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  CHAPTER 1 

   DIRECT-CHILL CASTING: HISTORICAL 
AND INDUSTRIAL PERSPECTIVE    

   1.1     INDUSTRIAL PERSPECTIVE 

 Aluminium is the second most economically important metal after steel, and 
of the approximately 80 million tonnes of aluminium cast every year, we esti-
mate more than half is  direct-chill  ( DC ) cast on hundreds of DC casting 
machines worldwide, representing a multibillion dollar activity. 

 DC casting is also applied to copper, zinc, and magnesium alloys. The 
tonnage of products made by DC casting of these alloys is much smaller than 
aluminium and in the case of magnesium is estimated at less than 20,000 
tonnes per annum (tpa), which is nevertheless critical to producing important 
wrought alloy products such as armour plate and sacrifi cial anodes. 

 Despite the economic importance of DC casting, and although there have 
been a number of reviews  [1–5] , including Eskin ’ s recent book on physical 
metallurgy of DC casting  [6] , there exists no book in English giving a compre-
hensive coverage of the science and technology of DC casting. Two Russian 
monographs published in the former Soviet Union (V.I. Dobatkin,  Direct Chill 
Casting and Casting Properties of Alloys , 1948, and V.I. Livanov et al.,  Direct 
Chill Casting of Aluminium Alloys , 1977) are signifi cant yet outdated resources. 

 The two light metals, aluminium and magnesium, fi t naturally together in a 
book on DC casting technology. 
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 DC castings are produced from either smelter primary metal or secondary 
scrap materials to make intermediate products for either remelting or forming 
(forging, rolling, and extrusion). The quality of DC castings has a direct bearing 
on the yield, productivity, and properties of the fi nal products used in trans-
port, buildings, and many other applications. Operators of DC casting instal-
lations therefore seek to control the quality of the castings, while minimising 
costs, maximising throughput, at the same time producing these products 
safely and with minimal environmental impact. This book is a resource to assist 
in achieving those goals. 

 Aluminium DC casting technology is now relatively standardised and is 
openly practised around the world; however, magnesium DC casting practice 
varies considerably from plant to plant, and the technology tends to be rather 
guarded. With tens of millions of tonnes of aluminium DC cast every year, 
typical capacities for aluminium vertical DC units are around 100,000 tpa. New 
installations are generally highly automated. Since the volume of magnesium 
DC cast is much smaller ( < 20,000 tpa), the DC casting units are on a much 
smaller scale to aluminium. The “boutique” scale, almost hand craft activity 
has precluded extensive investment in large-scale magnesium DC casting tech-
nology and development. While aluminium DC casting has continuously 
evolved as described later in this chapter, the DC casting practice applied to 
magnesium in many cases is exactly as was used in the 1940s, although there 
are some laboratory units with advanced capabilities. 

 The production of primary magnesium in the Americas and Europe has 
declined, while China has become the main primary producer. Consequently, 
the tonnage of magnesium that is DC cast has signifi cantly reduced because 
Western primary producers were in the habit of DC casting large format T-bar 
remelt ingot, while Chinese smelters generally produce small remelt ingots 
cast in shape moulds. In the late 1990s, about 45,000 tonnes of magnesium was 
being DC cast  [7] , much of it remelt product; however, today, there is likely to 
be less than 20,000 tpa DC cast. Magnesium DC casting facilities in the West 
which have been closed include those of DOW, Hydro, and Timminco. US 
Magnesium, Dead Sea Magnesium, and AVISMA in Russia continue to 
produce magnesium T-bar remelt DC product. Meanwhile, Chinese DC casting 
of magnesium is increasing, and there is much interest in new magnesium 
wrought alloys and markets.  

  1.2     HISTORICAL DEVELOPMENT 

 Ingots of metal have been produced in shape casting moulds since antiquity. 
More recently in the twentieth century, ingots from aluminium and magne-
sium for subsequent deformation were also produced commercially by casting 
in permanent moulds. Although the demand for wide sheets and large extru-
sions was increasing since the 1920s due to the development of all-metal air-
crafts, as late as in the 1930s and in some aluminium-producing companies up 
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to the 1950s, aluminium fl at-shaped ingots and large, round billets were cast 
in permanent moulds that for the benefi t of the quality and soundness were 
designed as tipping moulds, water-dipped moulds, or moulds with walls built 
up while pouring progressed. The desire to make the casting process of light 
alloys continuous was strong and resulted eventually in the development of 
DC casting. 

 The idea of making the casting process more productive through continuity 
can be attributed to J. Laing (USA) who in 1843 patented and successfully 
tested a machine for horizontal continuous casting of tubes and sheets from 
low-melting metallic alloys  [8] . In this invention Laing proposed feeding the 
liquid metal from a vertical reservoir through a trough to a preheated hori-
zontal mould with an inserted mandrel that rotated around its axis to prevent 
sticking to the casting. The tube was cooled at the exit from the mould. 

 Further development of the idea of continuous casting is ascribed to Henry 
Bessemer (UK) who in 1857 suggested and patented a device that would be 
nowadays called a twin-roll caster  [9] . In this device, liquid steel was poured 
between two water-cooled drums, and the resultant thin solid sheet was 
extracted through curved guide plates where the sheet was continuously cut 
to measure, and further extracted through spring-loaded rolls as shown in 
Figure  1.1 . Although it has been successfully tested, the device has not been 

  Figure 1.1.         A scheme of Bessemer ’ s continuous casting machine. 
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used in production. As Sir Bessemer rightly put in his speech delivered to the 
Autumn Meeting of the Iron and Steel institute in 1891, “ . . .  Some inventions, 
which appear worthy of trial, are never put to any practical test, through 
having appeared at a time when the state of the particular manufacture to 
which they apply was not so far advanced as to render the proposal feasible 
with the then existing state of knowledge, although at a later period, and a 
more advanced state of the arts, they would at once have been adopted”  [10] . 

  It took more than 100 years for the continuous casting of steel to become 
a mass production technology, but then with a different design, and more than 
that for the twin-roll casting to be applied to light alloys on the industrial scale. 

 The next step was made by B. Atha (USA) in 1886. He suggested casting 
molten steel into a high, water-cooled, bottomless mould and extracting the 
resultant billet with withdrawal rolls  [11] . This method was used for semi-
commercial production of steel bars 100  ×  100 mm in cross section in the 
beginning of the twentieth century, but did not make it to mass production. 

 A similar technique was developed by Siegfried Junghans (Germany) in the 
1930s  [12] . This machine was initially used at Wieland-Werke in Germany for 
casting brass  [13] . The mould consisted of a copper tube open at both sides 
and surrounded by a water jacket. The melt was fed into the mould from the 
top, and the solidifi ed part was withdrawn by rolls from the bottom. By a 
special system, the melt feeding was adjusted to the withdrawal speed in such 
a way that the melt level was maintained constant in the mould. This was 
important part of the technology and a vivid example that the continuous 
casting process offers an advantage of automation and control. The mould was 
lubricated and given an up-and-down oscillating movement to prevent sticking 
of the solid metal to the mould walls (the feature that was eventually adopted 
for the continuous casting of steel). Flying saws were positioned in the pit 
below the installation for continuous cutting of the billet into required lengths. 
Such a scheme had success and was widely used for casting copper and alu-
minium alloys in Germany, the USA, and the USSR. The Junghans process 
was applied to magnesium from 1937 onward  [14]  to cast 200-mm diameter 
extrusion billets and slabs up to 600  ×  100 mm. 

 Figure  1.2  depicts the Junghans method of continuous casting. Later on, 
Junghans added water spraying directly on the billet and made many innova-
tions regarding the proper melt feeding and distribution system. Dobatkin  [15]  
mentions that the maximum casting speed achieved for aluminium alloys with 
the Junghans machine was 300 mm/min for relatively small rods. 

  As compared with the permanent-mould casting used before, the Junghans 
method gave the following advantages  [16] :

   •    truly continuous process with possibility of advanced automation that 
allowed increased productivity with less manpower; 

  •    reproducible casting regimes that allowed reproducible quality of billets; 
  •    better feeding of the central portions of billets with correspondingly 

increased soundness of billets; 
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  •    more uniform structure across the billet; 
  •    better removal of gases during casting through the liquid portion of the 

billet; 
  •    less scrapped material.   

 At the same time, this method did not solve all problems of permanent-
mould casting, mainly due to the heat extraction being predominant through 
the walls of the mould  [16] . As a result, the sump of the billet was deep, the 
solidifi ed shell was subjected to high thermal gradients, and the air-gap forma-
tion required the maintenance of low casting speeds or, in other words, longer 
solidifi cation times. Larger billets (300–500 mm in diameter) were character-
ised with inhomogeneous structure and chemical composition (macrosegrega-
tion). The long moulds that were necessary for proper cooling called for very 
fi ne fi nish of the internal surface. 

  Figure 1.2.         A diagram of Junghans ’  method of continuous casting. (Reproduced with 
kind permission of Taylor & Francis/CRC Press.) 
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 In order to eliminate these shortcomings, it was necessary to develop a 
technology where the heat would be extracted predominantly through the 
solid part of the casting. As a result, the sump of the casting would be shal-
lower and the solidifi cation profi le would be fl atter. The macrosegregation, 
structure inhomogeneity, and radial stresses would be much less pronounced. 
These needs were met with a new casting technology developed almost 
simultaneously and independently in Germany and the USA. The technol-
ogy was given a German name “Wasserguß” or “water-casting”, and was 
later called “direct-chill casting” or DC casting. As initially invented, the 
process is the vertical direct-chill casting or VDC, as opposed to horizontal 
direct-chill (HDC) invented subsequently. The priority here could not be 
established without reasonable doubt. What is known are names of the 
inventors and the companies where their inventions have been commer-
cialised and used on an industrial scale. Berthold Zunckel (1935)  [17] , Walter 
Roth (1936)  [18] , and William T. Ennor (1938)  [19]  fi led and subsequently 
received patents on the technology of casting that had the following common 
features. Melt was poured from the top in an open, relatively short water-
cooled mould, which in the beginning was closed from the bottom by a 
dummy block connected with a hydraulic or mechanical lowering system. 
After the melt level in the mould reached a certain level, the ram was 
lowered and the solid part of the billet or the ingots was extracted down-
wards. The melt fl ow rate and the casting speed were adjusted in such a way 
that the melt level in the mould remained constant. As soon as the solid 
shell emerged from the bottom part of the mould, water was applied to the 
surface in a form of spray or water fi lm. Cooling of the solid billet (or ingot) 
was further intensifi ed by lowering it into a pit fi lled with water (which also 
made the process safer, as liquid metal, in the case of a bleed-out, was 
rapidly cooled in a large amount of water). The process was semi-continuous. 
As soon as the ram reached its lowest position in the pit, the casting was 
stopped, and the billet (or ingot) was removed from the pit. Figure  1.3 a–c 
shows schematic drawings of these three inventions, obviously demonstrat-
ing that the principal similarities are more important than differences. The 
new casting technology gave fl exibility in casting applications. Immediately, 
trials were started with round, rectangular, and hollow billets. In addition, 
multiple casting was possible with several moulds positioned on a single 
casting table. 

  The DC casting inventions were commercialised in Germany at Vereinigte 
Leichtmetall-Werke since 1936  [13]  and in the USA at Alcoa since 1934  [20] . 
DC casting of magnesium soon followed aluminium in the 1940s at Alcoa in 
the USA  [14] , the Magnesium Elektron Ltd in the UK in 1944  [21] , and at the 
Vereinigte Leichtmetall-Werke in Germany  [22] . One can notice that the 
water cooling or direct chill in these fi rst patents was done either by dipping 
the billet directly into the water bath or by spraying water onto the surface 
using separate sprinklers located along the billet length. But already in 1937, 
Roth suggested to use openings in the lower part of the water-cooled mould 
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  Figure 1.3.                    DC casting methods patented by Zunkel (a), Roth (b), and Ennor (c), and 
a scheme of a working DC casting machine used in the 1940s (d)  [15] . (Reproduced 
with kind permission of Taylor & Francis/CRC Press.) 
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for spraying the coolant onto the billet surface  [23] . Roth, Patterson, and 
Kondic were also among the fi rst to publish scientifi c papers based on the 
extensive research of a new technology  [24–28] . In 1939, the USSR started 
extensive works on the development and use of DC casting of aluminium 
alloys, building up mainly on the German inventions (Figure  1.3 d)  [15] . This 
rapid advance could be facilitated by tight economical links between the 
USSR and Germany, with many Russian and German engineers visiting each 
other, exchanging ideas and technologies. Well-known names in the Russian 
DC casting are S.M. Voronov, V.A. Livanov, R.I. Barbanel, and V.I. Dobatkin. 
Extensive reports on the Russian experience in DC casting as well as on the 
physical metallurgy of the process were published immediately after World 
War II  [15, 16, 29] . Roth, Livanov, and Dobatkin recognised the important role 
of heat transfer, thermal contraction, and the dimensions of the semi-solid 
region in the billet, and made the fi rst attempts to explain the formation of 
hot and cold cracks, macrosegregation, and the homogeneity of structure and 
properties distribution. We will consider these phenomena in Chapter  5 . 

 DC casting of aluminium alloys was born and presents a vivid example of 
a technology that appeared just in time to serve the needs of the industry. The 
industry that demanded large blocks of aluminium for rolling and forging at 
this time was aircraft building. 

 In the period from 1924 to 1939, the average weight of an aluminium fl at 
ingot cast in a permanent mould increased from 20 to 500 kg  [30] . Most of 
bulk ingots and billets by the mid-1930s were made by permanent-mould 
casting, while the increased volume and cross section exponentially deterio-
rated the structure and properties of the cast metal. DC casting offered an 
answer to these demands, solving successfully and simultaneously two prob-
lems: control of solidifi cation and production of large ingots and billets. In the 
1950s, the weight of the DC cast ingot exceeded 3 tonnes and nowadays has 
reached 15–16 tonnes  [31] . 

 Let us here defi ne the terms “billet” and “ingot” that are adopted in industry 
and in research literature. Billets are castings that are round in cross section 
and are mostly used for further extrusion. Large billets are also used for 
forging. Ingots are rectangular in cross section, with one side usually much 
longer than the other. Ingots are also called “slabs”, “blocks”, or “rolling ingot” 
and are for further rolling. In this case, the wider face of the ingot is called 
“rolling face”. 

 DC casting has a unique feature that makes it very distinct from previously 
used casting techniques. The solidifi cation occurs in a narrow layer of the 
casting inside and below the mould. During the steady-state stage of casting, 
the shape and the dimensions of this region remains constant and reproducible 
from one heat to another. By controlling the melt distribution during feeding 
the mould, cooling conditions inside the mould, direct cooling below the 
mould, and the casting speed, the shape and dimensions of the solidifi cation 
region can be maintained within the optimum limits. As these shape and 
dimensions determine the thermal gradient and are responsible for cracking, 
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macrosegregation, and structure homogeneity, the occurrence of these defects 
can also be controlled (see more in Chapters  5  and  6 ). 

 Extensive research performed in tight connection with industrial DC casting 
produced outstanding results. By the end of World War II all high-strength 
aluminium alloys in the USA and the USSR were cast by this new 
technique. 

 The comparison of DC casting and Junghans ’  method showed the following 
advantages of the former  [16] :

   •    considerably reduced centreline segregation; 
  •    increased density of the central portion of a billet; 
  •    fi ner and more homogeneous structure with correspondingly improved 

mechanical properties; 
  •    better surface quality; 
  •    lower operation costs.   

 The fi rst three features are attributed to the shallower sump and fl atter 
solidifi cation front. It was shown that for the same casting speed and billet 
diameter, the sump depth would be four times larger for the Junghans ’  method 
than upon DC casting  [16] . Therefore, using the scaling rules, one can say that 
the billet with the same sump depth can be cast four times faster by DC casting 
than by Junghans ’  technique. The DC cast billet would also have four times 
higher solidifi cation rate and hence better structure and properties  [15] . 

 The great and obvious success of DC casting triggered a torrent of inven-
tions directed on the improvement of the technology. Some of these inventions 
were short-lived, some were minor. But some became very successful. A more 
detailed insight into the mould design and considerations will be given in 
Chapter  6 . In this chapter, we will only briefl y summarise some of the impor-
tant milestones. 

 One of the important problems to be tackled was the melt level in the 
mould and the height of the mould itself. Initially, moulds were quite high to 
assure that the bottom of the sump will be confi ned within the mould. Later 
it was found that it was not necessary and that the thickness of the solid shell 
should just be suffi cient to hold the liquid contents. However, the melt level 
inside the mould should have been maintained carefully in order to assure that 
on the one hand, the solid shell of required thickness is formed, and on the 
other hand, the extent of the solid shell within the mould is not too long to 
prevent the uncontrolled air-gap formation and too high a thermal gradient 
(Figure  1.4 a, b). The necessity to maintain low melt level in the mould became 
more and more a notorious problem, as the cross sections of billet and ingots 
became larger and larger. But there was no way out – the level should be 
maintained low in order to avoid large thermal stresses, wide transition region, 
and large zone of air gap within the mould. 
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  Gunther E. Moritz, working for Reynolds Metals, suggested in 1958 to solve 
the problem of the low melt level by simply isolating the upper part of the 
mould with a heat-insulating material  [32] . The effective mould length (similar 
to the former melt level) could be controlled by the sizes of this insert. As a 
result, the effective mould length (the distance between the lower edge of the 
refractory insert and the lower edge of the water-cooled mould) or the effec-
tive melt level decreased, while the real melt level could be maintained as high 
as was suitable for the casting control. Figure  1.5 a shows the schematic of this 
invention. As the next step, Moritz suggested to make the heat-insulating 
insert composite with an internal graphite ring for better surface quality  [33] . 
This was the beginning of the “hot-top” era in DC casting. Later, the refractory 
part extended out of the mould and became a part of the top melt container, 
hence the name “hot top”, connected to the feeding system as patented by 

  Figure 1.4.         Shape of the sump, transition region (grey zone), and isolines of cooling 
rates (K/min) upon casting in the normal mould with low (a) and high (b) melt levels 
and upon casting in the electromagnetic mould (c)  [46] . (Reproduced with kind permis-
sion of Taylor & Francis/CRC Press.) 
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  Figure 1.5.                    Development of DC casting moulds in the 1960s–1990s: (a) refractory 
insert; (b) hot top; (c) dual-jet mould; and (d) electromagnetic casting. (Reproduced 
with kind permission of Taylor & Francis/CRC Press.) 

A.G. Furness and J.D. Harvey of British Aluminium in 1973  [34]  (Figure  1.5 b). 
The introduction of the hot-top mould was an important step that won much 
popularity and spread through casting houses around the world in the 1970s. 
Essentially, hot-top moulds are the main means of vertical casting of extrusion 
billets where the technology is also known as level-pour casting as the melt 
is fed to several moulds through the joint feeding system that includes the 
launder and hot tops with the same melt level. Because of the large deforma-
tions of the rectangular ingots at the start of casting where the short ends lift 
up (butt curl), it is not possible to have an overhanging refractory hot top else 
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the ingot pushes up into the refractory and destroys it. Refractory paper-lined 
slab moulds are, however, used for some alloys. 

  The control of heat transfer in the mould and of the meniscus position 
below the hot top was substantially advanced by constant feeding of gas into 
the mould. This process was invented by Ryota Mitamura and Tadanao Itoh 
at Showa Denko in Japan (1977)  [35] . The air and oil in the Showa design are 
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fed into the mould through channels beneath the refractory hot top. This 
mould technology was further developed by a number of companies (see 
Section  6.2 ). The most widely used version is that developed in 1983 by Wag-
staff Engineering as the “AirSlip®” mould where the gas and lubricant are 
supplied to the inner surface of the mould through a fi ne-porous graphite ring 
 [36] . The main improvement of these gas-pressurised moulds was in the surface 
quality and increased casting speed. Many other variants of these moulds with 
different arrangements for introducing the gas and lubricant followed. Exam-
ples of these include

   1.    VAW ’ s AirGlide moulds where the reduced amount of gas and oil was 
fed in the meniscus region through peripheral radial channels and a 
graphite insert was positioned below the outlets; 

  2.    Hydro Aluminium ’ s Hycast moulds, also using a graphite ring but with 
the air delivered in the upper portion and the lubricant in the lower 
portion; 

  3.    injection of the gas through porous refractory  [37] ; 
  4.    injection of gas and oil through a porous sintered bronze disk  [38] .   

 The next problem to be solved was the formation of the air gap, when the 
solidifi ed shell contracts away from the mould, effectively decreasing the heat 
transfer. An area of a coarser structure was formed inside the casting at some 
distance from the surface because of the lower cooling rate at which the billet 
was solidifi ed while travelling from the point of the air-gap formation to the 
point of water impingement below the mould. Moreover, the slowed-down 
cooling in this area might cause failure (even remelting) of the thin shell, 
resulting in bleed-out. The use of gas-pressurised moulds partially solved the 
problem, taking the initial point of contact against the mould (the base of the 
meniscus) down, into the infl uence of the water spray cooling that extends up 
into the mould. An elaborated attempt to overcome the air-gap problem and 
to control the cooling in the start-up stage of the casting was the invention of 
a so-called dual-jet mould by Wagstaff Engineering (1994)  [39] . In this mould 
design, two water jets exited the mould and hit the billet surface at two dif-
ferent angles, 22° and 45°, as shown in Figure  1.5 c. The region of slower cooling 
was thus considerably shortened. Wagstaff Engineering also produced a com-
bination of air-slip and dual-jet moulds. 

 It is worth noting here that the whole system of establishing the correct 
mould length and balancing the cooling distance, air gap, mould wall heat fl ow, 
and meniscus size is under development and has yet to receive full confi rma-
tion in the industry. At the moment, the commercial technologies are using 
some of the elements of this system, sometimes on the intuitive level with 
empirical feedback. See more on the mould design in Chapter  6 . 

 DC casting offers fl exibility in mould design and in control of solidifi cation 
conditions. So-called clad-ingot or composite-ingot casting is a good example 
of that. Although the idea is not new (fi rst trials with aluminium were in 1972 
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 [40] ) and there have been a number of patents describing the casting of a 
layered ingot composed from different alloys  [41] , the industrial-scale technol-
ogy has been developed only recently (2004) and is already commercialised 
by Novelis as “Fusi ∞ n™” casting  [42] . In this technology an open ended, water-
cooled mould has a divider wall with a separate cooling system, dividing a feed 
end of the mould into at least two separate feed chambers. During casting, 
different alloys are fed through separated launders into different but adjacent 
chambers. A self-supporting surface is generated on the surface of the core 
alloy, and the second alloy gets in contact with the solid shell of the core alloy 
and solidifi es, forming a continuous bond  [43] . 

 Another example of technology fl exibility was the so-called electromag-
netic casting or mould-less casting. It is obvious that the idea of DC casting 
included the mould with primary cooling of the melt where the solid shell was 
formed and the secondary, direct cooling of this shell with water outside the 
mould. The existence of the mould created some diffi culties: premature solidi-
fi cation with potential hanging of the billet or ingot, freezing of liquid meniscus 
and formation of banded surface with cold shuts, formation of air gap and 
corresponding change of solidifi cation conditions, requirements for lubrica-
tion, and so on. An engineer, Zinovy N. Getselev, who worked at Kuibyshev 
(Samara) Aluminium Works in the USSR in the late 1960s came up with an 
idea to abandon the mould altogether. The molten metal was shaped and held 
in the required position by an alternating electromagnetic fi eld that induced 
electromotive forces and eddy currents in the melt. The interaction between 
these eddy currents with the external magnetic fi eld created electrodynamic 
forces that compressed the melt and balanced the metallostatic head pressure, 
thus levitating the melt. The cooling water was applied onto the surface of this 
moulded melt, and the solidifi ed part was withdrawn downwards as in normal 
DC casting  [44, 45] . Start-up was, however, diffi cult and required very accurate 
maintenance of several parameters such as the pouring rate, water fl ow rate 
and composition, initial casting speed, and strength of the magnetic fi eld. 
Figure  1.5 d depicts the principle of the proposed method. The most important 
features of this method of casting are the absence of the air gap between zones 
of primary (mould) and secondary (submould) cooling typical of traditional 
DC casting, and stirring of the melt in the sump by electromagnetic forces. 
This technology and its variations were patented in most industrialised coun-
tries between 1969 and 1977. The advantages of  electromagnetic casting  
( EMC ) include very good surface that requires almost no scalping, less mac-
rosegregation due to the melt stirring during casting, and more uniform and 
generally fi ner structure  [46] . The sump during electromagnetic casting is shal-
lower, and the thermal gradients are less (Figure  1.4 c). The disadvantage of 
this method that limits its wider application is the relative complexity and high 
capital cost of the casting machine. Technology royalties were also a barrier 
to the adoption of the technology. 

 The VDC that we have talked about is not a true continuous casting process 
as the length of the billet or ingot is limited by the depth of the pit and is 
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usually between 4 and 10 m. Fully continuous VDC casting can be achieved 
with rolls supporting the product and a fl ying saw below the mould cutting the 
ingots to the desired length. DOW pioneered this approach for magnesium 
casting at Madison, Illinois (USA). This process was used for aluminium but 
not so nowadays, though it continues to be used for magnesium and copper 
today. 

 For aluminium and, potentially, magnesium, another casting scheme seems 
to be more promising: horizontal, or with the bend so that the strand coming 
out of the vertical mould is bent to the horizontal position (as it happens in 
the continuous casting of steel). Actually, the fi rst inventions of Laing and 
Bessemer were horizontal continuous casting set-ups. HDC casting with a 
fl ying saw was developed in France and in the USA during the 1960s  [41]  and 
was subsequently adopted for small aluminium alloy remelt ingot, small-
diameter forging stock, rolling slab, 10  ×  1000-mm strip, T-bar, and extrusion 
billet production. Attempts to apply HDC casting to magnesium include 
efforts of DOW, Hydro, and AMC, but these have been fraught with technical 
diffi culties  [47] . As yet, HDC casting has not been commercially applied to 
magnesium but continues to be investigated  [48] . 

 The scheme of the HDC process is shown in Figure  1.6 a (a version used for 
Mg casting at CSIRO, Brisbane). Within this technological approach, long 
billet and ingots can be cast without interruption. Flying saws or shear cutters 
can be used to cut the ingot to measure. Continuous operation allows for more 
complete automation and better control of the casting parameters. In addition, 
there is no need for expensive deep casting pits and hydraulic rams, and so on. 
This technological scheme also can use an analogue of hot top. In this case, 
the insulating partition is inserted between the pouring reservoir and the 
mould. This partition has two roles. First, it provides the control of the melt 
fl ow, and second, it seals the set-up against melt leakage. 

  Because the casting axis is at right angles to gravity in HDC casting, the 
natural convection driven fl ows in the melt are not symmetrical about the 
casting axis as they are in VDC casting. To offset this effect, the mould inlet 
is positioned in the lower half of the mould. We discuss this issue in more detail 
in Chapter  6 . 

 HDC casters are generally run at higher casting speeds than VDC casters. 
However, despite being fully continuous, the lower number of strands cast at 
any one time results in a lower annual capacity than VDC casting. Typical 
capacities are around 20,000–40,000 tpa for an HDC caster (depending on the 
product size and number of strands), whereas a modern VDC caster capacity 
is around 100,000 tpa. On the positive side, the capital cost per tonne of an 
HDC unit is less. See Table  9.2  in Chapter  9  for economical comparison 
between VDC and HDC. 

 Other schemes of continuous casting are used for more specifi c products, 
most notably for thin sheets and rods. Let us consider them briefl y. 

 Wire is diffi cult to produce from DC castings and alternate processes must 
be used. During World War II, aluminium wire for fasteners was mass 



HISTORICAL DEVELOPMENT  17

(a)

Pressure roll

Tundish

Cover gas

Molten metal

Oil

Billet

ConveyorMould

Water run-off

Water pit

Casting direction

Water

Flying saw

Cast strip

or rod

MeltSteel belt

Water
cooling

Casting

wheel

(b)

  Figure 1.6.                    Continuous casting methods: (a) horizontal direct-chill casting; (b) Properzi 
wheel and band casting; (c) Hazelett twin-band casting; and (d) twin-roll casting. 

produced in the USSR by the method of horizontal continuous mould-less 
casting suggested by V.G. Golovkin. In this method, the aluminium melt was 
squeezed by metallostatic pressure from the holding furnace through a side, 
calibrated opening. The round-shaped exudate was immediately sprayed with 
water and withdrawn by rolls in the horizontal direction and then coiled. Wire 
up to 9 mm in diameter was produced at a speed of up to 36 m/h  [49] . 

 One of quite popular schemes for production of thin rods and wires is the 
Properzi casting machine developed by Ilario Properzi of S.p.A. Continuus of 
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Milan in the late 1940s  [41, 50, 51] . The precursors of the Properzi technology 
were strip and slab casting machines invented by Lyman (1882) and Daniels 
(1886)  [50] . Since the 1950s, this method became standard for casting copper 
and aluminium electric conductor wire. The casting scheme is wheel-and-belt, 
where the melt is poured in the opening between the rotating copper wheel 
with the groove of the rod/wire shape and the steel band wrapped over the 
periphery of the wheel, which is water-sprayed from the outside (Figure  1.6 b). 
The wheel can be also water-cooled. The solidifi ed rod/wire is extracted con-
tinuously and coiled. In this setting, the mould is virtually moving with the 
casting, avoiding friction problems. The technology is used mostly for pure or 
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Melt from holding furnace

Tundish

Belt cooling

Back-up rolls

Cast strip

(c)

Nozzle

Launder

Melt from holding furnace

Tundish

Water-cooled

roll

Cast strip

(d)

Figure 1.6. (Continued)



HISTORICAL DEVELOPMENT  19

low-alloyed metals. Nowadays, 85% of aluminium wire is produced by Properzi-
type technology. 

 More recently, the Properzi continuous casting method became useful for 
production of master alloy rods such as AlTiB and AlTiC, where the casting 
step was followed by Conform or other extrusion stage. There is a modifi cation 
of the Properzi method for casting narrow sheets; it is called the Rigamonti 
method. It is used for producing strips up to 500  ×  20 mm in cross section that 
are then stamped to make aerosol containers, cans, and tubes  [52] . 

 The Hazelett twin-belt caster is a representative of a family of continuous 
casting machines for production of thin sheets and strips which are an alterna-
tive to DC casting slabs and rolling them. Clarence W. Hazelett has suggested 
a series of designs between 1948 and 1956  [53] . The main principle is that a 
metallic sheet is solidifi ed between two wide, continuously moving steel bands 
that are water-cooled from inside (Figure  1.6 c). The bands are made of steel. 
An alternate confi guration developed by Alusuisse used articulated copper 
blocks. The edges of the sheet are formed by dams at the edges of the bands. 
Sheets up to 2000 mm wide can be produced continuously. At the beginning, 
the choice of alloys was limited to low-alloyed aluminium. Later with the 
development of better feeding and cooling control (especially though use of 
helium), the casting of medium-strength alloys became possible as well. Gen-
erally, the material coming from a Hazelett caster is too thick to coil, and the 
most useful confi guration is best achieved when the sheet passes through a 
hot-rolling mill immediately after casting. 

 The idea of Bessemer to use a combination of a casting machine and a 
rolling mill to produce a strip or sheet was quite fruitful and resulted in a 
number of successful attempts to introduce this technology into industrial 
practice  [54, 55] . The machine of Hunter (1957) eventually became a prototype 
for modern twin-rolled casters. The principal innovation was the withdrawal 
of the solidifying sheet upwards from the liquid pool instead of downward  [9]  
or sideward  [54] . The basic incentive for the development of the twin-toll 
casting was minimising the need for further rolling. The cast strip fi rst rises 
vertically upward from the rolls and is then bent in a smooth curve to pass in 
a horizontal direction into the straightener and eventually to the coiler. The 
main challenge is to maintain the balance between metal throughput, speed 
of rolls, and the effi ciency of heat removal. This problem was solved by the 
design of a special melt distributor that narrows the incoming melt stream 
almost to the size of the “roll bite” and helps to reduce the solidifi cation time. 
The melt temperature should be maintained close to the liquidus. The maximum 
thickness of aluminium strip produced by the original Hunter twin-roll caster 
was limited to 6.5 mm  [50] . In the late 1970s, Hunter introduced a much more 
robust machine (“SuperCaster”) which offered an increase in productivity and 
was capable of casting a wider range of alloys at sheet widths up to 2.0 m. 
Twin-roll casting is nowadays the main means to produce continuously cast 
thin sheets from aluminium alloys, which can then be cold-rolled to thinner 
sheets or foil  [31] . 
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 The upward melt feeding of the original Hunter design is currently replaced 
by horizontal feeding, especially for the production of wide aluminium sheets 
1000–2000 mm wide and with the thickness down to 2 mm (Figure  1.6 d). Alu-
suisse and Pechiney made such machines. The casting speed usually depends 
on the alloy, between 1 and 5 m/min. These casters are most suitable for alloys 
with a narrow solidifi cation range, for example 1000, 3000, and 5000 series 
(with up to 2.5% Mg content). When casting more concentrated alloys, the 
casting rate must be signifi cantly reduced, leading to an uneconomic produc-
tivity  [52] . Modern twin-roll casters, known as Jumbo 3C, are capable of casting 
wide sheets more than 2000 mm wide and down to 2 mm thick. Such casters 
give an advantage of rapid solidifi cation – less than 3 seconds for a strip of 
10-mm thickness  [52] . To use the full benefi t of this advantage, the shape and 
size of the nozzle are designed to ensure a regular, turbulence-free molten 
metal supply. A modern twin-roll caster features a tilting melting/holding 
furnace; a molten metal feed system including a motorised support table, a 
tundish, and a preset-up nozzle kit; and an automatic level control system in 
the tundish and nozzle. 

 The cooling rates in a twin-roll caster are signifi cantly higher than those of 
DC casting, 10 2 –10 3  K/s versus 1–10 K/s, which are benefi cial for the resultant 
microstructure and extend the solubility limit of some alloying elements. On 
the other hand, the deformation of semi-solid material and high thermal gra-
dients cause problems with macrosegregation and oriented grain growth. The 
primary markets for continuously cast sheet are construction, household foil, 
and can stock. The advantages for the fl at-product industry include elimination 
of the DC casting stage, scalping, breakdown rolling, and general lowering of 
capital costs. Its application to magnesium alloys is also promising  [56] . Start-
ing from the early 1980s (Dow Chemical), the technology of twin-roll casting 
of magnesium is going from R&D to pilot and semi-commercial scale, and 
full-scale production seems likely soon. Recently, several Mg twin-roll caster 
research programmes have been under development in different countries 
(Posco, Korea; GKSS-HZG, Germany; CSIRO, Australia; and Canmet, 
Canada). The developments have resulted in the successful production of full-
size 1.5-m wide coils of magnesium sheet in 2009  [57]  and 2-m wide sheets in 
2011  [58] . 

 Continuous casting offers obvious advantages as compared to semi-
continuous DC casting followed by deformation  [52] . The processing costs are 
only a third to a half as high, operating and investment costs are only a quarter 
to a third as high, and there are smaller space and labour requirements. Less 
energy is required because it is no longer necessary to preheat the ingot before 
hot rolling. The productivity is 15–20% higher; the material consumption is 
1.5–2% lower. Some typical characteristics of the different techniques of con-
tinuous casting are shown in Table  1.1 . Obviously, the DC casting does not 
have an alternative when it comes to producing large-scale billets and ingots 
for subsequent deformation from all kind of alloys. The methods of continuous 
casting are more specialised and limited to low- and medium-strength alloys. 



 TA
B

L
E

 1
.1

.    
   Ty

pi
ca

l F
ea

tu
re

s 
of

 D
if

fe
re

nt
 (

Se
m

i-
)C

on
ti

nu
ou

s 
C

as
ti

ng
 P

ro
ce

ss
es

 

P
ro

ce
ss

C
oo

lin
g 

R
at

e 
(K

/s
)

C
as

ti
ng

 S
pe

ed
 

(m
m

/m
in

)
P

ro
du

ct
D

im
en

si
on

s 
of

 C
as

ti
ng

A
llo

y 
Se

le
ct

io
n

D
ir

ec
t-

ch
ill

 
ca

st
in

g

0.
5–

20
U

p 
to

 2
00

R
ou

nd
 a

nd
 h

ol
lo

w
 

bi
lle

ts
, fl

 a
t 

in
go

ts
M

ax
. d

ia
m

et
er

 1
20

0 
m

m
, m

ax
 

cr
os

s-
se

ct
io

n 
24

00
  ×

  1
00

0 
m

m
, 

le
ng

th
 4

00
0–

10
,0

00
 m

m

A
ll 

al
lo

ys

P
ro

pe
rz

i
0.

5–
15

22
,0

00
R

od
 a

nd
 w

ir
e 

of
 

di
ff

er
en

t 
cr

os
s-

se
ct

io
n 

ge
om

et
ry

M
ax

 c
ro

ss
-s

ec
ti

on
 5

00
0 

m
m

 2  , 
ty

pi
ca

l 1
2 

m
m

 d
ia

m
et

er
A

l, 
A

l ─
 M

n,
 A

l ─
 M

g ─
 Si

, 
A

l ─
 T

i ─
 B

, A
l ─

 Fe
, A

l ─
 Z

r, 
A

l ─
 C

u ─
 M

g
R

ig
am

on
ti

–
U

p 
to

 1
4,

00
0

Sh
ee

t
T

hi
ck

ne
ss

 2
0 

m
m

; w
id

th
 5

00
 m

m
H

az
el

et
t

U
p 

to
 1

00
U

p 
to

 9
00

0
St

ri
p 

an
d 

sh
ee

t
T

hi
ck

ne
ss

 1
5–

25
 m

m
; m

ax
 w

id
th

 
20

00
 m

m
A

l, 
A

l ─
 M

n;
 A

l ─
 M

g 
(l

es
s 

th
an

 
4.

5%
 M

g)
, A

l ─
 M

g ─
 Si

, 
so

m
e 

A
l ─

 C
u ─

 M
g

Tw
in

-r
ol

l 
ca

st
in

g
20

0–
10

00
U

p 
to

 3
8,

00
0

Sh
ee

t, 
st

ri
p,

 f
oi

l
T

hi
ck

ne
ss

 0
.6

35
–1

0 
m

m
, w

id
th

 
60

0–
2,

13
4

A
l, 

A
l ─

 M
n,

 A
l ─

 M
g

21



22  DIRECT-CHILL CASTING: HISTORICAL AND INDUSTRIAL PERSPECTIVE

  Yet another alternative to DC casting for remelt ingot production is the 
recently developed track and belt system of Properzi. Articulated, copper 
blocks circulate on a track with the liquid metal being fed at one end, a water-
cooled belt applied on the top, and the bar withdrawn at the other end  [59] . 

 Two more methods of continuous casting should be mentioned, though they 
are not very common. The fi rst is the Ohno continuous casting which is used 
for unidirectional solidifi cation of copper, silver, bismuth, aluminium, and 
other alloys. The listed benefi ts are clean surface, near-net shape casting con-
fi guration, lesser porosity, and in some cases, single-crystalline casting  [60] . The 
concept is quite original and has been suggested by Atsumi Ohno in the 1970s 
and formalised later in his paper  [61] . The mould is heated to a temperature 
above the liquidus of the cast alloy in order to prevent solidifi cation on mould 
walls. The melt is cooled directly at the exit from the mould, and the semi-solid 
material is withdrawn from the mould to the cooling area where water is 
sprayed on the surface of the billet (Figure  1.7 a). The zone of mould cooling 
where the shell is formed in the DC casting is therefore absent in the Ohno 
process. Inside the mould, the heat is extracted along the axis of the billet 
rather than in the transversal direction as in the conventional continuous or 
DC casting. Rods and wires of small cross sections (up to 2 mm) can be pro-
duced in vertical or horizontal arrangement  [62] . 

  The other interesting modifi cation of DC casting is upward casting. This 
casting scheme has an obvious advantage of protection of the melt in the 
mould from atmosphere. Several schemes have been suggested with the fol-
lowing common features  [41] : melt is supplied directly from the furnace or 
holding furnace through a closed trough that is attached to the water-cooled 
mould; a substrate or dummy is placed at the top of the mould and solidifi ca-
tion starts onto this substrate; the melt is supplied to the mould at a constant 
rate through either metallostatic pressure from the furnace that is elevated 
above the mould level or by applying external pressure onto the melt surface 
in the furnace (Figure  1.7 b). Secondary water cooling poses a challenge and 
needs to be designed with wipers or special rings that prevent water from 
falling back into the mould  [63] . Some casting schemes do not have secondary 
cooling at all. This approach is used for production of copper rod. The advan-
tages of the upward casting include well-organised melt feeding which requires 
no melt level control and prevents leakage of melt upon bleed-out; easily 
achieved melt protection through use of closed melt delivery system with 
protective atmosphere; and simple security automation by using melt detec-
tion sensor at the exit from the mould  [63, 64] . All these features make the 
upward casting particularly interesting for casting magnesium alloys. 

 Let us now compare the casting of aluminium and magnesium alloys. The 
production of both materials uses basically the same technologies yet with 
some peculiarities dictated by the properties of the base metals. 

 Although the commercial application of magnesium alloys dates back to 
the beginning of the twentieth century, the production level of magnesium is 
much smaller than that of aluminium (less than 0.7 Mt of Mg vs more than 
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  Figure 1.7.              Ohno continuous casting with heated mould (a) and upward direct-chill 
casting (b). 
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25 Mt of Al in 2010  [65] ). On top of that, the total amount of aluminium in 
use is much larger; due to its excellent recyclability, most of aluminium pro-
duced since the beginning of production in 1886 is still in use, which amounts 
to 640 Mt  [66] . Also the commercial demand for magnesium alloys is much 
smaller. Most of magnesium cast products are currently produced by die 
casting. DC casting has been applied to magnesium alloys since its invention. 
A very important contribution of these earlier works was the possibility to 
use water as a coolant agent  [49] . But the natural fear of potential explosion 
upon direct contact of magnesium with water resulted in the prolonged use 
of ingot casting in a submerged mould. From the 1960s, the vertical DC 
casting is used on an industrial scale for production of billets and ingots. 
Today, hot-top and gas-pressurised AirSlip-type moulds are most frequently 
used, though horizontal DC casting and twin-roll casting are being rapidly 
developed. 

 It is a common notion that magnesium alloys freeze faster than aluminium 
alloys due to their lower volumetric specifi c and latent heats. This causes dif-
fi culties when using hot-top moulds due to freezing of metal against the refrac-
tory hot top. Also magnesium alloys frequently have a larger solidifi cation 
range which makes them more prone to segregation, cracking, and other 
casting defects. Table  1.2  lists some of the thermo-physical properties of these 
two base metals as well as the possible consequences for their solidifi cation 
behaviour and casting performance. 

  In summary, magnesium alloys exhibit faster primary solidifi cation, but 
overall longer solidifi cation path with potentially high thermal gradients. 
Oxide fi lm that plays an important role in holding together the liquid bath in 
the upper part of the mould is very weak in magnesium alloys, which may 
trigger bleed-outs, surface cracking, and liquation during casting  [49] . And, 
fi nally, magnesium and its alloys are highly reactive with oxygen and nitrogen, 
which requires special protection of the molten magnesium that can combust 
in air, as well as special safety precautions upon casting in order to prevent 
reaction of molten magnesium with cooling water generating hydrogen, for 
example, in the case of bleed-out. 

 This last but not the least difference with aluminium determines some spe-
cifi c casting schemes that include melting under fl ux, use of silica-free refrac-
tories, closed transport of melt into the mould (e.g. using siphon, mechanical, 
or magnetohydrodynamic pumps), blowing of protective gas mixture (e.g. SF 6  
and CO 2 ) onto the surface of the melt, and special means to prevent interac-
tion of molten magnesium with cooling water (e.g. using special vacuum-
suction systems). 

 All these issues are addressed in Chapters  2 ,  3 ,  5 , and  6 . 
 The history of DC casting invention and progress shows that the engineer-

ing ingenuity always matched the demands of the industry and answered the 
challenge of new products and new materials. Today all aluminium alloys 
for deformation (wrought alloys) are produced by DC and continuous 
casting techniques and supply vital industries such as aerospace, automotive, 
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 TABLE 1.2.       Thermo-Physical Properties of Al and Mg  [67–70]  

Property Al Mg
Consequences for Mg as 

Compared to Al

Thermal conductivity 
at 300°C, W/m K

233 150 Large thermal gradient in a 
casting, slower heat 
removal, but per unit 
volume heat removal rate 
is comparable

Specifi c heat of solid 
at 300°C, J/K kg

1029 1151

Volumetric specifi c 
heat of solid at 
300°C, J/K m 3 

2.72  ×  10 6 1.93  ×  10 6 Easier to cool the same 
volume

Specifi c heat of 
liquid, J/K kg

1300 1357

Volumetric specifi c 
heat of liquid, 
J/K m 3 

3.08  ×  10 6 2.14  ×  10 6 Easier to cool the same 
volume

Solidifi cation range 
of some alloys, K

3004–25 AZ31–25 Larger solidifi cation range 
makes alloys more prone 
to casting defects

5052–43 ZK60–117
6061–70 ZC71–180
2024–138 AZ80–183
7075–140 AZ61–202

Coeffi cient of linear 
thermal expansion, 
K  − 1 

23–24  ×  10  − 6 26  ×  10  − 6 More prone to air-gap 
formation, shape 
distortion

Thermal conductivity 
of liquid, W/m K

91 79 Slower superheat dissipation

Latent heat, J/kg 397  ×  10 3 368  ×  10 3 
Volumetric latent 

heat, J/m 3 
9.4  ×  10 8 5.8  ×  10 8 Faster primary solidifi cation, 

more prone to cold folds
Liquid thermal 

expansion, kg/K m 3 
3.2  ×  10  − 4 2.3  ×  10  − 4 Lesser natural convection

Kinematic viscosity, 
m 2 /s

5.3  ×  10  − 4 7.94  ×  10  − 4 More laminar fl ow

Surface tension, N/m 0.87–1.05 (much 
more when 
oxidised)

0.545–
0.563

Weaker solidifi ed shell, more 
prone to surface cracking

packaging (including beverage cans), construction, and maritime with specifi c 
products made out of specifi c alloys. Magnesium alloys are following suit. 

 In this book, we try to encompass the present and the future of DC casting 
technology for aluminium and magnesium alloys with the emphasis on both 
basics and advances. We have attempted to cover all the activities, and related 
science and technology from raw materials and melt preparation through fi nal 
product (Figure  1.8 ), but the emphasis is on the DC casting process. 
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  Figure 1.8.         Activities, science and technology involved in DC casting. CFF, ceramic 
foam fi lter; RMF, rigid media fi lter; DBF, deep bed fi lter. 
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