reaction -blister on a sample of alurninium alloy, 

AA6063, heat treated in an atmosphere containing SO,, x 100. 

4.10.3.3"High-Temperature Oxidation" 

Blistering on the surface of aluminium alloys component after prolonged high 
1129.178.179. temperature heat treatment is sometimes labelled "high-temperature oxidation 

Nevertheless based on detailed discussion of the phenomenon published in a series of 

papers by Polmear"" 81.182., Mills"'- and Jenkins"'-, it can not be differentiated from the 

reaction or diffusion blistering discussed in the previous section. 

4.10.40ther defects 

4.10.4.1 Effects of hydrogen on physical properties, 

Interdendritic porosity in cast ingots does not weld up completely in the course of 

working operations during fabrication, but is flattened into planar 

discontinuities. 185.186.187. In thick plate and forging, the loss of load-bearing section and 

internal notch effects due to the flattened porosity reduce the mechanical properties in 

the short-transverse direction. Turner and Bryant"' measured the short-transverse 
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strength, ductility, and impact properties of 5 and 7.5 cm thick plate rolled from 28 cm 

thick sernicontinuosly cast ingots of a high-strength Al-Cu-Mg alloy. Their work 

revealed good correlation between all of these properties and the hydrogen porosity in 

the ingots. 

4.10.4.2Hydrogen embrittlement and Stress Corrosion Cracking (SCC) 

There is no reported instance of embrittlement from hydrogen introduced into 

alun-dnium alloys during manufacturing. 

However, Scamens and his co-workers""'"'O* have shown that cathodic hydrogen 

introduced during service can penetrate the grain boundaries of Al-Mg and AI-Zn-Mg 

alloys when aged. They put this concept forward as a plausible explanation for stress 

I corrosion crac ng. 
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5. EXPERIMENTAL APPROACH 

5.1 Objectives 

The project was designed around the production of Al-Mg-Si alloy extrusion billet at 

plant in which smelting and ingot casting are integrated. The intention was to apply a 

range of specialist techniques. 

to quantify the hydrogen content of the metal throughout the whole process, 

including treatment of the freshly-reduced liquid metal, the casting process and 

subsequent homogenisation of the cast ingot. 

2. to characterise those aspects of the structure of the metal and its surface oxide 

film which influence the interaction wiih hydrogen. 

There is apparently no report of such a comprehensive study in the open literature, 

probably due to difficulty in reconciling expertise in industrial operation with an ability 

to select and apply appropriate research techniques. 

There are two aspects to the experimental work: 

1. The selection and use of techniques. 

2. The design and implementation experimental procedure. 

5.2 Selection of Experimental Techniques 

Based on the objectives stated in the previous section, it was necessary to select 

experimental techniques for hydrogen content determination, structural characterisation 

and surface analysis. 
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5'. 2.1 Hydrogen content determination techniques 

The two most reliable techniques for hydrogen content determination in aluminium 

are the hot vacuum extraction method and the Telegas instrument. Fortunately financial 

s. upport was granted to construct a dedicated hot vacuum extraction apparatus, and the 

Telegas instrument was also available in the industrial plant and its application had been 

well established. 

Although much easier and faster, the use of the Telegas instrument is limited to 

hydrogen determination in the liquid metal and under specific conditions and thus could 

not be used in the majority of the production stages e. g. for measuring the hydrogen 

content of the metal in the crucible or in the furnaces. 

Therefore the hot vacuum extraction method was selected, as the main technique but 

the Telegas instrument was also used wherever possible for comparison and 

confirmation of the results. 

5.2.2 Surface an ysis 

The characterias for selection of the surface analysis techniques were: 

1. Sensitivity, the required sensitivity of the technique needs to be better than 

<0.5 wt% to enable the detection of Mg in the alloy investigated which 

non-dnally contained 0.5 wt% Mg. 

2. Depth resolution < 10 nm, to provide for detection of natural aluminium oxide 

which is reported to be in the order of 10 nm. "'- 

3. Depth profile capability, to enable the characterisation of thicker oxides. 

4. Practical factors, i. e. availability, cost and analytical time required. 

,A number of techniques are now available for surface analysis of which x-ray 

photoelectron spectroscopy (XPS or ESCA), and secondary ion mass spectrometry 

(SIMS) were utilised and are briefly described in Section 6.3. 
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_. 
Although these techniques derive their usefulness from their true surface sensitivity, 

which iS192 -2 nm for XPS , and I nm for SIMS, they can be used to determine the 

composition of much deeper layers. This is normally achieved by sequential (or 

simultaneous) removal of surface layers by ion beam sputtering and surface analysis. In 

this way, the composition of a material may be dissected layer by layer to build up what 

is termed a "composition-depth profile". 

Sputter-depth profiling is said to be suitable to a depth of"'- -2 gm. 

5.2.3 Structural characterisation 

Macroscopic observation of deep-etched fine machined surface to reveal grain 

morphology. 

- 
Microscopic examination of polished surface to reveal micro structures. 
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6. DESCRIPTION OF THE EXPERIMENTAL TECHNIQUES 

6.1 Hydrogen Content Determination by Hot Vacuum Extraction. 

6.1.1 Operating principles"'- 

Hydrogen is extracted from a solid sample heated in a evacuated vessel to a 

temperature below the solidus temperature of the metal. The gas is continuously 

pumped to a calibrated low pressure system for collection and measurement. 

The speed of the determination depends on the diffusion-controlled desorption of the 

gas from the sample. 

6.1.2 Equipment 

'I'lie equipment, illustrated schematically in figure 6.1, is constructed of hard glass. 
The joint, B, receives the extraction tube, A, in which a metal sample is heated by an 

external furnace. It affords access, via a 20 nim bore tap, C, and a liquid-nitrogen 

cooled trap, D, to a two-stage mercury diffusion collection pump, E, which delivers the 

gas extracted from the sample into a system with a calibrated volume. The size of 

vessel, F, is chosen to adjust the total volume of the system to about 1000 cd so that 

the gas collected from standardised 8-10 g samples is contained at pressure in the 

optimum range, 0-0.1 Pa, of McLeod gauges, J. The palladium tube, G, is 50 mm long 

by 1.3 mm diameter with 0.15 mm wall thickness. It is closed at one end and at the 

open end it is gold-soldered into a platinum thimble sealed to lead-glass. A small 

electrical heater is provided to heat the tube to 700 T. A small liquid nitrogen cooled 

trap, H, to eliminate condensable gasses, e. g. water vapour and carbon dioxide, without 

significantly affecting the temperature of the permanent gasses present. The system 

includes a pirani gauge (not shown), but precise pressure measurements are taken on the 

McLeod gauges, J. 

The system can be evacuated by a three stage mercury diffusion pump, not shown in 

figure 6.1, backed by a rotary pump and can be isolated from it by the tap, K. A by-pass 
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tap, L, permits evacuation of the extraction tube when a sample is loaded, without 

Figure 6.1 Schematic illustration of Hot Vacuum Extraction equipment. 

The general construction is shown in figure 6.2. The glass work is erected on a 
framework permitting access for glass-blowing and servicing, The diffusion pumps are 

electrically heated. The furnace for pre-heating the extraction tube is suspended from an 

arm pivoted on the framework, facilitating its alignment with and movement over the 

end of the extraction tube. 

The induction (RF) furnace for heating the sample during extraction is fitted on a 

separate frame which can easily me moved over the end of the extraction tube at the 

start of the test. 
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f-Igurc 0.. ' Ucimal ý icA ot Hot Vacuum Extfaction equipment. 

6.1.3 Commissioning and calibration 

New equipment was constructed for the project. The McLeod gauges were calibrated 
before installation. The new glass, new mercury charge in the pumps and gauges and 

new oil in the rotary vacuum pump required prolonged pumping to outgas them. At this 

stage, pinholes in the glass and defects in seals and taps could be identified and 

rectified. The volume of the gas collection was calibrated when the equipment was 

leak-free and completely outgassed 

6.1.3.1 Calibration of Mcleod Gauges No. I (fine scale gauge) 

Radius of Capillary Tube 

Capillary tube is "Vernida" precision bore tubing Of 0.5 mm uniform radius and 

guaranteed tolerance +/- 1%. The length of a column of mercury in the tube was 

measured using a travelling microscope. To avoid meniscus error, the end of the 

column was taken as 1/3 of the distance from the chord to the apex of the meniscus. 

The mercury was carefully transferred to a small dish and weighed. 
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Length of mercury thread (1)/mm 

Weight of dish (w)/g 

Weight of dish + mercury (w)/g 

Weight of mercury (w)/g 

Room temperature 
Radius of tube = (w/I 3.5 1)/mm 

Average value of radius r/mm 

Volume of Bulb 

Water titrated from a 50 cm3CIass B burette hito bulb, 

(1) (2) (3) 

= 69.16 90.77 90.48 

= 2.6040 2.6040 2.6040 

= 3.2612 3.4785 3.4560 

= 0.6572 0.8745 0.8520 

= 200C 200C 200C 

= 0.473 0.476 0.470 

= 0.473 

Volume of water (1) 50 + 47.8 = 97.8 0.01 CM3 

(2) 50 + 47.7 = 97.7 0.01 CM3 

(3) 50 + 47.7 = 97.7 0.01 CM3 

(4) 50 + 47.7 = 97.7 0.01 CM3 

Average value of volume, V= 97.7 Cm 
3 

= 9.77 x 101 MM3 

McLeod constant, C 

'ý, - A constant, C, relates the column of mercury corresponding to the McLeod reading, 

R, to the column of mercury which would be supported by the pressure, p, in the 

system: 

,C= 7ur/V = (0.473)/ 9.77 x 104 
= 7.195 x- 10' mnf ' 

6.1.3.2 Calibration of Mcleod Gauges No. 2 (coarse scale gauge) 

Radius of Capillary Tube 

The capillary tube is of uniform radius but not guaranteed to be precisely the 

nominal value of 1.0 mm. The length of a column of mercury in the tube was measured 

using a travelling microscope. To avoid meniscus error, the end of the column was 

101 



taken as 1/3 of the distance from the chord to the apex of the meniscus. The mercury 

was carefully transferred to a small dish and weighed. 

(1) (2) (3) 

Length of mercury thread (1)/mm = 96.50 100.60 97.65 

Weight of dish (w)/g = 2.652 2.653 2.653 
Weight of dish + mercury (w)/g = 7.293 7.471 7.336 
Weight of mercury (w)/g = 4.641 4.818 4.683 
Room temperature = 20'C 20T 200C 

Radius of tube = (w/13.561)/Mm = 1.060 1.06 1.060 

Average value of radius r/mm = 1.06 

Volume ofBulb 

Water titrated from a 50 cm' Class B burette into bulb, 

Volume of water 19.5 +/- 0.01 cm' 
(2) 19.4 0.01 cm' 
(3) 19.5 0.01 cm' 
(4) 19.5 0.01 cm' 

Average value of volume, V= 19.5 cm. 
3= 1.9 X JW MM3 

McLeod constant, C 

A constant, C, relates the column of mercury corresponding to the McLeod reading, 

R, to the column of mercury which would be supported by the pressure, p, in the 

system: 

-gr'/V = (1.06)/ 1.9 X 104 
= 1.81 x 10-6 IlIff I 

6.1.3.3 Gas collection system 

McLeod Gauge No. I- Factor 7.195 x 10-6 MM-1 Standard Volume 1022 cmý 

Procedure: Hydrogen expanded from standard volume bulb to system volume. 
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Volume of system = 
(M02-(M2)2 

x(standard volume) (M 2)2 

Where M, and M, are McLeod gauge readings before and after expansion (Table 6.1 

Table 6.1 McLeod gauge readings C* 
Before expansion Mean After expansion Mean Volume cm' 

1 98.9,98.9.98.9. 98.9 72.9,72.9,73.0. 73.1 849 
98.9.98.9.98.9 73.3.73.1.73.1 

2 97.2.97.0.97.1. 97.1 70.9.70.9,71.9. 71.3 873 
97.1.96.9.97.0 71.8.71.2,71.1 

3 87.9,87.8.87.5. 87.8 64.1.64.2,64.1. 64.2 889 
87.6.87.9,88.0 64.2,64.2,64.2 

4 88.4.88.4,88.3, 88.4 65.0,65.0,65.0, 65 868 
88.4.88.4.88.5 65.0,65.0 

5 80.2,80.2.80.1. 80.2 58.6,58.7,58.6, 58.6 892 
80.2.80.2.80.2 58.5.58.6.58.6 

6 82.3,82.1,82.1, 82.2 60.0,60.0.60.1. 60 896 
82.3,82.3.82.3 60.1.60.0,60.0 

7 73.8,73.8,73.8, 73.9 54.4,54.4,54.4, 54.4 864 
73.9.73.9,73.9 54.4,54.4,54.4 

8 75.5,75.5,75.5, 75.5 55.5,55.5,55.5. 55.6 862 
75.5,75.5.75.5 55.6.55.6.55.6 

9 91.7.91.7,91.7. 91.6 66.4,66.5,66.6, 66.6 911 
91.5.91.6,91.6 66.5,66.6,66.7 

10 92.9,92.9,92.9, 92.9 67.8,67.8.67.8. 67.9 891 
92.8,92.9,92.9 68.0,68.0.67.9 

11 99.2,99.2,99.1, 99.1 73.1,73.2,73.2, 73.2 851 
99.1,99.1.99.1 72.2,72.3,72.2 

12 98.0.97.9,98.0 98 72.6.72.69 72.6 72.6 840 

13 64.1,64-1.64.1 64.1 47.4,47.3,47.3 47.3 855 

14 96.4,96.3,96.3 96.3 71.7,71.7,71.7 71.7 822 

15 71.7.71.7,71.7 71.7 53.0,53.0,53.0 53 848 

16 95.4,95.4,95.4 95.4 70.99 70.9,70.9 70.9 828 

17 70.9,70.9,70.9 70.9 52.3,52.3,52.3 52.3 - 856 

Average of 17 determination = 864 cm3 (scatter + 5.4% 4.9%) 

6.1.3.4 System Factor, F 

Volume of gas in system =Fx R' 

where: F=V, Y,,,, x 273/298 x Cn60 xR 
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867 x 7.195 X10-6 x 273 R2 760 x298 

= 7.5 19 x 10-' cm' 

6.1.3.5 RF heater programme calibrations 

Coil: 7 turn 50 mm diameter horizontal coil of 6 mm copper pipe, 

Pure Aluminium 

Material: AA 1100 (99.2% pure Al) machined from Ransley bar. 

Sample: 9.8 mm diameter x 42 mm long cylinder 

1. Heating at Full RF Power- First Run, Table 6.2. 

Cold junction at ambient temperature, i. e. 18*C (0.70 mV) 
Table 6.2 RF heater prograrnme calibration, Pure Aluminium, first run. 

Time/s mV reading for mV equivalent for Temperature T 
23.6"C CJ OOC 0 

0 0.00 0.70 18 
5 1.20 1.90 47 
10 2.45 3.15 77 
15 3.40 4.10 100 
20 4.40 5.10 124 
25 5.55 6.25 153 
35 8.23 8.98 220 
40 9.80 10.50 258 
45 11.20 11.90 292 
50 12.47 13.17 323 
55 13.93 14.63 358 
60 15.30 16.00 391 
65 16.90 17.60 428 
70 18.67 19.37 470 
75 20.25 20.95 507 
90 -24.30 25.00 602 

2. Heating at Full RF. Power- Second Run, Table 6.3. 
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Cold junction at ambient temperature, i. e. 18'C (0.70 mV) 
Table 6.3 RF heater pro. crarnme calibration. Pure Aluminium. second run. 

Time/s mVreadingfor ZI mVequivalentfor Temperature'C 
23.6"C CJ OOC ci 

0 0.00 0.70 

20 4.83 5.53 130 

40 10.00 10.70 263 

45 11.60 12.30 302 

55 14.55 15.25 373 

80 22.33 23.03 556 

85 23.95 24.65 594 

90 25.40 26.10 628 

3. Holding power for constant temperatures 
% RF Power mV reading for mV equivalent for Temperature *C 

22.6ýC CJ OOC Ci 
10 22.10 22.80 550 

AA 6063 

Material: AA 6063 extruded section. 

Sample: 10.0 mm diameter x 40.0 nun long cylinder. 

1. Heating at Full RF power, Table 6.4. 

Fine wire chromel/alumel thermocouple inserted into end of sample and peened 
in tightly to make good then-nal contact. 

Cold junction at ambient temperature, - i. e. 250C (1.06 mV) 
Times to reach prescribed temperatures noted. 

Table 6.4 RF heater programme calibration, AA 6063 alloy. 
Time/s mV reading for mV equivalent for Temperature *C 

250C CJ OOC ci 
0.0.0 1.0 25 

5 1.0 2.0 49 

10 2.1 3.1 76 

15 3.4 4.4 107 

20 4.5 5.5 134 
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25 5.6 6.6 162' 

30 7.0 8.0 197 
35 8.2 9., ) 224 
40 9.6 10.6 261 
45 11.0 12.0 295 
50 12.4 13.4 329. 

60 15.4 16.4 400 
65 17.1 18.1 440 
70 18.8 19.8 480 

75 20.2 21.2 513 

80 22.0 23.0 555 

2. Holding power for constant temperatures 
% RF Power mV reading for mV equivalent for Temperature OC 

250C CJ WC Ci 
6 21.10 22.78 540 

6.1.4 Sample preparation 

To achieve accurate and reproducible results a stringent sample preparation must be 

adhered to; 

1. Cylindrical samples, 40 mm x 10 mm diameter are most convenient. 

2. The sample must be machined dry, finishing with a light but fast cut with a slow 
feed. It is vitally important to remove all the original surface. 

3. To avoid contan-dnation, machined sample must not be touched. 

6.1.5 operating procedures 

On assembling the apparatus for 4 determination, the sample is placed in the 

extraction tube at, N, as shown in figure 6.3. 

The tube is evacuated and pre-baked at 809 T up to the point, M, with the electric 

radiation furnace for at least one hour. When the tube has been conditioned, the sample 

is moved to the extraction position, A, using the manipulator, P, actuated by an external 

magnet and the manipulator is drawn back behind the joint, B. 
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Liquid nitrogen is applied to traps D and H to eliminate traces of water vapour. 

which otherwise reacts at the hot sample surface, producing spurious hydrogen. Making 

sure that taps K and L are closed the extraction tube is connected to the gas collection 

system by opening the tap C, if the gas collected in 15 minutes is negligible. the test 

may proceed. 

, 
The induction furnace is set to a predetermined set up, to provide a rapid heat up to 

the prescribed temperature, and is moved into position. After starting the furnace, the 

pressure in the collection system is monitored continuously by the McLeod and Pirani 

gauges until it is virtually constant, indicating the end-point. At this point the palladium 

.-I tube is heated to 700 T for 10 minutes, allowing the hydrogen to diffuse out. The 

residual gas is usually < 5% of the total quantity collected. It is a mixture"' of carbon 

monoxide, methane and nitrogen, derived paitly from the surface of the sample and 

partly from the system. Its pressure is recorded to apply as a correction. 

M 
13 

Figure 6.3 Extraction tube assembly 

The gas collected is subjected to a further correction for hydrogen evolved at the 

sample surface, which is evaluated from* blank determinations on representative 

degassed samples after re-preparation to restore the original surface condition. Its value 
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depends on the sample composition, the preparation, and the state of the equipment and 

is in the range 1.0-3.5 x 104 CM3 of hydrogen per cm2 of geometric surface area. 

6.1.6 Sources of error and validity of results 

A standard chart recorder can be. connected -to the apparatus providing a curve for the 

evolving gas, enabling the immediate detection of any abnormal gas evolution during 

the testing. 

The reproducibility of the method was illustrated by Talbot... by the following 

results: 

1.1.4 replicated determinations on the same piece of extruded 99.8% pure 

aluminium rod yielded results all within the range 0.24-0.28 CM3/100g. with a 

standard deviation of +/- 0.014 cný/100g for a single result. 

2. Duplicated determinations on each of 43 samples of various conunercial grade of 

pure metal and alloys containing up to 1.0% magnesium yielded results with a 

standard deviation of +/- 0.015 cm'/100g for a single result. 
3. Duplicated determinations on each of 16 samples of alloys containing over 5% 

magnesium, with hydrogen content in the range of 0.14-0.97 cm'/ I 00g, yielded 
t 

I: results with a standard deviation of 0.023 cdllOOg for a single result. 

. 
6.2 Hydrogen Content Determination by Telegas 

6.2.1 Operating principle 

The principle is to determine the activity of diatomic hydrogen in equilibrium with 

the liquid solution. Since hydrogen is virtually ideal, this is equivalent to measuring the 

hydrogen pressure established in an inert gas (usually nitrogen) which is bubbled 

through the liquid metal. The hydrogen content is then given by Seiverts' isotherm, 

Equation 4.3, usually written as: 

s. G (P/P G)0.5 
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where: 

G is hydrogen content. 
p is the measured pressure. 
s19 is the solubilty for the pressure pG = 10 1325 Pa. 

Figure 6.4- Schematic of the Telegas instrument. 

6.2.2 Instrument 

Figure 6.4 is a schematic 19 
. 
5.196. of the Telegas instrument. It comprises three basic 

components": (1) a capillary system around which the nitrogen carrier gas*is circulated 

through the melt via a twin-bore alumina probe (2) a Katharometer (or thermal 

conductivity cell) for measuring the amount of hydrogen entrained in the nitrogen gas 
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be calculated from the available values for solubility" 
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and (3) a Wheatstone bridge circuit for determining the decrease in resistance of the 

Katharometer as the amount of the hydrogen in the carrier gas increases. 

6.2.3 Operating principle 

I After pre-heating the probe is inserted into the metal so that the cup is well 

immersed, i. e. about 4 cm below the surface. During entry into the metal, the carrier gas 

purge valve is opened, blowing a stream of nitrogen out through the probe to clear away 

the oxide films. The valve is closed and the pump is operated until the millivoltmeter is 

steady. The hydrogen content is found from a calibration chart which related meter 

reading, hydrogen solubility as affected by temperature, and hydrogen content in 

CM 3 per 100 g of metal. 

6.2.4 Validity of results 

In the original assessment of the Telegas instrument, results determined with the 

Telegas for laboratory melts were compared with corresponding results for chill-cast 

samples"'. This comparison is reproduced in Figure 6.5, which shows a reasonably 

good correspondence between the Telegas and Vacuum Extraction results with no 
detectable systematic error. Similar comparisons have been made on several occasions, 

for example by Hess"'-. Some authors find a small systematic error, usually with the 

Telegas instrument reading low"% which they attribute to slight leaking away of 

hydrogen along the outside surface of the probe. 
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Figure 6.5 Comparison of hydrogen determination results of Telegas instrument with 
Vacuum Extraction determination of the same metal. 
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6.3 Surface Analysis Techniques. 
I C--' 

6.3.1 X-ray Photoelectron Spectroscopy (XPS), 

In XPS, the sample surface is illuminated with a source of soft x-rays, 

photoionisation of a core level takes place, as illustrated schematically in Figure 6.6. 

The resultant photoelectrons have a kinetic energy E which is related to the x-ray 

energy (h v) by the Einstein relation 

E=hv- EB (6.1) 

where EB is the binding energy of the electron in the material and is characteristic of 

the individual atom and ý is the work function of the energy analyser. 

,. 
In addition, the electron binding energies within any one element are not fixed and 

small variations... of up to 10 eV may occur. 'Mese "chen-dcal shifts" are caused by 

changes in the valence electronic structure of the atoms concerned and so may be used 

to provide information on chemical bonding. 

Photoelectron 

Incident x. 
photon 

Vacuum 

V 

L 2,3 
LI 
K 

Figure 6.6 A schematic energy level diagram illustrating the photoexcitation of aK 

shell electron by a low energy X-ray photon (hv). 
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Although the incident radiation in XPS may penetrate as deep as"'- I gm into the 

sample, it is only those electrons which come from the first few atomic layers escape 

with all their original energy intact. The electrons which originate further within the 

sample, lose energy in inelastic collisions and may no longer be identified as such. It is 

estimated that the mean free paths or electron escape depth range from 1 nrn in 

metals to about 10 nm in organic coatings 
200 - 201. 

6.3.2 Secondary Ion Mass Spectrometry (SIMS), 

... ', 
Tbe basis of SIMS analysis is the sputtering process. A beam of primary ions 

impinges onto the solid surface of the sample and the atoms in the surface of the sample 

are sputtered off into the surrounding vacuum. When a primary ion strikes the surface 

of the sample it can be back-scattered or, more probably, will penetrate into the surface 

of the sample, losing its initial energy through a series of elastic and inelastic collisions 

with the atoms of the sample. This collisions cascade process is depicted" in 

figure 6.7. 
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0 
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Figure 6.7 Schematic diagram of the sputtering process. 

Sputtering takes place when atoms near the surface of the sample receive sufficient 

energy from the cascade to escape from the surface of the sample. These sputtered 
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particles can be ejected as atoms or molecules in a neutral, excited or ionised state, but 

it is only the ionised species that can be used for SIMS analysis. 

The characteristics that have generated the considerable interest in SIMS are"'-; high 

detection sensitivity for the majority of elements, depth concentration profiling of trace 

constituents with depth resolutions :55 nm, lateral characterisation of the surface on a 

micrometer scale, isotopic analysis, and analysis of low aton-dc number elements (H, 

Li). 

Surface analysis by SIMS falls into two categories; low current density sputtering 

and high current density sputtering. The categories are detertnined by the characteristics 

of the primary ion beam. A low current density sputtering analysis results in a very 

small fraction of the surface being disturbed, a result that approaches a basic 

requirement of a true surface analysis method. High current density sputtering with its 

,, high surface removal rate, on the other hand, is required for obtaining elemental depth 

profiles. 

6.4 X-Ray Diffraction (X R D) 

in principle, XRD can yield chemical information based on the detection of crystal 

structures which may be present. 

Some preliminary experiments were conducted in which both bulk and powder 

samples were subn-dtted to XRD examination in an attempt to identify species in oxide 

films on alun-dnium alloy samples. Unfortunately the results proved to be unclear 

because the diffraction signals from the aluminium metal were too intense as to 

overwhelm any signals which originated from the oxide. 

6.5 Optical Microscopy and Metallography. 

The care needed in preparing scratch free metallographic samples of aluminiurn 

alloy is well known - Several suitable procedures using proprietary materials have been 

developed. The particular procedure used in the present work is as follows: 
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1. After the usual sectioning and mounting, the sample is rough ground on grinding 

wheel with P120 (180 G), P400 (320 G), P800 (400 G), and P1200 (800 G) 

abrasive papers respectively in the usual manner. 
The samples are then fine ground with a grit 600 soft (Microcut by Buehler) 

abrasive paper. 
2. Then the samples are rough polished on an automatic polishing wheel at 

approximately 100 rpm, with a load of 1.5 kg over Texmee (by Buehler) 

polishing cloth and 6 gm diamond polishing compound (paste), lubricated by a 

water based lubrication (type W by Kerne). 

A polishing period of 8- 12 minutes is found to be suitable. 

3. The wheel is removed and the automatic polisher is washed, then the final 

polishing wheel is installed. this wheel is covered by Mastertee (by Buehler) 

polishing cloth, and as polishing medium, OP-S" suspension (by Struers), which 

is SiO2particulate suspended in water is used. For best result the OP-S is diluted 

(50-60%) with distilled water and the polisher is loaded with 1.5 kg weight and 

the wheel is operated at approximately 100 rpm. A polishing time of 8-12 

minuets should be sufficient. 

The samples must be thoroughly washed with water and soap, rinsed with 

alcohol and dried, particularly prior to and between polishing stages. 
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7. EXPERIMENTAL PROCEDURES 

Before describing the experimental procedure, the layout of the production, facility 

must be described and the production process briefly explained. 

7.1 Plant Description 

7.1.1 Casting facility layout. 

Except for possible minor variations, the set up depicted schematically in Figure 7.1 

is a typical layout of DC casting facility for aluminium ingot. It consists of, 

the crucibles, which are ladles with the capacity of -6 tonne, used to deliver the 

liquid metal from the electrolysis cells (pot rooms) to the casting unit. 

a fixed hearth, reverberatory gas fired furnace with a capacity for 45 tonne, of 

molten metal. Ibis furnace is known as the melting furnace or simply, the melter, 

two reverberatory, gas fired, tilting furnaces, designated the casting furnaces. The 

tilting toward the casting table is facilitated hydraulically and provides for the 

controlled flow of metal for casting. These furnaces are alternatively known as 

the holding furnace or simply the holders, 

a casting table, which is basically a liquid metal distribution system and it houses. 

the DC casting moulds, 

the launder system comprises refractory lined steel channels, which connect the 

melting furnace to the casting furnace, and the casting furnace to the casting table, 

the filter bowls, which consist of refractory lined steel boxes, fitted in the launder 

between the casting furnace and the casting table to accommodate the ceramic 
foam filter (CFF), and, - 

* the moulds which are of the air-slip hot-top pattern illustrated in Figure 3.13 and 

described in Section 3.3.3. 
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Figure 7.1 DC casting facility layout, top view. 

Casting furnace, 
tilting, rever. 35 tonne 
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7.1.2 The production process 

The process begins with: 

1. Filling the melting furnace with cornmercially pure liquid aluminium. which is 

delivered in -6 tonne crucibles, and some solid charge, which is the in-house 

scrap. The liquid metal from the pot rooms, is normally at 800-900 OC. this high 

temperature facilitates the rapid melting of the solid charge. 
When the furnace is full and all the solid charges have melted, some alloying 

elements such as silicon and iron are added and the melt is then stirred and 

skimmed. The metal can now be transferred to the casting furnace. 

2. After transferring to the casting furnace, the remaining alloy addition and further 

stirring is carried out. 

If the chemical composition is satisfactory, the melt is then degassed by solid 

tablets of hexachlorethane (C. Cl. ), 

The degassing is accomplished by putting a predetermined amount of the tablets 
in a steel basket and then submerging into the metal bath, causing a violent 

reaction that leads to the generation and accumulation of various oxides and 
inclusions on the melt surface that must be skimmed off. 

3. Following the degassing and skimming, 'the melt is left un-disturbed, i. e. settling 
for one hour, after which the casting can proceed. 

4. To start the casting, the casting furnace is tilted to allow the metal to flow 

through the launder, and the ceramic foam filter bowl, onto the casting table, 

where casting conunences. 

5. Since the casting furnace has a capacity of - 40 tonne, whilst one complete 

casting run produces only - 20 tonne of ingot, thus two casting runs or as they 

are called two "drops" are. produced from each furnace preparation (cast). 

The "drops" from the same cast are designated as A and B, corresponding to the. 

first and second drop respectively. 
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7.2 Effect of Processes on the Hydrogen Content of the Liquid Metal 

7.2.1 Sampling procedure 
I 

To collect suitable samples, first four sets of Ransley's pin 
161. 

sampling moulds were 

obtained. The mould provides a suitable cylindrical sample 11 nu-n in diameter and 100 

mm long, which can be easily detached from its liquid metal feeder wedge. 

After careful study of the production process and considering the practical 

limitations, two sampling sequences were adopted covering the whole process. 

7.2.1.1 Sampling sequence 

This sequence of sampling was intended to investigate hydrogen content variation 

which may be attributed to the liquid metal state and to processes which precede 

casting. The following sequence was set out; 

1. Sampling the liquid metal in the crucible just before charging into the melting 
furnace, to establish the inherent hydrogen content in the commercially pure 

metal as received from the pot rooms. 

2. To take samples from the melting furnace just before transferring the metal to the 

casting furnace. The hydrogen content of these samples would identify the 

effects of the following factors: 

hydrogen in the freshly reduced metal 

hydrogen in the solid charge 

hydrogen in the alloying element 

moisture on the surface of the solid charge 

and tools 

reducing temperature 

stirring (turbulence) 

likely effect on hydrogen conten 
increase 

decrease 

increase 

increase 

decrease 

decrease/increase 
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There is no point in sampling before this stage, as the metal is extremely 

heterogeneous both thermally and chemically. The melt is made more 

homogeneous by stiffing prior to transfer. 

3. Due to rapid flow of the metal and its shallowness during the transfer, sampling 

from the transfer launder was extremely prone to contain excessive oxides, 

rendering the sample un-suitable for hot vacuum extraction technique. 

Tberefore it was decided to sample the metal from the casting furnace 

immediately after the transfer. The hydrogen content of these samples would 

identify the effects of the following factors: 

likely effect on bydrogen content 

contact of the liquid metal with the launder increase 

turbulence during the transfer increase/decrease 

reducing temperature decrease 

4. The melt was sampled immediately after the final alloying and stirring. The 

hydrogen content of these samples would identify the effects of the following 

factors: 
likely effect on hydrogen content 

hydrogen in the alloying element increase 

significant turbulence increase/decrease 

reducing temperature decrease 

5. Sampling the metal immediately after degassing and skimming. The hydrogen 

content of these samples were of particular interest as it follows the process 

which has as its main objective, the reduction of hydrogen in the melt, by both 

positive degassing i. e. the mass transport of the hydrogen out of the melt as 

discussed previously, and by indirect effect i. e. the consequence of equilibration 

of the melt with its atmosphere due to the turbulence caused by degassing and 

by floating out the oxides and other inclusions from the melt. 

Tberefore these samples could provide a good indication of the efficiency of in 

furnace degassing by hexachlorethane(C2C'6). 
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6. To determine if the settling (holding) time influences the hydrogen content, the 

melt was sampled every ten minutes, starting with 10 minutes after the 

degassing and skinuning. A total of five sets of samples was to be collected as 

the total settling time was 60 minutes. 

7. After the start of casting it was not possible to continue sampling the metal from 

the furnace due to it being tilted, and it was decided to take samples from the 

launder immediately after the ceramic foam filter, as marked (4) in figure 7.1. 

The reasons for choosing this point are; 

i. the me tal flow and depth was suitable for hydrogen measurement with 

Telegas as well, and the hydrogen content determined with this technique 

could be compared with the hot vacuum extraction method, 

I the metal had already been filtered,. thus any potential effect of filtration was 

also taken into account, 

iii. and this was thought to be a suitable reference point from which other 

sampling sequences were to start. 

In order to see if the hydrogen content of the melt varies during the casting. The 

metal was sampled from sampling point 4 (see Figure 7.1), at; 

i. the start of drop A, 

I ten minutes into drop A, this is to allow the metal flow to stabilise, 

I iii. the end of drop A, 
, 

iv. at the start of drop B, 

v. ten minutes into drop B, and finally, 

vi. the end of drop B. 

Simultaneous with sampling the following information were also recorded; 

The metal temperature at sampling point, 

the hydrogen content was measured using the Telegas method whenever possible, 

the relative humidity and the ambient temperature were also noted at least three 

times during the whole sampling sequence. 

The samples were collected in duplicate and the whole samp ing sequence was 

repeated for three casts, yielding a total of 96 samples. 
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No., The moulds arrangement and their corresponding number 
R--ol Sampling point 

Figure 7.2 Casting table, top view. 

7.2.1.2 Sampling sequence 2 

Due to variation of the position of 
Imoulds 

relative to, the molten metal entry to the 

casting table, the temperature of the metal delivered to each mould varies. A difference 

of 20'C or more, is expected. The position of any given mould also determines how 

Ion 7 the metal is in contact with the refractory lining and exposed to the prevailing g 

atmosphere. Therefore the position of a mould on the casting table could potentially 

influence the hydrogen content. 

Another factor, unique to Airslip process which was suspected of an effect on the 

hydrogen content was the phenomenon known as "bubbling moulds", due to 

maladjustment of the pressure of the injected air. 

To investigate these factors, five appropriate sampling points, identified in 

Figure 7.2 were designated on the casting table. 

1. Sampling point no. 1 was on the launder immediately after the ceramic foam 

filter. This provided a reference sample, representing the state of the metal as 

delivered to the casting table. Telegas readings were taken at the same point. 
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2. Sampling points 2,3, and 4 were selected to yield values for the hydrogen 

content in the metal entering moulds at the nearest, furthest and intermediate 

distances from the entry of the metal to the casting table, respectively. 

3. To assess any effect due to a bubbling mould, mould 53 was deliberately set to 

exaggerate the effect, and sampling point 5 was designated accordingly. 

Every set of samples included one sample from each of the designated sampling 

points collected at virtually the same time. Four sets of samples were collected for each 

of the two drops, A&B, yielding one set every 15 minutes. The metal temperature was 

recorded for every sampling point as every set of samples was taken. 

7.3 Structural Characterisation and Hydrogen Distribution in an Industrially Cast 

and Homogenised Ingot. 

7.3.1 Cast materials 

To select an ingot characteristic of those normally produced at the plant, the caýting 

, process in which it was produced was carefully monitored to ensure that there were no 

abnormalities which would detract from the value of the information to be acquired. 

The ingot was one of a batch of 36 ingots, 178 mm. in diameter, produced 

simultaneously from the casting table in drop A of the cast. The intention was to survey 

the hydrogen content both laterally and along the length of the ingot. In the time taken 

to cast the ingot, it was possible that the hydrogen content of the metal delivered to the 

mould could change, so Ransley pin samples of the liquid metal just above the mould 

were taken at predetermined intervals corresponding to the'locations along the cast 

length where the solidified ingot was to be sectioned. At the same time intervals, 

Telegas readings were taken at Sampling point 1, marked in Figure 7.2. 
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7.3.2 Homogenisation 

The selected billet was cut across the length into 15 cm thick slices. A slice was 

added to the normal full loads in batches homogenised in every one of three different 

industrial gas-fired furnaces. The furnace zones were set at 580 T, producing a 

thermal cycle in which the metal was raised from ambient temperature to 580 'C over a 

period of 7 hours, spending 3.5 hours at temperatures above 560 'C . This cycle is used 

because from experience it is known that it is sufficient to take the MgSi phase into 

solution, thereby improving the extrudability of the material. On completion of the 

heating cycle, the load is cooled to the touch in 3 hours in a forced air circulation 

cooler. The atmosphere in the furnaces were the products of combustion from the fuel. 

-The furnaces are unavoidably impregnated with a trace of sodium borofluoride which is 

routinely used as a normal industrial practice to suppress hydrogen absorption24-. The 

sodium borofluoride decomposes at high temperature producing BF3(g) which covers 

the surface of the billets creating a barrier against water vapour 

7.3.3 Hydrogen content determinations. 

7.3.3.1 Sampling 

Samples for hydrogen content determinations were dut. from the cast edge, middle of 

the radius and centre of the slices as illustrated in Figure 7.3. 

7.3.3.2 Distribution of hydrogen in the as-cast ingot 

The hydrogen contents of the'samples from the cast edge, middle radius and centre 

of slices taken at 6 locations representing the length of the as-cast ingot' were 

determined by hot vacuum extraction. 

7.3.3.3 Distribution of hydrogen in the honlogenised ingot 

The hydrogen contents of the samples from the cast edge, n-dddle radius and centre 

tined by hot vacuum extraction. of the three industrially homogenised slices were determ 
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Figure 7.3 Samples cut from ingot slice. 

7.3.4 Structural characterisation 

The structure of cast metal, broadly includeS63. the size, shape and orientation of the 

crystals; the distribution of phases, and internal and external topography of the metal 

such as, porosity and surface shape and finish. These characterisation was carried out 
by; 

optical microscopy and metallography, 

secondary ion mass spectroscopy of the surface (SIMS). 

7.3.4.1 Optical microscopy 

The ingot was examined in and across the casting, i. e. longitudinally and in' 

cross-section respectively, as shown in Figure 7.4. 
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Figure 7.4 Ingot (billet) samples for rnicroscopy. 

7.3.4.2 Surface analysis 

Samples of the ingot surface from both as-cast and homogenised slices were 

submitted to analysis by SIMS. 

7.4 Effect of Heat-Treatment Environment on the Hydrogen Content and 

Oxidation of Solid Metal 

7.4.1 Purpose 

A serious deterioration in the metal quality in term of hydrogen content is often 

experienced, in high temperature operations which folloý/ t casting. These 

operations include homogenisation and high temperature deformation processes such as 

extrusion, forging and rolling. 

The factors often suspected of contributing to these deleterious effects are water 

vapour and sulphur contamination in the industrial environment. 
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The major sources of water VaPOUr are atmospheric humidity. products ot' 

combustion and moisture on the surface of the CLILI[I)IIICIII. SOURTS Of SIIII)III11- HICIMIC 

Industrial cutting oils and contamination III t'LICIS. 

It is impracticable to vary these parameters systenlatically fOr metal III I)I-MILICO(M. 

and the only option is to vary thern in small-scale experimental heat-treatments. 

Some industrial plants are sited in coastal locations with a prevailing marine 

environment and so experiments were Included in the programme to asse"s ally 

influence that chlorine lons in heat-treatment atmosphere might have on thc 

susceptibility of the metal to hydrogen absorption, a condition which has not heen 

investigated before. 

Experimental heat treatment was carried out to assess the effects of: 

0 heat- treatmen t atmosphere, 

. temperature and. 

& time of treatment. 

7.4.2 Apparatus 

Samples were inserted into a fused silica tube, 20 mm diameter x 700 nim long 

heated along most of its length by ,I close-fitting electric resistance furnace. A 

thermocouple was wired to the outside of' the tube as a sensor for Col"Iti-Olling 11IL, 

furnace temperature. A gas train capable Of Supplying and Measuring Z111 Ml- HOW' OfMIN, 

required atmosphere was connected to the silica tube. The air flow rate was 50 L-InVIIIIII 

in every experiment. The general arrangement Of the eqUipillent IS Shown In thc 

photograph given in Figure 7.5. 

7.4.3 Sample preparation 

The material for these experiments was taken fl-0111 S0111C 01' IIIC 111got SIICL"ý 

characterised by the observations described in Section 7.3. 
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Figure 7.5 Apparatus for experimental heat-treatment, set up for dry air. 

set of four samples was prepared for every heat-treatment, consisting of one 

machined cylinder, 10.5 mm diameter x 70 mm long and three discs, 10.5 mm, diameter 

and 5 mm thick, every one of which was fine ground (600 grit) on one face. 

The samples were placed in an aluminium boat which was pushed into a constant 

temperature zone in the middle of the silica tube within which the temperature was 

constant to within IOC. A chromel/alumel thermocouple was wired tightly to the 

aluminium boat to record the temperature of the samples. 

7.4.4 Experimental conditions 

The following experimental parameters were used because they are relevant to 

industrial practices: 
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7.4.4.1 Atmospheres 

i. Clean dry air 

produced by passing ambient air through silica gel and then through a liquid 

nitrogen trap before entering the furnace shown in Figure 7.5. 

I Moist air 
i. e. water saturated air, produced by bubbling ambient air through water at 

20 T via a fritted glass plug. This yields an atmosphere with a water vapour 

pressure of 0.023 atm. ". 

iii. Dry air contanunated with sulphur dioxide 

produced by injecting 1% of 99.7% pure sulphur dioxide into a dry air 

stream produced as in (i) at the point just before the furnace. 

iv. Moist air contaminated with sulphur dioxide 

produced by injecting 1% of 99.7% pure sulphur dioxide into a moist air 

stream produced as in (ii) at the point just before the furnace. 

v. Air contaminated with chlorine 

produced as in (ii) but replacing the water with a 25% by volume aqueous 

solution of hydrochloric acid. Litmus paper placed at the exit of the furnace 

tube confirmed the presence of HCI vapour in the atmosphere. 

vi. Moist air contan-dnated with sulphur dioxide and chlorine 

produced as in (iv) but replacing the water with a 25% by volume aqueous 

solution of hydrochloric acid. 

The air flows were all maintained at 50 crn'/minute 

7.4.4.2 Temperatures 

470,500,530,560, and 590T. 
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7.4.4.3 Times of heat-treatments 

1,2.4,6. and 8 hours. 

7.4.5 Examination of heat-treated samples oxide films 

Following every heat-treatment, the cylindrical sample was cut to yield one 

40 mm long piece and three 5- 10 mm thick sections which were used to prepare 

samples for optical microscopy. The three discs with fine ground faces were submitted 

to surface examination by XPS, and SIMS. 

The seven samples from every heat-treatment were examined as follows: 

7.4.5.1 Hydrogen content determinations 

The hydrogen content of the 40 nun long piece of the cylinder was detennined by 

hot vacuum extraction. 

7.4.5.2 optical rnicroscopy 

17he three 5- 10 mm thick sections cut from the cylindrical sample were used to 

prepare metallographic samples which were examined by optical microscopy. 

7.4.5.3 Surface analysis 

The three fine ground three fine ground discs of 10.5-10.7 mm diameter and 

10 mm thick were subm&ted for analysis by X-ray photoelectron spectroscopy (XPS), 

and secondary ion mass spectrometry (SIMS). 
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8. RESULTS. 

8.1 Hydrogen Content of Liquid Metal During Production. 

8.1.1 Effect of liquid metal treatment 

Tables 8.1 to 8.3 give the results for hydrogen content detern-driations on the samples 

of liquid metal as described in Section 7.2 as follows: 

Table 8.1 Samples taken from Cast 1. 

Table 8.2 Samples taken from Cast 2. 

Table 8.3 Samples taken from Cast 3. 

Tables 8.4 to 8.6 give the chemical analysis of corresponding samples to characterise 

the composition. 

8.1.2 Distnbution of hydrogen content in the castiU-system 

Tables 8.7 and 8.8 give the results of hydrogen content determinations on the 

samples taken from the liquid metal distribution system, as described in Section 7.2 as 
follows: 

Table 8.7 Samples taken from the first drop (A). 

Table 8.8 Samples taken from the second drop (B). 
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Table 8.4 
The chen-dcal analysis*, wt%, throughout the melt preparation. Cast I 

Sample Si Fe Mg Na Other. each Al 
Crucible before charging into melter. C 0.03 0.04 --- 0.0050 < 0.05 Balance 
Meltinc- furnace before transferrina. 

- --t, -v 
0.09 0.10 0.08 0.0013 < 0.05 Balance 

Casting after transfer 0.40 10.14 0.751 0.0011 < 0.05 Balance 
furnace after alloying/stirring 0.431 0.15 0.51 0.0011 < 0.05 Balance 

after degassing 0.43 0.16 0.49 0.0004 -ý: 0.05 Balance 
Launder start of A drop 0.41 0.15 0.47 0.0002 < 0.05 Balance 

end of A drop 0.43 0.16 0.481 0.0003 < 0.05 Balance 

start of B drop 0.411 0.15 0.46 0.0004 < 0.05 Balance 

end of B drop 0.43 0.17 0.49 0.00031 < 0.05 

Table 8.5 
T'he chemical analysis*, wt%, throughout the melt preparation, Cast 2. 

Sample Si Fe I Mg Na Other. each Al 
Crucible before charging into melter. 0.03 0.10 1 0.0063 < 0.05 Balance 
Melting furnace before transferring. 0.03 0.05 0.0016 < 0.05 Balance 
Casting after transfer 0.43 0.17 0.64 0.0012 < 0.05 Balance 
furnace after alloying/stirring 0.411 0.17 0.50 0.0012 1<0.05 Balance 

after degassing 0.41 0.17 0.52 0.0006 < 0.05 Balance 
Launder start of A drop 0.40 0.171 0.50 0.0005 < 0.05 Balance 

end of A drop 0.41 0.17 0.52 0.0006 < 0.05 Balance 
start of B drop 0.42 0.18 0.52 0.0005 < 0.05 Balance 
end of B drop 0.40 0: 17 0.50 0.0004 < 0.05 Balance 

Table 8.6 
The chemical analysis*, wt%, throughout the melt DreDaration. Cast 3 

Sample Si Fe I Mg Na Othereach Al 
Crucible before charging into melter. 0.03 0.07 -- 0.0027 < 0.05 Balance 
Melting furnace before transferring. 0.07 0.10 0.06 0.0012 < 0.05 Balance 
Casting after transfer 0.42 0.16 0.58 0.0012 < 0.05 Balance 
Nmace after alloying/stining 0.37 10.151 0.50 0.0011 < 0.05 Balance 

after degassing 0.41 10.161 0.52 0.0005" '<0.05 Balance 
Launder start of A drop 0.41 0.16 0.53 0.0003 < 0.05 Balance 

end of A drop 0.40 0.16 0.51 0.0003 < 0.05 Balance 

start of B drop 0.40 0.16 0.51 0.0003 < 0.05 Balance 

end of B drop 
__1 

0.421 0.18 1 0.51 STI 0.00041 O < 0.05 Balance 
, *Analysis by atomic emission spectroscopy, +/- 0.0001 wt%- 
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Table 8.7 
Distribution of hydrogen content and metal temperature on casting table, drop A. 

Sampling points as marked in Figure 7.2, page 122. 
Time 
from 
start 

Hydrogen content cm3/100g with temperature T in parentheses 

(min. ) Point I Point 2 Point 3 Point 4 Point 5 
15 0.22* 0.20(688) 0.18 (685) 0.18 (668) 0.17 (667) 0.18 (676) 
30 0.21 * 0.17(694) 0.17 (688) 0.18 (678) 0.18 (674) 0.18 (681) 

_ 45 0.21 * 0.16(689) 0.17 (684) 0.17 (671) 0.16 (669) 0.16 (677) 
60 0.20* 0.16(685) 0.17 (682) 0.17 (669) 0.16 (667) 0.17 (672) 

Corresponding telegas reading. 

Table 8.8 
Distribution of hydrogen content and metal temperature on casting table, drop B. 

Sampling points as marked in Figure 7.2, page 122. 
Time 
from 
start 

Hydrogen content crnl/100g with temperature OC in parentheses 

(min. ) Point I Point 2 Point 3 Point 4 Point 5 
1 0.21 0.17(689) 0.17 (683) 0.16 (669) 0.17 (666) 0.17 (674) 
2 0.20* 0.16(681) 0.16 (677) 0.15 (666) 0.15 (664) 0.16 (669) 

3 0.20* 

- 
0.16(681) 0.15 (677) 0.16 (666) 0.16 (663) 0.15 (671) 

4 0.19 T 9* (0.15(683) 0.15 (679) 0.14 (667) 0.15 (663) 0 

Corresponding telegas reading. 
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8.2 Hydrogen Content of the Billet 

-- The results given in this section relate to section 7.3. 

8.2.1 Structural charactCrisation 

Figure 8.1 is a photograph of the macrostructure of a ingot cross-section 
Figures 8.2 to 8.4 are macro-photographs of the edge, n-lid-radius and centre of the 

ingot. 

Figures 8.5 to 8.7 are n-dcro-photographs of the as cast ingot, etched. 

Figures 8.8 to 8.10 are micro-photographs of the as cast ingot, un-etched. 

Fi 
I 
gures 8.11 to 8.13 are micro-photographs of the industrially homogenised ingot. 

Figure 8.14 and 8.15 are photographs of the ingot surface. 

Figure, 8.16 gives a SIMS depth profile through the oxide on the as cast surface. 
Figures 8.17 and 8.18 give SIMS depth profile through the oxide on the surface of the 
homogenised ingot. 
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k1 
15 mi-n 

Figure 8.1 Cross section of AA 6063 alloy aluminium billet, 178 mm 

diameter. Etched in concentrated HNO, /HCI /HF mixture. 
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LI 

300 4m 

Figure 8.2 Cross-section through cast edge of billet, shown in Figure 8.1, showing 

equi-axed grains nearly to the cast edge, characteristic of air-slip casting Etched in 

concentrated HN03/HC' /HF mixture. x 20. 

AA 

300 4m 

Figure 8.3 Cross-section through mid-radius. of billet, shown in Figure S. 1, showing 

equi-axed structure of similar size to that at the cast edge. Etched in concentrated 

HN03 /HCI /HF mixture. x 20. 
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Figure 8.4 Cross-section through centre of billet, shown in Figure 8.1, showing 

equi-axed structure of similar size to that at the cast edge. Etched in concentrated 
HN03 /HCI /HF mixture. x 20. 
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40 ýLrn 

Figure 8.5 Longitudinal microstructure of near the cast edge of billet shown in 

Figure 8.1, showing typical dendritic structure. Typical "closed form folds", 

indicated arrows A and B are visible at the cast edge. Etched in Keller's reagent. 

x 50. 
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Figure 8.6(a) As Figure 8.5, at higher magnification, showing detail of close-form 
fold at B. x 100. 

OL 

5 

Figure 8.6(b) As Figure 8.5, at still higher magnification, showing relation 

betwwen close-form fold and a thin chill zone at the cast edge. x 400. 

142 



/I ( Jr /) : i ; - � . %. I 
� 

/ 

- N- ... - s 
" v" 

. - 
.. 

".. _. 
4 . 

- 

I 
: . . : 

. 
" T ' 

i 

; :: H " : : 

. 
" ' 

. 
' " 

I -- 

I" 
- " 

kI 

5 ýtrn 
Figure 8.6(c) As Figure 8.6(b), showing typical inverse segregation in the chill 
zone at the cast edge. x 400. 
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Figure 8.7(a) Longitudinal n-ficrostructure at the centre of billet shown in 
Figure 8.1, for comparison with Figure 8.6(a) showing dendritic structure Etched 
in Keller's reagent. x 100. 

It 

5 4m 
Figure 8.7(b) As Figure 8.7(a) at higher magnification for comparison with 
Figure 8.6(b). x 400. 
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20 ýtrn 

Figure 8.8(a) Porosity near the edge of the as-cast billet. It is difficult to 
differentiate between micropores of the order of 2 or 3 ýtrn and constituents in the 

as-cast structure, although a few can be seen. Unetched. x 100. 

7 
'77 

5 ýtm 

Figure 8.8(b) As Figure 8.8(a) at higher magnification, showing little advantage in 

resolving micropores due to shallower depth of field. Unetched. x 400. 
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20 4rn 
Figure 8.9(a) Porosity at mid-radius of as-cast billet. Unetched. x 100, 

4 

&A 
20 ýtm 

Figure 8.9(b) As Figure 8.9(a) using defocussing and oblique lighting to resolve 

micropores. Unetched. x 100 
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Figure 8.1 O(a) Porosity at centre, of as-cast billet. Unetched. x 100. 

IA 
20 ýtm 

Figure 8.1 O(b) As Figure 8.1 O(a) using defocussing and oblique lighting to resolve 

micropores. Unetched. x 100. 
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Figure 8.11 (a) Porosity near cast edge of industrially homogenised billet. U netched. 

x 100. 

0 

IWO "1770.11' 'Ili 

20 4m 
Figure 8.11(b) As Figure 8.11(a) with better resolution of the pores using 
defocussing and oblique lighting. The micropores are larger than those in the 

corresponding section through as-cast billet, shown in Figure 8.8(b). 
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20 ýtrn 

Figure 8.12(a) Porosity near mid-radius of industrially homogen, sed billet. 

Unetched. x 100. 

20 

Figure 8.12(b) As Figure 8.12(a) with better resolution of the pores using 
defocussing and oblique lighting. The micropores are larger than those in the 

corresponding section through as-cast billet, shown in Figure 8.9(b). 
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Figure 8.13(b) As Figure 8.13(a) with better resolution of the pores using 
defocussing and oblique lighting. The micropores are larger than those in the 

corresponding section through as-cast billet, shown in Figure 8.10(b). 
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Figure 8.14 View of part of AA 6063 alloy air-slip cast billet, 7.5 rn long x 178 min 
diameter. 

Pit 
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iA I . 
1t, ýL 

kA 
mm 

Figure 8.15 Close-up view of billet, showing close-form folds. The folds seem to be 

parallel in the photograph but they are in fact turns in a single spiral. 
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Figure 8.16 SIMS depth profile through the oxide on as-cast billet using a caesium 

(Csý) ion beam.. 
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Figure 8.17 SIMS depth profile through the oxide on industrially homogenised billet, 

using a caesium (Cs*) ion beam. 
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Figure 8.18 SIMS depth profile through the oxide on industrially homogenised billet, 

using a caesiurn (Cs*) ion beam. 
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8.2.2 Distribution of hydrogen content in the billet 

Tables 8.9 gives the results of hydrogen content determinations on the samples taken 

from the as cast billet. 

Table 8.10 gives the results of hydrogen content determinations on the samples taken 

from the homogenised billet. 

Table 8.9 
Hydrogen content in aluminiurn billet, alloy AA6063, 

along the cast length and across the diameter. 
Cast 

length 
Liquid metal 
temp. (OC) at 

Hydrogen content in liquid 
metal (cm' /1 00g) 

Hydrogen content in the cast 
billet, (cm' /I 00g) at: 

(mm) casting Telegas Hot Vac. Ext. edge mid. radius centre 
1200 676 0.20 0.18 0.17 0.18 0.17 
2400 683 0.20 0.19 0.18 0.19 0.17 
3600 680 0.19 0.17 0.16 0.17 0.18 
4800 674 0.19 0.18 0.18 0.18 0.19 

6000 677 0.18 0.17 0.17 0.17 0.16 

7200 676 0.18 0.16 0.16 0.16 0.17 

Table 8.10 
Hydrogen content after homogenisation. 

Sample Hydrogen conten (cm'/ 100g) 
Edge of the billet Mid-radius of the billet Centre of the billet 

sample I sample 2 sample I sample 2 sample I sample 2 

as cast 0.17 0.18 0.18 0.19 0.18 0.17 

homogenized 
in furnce I 

0.12 0.15 0.15 0.15 0.14 0.15 

homopnized 
in furnce 2 

0.11 0.15 0.15 

homogenized 
in furnce 3 

0.11 0.14 0.16 0.16 0.15 0.14 

lHomogenization temperature set at 580 T. 
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8.3 Results of Heat Treatment in Simulated Environment 

The results of hydrogen content determinations for heat-treatments in the 

experimental environments, described in Section 7.4 are given in sections 8.3.1 to 8.3.7. 

SIMS depth profiles through the oxide films formed in various heat treatment 

environments are given in Section 8.3.8. 

The results of XPS analysis of the oxide films are given in Section 8.3.9. 

Micrographs showing the effect of the hydrogen absorbed in these treatments are 

given in section 8.3.10. 

8.3.1 Hydrogen cOntent after heat-treatment in dry air 

8.3.1.1 Isothermal treatment 

Table 8.11 - 590'C. 
Heat treatment time (hrs) 1 2 4 6 8 

Hydrogen content (cm3 / 100g) 0.02 0.02 0.04 0.03 0.04 

Table 8.12 - 500'C. 
Heat treatment time (hrs) 1 2 4 6 8 

Hydrogen content (cm' /I 00g) 0.18 0.21 0.24 0.23 0.28 

8.3.1.2 Isochronal treatment 

Table 8.13 -4 hours. 
Heat treaftnent temperature (*C) 470 500 530 560 1 590 

Hydrogen content (cm' /1 00g) 0.22 0.24 0.32 0.27 
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8.3.2 Hydrogen cOntent after heat-treatment in wet air 

8.3.2.1 Isothermal treatment 

Table 8.14 - 590'C. 
Heat treatment time (hrs) 1 2 4 6 1 8 
Hydrogen content (cm/ 100g) 0.19 0.20 0.26 0.03 0.07 

Table 8.15 - 500'C 
Heat treatment time (hrs) 1 2 4 1 6 1 8 
Hydrogen content (cm'/ I o0g) 0.18 0.22 0.32 0.27 0.23 

8.3.2.2 Isochronal treatment 

Table 8.16 --4 hours. 
Heat treatment temperature CC) 470 500 530 560 590 
Hydrogen content (cm' /I Oog) 0.21 0.32 0.25 

1 

0.21 0.26 

8.3.3 Hydrogen content after heat-treatmm in air containing HCI 

8.3.3.1 Isothermal treatment 

Table 8.17 - 5900C. 
Heat treatment time (hrs) 1 2 4 6 8 
Hydrogen content (cm3 / 100g) 0.23 0.24 0.37 

1 

0.14 0.02 

Table 8.18 - NOT 
Heat treatment time (hrs) 1 2 4 6 8 
Hydrogen content (cm/ I o0g) 0.28 

1 

0.33 0.37 0.55 0.36 

8.3.3.2 Isochronal treatment 

Table 8.19 -4 hours. 
Heat treatment temperature (OC) 470 500 530 560 590 

Hydrogen content (CM3 /I o0g) 0.34 0.37 0.42 0.42 0.37 
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8.3.4 Hydrogen cOntent after heat-treatment in air containing HCI and SQ2 

8.3.4.1 Isothermal treatment 

Table 8.20 - 590'C. 
Heat treatment time (hrs) 1 2 4 6 8 
Hydrogen content (cm'/ 100g)l 0.82 0.80 0.86 

1 

0.92 1.08 

Table 8.21 - 500'C. 
Heat treatment time (hrs) 1 2 4 6 8 

Hydrogen content (cm' /I 00g) 0.38 0.56 

1 

0.68 0.75 0.81 

8.3.4.2 Isochronal treatment 

Table 8.22 -4 hours. 
Heat treatment temperature (OC) 470 500 530 560 590 
Hydrogen content (CM3 /I o0g) 0.59 0.68 0.82 0.84 0.86 

8.3.5 Hydrogen content after heat-treatment in djZý air and SQ, 

8.3.5.1 Isothermal treatment 

Table 8.23 - 590'C. 
Heat treatment time (hrs) 1 1 2 4 6 
Hydrogen content (cm' / 100g) 1 0.68 1.15 0.80 1.05 

Table 8.24 - 500'C. 
Heat treatment time (hrs) 1 2 4 6 

Hydrogen content (cml / 100g) 0.71- 0.54 0.70 0.80 

8.3.5.2 Isochronal treatment 

Table 8.25 -4 hours. 
Heat treatment temperature (OC) 470 500 530 560 590 

Hydrogen content (CM3 /I o0g) 0.76 0.70 1.00 1.41 0.80 
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8.3.6 Hydrogen 
-content after heat-treatment in wet air and SO_ 

8.3.6.1 Isothermal treatment 

Table 8.26 - 590'C. 
Heat treatment time (hrs) 1 2 4 6 8 
Hydrogen content (CM3 /I o0g) 1.02 1.23 1.29_ 2.04 1 2.83 

Table 8.27 - 500'C. 
Heat treatment time (hrs) 1 2 4 6 8 

Hydrogen content (cm/ 100g)l 0.55 

1 

0.74 

1 

0.84 

1 

0.93 1 0.91 

8.3.6.2 Isochronal treatment 

Table 8.28 -4 hours. 
Heat treatment temperature (OC) 470 500 530 560 590 

Hydrogen content (cm'/ 100g) 0.84 0.84 0.98 1.18 1.29 

8.3.7 Hydrogen content after heat-treatment in d1y air and SQ2., contaminated furnace 

Table 8.29 - 590'C 
Heat treatment time (hrs) 2 6 

Hydrogen content (cm3 / 100g) 0.76 0.98 

8.3.8 SIMS del2th profiles 

The profiles were obtained using a caesiurn ion (Cs*) beam. The ions selected and 

recorded were 
54 AV" , 

26Mg2-, 1602-, 32S2- 
and 'H-. 54 Al"' and 

26Mg2+ 
were used because 

signals from the more abundant species, 
27 A13+ and 

24Mg2+, 
overwhelmed the signals 

from minority elements. 
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Figure 8.19 gives a SIMS depth profile through the air-formed oxide on the surface 

of a sample polished to 6 gm. and not heated, to act a reference. 

Figures 8.20 to 8.25 give the SIMS depth profiles through the oxides formed on the 

surface of samples from heat-treatments in various environments. Only a few selected 

samples could be submitted to SIMS analysis because use of the facility was on a very 

expensive commercial basis. 
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Figure 8.19. SIMS depth profile of clean reference sample - not heat-treated. 

The "Al'* signal is relatively constant and extends right to the surface. 

The "Mg" signal is restricted to a narrow zone just below the surface. 
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Figure 8.20. SIMS Depth profile through joxide film formed on sample heated 

4h at 500T in nominally dry air. 

The 54 A16' signal rises from zero at the surface to a constant value at - 0.6 gm. 

The 26Mg2+ signal is high in the surface 0.3 Rm and falls away at greater depths. 
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Figure 8.21.. SIMS Depth profile through oxide film formed on sample heated 

4h at 590 *C in nominally dry air. 

The "Al"' signal rises from zero at the surface to a constant value at - 0.5 gm. 

The 21MgII signal is high in the surface 0.4 gm and falls away at greater depths. 
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Figure 8.22. SIMS Depth profile through oxide film formed on sample heated 

4h at 500 T in water-saturated air. 

The 5'Al'*. signal rises from zero at the surface to a maximum value at -0.1 gm. 

The 26Mg2* signal is high in the surface 0.05 gm and falls away at greater depths. 
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Figure 8.23. SIMS Depth profile through oxide film formed on sample heated 

4h at 590 T in water-saturated air. 

The 54 A16' signal rises from zero at the surface to a maximum value at -0.4 9m. 

The , Mg2* signal is high in the surface 0.1 pm and falls away at greater depths. 
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Figure 8.24. SIMS Depth profile through oxide film fon-ned on sample heated 

4h at 500 T in nominally chy air + I% SO 

The 5'AI6* signal is not detected in a zone extending from the surface to a depth 

of 0.2 gm. Thereafter it rises to a maximum value at a depth of - 0.6 gm. 

The 21Mg2* signal is high in the alun-dnium-free zone, falling at greater depths. 

Significant 32S2,, "O'-and 1H- signals were detected in the aluminium-free zone. 

166 

0.5 1 1.5 2.5 



0 

u 

>1 

GO 

I. ' 

Al 

Mg 

02 

s 

0.5 
Depth. gm 

1.5 2 2.5 
1 

Figure 8.25. SIMS Depth profile through oxide film formed on sample heated 

4h at 590 T in nominally dry air + 1% So 2' 

The 54 Al'* signal is not detected in a zone extending from the surface to a depth 

of 0.7 gm. Thereafter it rises to a fairly constant value at a depth of -1.5 gm. 

The 2'Mg"' signal is high in the alun-dnium-free zone, falling at greater depths. 

32s2- 
, 
"02-and 'H* signals were detected, lying on plateaus corresponding with the 

aluminium-free zone. The 'H- signal was enhanced towards the surface. 
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Figure 8.26. SIMS Depth profile through oxide film formed on sample heated 

4h at 500 T in water-saturated air +I%SO2- 

The 5Al' signal is not detected in a zone extending from the surface to a depth 

of 0.1 gm. Thereafter it rises to a maximum value at a depth of - 0.25 gm. 

The ̀ Mg' signal is high in the aluminium-free zone, falling at greater depths. 

Significant 3IS2,, "02-and 'H. * signals were detected in the aluminium-free zone. 
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Figure 8.27. SIMS Depth profile through oxide film formed on sample heated 

4h at 590 *C in water-saturated air + I% SO,. 

The "Al' signal is not detected -in a zoneextending from the surface to a depth 

of 0.6 gm. Thereafter it rises to a fairly constant value at a depth of -1.5 Ptrn. 

The 26Mg2+ signal is high in the aluminium-free zone, falling at greater depths. 

32S2-9 16 02-and 'H* signals were detected, lying on plateaus corresponding with. 

the aluminium-free zone. The 1H" signal was enhanced towards the surface 
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8.3.9 XPS analysis 

To interpret the XPS spectra as described later in Section 9.4 it was necessary to 

identify magnesium sulphate peaks. No suitable information was found in the literature, 

so a sample of magnesium sulphate heptahydrate was analysed as standard. The 

material was 99.5% pure BDH Anala R, MgS04.7H20. The results are given in 

Table 8.30 and in Figures 8.28 and 8.29. 

Table 8.30 The bindin enerizies for XPS analvsis of 99.5% MP-SO,. 7H, O. 
Peak Cl. mgl. Mg2t3 M92s s2p Ols 

Binding energy (eV) 287.6 1307.6 54.0 92.8 172.5 535.3 
Binding energy, charge 
corrected (eV) I 

284.6 1304.6 

I 

51.0 

I 

89.8 

I 

169.5 

I 

532.3 

I 
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Figure 8.28. XPS spectrum of 99.5% pure M6043HA showing the S 2s peak. 
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Figure 8.29 (a) and (b) XPS spectra of 99.5% pure MgSO,. 7H. O. 

(a) Mgjs peak. (b) M92p peak. 
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Figure 8.30 . XPS spectrum from surface of reference sample - not heat-treated. 

A12P peaks corresponding to metallic aluminium, (72.9 eV) and Aý03 (75.2). 
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Figure 8.31 XPS depth profile montage from reference sample - not heat-treated. 

Al2p peaks corresponding to metallic Al (72.9 eV) and A1203 (75.2 eV). The two 

peaks at 88 and 93 eV are energy loss artefacts and have no significance. The 

metallic Al signal increases as material is removed by the ion beam etching. 
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Figure 8.32. XPS depth profile montage of sample heated 4h in dry air at 590 OC. 

AýP peaks corresponding with metallic Al (72.9 eV) and Aý03 (75.2 eV) 

Mg2s peak corresponding with MgO (90.3 eV). 
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Figure 8.33. XPS spectrum corresponding to the 5th profile from the bottom of 

the depth profile montage in Figure 8.32. 

A12P peaks corresponding with metallic Al (72.9 eV) and A1,03 (75.4 eV). 

M92, peak coffesponding with MgO (90.3 eV). 
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Figure 8.34 XPS spectra from sample heated 4h in dry air at 590 T. 

(a) 0,., peak for MgO (532.0 eV) & OH (533.8 eV) at the oxide/air interface. 

(b) 0,, peak for MgO (532.4 eV) inside the oxide film. 
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Figure 8.35 a, b&c. Extended XPS depth profile montage from sample heated 4h 

in water-saturated air at 590 T. (continued on next page). 

AýP peaks, corresponding with metallic Al (72.9 eV) and Aý03 (75.5 eV). 

No alun-dnium peaks are recorded at the air/oxide interface. At greater depths the 

peak for metallic Al becomes don-dnant. 

M92s peak, coffesponding with Mgo (90.2 eV). 

I'lie magnesium peak broadens at greater depths, suggesting a change in chemical 

state, e. g. transformation to MgAý04. 
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Figure 8.36. XPS spectra selected from the depth profile montage in Figure 8.35. 

(a) Near surface - 4th profile from the bottom of the montage in Figure 8.35 (a). 

(b) Inside the oxide - 5th profile from montage in Figure 8.35 (c). 
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Figure 8.37. XPS depth profile montage from sample heated 4h in 

water-saturated air at 590 T. 

0,, peaks corresponding to MgO (532.5 eV) and OH (533.8 eV) 

Note that the peak for OH is confined to the profile at the surface. 
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Figure 8.38. XPS spectra selected from the depth profile montage in Figure 8.37. 

(a) Ols peaks for Mg, 0 (532.5 eV) and hydroxyl (533.8) at the surface. 

(b) 01, peak for ; MgO (532.3 eV) inside the oxide film. 
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Figure 8.39. XPS depth profile montage from sample heated 4h in nominally 
0 at 590 T. drY ar +1 /0 S02 

0 
Al, P peaks, corresponding to metallic Al (72.9 eV) and Aý03 (75.7 eV). 

Note the complete absence of aluminiurn peaks in an extended surface zone. 
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Figure 8.40. Extended XPS depth profile montage from sample heated 4h in 

water-saturated air +I %S02at 590 T. 

Al2p peaks, corresponding to metallic Al (72.9 eV) and A1,03 (75.7 eV) 

Note the complete absence of aluminiurn peaks in an extended surface zone in (a). 
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Figure 8.41. XPS spectra selected from the depth profile montage in Figure 8.40. 

(a) Profile at the depth where the Aýp peaks first appear - 6th profile from the 

bottom of the montage in Figure 8.40 (a). 
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Figure 8.42. XPS depth profile montage from sample heated 4h in nominally dry 

air +1%So2at 590 OC. 

S, 
P peaks for MgSO4(169.6 eV) and MgS (162.6 eV). 

Note change in chen-dcal state of sulphur immediately below the surface. 
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Figure 8.43. XPS spectra selected from the depth profile montage in Figure 8.42. 

(a) S2p peak for MgSO4(1 6 9.6 eV) at the surface - bottom profile . 

(b) S2p peaks for MgS04 (169.5 eV) and MgS (162.6) - 6th profile. 
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Figure 8.44. XPS spectrum from surface of sample heated 4h at 590 T in 

nominally chy air +0 1 /0 S02* 

M92p peak for MgSO4 (51.2 eV) 
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Figure 8.45. XPS spectrum from surface of sample heated 4h at 590 T in 

nominally dry air +I %SO2* 

Mgjs peak for MgSO4(l 3 05 .0 eV) 

189 



C 
0 

u 
1500 

n 

0 t. 
155 

Figure 8.46. XPS depth profile montage from sample heated 4h in 

water-saturated air +'%So2at 590 T. 

S2P peaks for MgSO4(169.6 eV) and MgS (162.1 eV). 
Note change in chemical state of sulphur immediately below the surface. 
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Figure 8.47 XPS spectra selected from the depth profile montage in Figure 8.46. 

(a) S2p peak for MgSO4(169.6 eV) at the surface - bottom profile. 

(b) S2p peaks for MgS04 (169.5 eV) & MgS (162.1) - 6th profile. 

5 2p 169.5 

162.1 

AAJ 

191 



3000 

2500 
c 

o 2000 
u 
n 1500 

1000 

500 

Mg 2p 54.6 

46 48 50 52 '54 56 58 60 62 64 66 68 70 
Binding Energy / aV 

Figure 8.48. XPS spectrum (not charge corrected) from surface of sample heated 

4h at 590 T in nominaUy chy air + 1% So 2' 

Mg2p peak for MgSO4(5 1 .0 eV after charge correction) 
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Figure 8.49. XPS spectrum (not charge corrected) from surface of sample heated 4 

h at 590 OC in norninaRy cky air + 1% So 

Mg,, peak for MgSO4 (1304.7 eV after charge correction). 
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Figure 8.50. XPS spectrum from surface of sample heated 4h at 500 T in water 
saturated air + HC1. 

Cl2p peak for MgCl, (198.5 eV). 
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Figure 8.51. XPS spectrum from surface of sample heated 4h at 500 T in water 

saturated air + HCI. 

Ols peak for MgO (531.4 eV). 
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Figure 8.52. XPS spectrum from surface of sample heated 8h at 590 OC in water 
saturated air + HCI. 

Cl2p peak for MgCý (198.5 eV). 
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Figure 8.53. XPS spectrum from surface of sample heated 8h at 590 T in water 
saturated air + HCI. 

0,, peak for MgO (53 1.0 eV). 
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8.3.10 Micro gral2h s of samples after heat-treatments are given in Ei gures 8.54 to 8.73 to 

show the effect of absorbed hydrogen on 12oLui: ly. 
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Figure 8.54. As cast sample of material used for experimental heat-treatments. 

Hydrogen contentO. 18 cm'/Ioog. Unetched. (a) x 100 and (b) x 400. 
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Figure 8.55. As cast sample of material used for experimental heat- treatments. 

Hydrogen content 0.18 CM3/1 00g. Etched in Keller's reagent (a) x 100 and (b) x 
400. 
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Figure 8.56. 

Heat-treatment: nominally dry air for 4h at 590T. 

Hydrogen content: 0.04 CM3/100g. 

Unetched. (a) x 100 (b) x 400. 
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Figure 8.57. 

Heat-treatment: water saturated air + HCI for 6h at 590T. 

Hydrogen content: 0.14 CM3/1 00g. 

Unetched. (a) x 100 (b) x 400. 

202 



I 

I. 

" 

"-0 "" 

"0 

'I SS-"/-0,0 

S- 

"". S/"0 

(b) 

Figure 8.58. 

Heat-treatment: nominally dry air for 4h at 500T. 

Hydrogen content: 0.24 cm'/100g. 
Unetched. (a) x 100 (b) x 400. 
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Figure 8.59. 

Heat-treatment: in water saturated air + HCI for 4h at 500T. 

Hydrogen content: 0.37 cm'/100g. 

Unetched. (a) x 100 (b) x 400. 
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Figure 8.60. 

Heat-treatment: in nominally dry air + I% SO, for 2h at 500T. 

Hydrogen content: 0.54 CM3/100g. 

Unetched. (a) x 100 (b) x 400. 
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Figure 8.61. 

Heat-treatment: in water saturated air + I% SO, + HCI for 4h at 500T. 

Hydrogen content: 0.68 cm'/100g. 

Unetched. (a) x 100 (b) x 400. 
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Figure 8.62. 

Heat-treatment: in nominally dry air +I% SO, for 4h at 590"C. 

Hydrogen content: 0.80 cm'/100g. 

Unetched. (a) x 100 (b) x 400. 
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Figure 8.63. 

Heat-treatment: in water saturated air + I% SO, for 8h at 500T. 

Hydrogen content: 0.91 CM3/1008. 

Unetched. (a) x 100 (b) x 400. 
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Figure 8.64. 

Heat-treatment: in water saturated air + I% SO, + HCI for 8h at 590T. 

Hydrogen content: 1.08 CM3/100g. 

Unetched. (a) x 100 (b) x 400. 
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Figure 8.65. 

Heat-treatment: in water saturated air + I% S02 + HCI for 8h at 5900C. 

Hydrogen content: 1.08 cm1/100g. 

Unetched. x 50 
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Figure 8.66. 

Heat-treatment: in nominally dry air + I% SO, for 8h at 590T. 

Hydrogen content: 1.13 CM3/1 00g. 

Unetched. (a) x 100 (b) x 400. 
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Figure 8.67. 

Heat-treatment: in nominally dry air +I% SO, for 8h at 590T. 

Hydrogen content: 1.13 CM3/1 ()Og. 

Unetched. x 50. 
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Figure 8.68. 

Heat-treatment: in water saturated air +I% SO, for 4h at 590"C. 

Hydrogen content: 1.29 CM3/1 00g. 

Unetched. (a) x 100 (b) x 400. 
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Figure 8.69. 

Heat-treatment: in water saturated air +I% SO, for 4h at 590'C. 

Hydrogen content: 1.29 cm'/Ioog. 

Unetched. x 50. 
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Figure 8.70. 

Heat-treatment: in water saturated air + I% SO, for 6h at 590T. 

Hydrogen content: 2.04 cm'/100g. 

Unetched. (a) x 100 (b) x 400. 
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Figure 8.71. 

Heat-treatment: in water saturated air + I% SO, for 6h at 590T. 

Hydrogen content: 2.04 cm'/100g. 

Unetched. x 50. 
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Figure 8.72. 

Heat-treatment: in water saturated air +I% SO, for 8h at 590T. 

Hydrogen content: 2.83 CM3/1 00g. 

Unetched. (a) x 100 (b) x 400. 
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Figure 8.73. 

Heat-treatment: in water saturated air + I% SO, for 8h at 5900C. 

Hydrogen content: 2.83 cm'/100g. 
Unetched. x 50. 
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9. DISCUSSION 

There are five aspects to the present work to he considered: 

* The effects of inclustriul operations on the hydrogen content oI' II(Itil(i 

* The distribution of hydrogen in an industrial cast Ingot and In the corresponding 

material after homogenisation in the prevailing indLIStrial C01](110011S. 

* The influences of temperature and environment on the hydrogen contew of Ow 

solid metal after laboratory heat- treatme n ts simulating industrial homogcnisation. 

* Damage to the metal by hydrogen absorbed during tile laboratory licat-tivatim-111". 

* The influence of the environment oil the nature of the oxide formed oil tile IIIet, 11 

surface and on the susceptibility of the metal to hydrogen absorption or Ioss, 

9.1 Effects Of Industrial Operations On The Hydrogen Content Of Liquid Mej, 11 

The average results frorn Tables S. I to 8.3 are plotted in Figures 1). 1 to (). 3 it) NI)()NAý 

changes in hydrogen content of the metal throughout the process for Casts 1,2 and 3. 
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Figure 9.1 Hydrogen content of liquid metal throughout processing - Cast 1. 

220 



0.8 

0.7 

0.6 

0.5 

0.4 

0.3 

0.2 

0 

fiquid metal settling oil Casting 
treatment 

Operation sequences 

Figure 9.2 Hydrogen content of liquid metal throughout processing - Cast 2. 
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Figure 9.3 Hydrogen content of liquid metal throughout processing - Cast 3. 
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9.1.1 The basis of assessment 

The hydrogen content of the metal must be considered in relation jo tht. 11%, dro'-'ej, 

content acceptable in the cast ingots. The essence of the discussion. L1IV(1II III 

Section 4.3.1 and illustrated in Figure 4.8. is that there exlstý, threshold hydr()ýL'cll 

contents belo\x which ingots are free from interdendritic porosity and liciicc icccptahic 

for fabricated products for less critical applications. The threshold \aluc" (k. pcild )[I 

alloy composition and ingot dimensions and are known for only a t'c\, \ ý'tandard Illoy, 

and ingot sizes""' 3" but industrial requirements can be asse. sscd Irom thc 

information given in Table 4.9 which shows that known threshold -value. " are in thc 

range 0.12 to 0.17 cm3/100 g. Thus to ensure that ingots are free from interdcndritiý 

porosity, a reasonable criterion is to set a limit of 0.17 cmVIN) ,, but to strive to reducc 

the hydrogen content to below 0.12 cm'/l 00g. 

The three stages in the process are: 

I. Liquid metal treatment ii. Settling in. Casting 

These will now be considered in turn because different coils iderations apply. 

9.1.2 Liquid Metal Treatment 

The liquid metal is treated in the following sequences: 

I. It is transferred in a crucible frorn the reduction pot-line to the melting 

furnace. 

11 . 
Its approximate composition is established by stirring in alloying elements. 

ill. It is transferred by launder from the melting furnace to the holding furnace. 

IV. its composition is adjusted by stirring in trimming alloy additions. 

V. it is degassed by manually immersing tablets of hexachlorethane and 

skimmed. 

Hydrogen contents, taken from Figures 9.1 to 9.3, are re-plotted in Figures 9.4 to 9.0 to 

show the detailed treatments and corresponding metal temperatures during this stage 
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Figure 9.4 Hydrogen content of liquid metal during metal treatment - Cast 1. 
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Figure 9.5 Hydrogen content of liquid metal during metal treatment - Cast 2. 
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Figure 9.6 Hydrogen content of liquid metal during metal ti-eatnient - Cast 
. 
1. 

Figures 9.4 to 9.6 all show that by the criteria presented in Section 1). 1.1, th(, 

hydrogen contents of the metal as delivered fi-orn the pot line "'to the "citing furnacc is 

much too high. The hydrogen content falls progress'vely is tile, metal 's all(lyed jind 

stirred, transferred to the holding furnace, trimmed to specification hy ful-ther j, ll()yIIIp 

and degassed. Two features of these result merit attention 

i. The temperature of the metal falls progressively from Its 1111tIal VýIILIC 01 

830 +/- 10 "C to 700 +/- 10 "C at the end of the seLluence of operations. 
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All of the operations disturbed the metal to a greater or lesser degree. Thc r" 

metal was stirred after each of the two alloying sequences, it flowed alow-, a 

launder during transfer from the melting furnace to the holdin- furnace tind 

it experienced vigorous agitation during degassing. 

9.1.12.1 Effect of temperature 

An effect of temperature is expected, because the solubIlItY of hvdr()lLc, ) ill 

tempeTatUTe-dependent. Ransley and- Talbot"-' found that if a large mass. 15 tonnc,,, oi 

pure aluminium was exposed to the atmosphere at a constant temperature for several 

hours, its hydrogen content approached a pseudo-equilibrium with the water vapoul 

pressure of the atmosphere as if it were a hydrogen pressure, so that the hydrogen 

content could be predicted by modifying Sieverts' relation as below: 

H=Sýp(H2) =Sýp(H20) (9.1 

If the solubility, S, of any particular alloy is known, Equation 9.1 yields values for 

"theoretical equilibrium hydrogen contents" by inserting the prevailing metal 

temperatures and water vapour pressures. This causes an apparent problem because a,, 

mentioned in Section 4.7.3, accurate values for solubility are available for only a feNA' 

alloys, which do not include aluminium-magnesium alloys. This is because of 

experimental difficulties associated with the volatility of magnesium. Fortunately the 

solubility of hydrogen in a liquid aluminium-I%Mg alloy has been estimated 21 ` and 

found to be slightly higher than for pure aluminium, but by no more than 1017(. For the 

AA6063 alloys used in the present work, which contain approximately 0.5%Mg, the 

solubility can be taken as equal to the solubility in pure aluminium, with the reservation 

that a calculation based on Equation 9.1 could be in error by up to - 10%. 

Hydrogen contents calculated on this basis for Casts 1,2 and 3 are given in the last 

coiumn of Table 9.1 and plotted by the dashed line in Figures 9.4 to 9.6. 
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Table 9.1 Hydrogen content calculated from 
prevailing nietal temperatures and water va[IOLII- PI-CSSIII. C- 

Sample TV T/K Sj: 
C111 

p*: 1 
(11, ()) 

Calk. llhwdl 
llydr(well 

C Crucible, before charging into melter 849 1122 2. () 6 0.024 0.12 
A Melter, after alloying & stirring 768 1041 1.34 0.024 0.21 
S 
T Holder, after trwister 720 993 1 9( 0.024 0.15 

Holder, after alloy trimming & stirring 705 979 0,90 
. 024 0.14 

Holder, after degassing 703 976 
------- 

0.89 
--- 

0.024 

C Crucible, before char-ing into melter 845 1118 2.02 0.023 
7 

A Melter, after alloying & stirring Z-- 736 1009 I'll 0.023 (). 17 

1 

T Holder, after trwisfer 709 19)82 0.93 0.023 0.14 

Holder, after alloy (rimming & stirring 701 974 0.89 0.023 
2 Holder, after degassing 695 968 0,85 0.023 

C Crucible, before charging into melter 920 1093 1.78 0.02() 0.25 
A Melter, after alloying & stirring 754 1027 1,23 0.020 0.17 
S 
T Holder, after trwisfer 725 998 

_1.03 
0.15 

Holder, after alloy trimming & stirring , 719 992 1.00 0.0, N) 
t 
i 14 

gassing Holder, after c1q, 710 1 993 0.94 

Assumed equal to the solubility in pure aluminium". 
Calculated from relative humidities given in Tables S. I to 8.3. 

Comparison of the actual values with the calculated values shows that the hydrogell 

content of the metal was always higher than the assunied equilihnum ljy(jj-()gej, collt(. 11t. 

9.1.2.2 Effect of agitation 

In all three casts the hydrogen content approached equilibrium most rapidly w1wil tile 

metal was vigorously agitated. The hydrogen content changed very little during tile 

relatively quiescent operation of transferring the metal by launder from the hold, lig 

furnace to the melting furnace, despite a considerable difference between 01C ýIOLKII MId 

calculated equilibrium values of hydrogen content and a significant fall in wmpcrýjtjjj-c, 

i. e. 48,25 and 29"C in Casts 1,2 and 3 respectively, In contrast, tile alloying 

with stirring in the holding furnace was associated with a useful I-CdLICtiOII III L- 

although the temperatures fell by only 15,8 and 6T respectively. 

In all three casts, stirring in the holding furnace was as effective ZIS dep'.. 's'llig III 

reducing the hydrogen content.. This raises sorne doubt about the real mcchallis, 11, ol 
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furnace degassing. It is generally assumed, withourproo ' that function,, liv a 

action in which hydrogen is removed by transfer of hydrogen from solution in the metal 

to the bubbles of purge gas as they ascend through the metal as explained h\ 

Geller"" . 
The present results suggest that it is equally possible that the hydioLril I,, 

removed at the surface, as it is with stirring because of the vigorous a(ptation (d thr II 
metal due to the injection of the purge gas. There is good reason to (ILIL-stim) III(- 

efficiency of furnace degassing because holding furnaces are of thc 

designed with a wide, shallow baths for good thermal transfer from the flame ami 

of operation. They are geometrically incompatible with the requirements toi purlc L1111, 

degassing, which requires a deeper, more compact vessel. The capacity of the holdiiiLl 

furnace used in the present investigation was 35 tonnes of metal distributed over a hath 

area of about 20 m-' and a bath depth of 0.7 m. Application of the purge ga,,, hý, 

immersion of hexachlorethane tablets manually through the side doors. In ýLich i 

situation, degassing is inevitably inefficient and erratic. 

The poor efficiency can be quantified by comparing the actual quantity of degasser 

used with the theoretical minimum quantity required calculated LIS11112 (iClICT-S- I 

equation: 

Km So 
2 (_L 

_ _L 
)+ (('F 

- CI CF CI 

where: 
Vis the volume of purge gas, 
C, and C, &- are the Initial and final hydrogen concentrations, 
S19 is the solubility of hydrogen at atmospheric pressure, 
m is the mass of the liquid metal 
K is 10-2 when m is in g and CP ('F are in CM3/ 1 Oog 

(9.2) 

Application of Equation 9.2 to Casts 1,21 and 3 yields the degassing efficiencies, E., 

given in Table 9.2. E is the ratio of the theoretical volume of purge gas v, to the 

volume actually used, , expressed as a percentage. The mass of metal, m was 

35 x 10" g and V,,, 
L,,, is calculated as follows. Hexachlorethane, yields the purge gas, 

aluminium trichloride by decomposition: 

Ccl 6(s+ 2AI(I) = 2AICII (g) + 2C(s) (9-3) 
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One mole of C. Cl, (237 L, ) yields 2 moles ofAICI , (2 x 212400 cni'al 273 K)ý ýý 111L. 11 

is equivalent to 1.6 x l(C cm' at the degassing temperature- 71-0 'C (IM3 K 

Vartu, 
11 is the volume of AICL, produced frorn the 60 K,,, addition 

1(6() x 1())/237 Ix 1.6 x 10 4xW 

Table 9.2 Calculation of deLmssim-, efficiencv 
Cast 

crn, 
C I Cý 
1001; cm'/ I 0()g 

T/K 

1 0.25 0.18 35 x 10' 993) 1.5.2 x W' 1 4. () x 1() 1. 

2 0.26 0.17 106 35 x 993 1.0 6.8 x M' 1,4. () x H) 1.7 
1 

1 0.26 35 x 10' 1 993 1.0 1 3.8 x 10' 14.0 x W- I 

Another disadvantage with furnace degassing with hexachlorethane is the formation 

of highly undesirable carbides e. g. Al, C., which provide nucleation sites for gas huhhle,, 

in the cast ingot. If inert gases such as nitrogen or argon are used, oxilde Is produce(] as 

the bubbles break the liquid metal surface. 

Modern trends are away from furnace degassing and towards "in-line (Jegassjjjý, " 

i. e. degassing and filtering the liquid metal during transfer frorn the furnace to the 

mould 208.201) by applying a purge gas countercurrent to the metal as it passes through a 

heated vessel containing a granular filter bed. This has the following advantages: 

i. The purging gas is utilised effectively because it is dispersed as small 

bubbles, giving a large gas/metal interface and is conducted in a custon-ilsed 

vessel designed to maximise the contact time. In these circumstances, the 

conventional model for the degassing mechanism probably applies" "Iý, 207 

11 . The metal has little time to reabsorb hydrogen before casting. 

iii. Fume ernission can be eliminated 

iv. The time spent on furnace degassing is saved. 
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9.1.3 Settling 

Hydrooen contents, taken from Figures 9.1 to 9.3. are re-plotted III Fl"Ure" Q. 7 to 1). 1) 

on a time scale. Equilibrium hydrogen contents, calculated as de"cl-1hed III 

Section 9.1.2.1 are added to these fiaures. 
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Figure 9.7 Hydrogen content of liquid metal during settling - Cast 1. 
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Figure 9.8 Hydrogen content of liquid metal during metal settling- Cast 2. 
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Figure 9.9 Hydrogen content of liquid metal during settling - Cast 3. 

The information given in Figures 9.7 to 9.9 provides -, in opportunity to Nec w1ml 

happens when a large bulk of quiescent metal with a low hydrogerI coment is licid III ý1 

shallow bath at constant low temperature for a long time. 

For all three casts, the metal was held undisturbed for 60 minutes at a con. "Wilt 

temperature of 700 +/- 5T. During this period, the hydrogen content I-cjjj,, jjjjc(j 
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virtually unchanged at 0.17,0.16 and 0.19 cm'/100 g for Casts 1,2 and .1 11 v(. Iy. 

At first, this appears unremarkable but there are two important conclusions to 1)(ý (Jrjjký, Ij: 

i. Comparison of the actual hydrogen contents with tile ca IL. 11 jaw(l hy(liop-11 

contents shows that the hydrogen content is at most only slightly above that 

in equilibrium with the atmosphere. When allowance is madc for the small 

uncertainty in solubility discussed in Section 9.1.2.1 
, it may even be at 

equilibrium for Casts I and 2. 

ii. This provides further evidence that the role of furnace degassing is to 

improve the kinetics of equilibration of the metal with the aimosplici-c 

than to remove hydrogen actively, as intended. 

iii. It is a common belief that after degassing, the metal is susceptible to 

reabsorption of hydrogen frorn the atmosphere. It follows from point (i) 

above that this is an over simplistic view. Only if degassing has succeeded in 

reducing the hydrogen content belom, the equilibrium value is this possible. 

It does not seern to apply to furnace degassing but it must be horne in 11111)(1 

when metal is degassed by more efficient methods, such as in-line 

degassing, described in Section 2.1.2.2. 

9.1.4 Casting 

Hydrogen contents, taken from Figures 9.1 to 9.3, a re rc-plolte(l 

Figures 9.10 to 9.12 on a time scale. Corresponding Telegas readings are ýIlso pj()tjc(l. 
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Figure 9.10 Hydrogen content of liquid metal during casting - Cast 1. 
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Figure 9.12 Hydrogen content of liquid metal during casting - Cast 3. 

The results give" in Figures 9.10 to 9.12 are also apparently unremarkable but 111C), 

contain the following Important information: 

i. The results confirm the conclusions drawn so far because. they are 

effectively a continuation of the results give" it, Section 1). 1.2-3. The halancc 

of the metal remained quiescent in the holding furnace throughout tll(. 

whole period of casting and the last portion of the metal to he cast had been 
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in the furnace for a total of 22120 to 240 minutes. There is a sliýht tall. 1A, "t 

0.01 to 0.0-2 cm' in hydrogen content towards the end ofthe second drop iii 

all three casts, consistent with the reduction in equilibrium hydrog'Cil 

content expected from the fall of 10 ''C in temperature. calculated a,, in 

Section 9. L. ]. 

it. The Telegas readings. plotted in Figures 9.10 to 9.12 are sli, -, Iitl\, hwhet 

than the corresponding. results obtained by hot vacuum extraction. It I 

most probably due to drift in the calibration of the particular Teleý'a', 

instrument used, a not uncommon effect. When such difference,, arise thc 

hot vacuum extraction results are preferred, because the calibration of tile 

equipment is absolute by the methods described in Section 6.1.3 and is not 

susceptible to drift, as is the Telegas. Nevertheless, the Telegas readini-Is 

plotted in Figures 9.10 to 9.12 show the same trends in hydrogen content. 

The trends are confirmed by the author's previous industrial experience that 

the hydrogen content measured with the Telegas during a cast is always 

lower during the second drop than during the first 

9.1.5 Distribution of hydrogen on the casting table 

Tables 8.7 and 8.8 show that in all of the casts, the distribution of hydrogen across 

the extensive casting table, serving 36 moulds was perfectly uniform and virtually 

unchanged from its value on entry. This result dispels apprehension that conditions 

present on the table, e. g. moisture in the refractories, exposure to the atmosphere ail(] 

process malfunction, such as the "bubbling mould" described in Section 7.2.1 
ý2, might 

promote reabsorption of hydrogen 
. 

It must be borne in mind that these results apply to 

a properly prepared casting table, i. e. one which had been preconditioned by 

prolonged baking and well -maintained. In less meticulous practice, it would he quite 

possible for imperfectly dried refractory dressings or repairs to contribute water as a 

hydrogen source. 

Incidentally, it is gratifying to note that as casting proceeded, there was a reduction 

in hydrogen content, especially towards the end, confirming the drift towards 

equilibrium noted in Section 9.1.4. 
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9.1.6 Implications for metal quality 

InteL, rating results for all of the casts investWated, the final hydrogen contents ()I' the 

liquid metal as it is defivered to the moulds, which determine,, the quality of the nwtalý 

is in the range (). 14 to (). 18. By the criteria of threshold values (). 122 to (). 17 

set out in Section 9.1.1 . these hydrogen contents are approachinL, the Lipp(. 1 I imil I ()I 

ingots to be free from interdendritic porosity. 

The experiments were conducted in the Autumn in the Arabian Gulf repioný w1wil 

climatic conditions were not extreme but it is well-known that hydrogen-related detect" 

are subject to a seasonal factor which has the effect of increasino their prevalclicc 

during long spells of hot and humid weather''5. The theory of equilibration \Aith 

atmospheric water vapour, developed in Section 9.1.2.1 gives an insight rito the nature 

of the seasonal effect for the following reason. Throughout the liquid metal processifil-I 

system under investigation, the hydrogen content approached but was never below the 

theoretical equilibrium hydrogen content calculated from the atrnospherIc water vapoLir 

pressure, which varies with climatic conditions. Accordingly, higher hlydrogen content.,, 

are expected in the metal when the weather is hot and hurnid than when it is coot and 

dry. Figure 9.13 shows the range of equilibrium hydrogen contents as functions of' 

metal temperature, expected from Winter to Summer in the Arabian Gulf region, 

calculated using Equation 9.1. The range of threshold values is added for comparison. 

Figure 9.13 shows two important features: 

1. Unless degassing can reduce the existing hydrogen content below the 

equilibrium value, it is probably difficult to produce metal with hydrogen 

contents low enough to yield ingots entirely free from interdendritic porosity 

in a humid season. This strengthens the argument for in-line degassing, 

which is both more efficient and minimises the risk that hydrogen can be 

reabsorbed to the equilibrium value. 

ii. irrespective of the climatic conditions, it is important to maintain the lowest 

possible metal temperatures. 
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Figure 9.13 Seasonal variation of calculated equilibrium hydrogen content of metal 
produced in the Arabian Gulf region. 
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9.2 Distribution of Hydrogen Content in a Selected Ingot 

9.2.1 Observations during casting of the ingot 

Results from Table 8.9 are plotted in Figure 9.14 to show the hvdroý! eii cOjjj(, jjj ot 

the liquid metal entering the ingot mould. as a reference for the hydrogen conwnt\, 

found in the solidified ingot. Incidentally, it is gratifying to note that Fipurc (). 1 -1 

confirm the following observations for other casts discussed in Sections 1). 1.4 and L). 

i. The hydrogen falls slightly as casting proceeds. 

11 . The Telegas readings follow the same trend with the same slight error 
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Figure 9.14 Hydrogen content of the liquid metal during casting. 
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9.2.2 Structural characterisation of the in,.,,,, ot 

The photograph of the macroetched full cross-sectionofthe ingot, _, iven in FI(MII. L. 

reveals a completely equiaxed grain structure, difficult to resolvc With LIIIM(i(. (I 

Selected fields from the cross-section at the surface, mid-radius an(] centi-c ot thc inL, ()t 

sho\k a completely uniform grain size, 200 to 300 ýtrn in diameter. with (Icndi-Itt, 11,111 

spacin, 2s of 21 to 29 4m, determined frorn correspond In micro-graphs at 

magnification. given later in Figures 8.7 ýa) and (b). The dendrite arm spaciiii-, t, 

consistent with the range of spacings given by Granger" for typical DC cast alumi C. I MIL1111 

alloys and corresponds with a cooling rate of I to 10 Ks-', accordim-, to Spear ali(I 

Gardner's criterion 7-4 
. reproduced in Figure 3.6. 

The very narrow zone of inverse segregation, characteristic of' hot-top i-Vioul(i 

castings is clearly visible in Figures 8.6 (a) to (c). The depth of the zone is 25 to 41) pill, 

which is of the same order of magnitude as the dendrite arm spacing. A characteristic 

feature of the inverse segregation is that on longitudinal microsections it appears a,,,, 

overlapping periodic segregate zones extending for 2 rnm. Every zone is separated from 

the next by a fold, illustrated in Figure 8.5 and 8.6 (a) and (b) at successively greater 

magnifications. The apparently separate zones visible in MICTOsection are, in reality, tile 

result of sectioning through a continuous spiral of segregate on the ingot surface, 

evident in the photograph given in Figures 8.14 and 8.15. 

In the rest of the ingot the microstructure was as expected in the non-equilibrium 

cast structure, exhibiting small quantities of intermetallic phases between the dendrite 

arms , principally Mg, S, , and various Fe/Al/SI phases. 

iscussed later A feature of considerable importance di i Section 9.2.4 is the 

of secondary porosity, i. e. small spherical pores, -2 ýtrn in diameter, disseminated 

throughout the material. This porosity is very difficult to distinguish from small 

particles of intermetallic phases in micrographs without electropolishing to exaggerate 

121 the pores . 
With careful scrutiny, it can be seen in the micrographs of the cast ingot, 

given in Figures 8.8 to S. 10, but the only certain way of identifying it is by de-focussing 

and manipulating the illumination in the microscope. This is difficult to record 
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record photograph ically. The most important observation is the. enlargelliellt )I, III,. 

porosity after hornogenisation, evident in the micrographs given Figures 8.11 to S. 13. 

This effect corresponds to the same effect observed by Talbot and (11-allVel-121 dIll-Ing III(. 

homogenisation of DC cast ingots of 99.214 alurnimuni. 

9.2.3 Analysis of ingot surface 

The surface profile of the as-cast ingot, produced by secondary ion Mass 

spectrometry (SIMS), given in Figure 8.16 refers to metal covered by a very thin oxide 

film. The apparent rise in alurninium content in the surface 0.2 pill of tile plot is all 

instrurnental artefact due to initial stabilisation of the ion bearn. In fact, the profile is 

consistent with uniform aluminturn content right to the ingot surface. The profile I, (), - 

magnesium is more significant and identifies an enrichment in magnesium at tile 

extrerne surface, assumed to be due to selective oxidation, yielding a niagnesluril I-ich 

surface film. The trace for hydrogen suggest that the film is hydrated oxide. 

The interpretation of the corresponding SIMS depth profiles for the ingot artel- 

homogenisatioll, given in Figures 8.17 and 8.18 is complicated by two ef fects: 

Due to the roughness of the cast surface, the surface is not necessarily 

normal to the ion bearn. For example, this creates difficulty In estilliatilig, tilc 

thickness of the oxide film formed. 

ii. The inverse segregation pattern, noted in Section 9.2.1 means that tile 

magnesium content at the ingot surface varies over distance,,, of -2 mm. 

The best estimate for the oxide thickness is 0.5 to 1.0 ýtrn- Figures S. 17 to S. 18 show 

that there is virtually no alurnmium at the origin of the profile, corresponding to Ow 

air/oxide interface, implying that the outside of the film is either magnesium oxi(le ()I. 

i-nore likely a hydrated form of it in view of the significant signal for hydr()gell. Thc 

gradual changes in the alurninturn and magnesturn signals could indicate all Ull(Ifflay (A' 

spinel between an outer oxide layer and the metal but they could equally well he (111C 1() 

surface roughness, The differences in the intensity of the alL111111141111 Signal I)ONNTLI) 

Figures 8.17 and 8.18 due to instrumental factors in the SIMS technique. When (me 

component is dominant, the signal from the single ion 2 'Al" in the present case - is, 
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overwhelminL, - 
The problem 1, ý solved by detecting less intense signal from thc doijbic 

ion '-Al. "'-. Signals from double ions. e. g. '-ýAl, ̀ are more sensitk, e than single iow, 

e. g. g to attenuation by sample chargim-, due to vai-lation in the 11011-CO11dL1C11VC 

oxide thickness. This is why both the absolute intensity for the for the M signal and it,, 

value relative to the Mg signals is less in Figure S. IS than in Fi,,,, ure N. 17. 

9.14 Distribution of hydrogen in the ingot as cast 

The in-ots studied in the present work were cast in the Airslip hot-lop tý 
'on 3.3.2, reduci I 

designed to promote a shallow sump as described in Sect] 111L, tile all- gapý 

Also, the alloy, cast AA6063 has a relatively short freezing range. These two factov" 

both conspire to reduce inverse segregation and the effect is very superficial a. s 

illustrated in Figure 8.6 (c) In these circumstances, lateral segregation of hydrogen, as 

has been observed in regular DC casting 135. if)2 is not expected. This is confirmed hy the 

results given in Table 9.3, extracted from Table 8.9. 

Table 9.3 Lateral and longitudinal hydrogen content distribution in an as cast inVot. 

Cast Hydrogen content. cm'/ I OOg 
length. 

MITI Near the inuot edLc At the middle of ingot radius At centre ol'the ingol 

12W 0.17 0.18 0.17 

24M 0.18 0.19 0.17 

3600 (). I () 0.17 0.18 

4800 0.18 0.18 0.19 

6(XX) 0.17 0.17 (). I () 

72(X) 0.16 0.16 0.17 

Although lateral segregation was not expected in an Airslip cast ingot vertical 

segregation of hydrogen was a possibility because the direction of solidification in the 

shallow mould is at a relatively small angle to the vertical, so that the cumulative effect 

of re . ected hydrogen diffusing upwards, away from solidifying metal could introduce a 

vertical hydrogen content gradient. In the event, no such gradient was found, as . shown 

in Figure 9.15, which is a plot of results given in Table 8.9. 

The downward trend in hydrogen content during casting matched the downward drift 

in the metal entering the mould as casting proceeded, shown earlier in Figure 9.14. 
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Figure 9.15 Distribution of hydrogen content along the length of the as-cast ingot, 

9.2.5 Distribution of hydrogen in the same ingot after homogenisation 

Talbot and Granger 121 showed that cast DC ingots of 99.217c pure aluminium lost 

hydrogen from the surface when heated for 12 hours at 580 "C in clean a1r, as illustratcd 
by their results reproduced in Figure 9.16. 
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Figure 9.16 Distribution of hydrogen content across 200 mm thick rectangular I)c 

cast ingot of 99.2% pure aluminium as cast and as heal-ti-eated for 12 h at 580 -('ý 

after Talbot and Granger 121. 

In considering transfer of hydrogen at the metal surface, the nature of the oxide fill,,, 

must be taken into account. The oxide film formed at elevated temperatures on pure 
mina'9' No information on loss or absorption of hydrogen has alurilinium IS Tj- alu I 

been published for large industrial ingots of aluminium alloys where the oxide film on 

the cast surface is expected to be MgO or MgAl, 04 2 "'. The present results for AA6063, 

given in Table S. 10 and plotted in Figures 9.17 to 9.19 below therefore provide tile 

only available information. 
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Figure 9.17 Lateral distribution of hydrogen content across ingot befow ý111(1 i1hel- 

industrial hornogenisation in Furnace No. 1. Withdrawal temperalijiv 5()() ''U. 

The calculated hydrogen profile after homogenisation is derived lawiý in this Soction. 

247 



0.4 

0.3 

As cast Heat treatcd Calculated 

C 

E C-) 

C) 

C 

50 100 

Distance from ingot surface, mm 

Figure 9,18 Laterai distribution of hydrogen content across ingot bel'ore 111d 

industrial homOgentsation in Furnace No. 2. Withdrawal temperature ý5()() 

The calculated hydrogen profile after hornogenisation is derived later in this Scown. 
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Figure 9.19 Lateral distribution of hydrogen content across ingot before and dfwr 

industrial homogenisation in Furnace No. 3. Withdrawal temperature 590 V. 

The calculated hydrogen profile after hornogenisation is derived later in this 

The resu I ts of the present work for AA6063 pI otted in FIVLII-CS 1). 17 to (), It) ý11(ý 

remarkably similar to those for pure aluminium plotted in Figin-C L). 16, SLjI! gCsjIjI,, thill 

hydrogen is freely lost at the surface irrespective of the oxide film. Intuitively, it sccijj, ý 

that there is no surface rate-control and the loss of hydrogen is controlle(I by Ow 

diffusion of hydrogen in the metal. To test this idea the hydrogen content ý11*t(.,. 

homogenisation can be estimated theoretically. 
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There are several problems to be solved in making the estimate: 

i. True diffusion coefficients as given by Eichenauer and Pehlcr'ýý do not 

describe transport of hydrogen in manufactured alunifflium products... 

because it is subject to trapping, as described in Section 4.8.5 and intist hc 

replaced by mobility constants for the diffusion of hydrogen In a 

traps, i. e. by the apparent diffusion coefficients given by Fborall and 

Ransley"' and Ransley and Talbot"" 

ii. The diffusion coefficient is variable because industrial 

not isothermal, the high thermal capacity of the load and the inetal 

temperature rises continuously throughout the process. 

provided that the variable diffusion coefficient is a function of time, 1,111y, , 

semi-empirical model can be devised to overcome the second probleni, by Urank',, 

approach, using the diffusion equations for constant 1) but replacing I)/ by: 

j DI di = JAI) Idl ( (). 
-1 ) 

Using mobility constants for the manufactured metal, as explained in (t) 

Equation 9.4 becomes: 

f Midi = f. /(/) Idl 

where the variable diffusion coefficient Is given by: D =ftt) 

(1). 
-S) 

To use this approach, the diffusion coefficient in the present prol)Iell, III(Ist 1)(. 

expressed as a function of tirne. Since the temperature rise is linear dLIr, ng tile 

heat treatment: 

kT 

the metal ternperature rises linearly from 560 to 590 "C in 3.5 hours s): 

k=2.4 x I()-' Ks-' 

The mobility coefficient is given by the equation, introduced in Section 4.8.5: 

0). 0) 

(l)-7) 
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M= 12 exp -(I 6900/T) (Q. 8) 

I -om Equations 9.0,9.7 , md Using Equation 9.6, substituting for f(t), k and M fi 

and inserting a=0.089 for the ingot radius expressed in m: 

ýjt 
f 12 

ýe 
\pj-16900 C10+2 4xlO 1t)l 

a2 (0.089), 

Integrating this fulictioll between the limits t= () and t= tjý , y1elds: 

_L 
12xI0900 

_2! +Ll -! + 11 
2Xv 

2.4xiO 1.2 

( 

where x =16900/T, and y =1690()/T,, and T, and T,,, are the initia I and final jellipc -,, I Ill, cs. 

inserting T, =560 T and T,,. =590 T into Equation 9.1 (), for the effective rangc ()I 

the heat treatments: 

, wt == 0.087 
12 

(1). 11ý 

Carslaw and Jaeger"'* give the concentration profiles in cylinders for se1ccic(l 

of Mt/a 2 in terms of the dimensionless parameters (C - Cl)/(C,, - CI) and r/a reproduccd 

in Figure 9.20. 
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Figure 9.20 Concentration distribution at various times with initial concentration C, 

and surface concentration Co. Numbers on curves are values of Dt1d. Reproduce(I 
I from Carslaw and Jaeger'' 

Selecting the profile for Dtld = 0.087 by interpolating between the profiles for 

Dtla 2 =0.08 and Dtla2=0.10 and converting the dimensionless parameters into 

dimensioned values yields the theoretical profile of hydrogen content against ingot 

radius. This profile is superimposed on Figures 9.17 to 9.19. 

Comparison of the actual and theoretical hydrogen profiles shows that the theoretical 

1-nodel correctly predicts the actual loss of hydrogen fronn the centre of the ingot but 

overestimates the loss from the surface. Reference to Figure 9.20 shows that the actual 
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hydrogen profiles in Figures 9.17 to 9.19 are untypical of ordinary diffilsion colltml, 

showing the intervention of some other factor. Comparison of the micrographs ()I as 

cast ingot structures In Figures ý,. 8 to X. 10 with corresponding micrographs oj 111t. 

structures after horriogenisation in Figures 8.11 to 8.13 reveals significant mcj-(. a"k-, N III 

the number and size of spherical pores, especially in the mid-radius i1nd suI-fIc(- 

of the ingot. This implies that an increasing fraction of hydrogen is trapped in flik- invull 

as the gas phase as diffusion proceeds, depleting the diffusible solute concclijrýjjioll. 

This can explain the discrepancy between the predicted an(] actual profiles. 

9.3 Heat Treatments In Clean Air 

Results for the isothermal heat-treatments in clean dry air and water-satilratcd 

given in Tables 8.11,8.12,8.14 and 8.15, are plotted in Figures 9.21 to 9.24. 
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Figure 9.2 1. Hydrogen content of 10 mm diameter samples machined froin the 

interior of a DC cast Al-0.5%Mg-0.4%Si alloy ingot. Response to isothermal 

heat-treatment at 500 T in nominally dry air. 
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Figure 9.22 Hydrogen content of 10 mm, diameter samples machined from the 

interior of a DCcast A]-0.5%Mg-0.4%Si alloy ingot. Response to isothermal 

heat-treatment at 590 T in nominally dry air. 
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Figure 9.2-1. Hydrogen content of 10 mm diameter samples machined from the 

interior of a DC cast AI-0.517cMg-0.417cSi alloy ingot. Response to isothermal 

heat-treatment at 500 T in water-saturated air "ý 0.03 atm). (PH2() " 
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Figure 9.24. Hydrogen content of 10 mm diameter samples machined from the 

interior of a DC cast Al-0.5c7cMg-0.4%Si alloy ingot. Response to isothermal 

heat-treatment at 590 T in water-saturated air ýPH20 = 0.03 atm). 
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Figure 9.25. Hydrogen content of 10 mm diameter samples machined from the 

interior of a DC cast Al-0.5'7cMg-0.4%Si alloy ingot. Response to isochronai 

heat-treatment for 4h in nominally dry air. 
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Figure 9.26. Hydrogen content of 10 mm diameter samples machined from the 

interior of a DC cast Al-0.5%Mg-0.4I7cSi alloy ingot. Response to isochronal 

heat-treatment for 4h in water- saturated air q)H2() 
=0.03 atm). 
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Purely thermodynamic considerations suggest that hydrogen wouid always 1),, 

absorbed by the metal by the overall reactions: 

2AI(s) + 3H, O(,, ) = AI, O, (s) + 3H, (g) 

A(; "=-937675-16.7'1'lo(, ]'-'-02.11' J 

mg(, s) + H-O(g) = %, I, -, ()(s) + fl, (g) 

A(; " =-3)57522 -1-2 31'loi-, '/'+87.21' J 

inserting the Gihbs free ener_gy change S2 I -' into the Van't Hoff is()tlCl-lll 1ý),, 

T= 773 K and 1)(H, O) = 0.03 atm, a typical water vapour pressure in a humid 

atmosphere: 

AG' = -1? T] nK= -R Il n 11)(H, )11)(H -, 0) 1 (()� 4) 

yields hydrogen pressures of 3x IWý atm, and 9x 10"' atm for rcaoiow, 

9.12 and 9.13 respeý: tively- 

The results given in Figures 9.2 1 to 9.24 show that, contrary to thermodymijilic 

considerations, hydrogen is not always absorbed but is sometimes even lost tile 

metal in the presence of ý, vater vapour. Sirnilar variable results were Obtained hy 

Tahbaz"" oil the sanie alloy. Tile determining factors must therefore be kinetic, -ýJtljej- 

than therniodynainic. 

Stephenson'" encountered an analogous problern with liquid pure alumi ni Lill) ill 

which the hydrogen content first rose and then fell when it was exposed to a humid 

atmosphere. He explained these effects by a shift in the dynamic balance bet", eetj 

competing absorption and a desorption processes due to structural changes which 11C 

identified In the oxide film separating the nietal frorn the atmosphere. This collcept 

offers a reasonable prospect for finding an explanation for the present results. The 1-11,. st 

is to character'se the surface oxides formed on the metal samples I)y the step I 

heat-treatments in clean dry and \vater- saturated atmospheres. 
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9.3.1 Characterisation of the omde fitnis 

The SIMS depth profile. -s given In Figures 8.19 to 8.23 and XPS specti-,, give,, III 
Figures 8.30 to 8.38 yiet(I information oil the oxide filins formed in the heat-I 1-Call1w. nts. 

9.3.1.1 Constitution 

Refei-ence sumple - minowl oxidefill?, 

The surface anal-NIses on the reference sample, characterise the S ce surfa coliditlOll (A 

all samples before heat-treatment. 

The SIMS depth profile, given in Figure 8.19, shows an 54 Al" signýjl exlend, 11, t- 
right to the surface of tile sample with surface signals for oxygen and rnagneSILIIII. 

The XPS spectrum. Liven in Figure 8.30 exhibits peaks at 72 
.9 and 75.2 eV, 

corresponding to aluminiuIll 2p electrons for metallic Al and AlO, respectively2i 

No magnesium peaks, were detected. In the XPS depth profile montage, given 

FigureS. 31, the spectrum with two distinct atuminlurn 2p peaks is confille(I to III(. 

11 1 C-1 extreme surface. Spectra from deeper levels exhibit one rmkjor alurniniLli 2p ), k 

corresponding to the metallic state. with a only a small shoulder peak correspon(ling to 

AI, O,. Metallic alurnill'u", was detected because the electron beam penetrated into tilt. 

metal substrate and the depth resolution of the XPS instrument was lo 111)), tht. 

natural air-formed film was a layer of alumina or alurnina + MgAIO,, < 10 Ilm thick. 

Film fol-nied Oll Ndl? 'Pl(' 110111('4/ 4h at 500"C and tit 590 "C it, llonjilijilly (jj-. v (lij.. 

The SIMS depth profile,.,, given in Figures 8.20 and 8.21, exhibit the follo , 111, NA 

features: 

The 5'Al' signals are zero at the surfaces and rise to maxima at distances Of 

- 0.5 and - 0-6 pni below the surface for 500 and 590 T respectively. 

These values are taken to indivate the position of the oxide/metal ilite I-I'acc. s. 
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inverse to the aluminium signals. They are h 
Iph ii. The ýi-Lmals are II 

close to the , urfaý: e-, and diminish to relatively constant low values at tile 

wssumed oxide, metal interfaces. 

The corresponding XPS montage for the sample heat-treated at 590 'Cý 

Figure 8.332. exhibits peak,, \A ith the following characteristics: 

i. Aluminium -'p peaks first appear not at the air/oxide interface but ýjt j t'11111c 

distance helo,. N it confirming the SIMS profile for '-4 Al 

ii Two alurninium 2p peaks were Identified, one at 72.9 and the other at 

75.4 eV, corresponding respectively to metallic Al and AI, O,. The peak fol 

metallic Al grows and the peak- for ALO., attenuates progressively in spectra 

from -successive depths. The laver of material removed by ion beani etchinii 
I 

to produce the XPS profile was much thinner than the oxide layer, estimated 

as (). 6 ýim thick from the SIMS depth profile. Hence the metallic aluniniluni 

detected was within the oxide film, since the depth resolution of the XPS 

instrument was W nrn. 

... There I si a magnesium 2s peak at 90.3 eV corresponding to MgO2"' at the 

oxide/air interface. The peak attenuates but broadens progressively in 

, spectra frorn successive depths. This correlates well with the SIMS profile 

f "' M or 

Figure 8.33. extracted from the montaLge In Figure 8.32, Is an example of a spectrun, 

used to identify the aluminium 2p and magnesium 2s peaks from their energies. 

Film formed on -%umplc 
heated 4h at -500 

T and at 590 OC in water-saturated air. 

The SIMS depth profiles, given in Figures 8.22 and 8.23, exhibit features which are 

very similar to those described for the films formed in nominally dry air, with the 

proviso that for both temperatures the films are somewhat thinner. These features are: 

The ý"Al'- signals are zero at the surfaces and rise to maxima at distances of 

(). I and (). 4 4m below the surface for 500 and 590 'C respectively. As 

before. these values are taken to indicate the oxide thickness. 

262 



ji. I'lle to the aluminium signal as describcd beforc. 

The extended montal, -, c of XPS spectfa, given in Figures 8.35 (a) to (c) e0libits flic 

same feattires a. s dic cor"c", I)MIdinILY montaZ,:; e for the sample heated in nom1nally (11-y 111-, 
i. e. a peak for NIgO it) thc sLit-face spectrum and peaks for MgO, metallic Al and Al. '()ý 
in subsurface ', I)cct, *ý'. 70 diminished and the aluminjull, peaks The PeA for Nil' i 

Jtv a. s sLiccessive spectra approached the oxide/metal Interface. l, 'IgUI-C increwssed in i"tc, " 

8.36 (a) wzis týjkcji at the air/omde interface and exhibited only tile MgO peak 
Figure 8.36 (h) \ý ýis wk-cii ft-om deep inside the oxide and exhibited a peak for NIP() 

and a peak for mctalhý-: "ILIIIIIIIIIIIII With ýI shoulder peak for A1203 
. 

S 

9.3.1.2 Surface 

(h) and (ý. 38 (a) & (b) are pairs of XPS spectra for Figures the films 

formed III jwllllllallý (I ry and water-saturated atmospheres respectivcly. 

Figures 8.34 (a) &, ý-3, ý (a) \\cl-c takerl at the air/oxide inteffaces and Figures 8.34 (h) 

& 8.38 (b) \\-cl-c takcii immediately belo,. v. The two films exhibit tile sallic 

characteristics, as t'(111011 ý,! 

Figum, S. 34 (a ý and ý. 3, ý (a) exhitit two oxygen Is peaks, one at 532 CV, 

curesponding 4) N19(f- ý' and the other at 533 AV, equal to the OH bond in watcl-'I 1, 

showing tile P'-c, 'cM: c I)t- IIYýi"Oxvl oroups at the air/oxide interface. 

Figure,, 8.34(h) 111(1 ý 1)) exhibit only the 532 eV oxygen Is peak for 

showing th, 11 thIle ýirc no hN, droxyl groups belo,. v the surface. 

The implicallon ', ý t1lat IlYd"Oxyl 
-groups are confined to an adsorbed layer 

, It III(. 

extreme surt'ýWc (11' Ile 11'ýllte. 'I'lus is best illustrated in the montage of XPS spectra 

the fill" f0l"lle(i I'll 11r, (-mven in Figure, 8.37. 

it Illay [)I Pý111-11 to) find hydroxyl groups adsorbed on an oxide film f II ol-Illed III 

nomilizillY d"Y 111' 1)"t (""-P)mt hygrometei- measurements .. show that v' 
()-7 

il-nPossible to lvda-c %ulcr % apoul. pressure to <5 X1 11 laboratory 
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9.3.1.3 Inierpretation ol, o\lde structure 

The follo-ýNim-, concept of the oxide structure emen-, es from the surface analvse. v 

The oxide is not Of uniform composition through its thickness. There is an undcrjýjv 

of Al, O, or MgAI-0. ad-jacent to the metal surface. containing a dispersion ot' I r, I 

aluminium. o%erlaid h% an outer laver of M(, O. Whether formed in water-saturate(I ()I 

nominally dr\ air. the \1ý-, O bears an adsorbed laver of hydroxyl groups oil Cý Its Surtacc. 

The generatimi ot thv, complex structure is explained as follows: 

It is well known that Al-Mg alloys bear an air-formed alumina film of a t'e\k nil) 

thick, \A,, hich thickens as the temperature rises up to 350 "C The alumina 

layer is thermodynamically unfavourable but its formation at temperatures <350 11 1S 

el. explained bv sloA diffusion of magnesium to the oxide/alloy interface.. For h 
1-h 

temperatures. selective oxidation of magnesium has often been reported22-4 
'2'' "' 

,aS 

would be expected. Subsequently as the temperature exceeds 350 "C, and magnesi 
d iffUS, Vitý, 225, 

becomes accessible through increased - an approach toward 

thermodynamic equilibrium becomes theoretically possible. It is established that the 

reaction: 

MgO + AIO, = NILAI, O.; 

can occur at the WO/A. I. 0', interface" 

(9.15) 

It has been suggested in the literature that the process goes further producing 

metallic aluminium by the reaction: 

3M9(s) + AI, O; = 3MgO(s) + 2AI(s) (9.16) 

but both of the oxides AI. O,, and MgO are very stable and a reduction to metal is 

unlikely in the prevailing high oxygen potential. 

The observation of metallic aluminium is most probably an artefact of the XPS 

technique due to either (1) surface roughness of the samples combined with low lateral 

resolution of the x-ray, or 0i) decomposition of Al, O, by the highly energetic ion beam. 
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9.3-2 Competin., ibsorption and desorption processes 

9.3.2.1 Absorptloll 

For the reaction to proceed, the pnmary reactants or species derived from them must 

meet in an en-, tronment where the oxygen potential is lov; enough for the production ot 

hvdroi-, en. Such a loýý o\vgen potential occurs only at the rnetal/oxide interface. 

some spec'ie,, carryini-, the hydrogen from it', ultimate source in atmospheric xýatcj 

vapour must he able to migrate through the oxide. The molecules of ', N, ater itselt'are too, 

large to diffuse through the interstices in the oxide to the metal/oxide interface so that 

an alternative scheme must be considered. 

It is known from the information given in Section 9.3.1.2 that the air/oxide interface 

bears an adsorbed layer of hydroxyl lons. These must have been produced from 

atmospheric water vapour by protonatlon of the surface oxygen ions on the MgO 

lattice: 

H. 0 (atmosphere +0 (\, l, -, O lattice surface) = 20H- (MgO lattice surface) (9.17) 
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I"v .7 illustrated schematiý: allý in Figure 9.2 ý. 
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Figure 9.27. Schematic diagram representing protonation of M90 surface and 
subsequent proton migration by a Grotthus-type chain. 

If protons can be conveyed to the oxide/ metal interface by a Grotthus-type chain, as 
indicated. in Figure 9.27, hydrogen can be produced by the reaction: 

Mg (metal) + 2H* = Mig, (oxide) + 2H 

The driving force for the process is the high negative Gibbs free energy change of 
the overall reaction which is the sum of reactions 9.17 to 9.19: 

Mg + H, 0 = N4g0 + 2H 
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. 7- -- 

The problem Is that the N, 4! 20 matrix is a poor conductor of proton,,,, it 

completely ionic with a large electron energy band gap so it Is Intolcrant jo tjj, ý I 
replacement of an intrinsic ion by an ion of different valency. i. e. the replacenicilt it 1jit. 

divalent 0'- ion by the rnonovalent OH- ion which results from protonation (it 111t. 

0-'ion. The lo%A population of Shottky defects in MgO also precludc" wilitic, 1,11 

alternative pathways for protons, 

The situation is therefore as follows. There is a supply of hydroxyl ioll, lit jjj, - 

air/oxide interface and a driving force for Reaction 9.19 but the M,, O matri\ him k, jjjýý 

transport of protons ions needed for the reaction to proceed. Since hydroi-, en ýk, j, 

absorbed during some of the heat- treatments, there must be some condition,,, ill 

an alternative proton path is activated. A potential path is offered by grain houndarIc". 

where the regulanty of the structure and charge balance in the MgO lattice is localk 

disturbed. A grain boundary path for protons is worthy of consideration, beCau'w 

Silva22' has shown that the growth of MgO on aluminium-magnesium allovs is (ju(. 

almost entirely to magnesium diffusion through the grain boundaries and that the rate ot 

oxide growth became slower as the grain boundary area diminished due to I! rýjljj 

growth. Therefore a reasonable proposition is that the transport of protons through thc 

oxide and consequently absorption of hydrogen by the metal also depends oil the ýrain 

size of the oxide and, of course also on length of the path, i. e. on the film thickness. 

9.3.2.2 Desorption 

in the desorption process, the hydrogen moves through the oxide In the opposift, 
I rf direction, i. e. from the oxide/metal interface to the air/oxide inte ace. This cannot he in 

the form of protons, as in the absorption process, because the proton concentratioll 

gradient is adverse. The interstices of the oxide are large enough to accommodate 

neutral hydrogen atonis and since there is no gaseous hydrogen at the air/oxide 

interface, the concentration gradient is favourable for outward diffusion. 

9.3.2.3 Dynamic balance between absorption and desorption 

From the arguments given in Sections 9.3.2.1 and 9.3.22.21, hydrogen absorption ýIrj(j 

desorption are to be regarded as independent competing processes, whose relative r. 1te, 
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depend on different parameters. It is clear from the discussion in Section 1). 3.1 

these opposing processes operate within a very complex structin-c and the dynmm 

balance between thern, which determines whether the metal absorbs or loscs hy(jjolp, ýJj, 

must be very sensitive to prevailing conditions. 

If protons are unable to migrate through the oxide, only physical desorption 

and the metal loses hydrogen continuously, as in the heat-treati-nent recorded In I. . 11ý111(1 

9.22. Conversely, if protons nilgrate easily through the oxide, hydrogen ýIhsoj-ptl()I) t'Ml 

overwhelm the loss by physical desorption and the metal absorbs lIy(jIjp. Ij 

continuously as apparently happened in the heat-treati-nent recorded in Figure 9.2 1. 

The merit of the concept of a dynarnic balance is that it can provide in explanatiOll 

for a change frorn hydrogen absorption to loss during the same heat-treatilICIII iý' 

recorded in Figures 9.23 and 9.24. The explanation lies in a shift in the dynjillijý 

balance from net hydrogen absorption to net hydrogen loss due to structural clijingk, III 

the oxide. The diffusion of hydrogen atoms through the oxide matrix Is 

structure- sensitive than the diffusion of protons through selective grain houndary 

for the reasons given in Section 9.3.2.1. As a heat-treatment continues, grain hoLli)(1,11 N. 

paths for protons become longer and fewer because the oxide thickens and the L! I-jill 

size increases. Silva 226 provided evidence for grain growth 111 M90 films I'MIM'd M) 

aluminiurn-3%, magnesium alloys, He found that films formed at 525 V ha(I L! 1,1111 

diameters of -2 nrn after 30 minutes and - 10 nni after 2 h, as illustrated in the 

micrographs and electron diffraction patterns reproduced in Figure 9.28. Sil\'I"' 

temperature and tirne-span are relevant to the present results. 
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(a) 

(c) 

(d) 

(e) 

(f) 

Figure 9.28. TEM micrographs and related electron diffraction patterns from 
fragments of oxide films formed on solid AI-3. I% Mg alloy after varous exposures 
in the moist atmosphere at 525 T, showing grain growth of MgO filmý2"- 

(a), (d) after 30 min 
(b), (e) after Ih 
(c), (f) after 2h 

(X 120,000) 
(X 120,000) 
(X 120,000) 
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'Re above discussion assists in bringing sorne logic to the otherwise m-jj'jtj, ýj, N, I 

of hydrogen absorption and loss as a function of temperature. The pj-jjjý. jl)jt, 

is that the intially-formed oxide film favours the absorption process over tile (Ie, ), 1)(1,11 

process, and this is reversed as the film structure changes to restrict tile 

process. This leads to the following conclusions: 

i. At low temperatures, i. e. <500 "C, slow diffusion of hydrogen III tilt. "IcIal 

is rate-controlling. so that the metal neither gains nor loses hydrogen. 

ii. Moderate temperatures which yield thin oxide films with slow gra, 11 

favour hydrogen absorption. 

iii. High temperatures, which yield thick oxide films with rapid grain 21-owth, 

favour hydrogen loss. 

When these conclusions are taken together, they predict that net hydrogen aj)'wyj)t 1011 

should rise with temperature to a maximum at a critical temperature and t1jej, 

the temperature rises further finally changing to hydrogen loss. Thi I Is supl)(m-wd 

by the results for 4h isochronal heat-treatments, given in Tables S. 13 alld s' I () 1,11)(I 

plotted in Figures 9.25 and 9.26. These Figures show that the OP01111.1111 tCII1l)C('atLiR' t 

hydrogen absorption is in the range 500 to 530T. 

9.4 Heat Treatments In Sulphur-Contaminated Air 

Results for the isothermal heat- tre atme nts in dry air and water-saturateil ý111, \%1111 

sulphur contarnination, given in Tables 8.23,824,8.2 )6 all(I 8.27, ai-c 

Figures 9.29 to 9.32 
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Figure 9.29. Hydrogen content of 10 mm diameter sample-, machined from the 

interior of a DC cast Al-0.5%Mg-0.4%Si alloy ingot. Response to isothermal 

heat-treatment at 500 T in nominally dry air + 117( SO_ 
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Figure 9.30. Hydrogen content of 10 mm diameter samples machined from the 

interior of a DC cast Al-0.5%Mg-0.4%Si alloy ingot. Response to isothermal 

heat-treatment at 590 T in nominally dry air +I% SO_ 
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Figure 9.31. Hydrogen content of 10 mm diameter samples machine(] from the 

interior of a DC cast Al-0.5%Mg-0.4%Si alloy ingot. Response to isothermal 

heat-treatment at 500 T in water-saturated air +I I/r SO, (PHN) = 0.03 atni). 
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Figure 9.32. Hydrogen content of 10 mm diameter samples machined t'TOIII OIC 

interior of a DC cast A]-0.5%Mg-0.4%Si alloy ingot. Response to isothermal 

heat-treatment at 590 T in water-saturated air + 114 SO, (1), 12() : -- (). ()I ýItjjj). 

The results given in Figures 9.29 to 9.32 show that hydrogen was always ahsorhed 

from sulphur-contaminated air and that the quantity absorbed was an order ()I 

magnitude greater than the maximum quantity absorbed from clean alr. (Note that the 

hydrogen content scale is extended by a factor of five compared with corresponding 

results for clean air). Again it is apparent that even the nominally dry atmosphere 

contributed a sufficient source of water vapour to supply the absorbed hydrogen. 
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Results fOT the isochronal heat-treatments. given in Tahle 8-15 and ý. 28 are plom'd 

in Figures 9.33 and 9.34. They shoA the same teildency to optinike hydiog(. 11 

absorbtion as discussed in Section 9.3.2.3 but at a somewhat hiphcr temperamic, 
I 

expected from the enhanced absorption process when sulphur is prescm. 

3 
Iniual hvdroveri 

"r, 

0 
470 500 530 560 590 

Temperature, C 

Figure 9.33. Hydrogen content of 10 mm diameter samples machined from the 
interior of a DCcast A]-0.5%Mg-0.4%SI alloy Ingot. Response to isochronal 
heat-treatment for 4h in nominally dry air + 1% SO,. 
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Figure 9.34. Hydrogen content of 10 mm diameter samples machined frorn the 

interior of a DCcast A]-0.5%Mg-0.4%Si alloy ingot. Response to isochronal 

heat-treatment for 4h in water-saturated air +I% SO, Q) H20 0.03 atm). 

Table 8.29 gives an interesting insight into the sensitivity of tile metal to sulphur 

contamination. The results given in the table were obtained during preliminary 

experiments when a thermocouple used with a sample heated in air with 117( So, was 

subsequently used with a sample heated in an alr-flow free from SO, . There wits 

enough transfer of sulphur on the thermocouple to cause the two samples affei: ted to 

absorb 0.76 and 0.98 cm3/100 g of hydrogen. 
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Foliowing the line of reasonim-, developed in Section 9.3 the marked increase ill tilt. 

quantlt\ of hydrogen absorbed must have been due to a chanpe ill the charactei of ill(. 

oxide film, which promoted reaction between atmospheric water Vall()Lll- alld the 1110t, 11. 

This directs attention to the results of surface analysis. describe(] ill Section 1). 4.1 next. 

9.4.1 Charactensation of the sulphur-bearing oxide films 

Fuzures 8.24 to 8.27 Live the SIMS depth profiles for the samples heated at Soo 

and at 59() T for 4h in drv and in water-saturated air, both contaminated ýý 101 SLIII)IMI 
dioxide. Figures S. 39 to 8.49 give the related XPS spectra. 

9.4.1.1 Constitution. 

In the SIMS profiles given in Figures 8.24 to 8.27 differ from the corresponcimy, 

profiles for clean air, given in Figures 8.20 to 8.23, as follows: 

i. The 5'Al'* signal was first detected at a greater depth below the air/oxide 

interface. i. e. 0.1 to 0.25 4m and 0.6 pm for heat- treatrile tits at 5()() -C all(i 

590 T respectively. 
1602-, -S 

2(, Mg2+ 
11 . Strong ý2S'-and 'H- signals as well a signals were recorded "I 

the zone between the air/oxide interface and the plane at which the Al signal 

was detected -A significant feature of the profiles is that the "0' 
, 

'2S'an(j 

'H- signals fall from the air/oxide interface to plateaus terminating at tile 

plane where the 54 Al' signal is first detected. 

Figures 8.39 and 8.40 a&b are montages of XPS depth profiles showing the 
development of aluminium 2p peaks as a function of the depth below the air/oxide 

interface. These montages exhibit two significant features: 

i. the peaks first appear at a greater depth below the air/oxide interface than 

in the corresponding montages for clean air, given in Figures X. 3-2 

and 8.35 a-c, confirming the information derived frorn the SIMS profile. 

ii . As for the corresponding information for clean air, twin peaks are 
identified, one at 72.9 and the other at 75.7 eV, corresponding respectively 
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to metallic Al and A1203. Figure 8.41 gives one of the spectra selected from 

the montage to show how the peaks were identified by their energies. 

Figures 8.42 and 8.46 are montages of XPS spectra showing the development of 

2p electron peaks for sulphur as a function of the depth below the air/oxide interface. 

These are of great significance in assessing the character of the film. The spectrum 

taken at the air/oxide interface exhibits only peak, at 169.6 eV, corresponding to 

MgSO4. Immediately below the interface, a second peak was detected at 162.6 eV, 

corresponding to MgS. The sulphate peak diminishes and the sulphide peak increases in 

amplitude in successive spectra at greater depths below the air/oxide interface. 

The identification of surface sulphate and deeper sulphide is crucial in assessing the 

character of the oxide film. Table 9.4 confirms the presence of sulphate by comparing 

the energies attributed to the sulphur and magnesium peaks in the film with the energies 

of the known corresponding peaks from the standard sample of MgS04.71-120. The 

sulphide peak was then confirmed by comparing the difference in energies between the 

two peaks, i. e. 7 eV, with the known difference between sulphate and sulphide peaks 

for other metallic elementS227.. 

Table 9.4. COMDarison of S, Mm, and W, veaks with MgSO-,. 7H, O standard 
Source Figures Peak (eV) 

S2p M92v MgI, 

MgSO,. 7H20 (standard) 8.28 & 8.29 169.5 - 51.0 1304.6 

Heated in nominally dry 
air+ So 

2 

8.43,8.44 & 8.45 169.6 162.6* 51.2 1305.0 

Heated in water-saturated 
air + SO 

2 

8.47,9.47 & 8.49 169.6 162.1 51.0 1304.7 

Peak corresponding to MgS 

9.4.1.2 Structure of the surface film 

Comparison of the SIMS profiles for sulphur-contaminated air, given in 

Figures 8.24to 8.27 with the corresponding profiles for clean ail-, given in 

Figures 8.20 to 8.23 shows that the effect of the S02 contamination was to stimulate the 

growth of a thick overlay containing magnesium, oxygen, sulphur and hydrogen. 
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Combining this information with the information from the XPS spectra yields a concept 

of the oxide constitution as follows: 

i. There is an underlay of AL03 or MgALO, adjacent to the metal surface, 

containing dispersed metallic aluminium. This is similar to the underlay in 

films fon-ned in clean air, described in Section 9.3. 

ii. There is an overlay of a phase or phases containing magnesium sulphur, 

oxygen and hydrogen. 

iii. Sulphur at the air/oxide interface, is entirely in the form of S0,2- 

iv. Sulphur in the overlay below the air/oxide interface is in the form of S2- 

Figure 9.35 gives a schematic section through the oxide/sulphide system, illustrating 

these features. 

Air + S02 

Figure 9.35. Schematic section through oxide/sulphide film system 
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9.4.1.3 Oxide growth mechanism 

Diffusion coefficients for magnesium and oxygen in MgO are known only at very 
high temperatures: 

Magnesium22'-: D=0.25 exp(79/RT) cm2s*' for1400 - 1600 T (9.20) 

Oxygen": D=2.5 x 10-'exp(62.4/RT) cm2s" for 1300 - 1750 T (9.21) 

At the lower temperatures relevant to the present work, the diffusivity of magnesium 

must still be orders of magnitude greater than the diffusivity of oxygen. No infon-nation 

is available for the diffusion of magnesium or sulphur in MgS but since it has the same 

simple cubic structure as MgO and the S2- ion (0.184 nm radiUS230. ) is larger than the 

02- ion'(0.140) nm radiUS230., the same disparity must apply between the diffusivity of 

magnesium and of sulphur. These considerations indicate that the diffusing species 

through the oxide/sulphide system is magnesium. 

A suggested growth mechanism for the film is shown schematically in Figure 9.36. 

SO--) + Air 

A 

MgSO4 
B 

m 2+ 2e 4Mg2+ 8e 
4MgO + MgS 

91 

- -ý -- ý- - -1 

D 

Mg 4Mg ' 
(metal) (metal) * 

Figure 9.36. Schematic growth mechanism for oxide. 
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Expressed in ionic terms, the following overall reactions at the interfaces in 

Figure 9.36 are suggested: 

i. Air/oxide interface, A 

2e + SO2 + 0, = So42, 

ii. Sulphate/sulphide Interface, B 

8e + So 
4 

2- 
= S2- + 402- 

iii. Oxide/metal interface, D 

(4 + I)Mg = (4 + 1) W* + (2 + 8)e 

Of the ten electrons produced at the air/oxide interface A, two are transmitted to the 

air/oxide interface, where they sustain oxide growth and eight are consumed at the 

sulphate/sulphide interface in reducing So 4 
2- to S2- , as shown in Figure 9.36. Four of the 

Mg2+ ions are retained as counter ions to maintain charge balance at the 

sulphate/sulphide interface, B and the other is transn-dtted to the air/oxide interface, A, 

where it fulfils the same function. 

The overall oxidation process is slow because rate-control is exercised by 

magnesium diffusion through the flIM226 . At this stage, it is uncertain whether the 

proposed sulphating scheme occurs simultaneously with normal oxidation or replaces it. 

9.4.2 Absorption of Hydrogen 

Figures 9.29 to 9.34 show that the hydrogen absorption process completely 

overwhelmed the loss by desorption. It is clear that the theory of a limited absorption 

process considered in Section 9.3.2.1 is inadequate to explain the acquisition of the very 
high hydrogen contents absorbed. 

The high IH- signals in the magnesium/oxygen sulphur overlay identified in the 
SIMS profiles given in Figures 8.24 to 8.27 suggest an explanation. The kinetic 

problem for hydrogen absorption from clean air was identified as the poor proton 
conduction of the highly ionic oxide MgO. - Replacement of some of the MgO by 
MgSO4and/or MgS is expected to provide much better conducting paths for protons for 

the following reasons: 
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i. MgS has less ionic character than MgO. The ionic character of a compound 

1 

0.75 

0.5 

I 0.25 

is determined by the difference in electronegativity between the constituent 

elements. The electronegativities of magnesium, sulphur and oxygen are 1.2, 

2.5 and 3.5 respectively on Pauling's scale"'% This gives electronegativity 

differences of 2.3 for MgO and 1.3 for MgS. From Pauling's char t230., 

reproduced in Figure 9.37, the ionic characters expected are 75% for MgO 

and 35% for MgS. This means that the electron energy band gap in MgS is 

smaller than in MgO and it is hence more amenable to accepting ions with 

mismatching valencies, if size factors permit. The smaller band gap 

improves electronic conductivity, facilitating electron flow to maintain 

charge balance. 

0 

c, 6 KF 

c5l trac, 

Cop 
LIRr 

L iH 

0 
HF 

HBr 

00, 

IQ I HCI 
lBr 

0.5 1 1.5 2 2.5 3 3.5 

Electronegativity difference 

Figure 9.37. Ionic character of bonds as a function of electronegativity difference" 

ii. protons can diffuse along a path provided by the anions of a dibasic acid. 
This amounts to a linear exchange between the primary and secondary ions. 

The activation energies for diffusion along such a path depends on the 

strength of the bond between the protons and the host ions, which is 
indicated by the values of the second dissociation constants of their parent 
acids. The parent acids of the ions of interest in the present discussion, 
i. e. 02-, S2"and So 4 

2- are H. 0, H, S and HSO4,. The second dissociation 
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constants at 25 T are 
'131 - '105 : 

H, O : OR = H" + 02- K= 10-36 (9.22) 
S2 H, S HS- H+ +K= 10,12 (9.23) 

H, S04: HS04' S04 2- K= 10-2 (9.24) 

Equations 9.22 to 9.24 indicate that the activation energies for diffusion 

along S2- or So 
4 
2- paths are much less than along 02- paths. Henýe protons 

should be much more mobile in MgS and MgSO, media than in MgO. 

This provides a convincing explanation for the vulnerability of the alloy to absorb 
hydrogen in atmospheres contarrunated with sulphur. The considerations apply 
irrespective of whether proton diffusion is through the matrix or selectively along 

disturbed lattice order at grain boundaries. 

9.5 Heat Treatments In Chloride -Contaminated Air 

Results for isothermal heat-treatments 
. 
in water-saturated air with chloride 

contarnination, from Tables 8.17 and 8.18, are plotted in Figures 9.38 and 9.39. 

Corresponding results for 4h isochronal heat-treatments from Table 8.19 are plotted in 

Figure 9.40. 

Results for isothermal heat-treatments in water-saturated air + I% SO, with chloride 

contamination, from Tables 8.20 and 8.21 are plotted in Figures 9.41 and 9.42. 

Corresponding results for 4h isochronal heat-treatments from Table 8.22 are plotted in 

Figure 9.43. 
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Figure 9.38. Hydrogen content of 10 mm, diameter samples machined from the 

interior of a I)Ccast Al-0.5%Mg-0.4%Si alloy ingot. Response to isothermal 

heat-treatment at 500 *C in water-saturated air + HCI (PH20ý 0.03 atm). 
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Figure 9.39. Hydrogen content of 10 nim diameter samples machined from the 
interior of a DC cast Al-0.5%Mg-0.4%Si alloy ingot. Response to isothermal 

heat-treatment at 590 T in water-saturated air + HCI (PH20 ý 0.03 atm). 
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Figure 9.40. Hydrogen content of 10 mm, diameter samples machined from the 

interior of a DC cast Al-0.5%Mg-0.4%Si alloy ingot. Response to. isochronal 

heat-treatment for 4h in water-saturated air + HCI (PH20 ý-_ 0.03 atm). 
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Figure 9.41. Hydrogen content of 10 mm diameter samples machined from the 
interior of a DC cast Al-0.5%Mg-0.4%Si alloy ingot. Response to isothermal 

heat-treatment at 500 *C in water-saturated air +I% S02 + HCI. (PH20 = 0.03 atm). 
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Figure 9.42. Hydrogen content of 10 mm diameter samples machined from the 
interior of a DC cast Al-0-5%Mg-0.4%Si alloy ingot. Response to isothermal 

heat-treatment at 590 T in water-saturated air +I% S02 + HCI (PH20 ý 0.03 atm). 
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Figure 9.43. Hydrogen content of 10 mm diameter samples machined from the 
interior of a DCcast Al-0.5%Mg-0.4%Si alloy ingot. Response to isochronal 

heat-treatment for 4h in water-saturated air +1%S 02 + HCI (PH20 ' 'o 0.03 atm). 
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The results given in Figures 9.38 to 9.43 show different effects of chloride 

contamination, depending on whether or not the atmosphere contained SO, . 

9.5.1 Heat-treatments in clean water-saturated air contaminated by chloride 

'fhe results given in Figures 9.38 to 9.40 show that when chloride was present in the 

atmosphere, the. samples experienced a cycle of net gain of hydrogen followed by net 
loss similar to that described in Section 9.3.2.3 for air free from chloride, but the peak 

hydrogen contents, 0.55 and 0.37 cm'/100 g at 500 and 590 *C respectively were much 
higher. The implication is that chloride stimulates the absorption process. 

9.5.2 lieat-treatments in water-saturated air + 1% SO, contaminated by chloride 

In view of the stimulated absorption described in Section 9.5.1, the effect of chloride 

contamination in air containing S02 were unexpected. 'Comparison of 
Figures 9.41 to 9.43 with Figures 9.31 to 9.33 (Section 9.4, pages 273-275) shows that 

the effect of chloride is not to stimulate but to attenuate the absorption. 

9.5.3 Characterisation of oxide 

Limited time and fundin g available permitted only the cursory surface analysis 

represented by the XPS spectra from the surfaces of two samples heated in clean air, 

given in Figures 8. However, in Figures 8.50 and 8.52 the spectra from both samples 

exhibit strong peaks with an energy of 198.5 eV. Ile energy for the C12p peak for 

MgC'2. 'S unknown but the value obtained is very close to the values for Cl2p peaks for 

both KCI and NaCl. and is therefore taken as evidence for incorporation of Cl in the 

oxide film. It was surprising to find, in Figures 8.51 and 8.53, that only single Ols 

peaks (531 eV) were obtained with no indication of second peaks corresponding to 
OR 

With such slender evidence, it is impossible to advance an explanation for the effect 
of chloride in stimulating hydrogen absorption but one or two general points are 
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relevant. The strongly electronegative Cl- ion is expected to interact with the surface 
ions of an ionic substance such as MgO. Tbus, HCI may, perhaps compete with HO for 

adsorption, i. e. by replacing the surface reaction: 

02- + H, O = 20H- (9.25) 

with 
02- + HCI = OR + Cl- (9.26) 

Cl- is a larger ion (0.18 nm radiUS230. ) than 02- (0.14 nm radiuS230. ) and is thus 

expected to be selectively absorbed_at defect sites, where it could stabilise lattice steps 

or grain boundaries, inhibiting oxide development. 

In a metal-rich environment, the most stable form of chlorine is as chloride. The 

XPS measurements show that the most abundant metal in the film is magnesium and 

thus it is reasonable to assume that chloride is present as MgCl,. Thermodynamically, 

M902formation is strongly favoured from HCI gas and magnesium 

Mg(s) + 2HCI(g) = MgCl, + H2(9) (9.27) 

and so it is not unexpected that M9C12 is present as well as phases normally formed 

in atmospheres free from HCI gas, i. e. MgO etc. 

MgCl2 and MgO are structurally incompatible because their structures are hexagonal 

and simple cubic respectively. Therefore MgCl, areas on the oxide constitute'defects in 

the MgO film. 

It must be emphasised that to elucidate the true role of chloride in the film structure 
would be a major undertaking in its own. right, outside of the scope of the present 
investigation. 

9.6 Porosity Development During Heat-Treatments 

The brief of the present investigation did not include a study of factors governing the 
growth of porosity in the metal as a result of hydrogen absorption during, 
heat-treaments, because this has already been studied both theoretically and 
experimentally by Morton. 232* Nevertheless it was naturally of considerable interest to 
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observe the effects in the samples from the current heat-treatments. The microgaphs, 

given in Figures 8.54 to 8.73 were selected from the examination of 100 samples from 

the heat treatments. The overriding factor determining the porosity development was 

the final hydrogen content of the samples. The micrographs are given in order of 

hydrogen content to illustrate the progressive damage done to the metal. 

The industrial lesson from this series of micrographs is the great importance of 

avoiding hydrogen absorption in the solid metal, irrespective of its form and of the 

atmosphere from which the hydrogen is absorbed. The sequence of events as more and 

more hydrogen is absorbed is: 

i. Expansion of pre-existing microporosity (secondary porosity) at the surface 

of the metal as in Figure 8.60 for a hydrogen content of 0.54 crrO/100 g. It 

is easy to see how this surface porosity can coalesce to give surface 

blistering. 

ii. Extension of the porous zone deeper into the metal as illustrated by the 

sequence of micrographs in Figures 8.61 to 8.63 for hydrogen contents in 

the range 0.68 to 0.91 cd1lOO g. 
iii. Finally, deeper penetration and relocation of pores along grain boundaries, 

completely destroying the metal, illustrated in Figures 8.64 to 8.73 for 

hydrogen contents over lcdllOO g.. 
The experiments are comparable because they were all conducted on samples from 

the same ingot. The damage to the metal arises because the absorbed gas is able to 

exploit the pre-existing secondary porosity. It would be interesting to explore the effect 

of gas absorption in metal completely free from secondary porosity but this is not 

presently a feasible industrial objective, because it implies consistently reducing the 

hydrogen content to below the solid solubility"'-, which is of the order of 

0.04 cm3/100 g127.. Presumably, such metal would be much less vulnerable to damage 

by hydrogen absorption. 
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10. IMPLICATIONS AND SUGGESTIONS 

10.1 Conclusions 

i. The hydrogen contents of large industrial melts of AA 6063 alloy 

(Al - 0.5%Mg - 0.4%Si) alloy are determined primarily by the prevailing 
humidity and metal temperature. The actual hydrogen content follows the 

theoretical hydrogen content with marked hysteresis. Reduction in hydrogen 

content by degassing in a reverberatory furnace is due more to the effect of 

turbulence in assisting the approach to equilibrium than to positive removal 

of hydrogen in the standard physical model of gas purging. 

I Hydrogen in the liquid metal is retained in and uniformly distributed 

throughout the length and breadth of 178 mrn diameter x 7m long ingots 

produced by airslip hot-top DC casting. 
iii. Hydrogen is lost from the as-cast surface of the ingots when heated to 

590 *C in gas-fired industrial furnaces with apparently clean air 

atmospheres. The hydrogen loss is under diffusion control but is hindered by 

the growth of microporosity, which traps some of the hydrogen. 

iv. In small-scale experimental heat-treatments in clean air, the metal is exposed 

to competing processes of hydrogen absorption and loss. These processes 

are controlled respectively by the n-dgration of protons and neutral hydrogen 

atoms through the oxide film. Whether the net result is to increase or 
decrease the hydrogen content of the metal is governed by the growth of the 

oxide film, which depends on the time and temperature of treatment. 

v. Sulphur dioxide in the heat-treatment atmosphere massively stimulates the 

absorption process, seriously damaging the metal by promoting the 

expansion of microporosity. Surface analysis shows that the effect is due to 

partial replacement of MgO by MgSO4and MgS in the surface film on the 

metal, which facilitates the inward migration of protons. 

vi. Chloride ions in the heat-treatment atmosphere stimulates both the hydrogen 

absorption and the hydrogen loss processes. Time and funds did not permit 
detailed analysis of these effects. 
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10.2 Industrial Recommendations 

i. To minimise the hydrogen content of cast ingots, keep liquid metal 

temperatures to the minima consistent with viable operation, throughout 

liquid metal processing. 
I Replace all furnace degassing with in-line degassing systems. 
iii. In homogenisation heat-treatments, raise the temperature of ingots or other 

metal products to the final temperature as quickly as possible to minimise 

the time spent at in the temperature range 500 to 550 *C, where the metal is 

most vulnerable to hydrogen absorption. 
iv. Use gas or oil with low sulphur content for firing heat-treatment furnaces 

and remove all traces of sulphonated lubricants and coolants from the metal 

charge before loading it. Monitor heat-treatment furnace atmospheres for 

traces of sulphur and eliminate if present. 

v. Consider whether chloride in marine atmospheres is damaging in practice. 

10.3 Suggestions For Further Work 

1. An extended programme of hydrogen content measurements throughout liquid 

metal processing in different seasons to assess the influence -of ambient 

temperatures and humidities. 

2. Surveys of hydrogen content across the sections of ingots (i) withdrawn from an 

industrial furnace at various temperatures in the range 550 to 590 T (ii) heated to 

the same withdrawal temperature but at different rates. This information will allow 

the thermal cycles to be optimised, to benefit from surface loss of hydrogen. 

3. Small-scale experimental heat-treatments to investigate the following: 

L The effect of trace quantities of sulphur on hydrogen absorption. 
I The effect of magnesium content on sulphur-induced hydrogen absorption. 

iii. The detailed effects of chloride in the atmosphere on hydrogen absorption. 
iv. Greater exploitation of modem surface analysis techniques, e. g. SIMS and 

XPS surface analysis to characterise surface films on aluminium alloys. 
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