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Abstract 
 
The process of investment casting typically requires the use of a refractory crucible for 
melting and pouring the selected alloy into the mold.  Typically a variety of oxide 
ceramic materials are used for this application.  To meet the needs of refractoriness, 
chemical stability, and thermal shock resistance, many of the commonly used materials 
have significant drawbacks.  Partially stabilized zirconia crucibles overcome many of 
these issues by a combination of their physical and chemical properties and should be the 
material of choice for vacuum precision investment casting. 
 
Introduction 
 
In the field of investment casting, the most common method of melting and preparing the 
alloy for casting is by use of induction heating and crucibles.  A crucible is defined as; 
“1. A heat-resistant vessel for melting metals or minerals.  2. A severely trying test or 
experience.”1  In the use of crucibles for investment casting, it can be said that both 
definitions apply.  Not only are they used for the melting of metals for subsequent casting 
into the shell, the conditions to which they are repeatedly subjected are a trying test, as 
well. 
 
Crucibles used for investment casting must meet a set of criteria in order to be of 
maximum benefit to the caster.  They must possess sufficient refractoriness for the alloy 
being melted.  Crucibles must have adequate thermal shock resistance to withstand the 
severe thermal cycling undergone through the repeated charging, melting, and casting 
cycle.  The melting vessel also must be compatible with the alloy being melted.  This 
compatibility will also be dependent on the atmosphere (or lack thereof) in which the 
operation is occurring.  Vacuum melt systems have different concerns than air melt 
systems. 
 
Refractoriness, likewise, has several meanings, both as an adjective and as a noun.  As an 
adjective, refractory means; 1. Not amenable to control; unmanageable, obstinate.  2. 
Resisting heat or ordinary methods of reduction, as an ore.2  Although there are many 
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persons within the investment casting industry for which definition one would apply, this 
discussion will focus on the second relating to material properties.  Also, as a noun, 
refractory is defined as, “Any of various materials highly resistant to the action of great 
heat.”   The first requirement of a crucible is that it must withstand the heat of casting.  
The melting point of the crucible must be above the melting point of the alloy plus any 
superheat that is put into the alloy over and above the melt temperature.  Preferably, the 
melting temperature of the crucible should be substantially above the temperature of the 
alloy due to potential sintering and other effects in the crucible at elevated temperatures 
near its melt point. 
 
Thermal shock resistance is the ability of the material to withstand drastic temperature 
changes repeatedly without suffering significant structural damage.  Thermal shock 
damage is observed when a cold beverage is poured into a typical drinking glass that has 
just completed a cycle in a dishwasher (very hot).  The rapid contraction of the glass 
caused by the cold liquid results in stresses in the glass and subsequent failure.  This is 
similar to what can happen to a melting crucible as hot metal is poured out and quickly 
replaced with a cold charge. 
 
Chemical reactivity between the alloy and crucible is of great concern in investment 
casting, also.  In precision vacuum investment casting, one is also concerned with the 
relative affinity for oxygen between the crucible materials and the alloy being processed.  
Although reactions will inevitably occur, one must understand the nature of these 
reactions and use them to their advantage to any extent possible.   
 
   
 
Materials and Properties 
 
Given the issues described above, the following materials have become the most 
commonly used crucible materials.  They are; 

alumina (aluminum oxide, Al2O3) 
mullite (aluminosilicate, Al6Si2O13, 3Al2O3 : 2SiO2) 
silica (silicon dioxide, SiO2) 
zirconia (zirconium dioxide, ZrO2) 
 

 
Although a wide variety of other materials are certainly capable of meeting the needs for 
a crucible to some degree, the above materials have proven themselves as coming the 
closest to meeting the varied demands of a crucible material.  A comparison of how well 
each of these materials meets the demands described earlier will highlight the benefits 
and drawbacks of each of the material systems. 
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The comparative refractoriness of each of the crucible materials is shown in Figure 1.  
This shows the melting temperature of the pure oxide form of each of the particular 
materials against the melting temperature of pure iron and nickel for comparative 
purposes.  Although the pure form of the crucible material is unlikely to be used (nor may 
it be desirable), the figure does illustrate the differences between materials.  Likewise, the 
melting temperatures of the alloys being poured are different than the pure metals 
illustrated here.  The graph illustrates zirconia is amongst the most refractory materials 
available.  Alumina and mullite are adequate for temperature resistance, and silica is a 
marginal crucible material due to the proximity of its melting temperature to the melting 
temperature of the metals. 
 
 
A second consideration for crucible materials for vacuum precision investment casting is 
the relative chemical stability of the crucible material.  One of the important aspects of 
this is the stability of the oxide in relation to other materials present.  Figure 2 illustrates 
the relative stability of the various candidate materials along with materials commonly 
present in nickel based superalloys.3  The lower energy states indicate a stronger affinity 
for the oxide than the higher valued materials.  Therefore, alumina is the most stable of 
the candidate materials, followed by zirconia.  Figure 2 also suggests the strong 
possibility of reduction of silica crucibles by aluminum, chromium, and titanium 
components within many alloys.  Therefore, alumina and zirconia will be relatively inert 
to alloys containing these additions, while silica bearing crucibles will be reactive.  It 
must also be stated that the degree of reactivity will be affected by impurities within the 
crucible material and by purposeful additives that enhance other property considerations.  
Examples of such additions include stabilizing additives to achieve partially stabilized 
zirconia (i.e. magnesia, calcia, yttria, etc.) and grain growth inhibitors (magnesia) in 
alumina crucibles.  Of the choices, alumina and zirconia are clearly the most non-reactive 
candidates.  Silica crucibles can have limited acceptance based on their reactivity with a 
variety of alloys.  Aluminosilicate (mullite) crucibles will have varying degrees of 
reactivity between those of pure alumina and silica based upon the alumina:silica ratio 
present and other processing factors. 
 
Thermal shock resistance can be affected by a number of factors.  These include; the 
coefficient of thermal expansion, modulus of elasticity, porosity, and part design, 
amongst other things.  Figure 3 illustrates the relative thermal expansion between 
possible crucible materials.  Fused silica offers the best thermal shock resistance due to 
its extremely low thermal expansion characteristics.  However, upon heating, fused silica 
will crystallize into cristobalite.  Cristobalite undergoes a significant polymorphic 
transformation between 200 and 270°C, destroying its advantageous thermal shock 
properties.  Alumina exhibits very high thermal expansion characteristics and is, by 
nature, thermal shock prone.  Again, aluminosilicates (mullite) has characteristics 
between those of alumina and silica.  Partially stabilized zirconia (PSZ) offers very 
unique thermal expansion, and hence, thermal shock characteristics. 
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Upon heating through approximately 1,100°C, pure zirconia will undergo a displacive 
transformation from a monoclinic structure to a tetragonal structure.  With this 
transformation, a drastic dimensional change also occurs.  Upon cooling of pure zirconia 
materials this volume change causes severe damage to the part, hindering its use for most 
commercial applications.  However, the addition of a stabilizing agent, such as magnesia, 
calcia, or yttria can minimize or negate this effect.  The addition of a small amount of 
magnesia, results in a solid solution of magnesia in the zirconia and the maintaining some 
degree of cubic phase to room temperature.  Zirconia can be fully stabilized (100% cubic) 
or partially stabilized.  Partial stabilization results in superior thermal shock properties by 
inducing a small degree of microcracking through the material.  These microcracks act as 
crack arrestors if a crack were to start.  The crack tip enters into the microcrack volume 
and the energy of the crack tip is dissipated throughout the crack, halting the crack 
propagation. 
 
 
Crucible Application 
 
In applying these various materials to use as a crucible material for precision vacuum 
investment casting, one must weigh the various advantages and disadvantages of the 
properties of the materials.  Also, performance differences within a specific type of 
material will occur based on the raw material characteristics and processing parameters of 
the particular vendor. 
 
Alumina crucibles exhibit more than enough refractoriness to contain the molten metal.  
These types of crucibles are also very inert to most alloy systems.  However, their 
proclivity for thermal shock severely hinders their use in many applications.  This is 
particularly true in circumstances where rapid heating (melting of alloy) and cooling 
(casting) is required to meet production rates.  Thermal shock resistance can be improved 
by various means.  These include selection of raw materials and processing parameters to 
achieve physical properties (increased porosity, decreased Young’s modulus) more 
conducive to thermal shock resistance.   
 
Fused silica itself provides for excellent thermal shock resistance.  However, this benefit 
is short-lived due to its transformation to cristobalite.  As illustrated in Figure 4, as fused 
silica (amorphous) transforms to cristobalite (crystalline), upon passing through 200-
270°C, a severe displacive transformation occurs, resulting in a greater than 3% change 
in volume.  This eliminates the thermal shock advantage of the original fused silica 
material.  Additionally, fused silica will too easily react with many molten alloys used in 
precision investment casting applications.   Many alloys contain modifying agents of 
aluminum, chrome, and titanium.  Each of the oxides of these materials is more 
thermodynamically stable than silica.  The silica will be reduced both oxidizing the 
elements in the alloy and adding free silicon to the system.  Therefore, fused silica’s 
usefulness as a crucible vessel is extremely limited.   
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Combinations of alumina and silica (aluminosilicates) are widely used for crucible 
materials in investment casting.  Mullite is a type of aluminosilicate that is a molecular 
combination of alumina and silica.  The useful property of aluminosilicates is that their 
properties can be modified by changing the ratio of alumina to silica in the formulation.  
Therefore, the thermal shock resistance of pure alumina can be improved by the additions 
of silica.  However, increased reactivity will also result as a consequence of adding silica.  
Silica additions necessary to improve thermal shock resistance significantly are typically 
greater than ten percent.  At this percentage, the detrimental reactivity effects can begin 
to influence properties.  Although aluminosilicates meet many of the requirements for 
crucibles for precision investment casting, they have shortcomings that limit their use in 
the most demanding and reactive applications. 
 
Partially stabilized zirconia crucibles were developed to overcome the various 
weaknesses in the fore mentioned materials.  As noted earlier, zirconia is an extremely 
refractory material.  Pure zirconia has a melting point of nearly 5,000 F.  This makes 
zirconia a reasonable choice for nearly any melting application.  Also, zirconia is 
extremely chemically stable for nearly all commonly used casting alloys.  Zirconia is also 
more thermodynamically stable than commonly used additives in superalloys, further 
enhancing its non-reactivity.  Partially stabilized zirconia crucibles exhibit excellent 
thermal shock resistance due to the physical characteristics induced by the partial 
stabilization.  Overall, partially stabilized zirconia crucibles are the material of choice for 
precision vacuum investment casting applications. 
 
Additionally, these properties can be further enhanced by proper installation and 
conditioning of the crucible.  Tightly packing the crucible in appropriate grog will hold it 
tightly in compression, further enhancing thermal shock resistance.  Slowly wetting and 
heating the pouring lip with bring the pouring surface up to temperature, again, 
enhancing thermal shock resistance.  Use of wash melts and sequencing of alloy 
campaigns can minimize reactivity between alloy and crucible and possibly enhance 
those properties. 
 
Recommendations and Conclusions 
 
Although a wide variety of refractory materials can and are used for crucible materials for 
precision vacuum investment casting, many have shortcomings that severely limit their 
use.  Partially stabilized zirconia offers the advantages of having sufficient refractoriness, 
chemical inertness, and thermal shock resistance to be the material of choice for most of 
these applications.  The benefits to the caster can be in reduced furnace down time and 
improved casting yields.  With proper setup and conditioning, partially stabilized 
crucibles can provide the greatest number of pours for the lowest overall cost.   
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Figure 1:
Crucible Materials Melt Temperature

1,000

1,500

2,000

2,500

3,000

3,500

4,000

4,500

5,000

5,500

ZrO2 Al2O3 Mullite SiO2

Material

M
el

t T
em

pe
ra

tu
re

 (F
, p

ur
e 

ox
id

e)

Nickel

Iron

 7 



Figure 2: Relative Stability
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Figure 3:  Thermal Expansion Comparison
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Figure 4: Cristobalite Thermal Expansion Behavior
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