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ABSTRACT

In today’s world, High Performance alloys touch all of our lives. When we fly on an airplane, drive an automobile, play 

golf, use utility tools (power or hand tools), in biomedical, we are using these very special alloys.

Vacuum Melting and Remelting is a processing technique with long and established history. Once almost exclusive to 
aerospace industry, these alloys are now finding new markets as engineers strive to improve the quality and 
performance of metals and alloys in countless number of applications. 

The purpose of this paper is  to focus on the best melting practices to take quality alloys to a higher level.

VACUUM  INDUCTION  MELTING

High Performance alloys are those  alloys which are 

exposed to  combination of high stresses, high 

temperature and/or corrosive conditions, where high 

reliability is essential.

These alloys are generally  processed through some kind of 

re-melting, but depending on final use, some alloys  will 

start with air melt(plus ladle/degassing treatment) while 

highest performing materials are melted under vacuum.

Certain alloys containing elements such as chromium, 

nickel, cobalt, molybdenum, etc have strong affinity for 

oxygen. If these alloys are melted in air, the severe 

oxidation reaction that take place not only reduce the yield 

but, more importantly, impair the final properties of the 

cast product due to the volume of oxide particles 

(inclusions) left in the final castings.This is the main 

reason why commercial quantities of these high quality 

alloys are melted and further processed  under vacuum.

One of the most common uses of such materials is in the 

production of nickel, iron and cobalt based super alloy 

components for high temperature service applications. 

The largest market of super alloys is the turbine industry 

for either aerospace or land based turbine engines. From 

primary alloy production through investment casting and 

to the final heat treatment and brazing into an assembly, 

all thermal processing is carried out under vacuum (fig 1 

and 2). 

Figure 1

Figure 2
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While conceptually simple – place a coreless induction 

furnace inside a vacuum chamber – the mechanics of VIM 

furnaces have continually improved through several 

decades as demands for higher productivity and reduced 

maintenance drive furnace design advances.  What 

started as a single vacuum chamber around a furnace in 

the early days has progressed to multi-chamber designs 

featuring separate melt, mould, tundish and material-

charging chambers (Fig.3)

The reduced pressure (vacuum) in the melt chamber is 

used to both refine the molten alloy and also to protect it 

from attack by atmospheric gases:

1. Reactive ingredients (e.g., Ti) can be protected from 

atmospheric attack.  In general, lower pressures 

improve the protective effect.

2. Most chemical reactions that will eliminate 

impurities from metals and alloys are enhanced at 

reduced pressure.

3. Dissolved gases and contaminants with elevated 

vapor pressure can be removed from liquid molten 

metals at low pressures.

These features combine to provide unique advantages 

over the air-melt and ladle-treated materials, including 

excellent control over the complete alloy chemistry – not 

just the alloy composition but also beneficial trace 

elements and harmful impurities.  The reproducibility of 

alloy chemistry within narrow target ranges results in 

highly consistent material properties, even on a heat-to-

heat basis.  Since two of the driving factors behind quality 

control for the aerospace market are repeatability and re-

producibility, both in process and properties, VIM is a key 

component in aerospace high-performance alloys.

Turbine Industry is not the only market where vacuum 

melting is employed. Today vacuum melting and casting 

furnaces are very frequently found providing high quality 

materials for the automotive, biomedical and chemical 

industries.

In most instances the product from primary vacuum 

melting is further processed under vacuum. One such 

application is vacuum precision investment casting for 

production of advanced high quality cast components.

Vacuum Precision Casting 

In general, vacuum precision investment casting furnaces 

(VPCF) fall into two categories depending on the 

metallurgical characteristics of the components that are 

produced.  Specific furnace can be selected  for producing 

either equiaxed or for controlled solidification castings.

Conventional processing produces castings with 

“equiaxed” or randomly oriented grain structures.  In 

such furnaces no special consideration is  given to 

controlling the solidification conditions in the mould.

The simplest design of VPCF, as shown in Fig.4, employs a 

water cooled steel vacuum vessel containing an induction 

coil/crucible assembly and facilities to locate moulds.  An 

access door or lid allows the melt unit to be charged with 

pre-alloyed bars and a pre-heated mould inserted into the 

chamber.  The chamber is then closed and the air 

evacuated by a series of vacuum pumps.  Once evacuated, 

Figure 3

Figure 4
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the charge is melted down and cast into the mould by the 

conventional tilt pouring method.

Today most production VPCFs for equiaxed casting are of 

the semi continuous variety.  In this case the furnace 

consists of two chambers isolated by a large vacuum valve.  

One chamber contains the melting coil and crucible 

assembly and the other is used as a mould loading and 

unloading chamber.

With the melting chamber under vacuum, the two 

chamber design allows a pre-heated ceramic mould to be 

loaded into the mould chamber and the chamber 

evacuated.  The interconnecting valve between the two 

chambers is then opened and the mould transported by 

either hydraulic ram or trolley mechanism into the melt 

chamber – where pouring is carried out immediately.  The 

filled mould can then be retraced into the loading chamber 

and the interconnecting valve closed.  Melting can 

therefore continue uninterrupted in the melting chamber.

In recent years, directionally solidified and single crystal 

castings have become a requirement for turbine 

technology due to their improved mechanical properties 

at very high temperatures in service. Furnaces for 

controlled solidification have additional features 

employed in their design to exert a high level of control 

over the solidification process in the mould.

The moulds are placed on a water cooled plate and a 

cooling zone is also located directly below the heating zone 

in order to create a high thermal gradient for solidification 

of the cast component. Movement of the mould into and 

withdrawal from the mould heating zone is accomplished 

by an electro mechanical or hydraulic drive system which 

is computer controlled to an exact specification.  This level 

of control is essential during withdrawal of the mould 

from the heating zone into the cooling zone in order to 

create the optimum thermal gradient and hence grain 

orientation in the cast product.

Recent developments in land base turbine technology 

have seen the size of both equiaxed and controlled 

solidification furnaces grow considerably.  Five or ten 

years ago the largest furnaces were commonly 50-75 kg 

Furnaces for controlled solidification 

RECENT DEVELOPMENT 

Furnace size

capacity.  Today the demand for very large turbine blades 

have meant that new equiaxed furnaces of 200-500 kg 

capacity and DS/SX furnaces approaching 80-100 kg are 

being requested.

Induction Skull Mmelting (ISM) is a method for melting 

and casting metals in a segmented, water cooled crucible 

under vacuum or controlled atmosphere in an induction 

coil.  By eliminating all ceramic material from the melting 

process, ISM offers a versatile, non contaminating fast 

casting process for an ever increasing variety of 

applications (Fig 5).

Reactive metals such as titanium and zirconium are today 

regularly processed in ISM furnaces.  Titanium 

aluminides are now recognised as a major growth area in 

automotive and aerospace applications and show 

tremendous potential for the future. ISM is the most cost 

effective method for producing titanium aluminide 

castings directly from raw materials or scrap.

ESR was first proposed by Hopkins in the 1930s in the 

U.S., but development was largely carried out in the Soviet 

Union before the process gained wider acceptance.  

A schematic of the ESR process is shown in figure 6. The 

consumable electrode, usually produced by casting after 

primary melting of the alloy, is remelted into an ingot in a 

water cooled crucible resting on a cooled base plate. 

Induction Skull Melting 

FURTHER  ADVANCEMENT  IN  HIGH 

PERFROMANCE  MATERIALS. 

ELECTRO SLAG REMELTING (ESR)

Figure 5
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Electrical connections are made to the base plate and the 

electrode.  

In the ESR process, the electrode tip is immersed in a 

molten slag, typically of the CaF2-CaO-Al2O3 group.  The 

slag acts as a resistance heating element in conjunction 

with the alternating current that flows through the 

electrode, driving up the temperature of the slag and 

melting the electrode drop by drop (Fig.7).

Heat is generated in the flux pool by resistance to the 

electric current (joule heating) and it causes electrode tip 

to melt and drip down through superheated slag into a 

molten metal pool where it solidifies progressively and 

builds up an ingot. This heat also supplies the energy 

required to maintain ingot and slag temperature gradients 

necessary for desired solidification structure.

As the metal melts on the electrode and droplets pass 

through the slag bath, an extremely large surface area is 

exposed to the hot highly reactive slag. Effective refining 

takes place during formation of the liquid metal film on 

the electrode, the fall through the slag, and in the liquid 

metal pool. A sound ingot with improved metallurgical 

characteristic is built up progressively by nearly vertical 

solidification. By suitable selection of fluxes, chemical 

reaction can be promoted or inhibited, and removal for 

nonmetallic inclusions is enhanced by chemical 

extraction and physical floatation from the pool.

An important feature of ESR is its capability to produce 

shaped ingot and castings. The shape of the ESR ingot is 

limited by cost effective water cooled copper mould.

The main benefits of ESR (Fig.8)  can be considered as:

1. Chemical reactions and sulphur removal between the 

slag and the molten metal.

2. Attack on and dispersal of nonmetallic inclusions by 

the slag.

3. Improved ingot structure due to the progressive 

solidification within the water-cooled copper crucible.

Presence of the metallurgically active slag means that 

chemical changes can and do occur in the metal from 

electrode to ingot.  Indeed, this was by and large one of the 

main reasons for the development of the ESR process. 

The removal of nonmetallic inclusions that are in the 

electrode is the largest benefit of ESR.  While the ESR 

process, unlike the VAR process, will not degas the metal 

or remove any oxides, any inclusions will be reduced in 

size via interactions with the slag and will be finely 
Figure 6

Figure 7
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dispersed through the ingot structure.  As larger 

inclusions are primary crack propagations sites, the 

reduction in size and dispersal of inclusions in an ESR 

ingot can greatly extend the lifetime of any component 

made from this material.

Finally, the solidification structure of an ESR ingot is 

driven by the close proximiry to the water-cooled copper 

crucible, producing a superior structure for later forging 

after any heat treatments required by the ingot.

Consumable-electrode Vacuum arc furnaces for the 

production of premium quality specialty alloys and steels 

have been in industrial use for last 50 years. Vacuum arc 

re-melted steels and alloys are used in many demanding 

applications because of their homogeneity, soundness, 

very low gas content, excellent cleanliness, and consistent 

quality.

Unlike ESR, there is no slag or other material between the 

electrode and ingot, and as such there is no chemical 

change to the material during the remelting process.  

Instead, direct current is used to establish a metal vapor 

arc after the atmosphere is evacuated from the furnace 

head and crucible.  This arc supplies the heat that melts 

the electrode tip.

VACUUM ARC REMELTING (VAR) 

Figure 8

Figure 9

Figure 10
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The absence of the ESR slag, and the external skin that it 

leaves on the ingot, gives improved thermal conductivity 

to the water-cooled copper crucible.  This reduces 

solidification time for the ingot center for VAR ingots 

compared to the same diameter ESR ingots with a 

concurrent improvement in material properties and 

reduction in segregation defects.

Other advantages of the VAR process come from the 

exposure of the molten metal to direct vacuum and the 

flotation effect of the open-metal pool on low-density 

inclusions.  The vacuum exposure allows for some 

degassing to occur, particularly hydrogen but potentially 

some nitrogen as well.

The flotation of inclusions in the open-metal pool is key to 

VAR process cleanliness and popularity.  Since low-

density inclusions will float on the surface, and there is no 

slag pool to restrict the movement, convective and gas-

flow forces push these inclusions toward the crucible wall, 

where they freeze into the surface of the forming ingot.  It 

is then quite simple to remove these inclusions from 

downstream processing by grinding or turning the surface 

of the VAR ingot, resulting in excellent cleanliness and 

material properties in the remaining material.

Triple Melting
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