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Abstract 
 

Metal-mold reaction (MMR) layers are often found on the surface of as-cast CMSX-4 

single-crystal alloy parts. These layers cannot be removed prior to solution heat treatment 

of cast parts because of the sensitivity of the single-crystal castings to recrystallization 

(RX) defect formation.  Removal of the reaction layer after solution heat treatments is 

very costly, as the layer is very hard, and requires abrasive water jet and pressure (grit) 

blasting processes.  To address this manufacturing concern, it was desirable to understand 

the mechanisms of reaction layer formation and hardening after solution heat treatment.  

With this understanding, we developed methods for minimizing the reaction layer 

formation, which will potentially bring a big cost saving for the CMSX-4 casting 

processes. 

In this work, we confirmed experimentally that silica (SiO2) reacts with Al, Hf, and Ti, 

facilitating surface oxidation and formation of a tenacious surface eutectic phase. To 

avoid this, elimination of the Si is desired.  However, Si is present in many of the 

refractory and pattern materials used in the casting system, which can transfer into the 

alloy during the solidification process in both liquid and solid state.   

A two-path solution was investigated: 1) eliminate all Si sources, and 2) create surface 

diffusion barriers to prevent reaction of the SiO2 with the metal. Potential sources of 

silica/silicon in the casting system include: the CMSX-4 charge material (nominal Si 

content less than 400 ppm), thermocouple protection quartz tube (100% silica), crucible 

(4% silica), bushing (80% silica), funnel (if used-60% silica), ash in pattern waxes, mold 
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release (silicone-based), binder for facecoating (includes nanoscale silica-4% in 

facecoat), and cores (when used–80% silica). 

For a diffusion barrier, an yttria slurry (short lifetime and high cost of fine yttria flour), 

was replaced with an yttria aerosol spray coating, applied directly to the wax pattern 

before normal zircon primary facecoating. This was followed by an yttria binder washing 

and soaking, applied on top of the spray coating shell after dewaxing for strengthening.  

This process showed good bonding in casting trials in an argon atmosphere Bridgman 

casting furnace.   

Optical microscopy, SEM/EDS, AES and XPS techniques were employed for 

characterization of MMR interfaces of both the CMSX-4 casting and the shell mold.  

These characterization methods revealed MMR layers with oxidation, Si and Hf rich 

features. 

In this study, the yttria spray (alone) slightly reduces the amount of MMR of CMSX-4, 

but when the yttria spray was combined with the binder wash, the reaction was further 

reduced. 
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1. Motivation & Objectives 
CMSX-4® 1  is an ultra high strength, single crystal alloy, developed by the Cannon 

Muskegon Corporation (CMC). The introduction of CMSX-4 from CMC [1] shows “Gas 

turbine engine designers seek improved fuel efficiency, power to weight performance, 

improved hot section durability, and lower life-cycle costs. To achieve the desired 

improved performance and efficiencies, designers tend to utilize increasingly capable 

single crystal alloys. In particular, many employ CMSX-4.  This second generation 

rhenium-containing, nickel-base single crystal alloy is capable of high peak 

temperature/stress operation of at least 2125°F (1163 °C). CMSX-4 is readily produced in 

large tonnages, and its use is established in various applications. For example, Solar® 

Turbines report blade lives (to overhaul) of 25,000 - 30,000 hours in their 15,000 hp Mars 

100 industrial gas turbine.   Gas turbine airfoils are a principal application for the CMSX-

4 alloy.” 

Stephen J. Balsone pointed out the importance of cost factor in gas turbine industry [2]: 

“Gas turbine engines, both aircraft and industrial power generation, represent one of the 

most aggressive environments for structural materials. With ever growing demands for 

increasing performance and efficiencies, all classes of materials are being pushed to 

higher temperature capabilities. These materials must also satisfy stringent durability and 

 

                                                 
1 The alloy CMSX-4 is copyrighted © 1999, 2004 The C-M Group. Specialty Material and Alloys Group. 
All rights reserved. Information in this document is subject to change without notice. Other products and 
companies referred to herein are trademarks or registered trademarks of their respective companies or mark 
holders. CMSX-4® alloy is a registered trademark of Cannon-Muskegon Corporation. 
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reliability criteria. As materials are developed to meet these demanding requirements, the 

processing of these materials often becomes very complicated and expensive. As a result, 

the cost of materials and processes has become a much larger consideration in the design 

and application of high performance materials. Both the aircraft engine and power 

generation industries are highly cost competitive, and market advantage today relies on 

reducing cost as well as increasing performance and efficiency .” 

Metal-mold reaction layers were found on the surface of CMSX-4 single crystal 

superalloy as-cast parts [3-13], These layers (Figure 1) can not be removed before 

solution heat treatment of casting parts because of the sensitivity to recrystallization (RX) 

defects formation [13-16]. For example, exposure of grit-blasted single crystal nickel-

based Superalloy as-cast specimens to1300 °C for 4 h results in surface recrystallization 

to a depth of 0.17 mm [17]. Alternatively, removing the reaction layers after the solution 

heat treatments is very costly, as it requires abrasive water jet and pressure (grit) blasting 

processes. Clearly it is more desirable to discover the mechanisms of reaction layer 

formation and reaction layer hardening after solution heat treatment.  It is hoped that with 

this understanding, appropriate processing methods for minimizing the reaction layers 

can be developed, which will potentially bring a big cost saving for the CMSX-4 casting 

processes.  

   

The key objective of this project is to develop a cost-effective method for avoiding the 

formation of metal-mold reactions in CMSX-4 single crystal castings.  In reaching this 

end, this project will involve the following tasks. 
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Figure 1. The visual appearances of metal-mold reactions of CMSX-4 castings 
 



 4

The main tasks of this thesis project are: 
 

 Review the literature of metal-mold reactions in CMSX-4, René N5® and 

PWA1484® single crystal superalloy castings, and gain an understanding of the 

relevant issues that may contribute to developing a remedy. 

 Identify the meta-mold reaction layers by some surface analysis techniques. 

 Analyze the mechanisms of reaction layer formation and reaction layer hardening 

after solution heat treatment. 

 Implement solution methods in test castings.  

 Recommend a method for minimizing the metal-mold reaction layers in CMSX-4 

castings. 
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2. Background 

2.1. Overview of the Investment Casting Process 

Also known as the LOST WAX PROCESS. Wax is injection molded in a die to form a 

dimensionally accurate pattern of the desired geometry with the added features or gating 

required manufacturing the casting. Individual patterns are assembled onto a wax cluster. 

The cluster is dipped into ceramic slurry, coated with ceramic sand, and dried. This 

process is repeated several times until a mold shell of the necessary thickness has formed 

around the wax. The wax is removed from the ceramic mold in a steam autoclave or gas 

fired furnace. Metal is then poured into the mold in a specially designed furnace to 

control the way the metal solidifies. Solidification control yields Equiax, Directionally 

Solidified, and Single Crystal castings with enhanced properties for high temperature, 

high stress applications like turbine airfoils. The shell is removed from the cast mold and 

the individual castings are cut off of the mold. Most castings are heat treated to further 

enhance casting properties. The gating is removed with a variety of techniques and 

machinery including: belt grinders, wheel grinders, CNC saws, and CNC mills. Castings 

are finished with a variety of belts and stones to remove any remaining gating evidence 

and ensure visual quality. Castings are dimensionally verified using an assortment of 

dedicated gages, CMM, and ultrasonic wall inspection. Before shipment, further NDT 

Inspection includes: Internal Airflow, Fluorescent Penetrant Inspection (FPI), and X-ray, 

a photo tour of investment casting process is shown in Figure 2 [18]. 
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2.2. Materials Used in the Casting Process 

We will discuss the materials used throughout the casting system because it is believed 

that the problem at hand (the metal-mold reaction) is possibly related to the composition 

of some component in the overall system. 

2.3. CMSX-4 Superalloys 

Aero engine test experience of CMSX-4 alloy [19]:  

CMSX-4 alloy is a second-generation nickel-base single crystal superalloy containing 3% 

(wt) rhenium (Re) and 70% volume fraction of the coherent γ’precipitate strengthening 

phase. It’s finely balanced composition offers an attractive range of properties for turbine 

airfoil applications. In particular, the alloy's combination of high strength in relation to 

creep-rupture, mechanical and thermal fatigue, good phase stability following extensive 

high temperature, stressed exposure and oxidation, hot corrosion and coating 

performance, are attractive for turbine engine applications where engine performance and 

turbine airfoil durability are of prime importance. 
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Investment Casting Process - Photo Tour 

 
Figure 2. A photo tour of investment casting process 
 

Economically-competitive single crystal casting yields are being achieved in the Rolls-

Royce production facilities and extensive vacuum heat treatment experience confirms the 

CMSX-4 alloy to have a practical production solution heat treat/homogenization 

"window” that permits it to meet the desired performance characteristics. 
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The use of hot-isostatic-pressing (HIP) has been shown to eliminate single crystal casting 

micropores, which along with the essential absence of γ/γ’ eutectic phase, carbides, stable 

oxide, nitride or sulfide inclusions, results in remarkably high mechanical fatigue 

properties in smooth and notched specimens. The Re addition to the alloy has been 

shown to not only benefit creep and mechanical fatigue strength (with and without HIP), 

but also bare oxidation, hot corrosion (sulfidation) and coating performance. The high 

level of balanced properties (determined by extensive laboratory evaluation) has been 

confirmed during engine testing of the Rolls-Royce Pegasus turbofan.  

Cleanliness of the alloy appears to be key to casting success.  Extremely clean 

superalloys can be produced in optimized and well-maintained the vacuum induction 

melting (VIM) processes.  Non-filtered and non-electron beam cold hearth refining 

(EBCHR) processed VIM alloy product originating at "committed" (quality - guaranteed ) 

producers are successfully used in some of the most demanding turbine blade and vane 

component casting applications in existence [20]. 

CMSX-4 single crystal superalloy Features [1]:  

 
 Density 0.314 lb./in3  (8.70 kg/ dm3). 

 Good single crystal castability with moderate to high thermal gradient, 

industrial casting processes - similar to CMSX-2® and CMSX-3® production 

experience. 

 Solution heat treatment "window of approximately 19°C (35°F) - capable of 

full γ’and γ eutectic and γ/γ’   solutionizing without incipient melting.  

 

http://www.google.com/search?hl=en&sa=X&oi=spell&resnum=0&ct=result&cd=1&q=quality+guaranteed+producer&spell=1
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 Specific (density corrected) stress-rupture advantage of 35°C (63°F) over 

CMSX-2/3 alloys. 

 Stress - 1% creep advantage of 62°C  (111°F) over DS CM 247LC®. 

 Oxidation resistance (both bare & coated) at least as good as CMSX-2 and 

CMSX-3 alloys. Improved hot corrosion resistance. 

 Excellent phase stability and tolerant of rare earth elemental ppm residual 

additions of lanthanum and yttrium for enhanced bare oxidation resistance and 

thermal barrier coating adherence. 

A historic development of superalloy materials capabilities for gas turbine applications is 

shown in Figure 3 [21] A comparison of compositions, densities, and melting ranges of 

selected nickel base single crystal superalloys is shown in Table 1[22]. A typical CMSX-

4 charge (ingot) is shown in Figure 4.  

 

 
 

Figure 3. A historic development of the materials capability 

 



 10

 
 
 

Table 1. A comparison of compositions, densities, and melting ranges of  
nickel base single crystal superalloys 
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                        Figure 4. Charge (Ingot) for melting operation of CMSX-4 castings 

2.4. The Wax Pattern  

Success in producing high quality investment castings in the metal of choice depends on 

the production of high quality patterns and runner assemblies.  In an investment casting 

process, a (positive) replica of the part is fabricated in wax, and then invested in a shell.  

The wax is then melted out, leaving a negative mold into which the molten metal is 

poured and cast.  The wax pattern assembly consists not only of the part replica(s), but 

the mold’s filling system is typically also built at this stage out of the same wax.   

Wax is the most widely used pattern material, due to its ability to be shaped in either 

liquid, semi-plastic, or plastic states, wax is the key component. If the wax pattern is  

wrong, the casting will be wrong - it follows that the correct choice of wax type and 
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product is critical [23].   

Wax selection is determined by the particular application and the process criteria are [24]: 

 Injection- state/setting rate/rheology/geometry/equipment/surface finish 

 Removal, handling, assembly- strength/hardness/setting rate/stability/ability to make 

joins 

 Dimensional control- thermal expansion/contraction/cavitation/distortion 

 Shelling/mould making- strength/wetability/resistance to binders and solvents 

 Dewax and burnout- melting point/viscosity/thermal expansion/thermal 

diffusivity/ash content 

 Other : cost/availability/recycling/toxicity/environmental  

Typical concerns in wax choice include how readily it can be used to form the replica, its 

properties as a function of temperature, its strength.  Its dimensional stability, surface 

quality and adhesion characteristics are also important. 

Definition of Wax Assemblies: The building of one or more wax patterns, involves the 

integration of ingates and runner bars into a wax pattern assembly prior to the shell 

building/block moulding process [25].  

A typical wax pattern assembly, made using four kinds of waxes (dark red dip seal wax, 

blue runner wax, light green pattern wax and red pattern wax) for CMSX-4 single crystal 

castings, is shown in Figure 5.  A pattern wax injection machine for CMSX-4 single 

crystal castings is shown in Figure 6.   

and ultimately the quality of castings produced.  Correct wax product choice, coupled 

with strict process & quality control procedures is essential [24]. 

Investment casting waxes tend to be complex, consisting of many different components 
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Figure 5.   A typical wax pattern assembly of CMSX-4 single crystal castings 
 

 
 
Figure 6. A pattern wax injection machine for CMSX-4 castings 
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and exhibiting a range of properties designed to influence pattern behavior in the foundry  

The level of ash in the selected wax material and wax pattern injection lubricant has been 

reported to be one of the critical factors for reducing metal-mold reactions of reactive 

alloy castings. The use of silicone release agents within a process can significantly 

contribute to the Ash levels (Figure 7). Certain alloys will react with this Ash since, it 

will leach into the shell at fire off. Filler can be a problem with reactive alloys [25]. 

The typical ash contents of the four kinds of waxes currently used in Chromalloy 

Nevada (CNV) are shown in Table 2.  A silicone based aerosol spray lubricant (S202 

Dry Mist Silicone Mold Release) is applied in the pattern wax injection process in CNV 

(Spraying S202 mold release on the top and bottom die before wax injection operation to 

avoid wax patterns difficult to remove from the die after injection).  Both silicone and 

non-silicone sprays are available for pattern wax injection, but silicone spray will 

increase ash levels.  [26]. 

The ash content is described as the percentage of non-combustible compounds left after 

complete combustion in air. It is determined by burning a known weight of wax with a 

Bunsen burner, and then firing the leftover carbon deposits in a furnace at 1000°C.  

Finally, the remainder in the crucible is weighed and the ash percentage is calculated. 

A wax with high ash content will cause visual defects on the finished parts. [27]. 

2.5. Categories of Investment Casting Wax [28] 

Filled Pattern Wax 

Filled pattern wax has the largest use of wax compounds currently produced. The 
 
addition of specialized filler materials gives excellent injection characteristics to the wax. 
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Figure 7. The use of silicone release agents within a process can significantly 
contribute to the Ash levels 
 

 KC 4640F  
Ceramic 
Binder Wax
Dark Red 

983 Cerita  
SpruWax 
Blue 

Remet 
Castylene® 2224 
Pattern Wax 
Light Green 

KC  
3898 N RR 
Pattern Wax 
Red 

Ash content 
% 

0.005 0.001 0.001 0.007 

Ring & Ball  
Softening 
Point °F 
 

135 149 154 167 

 
Table 2. Typical properties of four investment casting waxes used in CMSX-4  
castings 

 

The contraction range for filled pattern wax sets the standard for the investment casting 

industry with a wide variety of properties.  Filled pattern waxes are available in a range  

of low to high viscosities, can be injected in liquid or paste form, are useable with screw 
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and automatic injection technologies, and have a relatively low expansion. 

Emulsified Pattern Wax 

These waxes have a low to medium range of viscosity, with excellent surface finish 

properties. Emulsified wax has a low adhesive factor and therefore can easily be removed 

from a die cavity. These compounds are environmentally friendly due to the recycling 

process they offer. There are a variety of contraction rates to suit all types of investment 

casting applications. The properties of emulsified pattern wax are that they are available 

in a range of low to medium viscosities, provide good surface finish, have low die 

adhesion, and are useable in both liquid and paste injection processes. 

Straight Pattern Wax 

This wax is used where specific, specialized requirements exist. The wax range has a full 

spectrum of available compounds, from low viscosity to high and fast setting production 

materials. The main properties of straight pattern wax are that they provide good surface 

finish, are flexible and tough, and can be made high-strength.  Their customizability is 

their key feature.  

Specialist Wax 

These compounds are used to help in the production of finished wax patterns ready for 

assembly. As shown below they include wax for repairing, adhesive wax, wax for 

forming shapes and a range of water-soluble waxes.  This category includes soft and hard 

repair wax, adhesive wax, dip seal wax, rod wax, spiral forming wax, water soluble wax, 

and strong and tough waxes. 
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Runner Wax 

Runner waxes are usually formulated with a slightly lower melting point than the pattern 

was in use, and with a low viscosity for easy dewaxing.  Whereas virgin products are 

available, more often, reclaimed wax is used from the autoclave.  The formulation may 

be straight (unfilled) or with a percentage of filler retained for improved injection, higher 

strength, faster setting, or with additives to adjust toughness, flexibility, melting point, 

rheology.  These properties are typically adjusted to suit individual foundry requirements. 

2.6. Composition of Investment Casting Wax [29] 

Wax is the oldest thermoplastic material known to man and originally beeswax was used, 

but today the name ‘wax’ applies to any substance having wax-like properties.  Modern 

blends of investment casting wax are complex compounds containing numerous 

components: 

 Hydrocarbon wax  

 Natural ester wax  

 Synthetic wax  

 Natural resins  

 Synthetic resins  

 Organic filler materials  

 Water 

Hydrocarbon wax, natural ester wax, many types of synthetic wax, and some of the resins 

used are compounds of straight-chained carbon atoms (aliphatic compounds). 
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Additionally some of the other resins and filler materials used are compounds of ring 

structured carbon atoms (aromatic compounds). Fundamentally, the length and the 

complexity of the carbon chains of the various components influence the properties of the 

final wax. Accordingly, many variations are formulated to suit differing foundry 

requirements and key properties such as melting point, hardness, viscosity, expansion and 

contraction, setting rate, etc are all influenced by the structure and composition of the 

wax compound. The complex composition of modern wax products manifests itself in a 

physical behavior different to that of other substances. Unlike other homogeneous 

chemical compounds, wax does not melt immediately on heating but passes through 

several intermediate states: 

SOLID ⇔ PLASTIC ⇔ SEMI-PLASTIC ⇔ SEMI-LIQUID ⇔ LIQUID 

Similarly, the structure and components used in an investment casting wax will influence 

the expansion and contraction characteristics.  Like other materials, wax expands on 

heating and contracts on cooling, and In comparison with a metal, the expansion is 

relatively high.  Wax expansion and contraction rates are not uniform but vary with phase 

and structure changes during heating/cooling.  This can complicate the process of wax 

selection and pattern assembly design. 

2.7. Materials used in shell system 

With the wax pattern prepared, it is next encased in a shell that is capable of withstanding 

the temperatures of the molten metal.  Typically, the wax is invested in a shell of a 

ceramic slurry, which is dried and fired to give it the necessary strength to withstand the 
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casting process.  Important characteristics of the shell are that it must faithfully replicate 

the shape and surface qualities of the part, and must obviously be able to survive the 

casting process before it is then broken off of the solidified and cooled part. 

2.8. Materials Used in Shell System 

Ceramic Shell Basic Technology [30] 

Definition of slurry - A ceramic bath comprised of a liquid binder and solid refractory 

flour(s) used to create a ceramic shell mold by applying coats, followed by stucco, to a 

wax pattern or previously applied shell coat. 

Types of Slurry: 

Primary slurry (First one or two shell coats) 

 Capture the detail of the pattern 

 Provide the refractory surface to cast metal against 

Backup slurry (All coats after the primaries) 

 Build shell strength and bulk 

 Determines shell properties  

 Determines shell dimensions 

Primary slurry : 

 Remet Ramesol® LP-BV as a water based colloidal silica binder 

 Remet Adbond® Advantage Concentrate as a polymer 

 Aerosol OT-75 as a wetting agent 

 Burst® RSD10 as a antifoam agent (Defoamer) 

Backup slurry: 
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 Remasol® LP-BV as a water based colloidal silica binder 

 Adbond® BV Concentrate as a polymer 

 Victawet® 12 as a wetting agent 

 Burst® RSD10 as a antifoam agent (Defoamer) 

 

Materials used in refractory system 

Refractory selection [31] 

Zircon: Naturally occurring material obtained from beach sand, zircon should be           

calcined to remove impurities. 

Advantages of Zircon: 

 Very low reactivity - Good for primary coats 

 Fine particle size for good surface quality 

 High strength 

 Excellent rheology  

 High solids loading  

Alumina: 

Bauxite is reduced in an electrical arc furnace whereby fused alumina is produced and 

impurities are removed. Typically used in two grades – Tabular (or alpha) Alumina and 

Fused White Alumina (FWA) 

Advantages of Alumina: 

Excellent refractoriness 

 Good strength 

 Limited variety of stucco sizes 
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 Relatively high thermal expansion  

 Moderately expensive  

 
Primary coat (Facecoat) 

 Slurry flour: Remet® Zircon (Zirconium Silicate) flour 325-mesh blended with  

200-mesh zircon flour             

 Stucco: Treibacher Schleifmittel Alodur® White Fused Aluminum Oxide 70-Grit 

(made in germany) 

Backup coat: 

 Slurry flour: C-E Minerals® Fused White Alumina 325-mesh flour 

 Stucco: C-E Minerals® Fused White Alumina Grit, Grain Size 14 x 28  

2.9. Other Materials used in casting system 

Thermocouple Protection Tubes: Quartz tubes are shown in Figure 8 a) and  

Figure 8 b). 

Melting crucibles: Fireline, Inc. Alumicon 4. (A4L High Alumina Surface).  

Nominal Alumina content: surface 95% Alumina and body 63%Alumina-36% SiO2.  

Typical test results 

 Apparent Porosity: 16-18%.  

 Lead<25ppm,  

 Bismuth<1ppm.  

CMSX-4 Penny: CMSX-4 penny casting for pouring temperature control. 

Ceramic bush: Fused silica (80 wt. %) -zircon based bush for melt flow rate control. 

Typical materials used in casting system are shown in Figure 9 a) and Figure 9 b). 
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    Figure 8. a) thermocouple protection Quartz tubes used in CMSX-4 castings 
 

 
 
         Figure 8. b) One thermocouple protection quartz tubes used in CMSX-4  
         castings 
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2.10. Shelling Process and Equipment 

Manufacture of Ceramic Shell Molds [32] 
 
Investment shell molds are made by applying a series of ceramic coatings to the pattern 

clusters. Each coating consists of a fine ceramic layer with coarse ceramic particles 

embedded in its outer surface. A cluster is first dipped into a ceramic slurry bath. The 

cluster is then withdrawn from the slurry and manipulated to drain off excess slurry and 

to produce a uniform layer. The wet layer is immediately stuccoed with relatively coarse 

ceramic particles either by immersing it into a fluidized bed of the particles or by 

sprinkling the particles on it from above. 

The fine ceramic layer forms the inner face of the mold and reproduces every detail of the 

pattern, including its smooth surface. It also contains the bonding agent, which provides 

strength to the structure. The coarse stucco particles serve to arrest further runoff of the 

slurry, help to prevent it from cracking or pulling away, provide keying (bonding) 

between individual coating layers, and build up thickness faster. 

Each coating is allowed to harden or set before the next one is applied. This is 

accomplished by drying, chemical gelling, or a combination of these. The operations of 

coating, stuccoing, and hardening are repeated a number of times until the required mold 

thickness is achieved. The final coat is usually left unstuccoed in order to avoid the 

occurrence of loose particles on the mold surface. This final, unstuccoed layer is 

sometimes referred to as a seal coat. 

Shelling process 

Wax pattern cleaning using Citriwash solution 
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Figure 9. a) Materials for melting operation of CMSX-4 castings 
 

  

 
 

Figure 9. b) Crucible for melting operation of CMSX-4 castings 
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Pre-wetting using Aerosol OT-75 solution 

Robotic dipping and stuccoing: one or two time for primary coating followed by rainfall 

stuccoing and six or seven times back-up coating followed by rainfall stuccoing. Two 

hours dry box drying between each layer building up. Final seal dipping with slurry only 

and no stuccoing followed. 

Shelling equipment 

A typical robotic dipping and rainfall stuccoing system for shelling of CMSX-4 castings 

is shown in Figure 10. 

2.11. Shell mold dewaxing and burnout/firing process and 
equipment 

Pattern removal and firing [33] 

“Following the initial setting and air drying stages, the next operation is pattern 

elimination and consolidation of the bond by evaporation of the remaining volatile  

constituents. The importance of the early drying stages in avoiding shrinkage cracking in  

the primary coating has already been stressed (Shrinkage of the gelled binders during 

drying tends to produce cracking of the coating, a problem minimized by close control of 

temperature and humidity as well as by maintaining consistency in the composition and 

grading of both slurry and stucco materials ); a further factor in cracking is expansion of 

the pattern on heating, which can generate significant stresses in the ceramic shells with 

their much lower coefficients of expansion. This problem can be overcome by rapid 

heating to develop a steep temperature gradient though the thickness of the ceramic shell 

and into the wax. Superficial melting of the pattern surface is then achieved before the 

 



 26

 
 

Figure 10. A robotic dipping and rainfall stuccoing system for shelling of  
CMSX-4 casting 

 
main bulk of the wax undergoes applicable expansion. The molten wax film is partly 

absorbed by the adjacent shell (the degree of this absorption depends on its capillary 

attraction of the molten wax), enabling the remainder of the pattern to expand freely. 

Two principal techniques employed to achieve this condition are steam autoclave 

treatment and flash dewaxing. The autoclave system is most widely adopted: a steam 

pressure of several atmospheres is almost instantaneously developed in the loaded 

chamber and dewaxing is completed in a few minutes at temperatures below 200°C, with 

high wax recovery. In flash dewaxing, the temperature is raised rapidly to approximately 

1000°C by placing the mould directly into the firing furnace. Wax is drained though the 

furnace base but recovery is lower owing to volatilization and partial combustion. 

Mold firing is commonly carried out at temperatures around 1000°C in either batch or 

continuous furnaces. The process completes the volatilization and combustion of pattern 
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residues and organic mould constituents and the dehydration of the binder, including 

elimination of combined water. Sintering contributes to the full development of strength 

and stability in the ceramic. The firing process thus ensures fully inert conditions for 

contact with the molten alloy. A further purpose in many cases, is preheating before 

casting to facilitate metal flow and the reproduction of intricate features, although this 

may be carried out as a separate operation. In general, higher firing and preheat 

temperatures are commonly required for molds to be subjected to directional 

solidification.”  

Directional solidification casting process for DS and SX superalloys generally uses 

higher pouring temperature and mold temperature than equiax superalloys so as to gain 

the higher thermal gradient cooling for smaller dendrite arm spacing, better 

compositional and microstructural homogeneity [34, 35]. 

The following widely accepted relationship for  primary and secondary dendrite arm 

spacings (PDAS-λ1 and SDAS-λ2, respectively) and  as a function of G and V [35]： 

，  

Where, G is Thermal gradient, V is growth rate or solidification front velocity.  

2.12. Shell mold dewaxing and burnout/firing process 

Steam autoclave dewaxing process 

Steam autoclave dewaxing refers to the method of utilizing steam under pressure for 

removal of the wax pattern assembly from the completed ceramic shell mold. The key 

point is the significant difference between the low thermal expansion of the ceramic 
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materials and the high thermal expansion of the waxes. Successful dewaxing by steam 

autoclave depends on applying sufficient heat to the exterior of the ceramic shell so that a 

thin skin of wax is adjacent to the primary shell coat melts before the underlying bulk of 

the wax is heated. The molten layer will then soak into the ceramic shell progressively, 

allowing the wax to expand freely   without distorting or cracking the shell. 

Summary of the best practice of steam autoclave dewaxing [36] 

 Speed - fast pressurisation  

 Record autoclave performance 

 Don’t overload 

 Handle with care 

 Control depressurisation 

 Train and maintain 

The following is a typical process of steam autoclave dewaxing: 

 Open steam cycle valve within 6 seconds 

 Apply 100 psi pressure to the vessel within 10 seconds  

 Maintain the steam pressure for 15 minutes 

 Depressurisation shall be slowly done taking more than 5 minutes 

 Drain the water and wax    

 Remove the shell mold to a cooling rack 

Burnout and firing process 

The burnout operation follows dewaxing and is performed for removal of residual wax 
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and other pattern materials by combustion. Secondly, firing the ceramic shell sinters 

theceramic, forming the completed shell, ready for casting in a predetermined and 

consistent form. Burnout and firing are performed together, in a continuous thermal cycle. 

The following is a typical burnout and firing process: 

 Load molds with pourcup in the upright position at ambient onto clean furnace hearth.  

 Heat up to 400 deg. F 

 Ramp to 1200 deg. F in 1 hour and Soak at 1200 deg. F for 1 hour 

 Ramp to 1800 deg. F in 2 hours and Soak at 1800 deg. F for 2 hours 

 Furnace cooling down to 600 deg. F and open furnace door at or below 600 deg. F 

 Remove molds at or below 400 deg. F 

Shell mold dewaxing and burnout/firing equipment 

A typical steam autoclave dewaxing system is shown in Figure 11. 

A typical electric box furnace for burnout/firing is shown in Figure 12. 

 

2.13. Casting process and equipment  

Casting process 

In the present application with CMSX-4 single crystal castings, bottom gating and tilt 

gating systems are used. Single crystal castings eliminate grain boundaries altogether, as 

parts are produced that consist of a single crystal. The current method employed to 

produce these castings requires stringent control of the solidification cycle and the entire 

investment casting process [37]. The Bridgman method, used here for single crystal blade 

casting, is shown in Figure 13 [38]. 
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Figure 11. A typical autoclave dewax system for CMSX-4 castings 
 

 
 

Figure 12. A typical shell mold burnout/firing furnace for CMSX-4 castings 
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Casting parameters  

The follow are the typical parameters of CMSX-4 castings 

Immersion temperature: 2720-2780 deg. F  

Alloy weight: 7.9-8.1lbs 

Top mold temperature:  2710-2750 deg. F 

Bottom mold temperature:  2710-2750 deg. F 

Mold pre-heating Ramp time: 30 min. 

Mold pre-heating Soak time: 30 min. 

Withdrawal velocity (rate): 10 inches per hour 

Chill plate base size: 6.0 inches 

Casting equipment 

An illustration of Bridgman directionally solidified furnace is shown in Figure 14 [39]. 

This combines a self tapping induction melting unit with the facility for controlled mould 

withdrawal from the hot zone, the whole being maintained under vacuum or protective  

inert gas atmosphere throughout melting and solidification.  A typical argon atmosphere 

Bridgman single crystal casting furnace for CMSX-4 casting is shown in Figure 15. 

2.14. Heat treatment process and equipment [40] 

Single-crystal nickel-based superalloys are known for their high strength and creep 

resistance at high temperatures. These alloys are used extensively in the aerospace 

industry for turbine blades and vanes in the “hot section” of today’s gas turbine engines. 

While these properties depend largely on the alloy composition, they also rely on proper 

heat treatments to bring out these exceptional properties. Traditionally, two heat 
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Figure 13.  Methods of casting turbine blades:  
(a) directional solidification;  
(b) method to produce  a single-crystal blade; and  
(c) a single-crystal blade with the constriction portion  still attached. 
 
 

 
 
Figure 14. Main features of Rolls Royce production unit for manufacture 
of directionally solidified gas turbine blades (courtesy of Rolls Royce plc) 
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treatments are used for nickel-based superalloys. First is the solution heat treatment, 

designed to homogenize the microstructure and reduce the effects of elemental 

segregation. The second is one or more aging heat treatments, designed to develop a 

cuboidal γ/γ’microstructure.  

As-cast CMSX-4 is highly segregated, which is a large contributor to the need for a 

solution heat treatment. Average compositions of as-cast CMSX-4 Dendritic Pattern and 

Partitioning Coefficients (in wt. %) are shown in Table 3 Photomicrographs of as-cast 

CMSX-4 are shown in Figure 16.  

 
Solution heat treatments, though long and expensive, are required to achieve the desired 

microstructure (and attending properties). Following the standard solution heat treatment, 

the microstructure becomes very uniform. The γ/γ’eutectics have been dissolved and a 

fine γ’ (Approx.0.3 –0.5 microns) phase is apparent throughout the microstructure. Once 

the solution heat treatment is completed, the aging heat treatment is performed. Aging 

serves to slightly coarsen the γ’to 0.5 micron in size and to form the very uniform, 

cuboidal structure often associated with γ’. Photomicrographs of heat-treated CMSX-4 

are shown in Figure 17. 

Heat treatment process 

The following is the typical heat treatment process:  
 
Vacuum level: 5 x 10-4 mm Hg  
 
Inert gas (argon) atmosphere: Inert gas (argon) partial pressure: during heat up and 

hold cycles shall be 750 microns Hg. 
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Figure 15. A typical argon atmosphere Bridgman single crystal casting furnace  
 
 

Inert gas (argon) Dew Point: Inert gas dew point shall be –60 deg. F (-51 deg. C). 

Solution heat treatment: From 60 deg. F ramp to 2250 deg. F using about 84 minutes, 

from 2250 deg. F ramp to 2300 deg. F using 25 minutes, 2 hours soak at 2300 deg. F, 

from 2300 deg. F ramp to 2320 deg. F using 20 minutes, 2 hours soak at 2320 deg. F, 

from 2320 deg. F ramp to 2350 deg. F using 5 hours,  10 hours soak at 2350 deg. F and 

gas fan quench at cooling rate100 deg. F/minute, γ’size should be 0.3-0.5 microns 

and γ/γ’eutectic shall be less than 5%. Parts shall exhibit no more than one percent 

incipient melting in airfoils. If pore size is greater than 0.0016 inch (40 microns), Hot 

Isostatic Pressing (HIP) process may be necessary. 

Aging heat treatment:  2 hours soak at 2085 deg. F and gas fan quench for primary age, 

20 hours soak at 1600 deg. F and gas fan quench for second age. 
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Table 3. Average compositions of as-cast CMSX-4 dendritic pattern and  
partitioning coefficients (in wt. %) 

 
 

 
 

 Figure 16. Photomicrographs of as-cast CMSX-4. (a) Optical micrograph of 
dendrites with secondary and tertiary arms extending from the primary dendrite,  
as well as γ/γ’ eutectic areas in between. (b) Scanning-electron micrograph of 
coarsening γ/γ’ morphology approaching the eutectic region in the center. A 
dendrite core can be seen to the left of the image. 
 
 

 
 

Figure 17. Scanning-electron micrographs of CMSX-4 following the standard 
solution heat treatment. (a) Prior to aging, γ’ irregular in size and shape. 
(b)Following aging,   γ’ has coarsened and become more regular. 
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Heat treatment equipment 

A typical vacuum solution heat treatment furnace is shown in Figure 18.   
 
 

 
 
          Figure 18. A typical vacuum solution heat treatment furnace for CMSX-4  

castings 
 

2.15. Surface finishing process and equipment 

The surface finishing process is needed for removal of the metal-mold reaction layers 

after heat treatment operation. Abrasive water jet (Hydrogrit) is used firstly on the whole 

surface of the casting; pressure (grit) blasting is needed when the abrasive water jet 

(Hydrogrit) result is failed. 

Surface finishing process 

Abrasive water jet (Hydrogrit)  
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Water pressure: 20000 psi. 
 
Abrasive grit: 220 grit of garnet abrasive grains [(Fe, Mg)3 Al2(SiO4)3 ] from Barton 

Mines Company, L.L.C. 

Processing time: 7-28 minutes. 
 
Thickness removed: 0.003-0.006 inches per operation  
 
Rework: No rework of abrasive water jet is allowed due to the risk of over removing 

surface materials. 

 
Pressure (grit) blasting 
 
Pressure (grit) blasting: Cold etches to verify all surfaces are clear of metal-mold reaction 

layers, if not, grit blasting will be used to clear the rest ones. 

 
Pressure of grit blasting: 60-80 psi 
 
Abrasive material for pressure blasting: Aloblast® 220grit, brown aluminum oxide 

abrasive in grain.  

Surface finishing equipment 

 
A typical abrasive water jet (Hydrogrit) machine is shown in Figure 19. 
 

2.16. Inspection, analysis and test methods and equipments 

The following are the some of inspection, analysis and test methods and equipment for 

CMSX-4 castings: 

Raw materials inspection 

A full chemical analysis both on ingots and casting bars of the as-received CMSX-4 is 
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Figure 19. A typical abrasive water jet machine for metal-mold reaction  
layer removing 

 

performed using the following techniques: 

 XRF for Ni, Cr, Co, and Mo elements; 

 GDMS (Glow Discharge Mass Spectrometry) for trace elements; 

 DCP (Direct Current Plasma) for Al, Ti, Re, W, and Ta elements; 

 IG (Inert Gas Fusion) for O and N elements; 

 CO (Combustion-Leco) for C element. 
 
CMSX-4 master heat qualification through a stress rupture test: 
 
Temperature: 2000 deg. F (1093 deg.C) 
 
Stress: 23000 psi (159 MPa) 
 
Minimum life: 19 hours 
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Production monitoring and casting qualification 
 

 Innov-X portable handheld XRF (X-ray Fluorescence Spectroscopy) analyzer for 

alloy identification; 

 Leco TC500 for Oxygen and nitrogen analysis;  

 Leco CS600 for Carbon and Sulfur analysis; 

 PerkinElmer AA (Atomic Absorption) -Aanalyst800 for Bismuth analysis; 

 Laue X-ray radiography test for grain structure inspection; 

Metallographic inspection: 

 Metal -mold reaction 

Surface attack: None allowed on gas path surface. Internal and non-gas path 

surfaces may exhibit local areas of metal-mold reaction up to 0.001 inch maximum 

depth provided that they have met all the nondestructive test requirements of the 

drawing. All such areas shall be required. 

Carbidic oxidation: For cobalt base alloys cabidic oxidation up to 0.005 inch is 

permitted, for nickel base alloys up to 0.0005 in depth is permitted [41]. 

 Dendrite arm spacing shall be determined using the Buehler Omninet imaging     

software or Scanning electron microscope (SEM): average distance between     

dendrites shall not exceed 450 microns.  

 Incipient melting and unsolutioned primary γ/γ’ eutectic examination (50-100 X) 

 

Fluorescent Penetrant Inspection (FPI): Micro shrinkage up to 0.125 inch diameter 

allowed. 

X-ray Radiographic inspection:  
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 Sponge and dendritic shrinkage shall not exceed that of ASTM E192 plate number 

1 for 1/8 inch wall thickness for all section of the casting. 

 Linear shrink indication shall not exceed that of ASTM E192 plate number 1 for 

1/8 inch on or directly adjacent to the airfoil/platform fillet radius and shank.  

2.17. Contributions of this Work   

The main contributions of this thesis are: 
 

 First time systematically review the literatures about metal-mold reaction issues. 
 

 First time applied yttria aerosol spray coating before normal primary coating to 

identify the root cause of CMSX-4 metal-mold reaction problem. 

 First time perform surface analysis on both CMSX-4 castings and ceramic shells to 

identify the nature of metal-mold reaction of CMSX-4 castings. 

 First time systematically discuss the mechanisms of CMSX-4 metal-mold reaction 

layer formation and the reaction layer hardening after solution heat treatment. 

 First time point out the potential problems induced by CMSX-4 metal-mold reactions.  
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3. Literature review 
 
3.1. Definition of metal-mold reactions 
 
The term of metal-mold reaction [16, 42-50] also was called as metal-mold/core reaction 

[51, 52] mold-metal reaction [53-57], or metal/ceramic reaction [58]. 

Surface reaction layer or oxide layer sometime was called as scale [57, 58, 59, 60, 61]. 

Metal-mold reaction phenomena commonly exist in magnesium alloy, aluminum alloy, 

titanium alloy, cast iron, steel and superalloy castings.  

Many researches about metal-mold reaction were performed and reported, trademarked 

and patented, but some of them such as CMSX-4, René N5, and PWA 1484 single 

crystal superalloy castings were still regarded as proprietary. 

Due to the high temperatures and long times in the liquid state, metal-mold reaction is a 

big area of concern in the single crystal casting process. This is especially important in 

Lamilloy® cooled airfoils where fine casting details is mandatory. Surface mold reaction 

has not been observed with CMSX-4 parts with SCO (Allison production facilities) 

facecoats. A small amount of reaction with conventional single crystal core material is 

typically seen. However this reaction is less than 0.0025mm (0.001 inches) in depth and 

within specification (Figure 20). SCO ‘s CastCool® method of casting lamilloy cooled 

airfoils uses a core that does not react with CMSX-4 during the casting process [16]. 

Single crystal (SC) blades were initially put into commercial service in 1982 in Pratt & 

Whitney’s engine for the Boeing 767 aircraft and the Airbus A 310 (alloy PWA 1480).  

Lamilloy® and CastCool® are registered trademarks of Allison Engine Company 
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Figure 20. Metal core reaction of CMSX-4 casting 

 
Howmet, a leading producer of SC casting for aircraft components has shipped more than 

10,000 single crystal castings. All major aircraft engine manufacturers have developed 

and applied new SC alloys in recent years. The only use of SC alloys in land-based 

turbines until recently has been the use of CMSX-4 alloy in Solar industrial turbine Mars 

T-14000 engine in 1990. Single crystal alloy blades made of PWA1483 are currently in 

use in Siemens V84/94.3a GTs. Alloy René N5 has found a place in GE 7H turbines as 

first row blading. Pallotta has reported on a Westinghouse development of a SC alloys 

and has shown properties but without the composition. At the time the Westinghouse DS 

alloy was reported to have a temperature capability of more than 50% greater than Inco 

738LC and the SC alloy has a capability 100% greater. 

Some of the key improvements needed in SC technology are as follows. 
 

 Current SC alloys are too low in Cr and not hot corrosion resistant enough. 

 Large thermal gradients (7EC/mm) are needed in the casting process because of the 
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large size. Insufficient gradients lead to  

 Casting defects such as equiaxed grains, freckles, low angle boundaries;  

 Porosity and reduced fatigue strength; 

 Large dendrite spacings which are difficult to solutionize. Lower growth rates 

can counter these effects, but decrease output and increase cost. 

 Need to cast single blades gives low throughput. 

 To accommodate large gradients, high superheat temperature (> 1500EC) and metal- 

mold reactions-casting parameters need to be optimized. 

 Need defect acceptance criteria. 

In summary, cost effective, high quality SC manufacturing technology is needed [62]. 

3.1.1. General definition of metal-mold reactions 
 
Metal-Mold Reaction, Orange Peel and Alligator Skin: 

Metal-mold reaction is under the defect surface category in the International 
classification of common casting defects (Table 4)   
 

 
Table 4. International classification of common casting defects about metal-mold 
reaction [48] 
 

This is a defect where areas of the casting are covered with hollow blemishes resembling 
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an orange peel (Figure 21) Dimensions of the blemishes may vary according to the 

severity of the condition. They are larger on thick heavy sections. 

Possible Causes: Improper casting parameters (everything too hot and too fast). This can 

also be caused be substandard investment at the casting surface [63]. 

 

Figure 21. Metal-Mold Reaction, Orange Peel and Alligator Skin 

 
3.1.2. Specific definition of metal-mold reactions 
 

Definition of metal-mold reactions for investment cast turbine blades and vanes 

Metal-mold /metal-core reaction: An oxidation reaction of the alloy and the mold or 

core materials characterized by a metallic oxide layer or by intra-carbide oxidation of the 

carbide rich phase as the mold/core interface [51, 64]. 

Definition of metal-mold reactions for René 220 castings 

Metal –mold reaction: An affected layer at the cast surface of intra or intergranular 

attack [65]. 

Definition of metal-mold reactions for René N4 and René N5 castings 

Metal –mold-reaction: A condition wherein, at metal solidification temperatures, the 

mold or core materials react with the surface of part through an oxidation process. It may 

be characterized by an affected layer, usually consisting of discrete oxide particles, at the 
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surface. It may also be characterized, as is frequently the case in cobalt base alloys, by 

intracarbidic oxidation. Intracarbidic-carbidic oxidation is preferential attack of carbide 

phases at or near surface [66, 67, 68]. 

 

3.1.3. Definition of metal-mold reactions of CMSX-4 castings 
 
Metal-mold reaction/metal core reaction: A result of aluminum reaction with the SiO2 

binder in the mold. This generates the Al2O3 + Si which can form a eutectic phase 

beneath the Al2O3 layer. This phase is observed after heat treatment [52].  

Metal-mold reaction: The metal-mold reactions occur between the active elements in the 

alloy and reactive elements in the shell. The alloy element which usually reacts with the 

shell is aluminum and can form an aluminum silicate with the silica in the shell. Silica 

is the binder compound in the slurry. The higher the mold temperature and the silica 

binder content in the shell, the higher metal-mold reaction tendency. In extreme cases 

this reaction can cause a hard layer at the surface of the casting which is difficult to 

remove [69]. 

3.1.3.1. Is eutectic layers caused by metal-mold reaction? 
 
The typical metal-mold reaction layers were shown in Figure22 a) and Figure22 b) [10] 

The external surface eutectic layers were measured as the metal mold reaction layers in 

this report.  

G. BREWSTER, H.B. DONG, N.R. GREEN, and N. D’SOUZA have studied some 

aspects pertaining to the formation of surface eutectic at the external casting surface 

during directional solidification of a typical Ni-base superalloy, CMSX10N. From a 

systematic characterization of the extent of coverage of the surface eutectic layer as well 
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as the morphology we have examined some of the possible mechanisms that could 

account for the experimental investigations. Mechanisms relating to mold/metal 

interaction and the primary dendrite inclination with the mold wall can be discounted. A 

most likely mechanism relates to the latter stages of solidification when the interdendritic 

liquid is in contact with the mold wall. Lateral solid contraction accompanied by local 

interdendritic liquid flow to compensate for this contraction can lead to increased 

microsegregation ahead of the advancing secondary dendrite arms leading to the 

formation of surface eutectic at the external casting surface [70]. Figure 23 showed 

surface eutectic layer of CMSX-10N [70]. 

3.1.3.2. Possible chemical reactions in the metal-mold reactions 
 
Classification of Mold-Metal Reactions in Investment Castings 

1. MxOy = xM(dissolved) + yO (dissolved)  

2. MxOy+ z MA (dissolved) = MAzOy (g) + xM (dissolved)  

3. MxOy + zMA (dissolved) = MAzOy + xM (dissolved)  

4. MxOy + zMA (dissolved) = MAzMx-w Oy + wM (dissolved)  

5. MxOy = xM (g) + yO (dissolved)  

6. MxOy = MxOy where  

MxOy = an oxide; MA= an element in the alloy 

Reaction 1 describes the dissolution of shell material into the liquid metal. For instance  
 
Al2O3 = 2Al + 3O  
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Figure 22.a) A typical metal mold reaction layer on the CMSX-4 airfoil casting 
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Figure 22.b) A typical metal mold reaction layer on the CMSX-4 platform casting 
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Figure 23. Surface eutectic layer of CMSX-10N 
 

If titanium is melted in an alumina crucible, substantial amounts of oxygen and 

aluminum metal dissolves into molten titanium regardless of the fact that the ΔG of 
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alumina is more negative than that of TiO2. The reason for this is the formation of sub-

oxides. The ΔG for the formation of sub-oxides of titanium (i.e. TiO) is more negative 

than the ΔG of alumina.  

Reactions 2, 3, and 4 characterize the reaction of the molten metal with the mold.  

An example of reaction 2 is the rapid decarburization of NiTaC alloy based on the 

following reaction  

MxOy + z C (in the alloy) = yCO(g) + xM(dissolved) (10)  

Reaction 3 involves reduction of the mold by the metal to form another metal oxide. For 

example:  

Al2O3 + 3Mg = 3MgO + 2Al  

Another good example is the reaction between Ti, Al, or Hf in superalloys with the 

mold oxides. The above reactions normally produce thin layers of molten metal oxide at 

the metal-mold interface. Such interfacial reactions are commonly stable and may be 

beneficial for the cast part by hindering further reactions between mold and the molten 

metal. Another example of reaction 3 is the reaction between the titanium and the mold 

oxides in molten titanium alloys to form TiO or TiO2. The above oxides are frequently 

not seen because these oxides dissolve rapidly in the molten metal.  

The primary parameters, which influence the formation of the alpha case on the exterior 

surface of cast titanium are related to the strong affinity of titanium to oxygen. The 

sources of oxygen include:  

a. Initial oxygen content of the melt.  

b. The oxygen picked up by the metal as it travels through the gating system.  
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c. Oxygen picked up from the furnace atmosphere. This is negligible in vacuum 

melting.  

d. The oxygen dissolved from the mold when the metal comes to rest in the casting.  

According to Piwonka, only the last is of significance. When the molten metal comes to 

rest there is no oxygen gradient in the metal. However, as the metal lies against the mold 

surface, the mold dissolves in the molten titanium alloy, and oxygen begins to diffuse 

into the casting. Even if titanium reacts with some mold elements, such as silica, to form 

TiO2, as the free energy of formation of TiO2 is more negative than that of SiO2, TiO2 is 

also soluble in the molten titanium (13), little TiO2 is found on the surface of the casting. 

Molten metal reacts with the mold: The actual reaction of molten metal with the mold 

material may also occur but it is rare. What is usually considered to be a mold/metal 

reaction is actually often a reaction with the atmosphere in the mold. However the 

titanium and aluminum in superalloys can react with the silica in the mold to form a 

thin reaction layer at the interface. Also Hf in superalloys may react with molds and 

cores.  

Hf + SiO2= Si + 2HfO  

Hf reacts also with zirconia to form hafnium oxide. The formation of hafnia is good for 

the quality of the castings; as it is stable it can stop further reactions between metal, mold 

and core. 

Molten metal may form double oxides with the mold material as shown in reaction 4. An 

example is the reaction between Al and rare earth oxides:  

Y2O3+ Al = YAlO3 + Y  
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The ΔG of rare earth oxides is normally more negative than the ΔG of alumina. Therefore 

the ΔG of double oxides comprised of alumina and a rare earth oxide are more negative 

than those for pure Al2O3. This explains why the molten Al is more reactive with rare 

earth shell molds than it appears to be on the basis of the single oxide ΔG data [53]. 

Figure24 showed standard free energy of formation of oxides (at room temperature) vs 

oxide melting point. MgO and Y2O3 are among the most stable oxides (very large 

negative values for ΔG
o

f, 298) [53]. 

3.1.3.3. The wettability of ceramic materials by liquid metals 
 
The efficiency of coatings or washes can be addressed to decreased wettability and to the 

higher bulk density of the mold surface. Wettability is enhanced by the addition of impurities 

in the liquid in several systems. For instance, oxides of transition metals such as Ta2O5 can be 

added to glass to increase the wettability when coating stainless steels with glass. 

Some refractories are known to be “non-wettable” by definite metal alloys. This is a useful 

property when the refractory is used as a melting crucible. For instance, (contrary to alumina 

crucibles), zirconia crucibles are not wetted by nickel-base superalloys. This increases 

crucible life [53]. 
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Figure 24. Standard free energy of formation of oxides (at room temperature) vs 

oxide melting point. MgO and Y2O3 are among the most stable oxides (very large 

negative values for ΔG
o

f, 298) [53] 
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3.1.3.4. Possible defects induced by metal-mold reaction 
 
One or more of the following defects might be caused by metal mold reactions: 
 

 Defective surface [48]  
 

 Alloy depletion [58] 
 

 Gases defects 
 
Gases may be present in castings in solution, as chemical compounds or as included 

cavities: the latter are the true gas defects. The gas may result from entrapment of air 

during pouring, from evolution on contact between liquid metal and molding material, or 

may be precipitated during solidification as a result either of chemical reaction or of a 

change in solubility with temperature. 

Defects take the form of internal blowholes, surface blows, airlocks, surface or 

subcutaneous pinholes or intergranular cavities, depending upon the immediate cause. 

The gaseous origin is frequently evident from rounded contours but in some cases the 

shape of the cavity is governed by other factors: in the case of intergranular porosity, for 

example, concave walled cavities can result from constraint by solid–liquid interfaces 

existing at the time of precipitation. 

Other defective conditions include embrittlement and cracking following retention of 

gases in solution in the solid state; the occurrence of gas–metal compounds as solid 

inclusions has been referred to in an earlier section. 

Gases also affect the distribution of shrinkage cavities and segregates in castings. The 

present discussion will, however, be concerned mainly with specific defects rather than 

with more general influences of gas content. 
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Although the causes of the defects vary widely they may be conveniently considered in 

two main groups roughly analogous to those already used for non-metallic inclusions: 

those caused by physical entrapment on pouring and those resulting from precipitation by 

the metal on cooling [71].  

Figure 25 showed a CMSX-4 casting with metal mold reaction and gas hole defect. 

 Inclusion defects 

Higher temperatures and longer holding times at temperature increase the possibility for 

reaction and the production of inclusions associated with refractory wear and erosion. 

Therefore, melt overheating, especially for long periods of time, is to be avoided. 

The scale on scrap surfaces can also lead to refractory erosion and exogenous inclusions. 

Rust or ferrous scrap can be considered a hydrated iron oxide that, when heated and 

dehydrated, can form low-melting complex oxides with the refractories. 

Inclusion difficulties have also been known to increase when adhering mold materials 

remain on charged revert scrap. 

The severity depends on the nature of the mold-bonding agent; bentonite and organically 

bonded mold materials would display different tendencies toward refractory attack. 

The above observations can be applied to reaction between the mold materials and the 

molten metal. This is not to be confused with metal penetration, in which molten metal 

merely fills the void spaces between grains of the mold material. 

However, the solution to the problem--for example, a mold wash--may be the same. In 

this case, the wash fills the voids between sand grains and isolates the mold material from 

contact with a potentially aggressive molten metal or oxide. 

Longer solidification times merely increase the possibility for mold-metal reaction and 
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the accompanying inclusion-forming tendency [57]. 

E.g. the addition of Hf to high strength cast superalloys is used to combat DS grain 

boundary cracking problems, with levels of 2% and greater being common. Increasing 

levels of Hf, unfortunately, increase component rejection rate and quality assurance 

problems due to the occurrence of HfO inclusions in the DS components usually 

resulting from Hf/ceramic core/shell reactions [72]. 

 Grain defects 

Grain defects will increase with the increasing of inclusions level. 

Figure 26. Showed a CMSX-4 casting with metal-mold reaction and secondary grain 

defects. 

 Hot tears 

The occurrence of hot tears is influenced by three factors, namely alloy composition, the 

design of the individual casting and foundry technique [73]. 

Metal-mold reaction may increase Si level in the superalloy. High Si content in nickel 

base superalloys may cause hot tear defect [72, 73]. 

CNV Specification of CMSX-4 requires low-level Si content: 0.04 Wt % Max. [52]. 

Figure 27 Showed a CMSX-4 casting with metal-mold reaction and hot tears defects.  
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Figure 25. CMSX-4 SX casting with metal mold reaction and gas hole defect. 
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Figure 26. CMSX-4 SX casting with metal mold reaction and secondary grain defect 
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Figure27. CMSX-4 SX casting with metal mold reaction and hot tears defect 
 
 

 Mo(Ni, Si)2 Laves phase formation in the Mo containing alloys [75] 
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CMSX-4 superalloy contain nominal 0.60 Wt % Mo, so Si contamination is still a risk of 

forming Mo(Ni, Si)2 Laves phase.  

 Metal losses and lack of filling defects 

Molten metal react with crucible and gating system will increase the metal losses and it 

may cause the lack of filling defects. 

3.1.4. Some important definitions related metal mold reaction 
 
For investment cast turbine blades and vanes 
 
Alloy depletion: A change in microstructure of the alloy resulting from a depletion of 

one or more elements [51]. 

Intergranular attack (IGA): Corrosion or oxidation attack concentrated at the grain 

boundaries. 

For René N4 and René N5 castings 
 
Alloy depletion: A condition at or adjacent to the surface of a part wherein the material is 

deficient in one or more elements of its normal composition. 

Alloy layer: Surface contamination of parts, visible as a resolidified layer. 
 
Carbide layer: Carburization of surface during heat treating. 
 
Freckles: A chain of small surface grains generally aligned parallel to the growth 

direction. 

Interdendritic attack (IDA): A form of corrosion or oxidation attack in which 

preferential reactions are concentrated at interdendritic regions of the part. The condition 

can be aggravated by the subsequent attack of the oxidized material by chemical enchants. 

Slivers: narrow grains of high reflectivity which often parallel the growth direction [63]. 
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3.2. Test procedure of metal/ceramic reaction 
 
Investment Casting Institute establishes a test procedure of metal/ceramic reaction: 
 
Some information of this procedure is shown below: 
 
Scope: This procedure applies to any ceramic that comes in contact with molten alloy 

including ceramic cores and shell mold. 

 
Purpose: 

The purpose of this test is to determine the degree of reaction between a ceramic material 

and metal under casting conditions. 

A casting trial pour where the test ceramic is subjected to the actual production metal 

pouring environment, is the best practice for reaction product testing. There are a variety 

of reaction conditions to look for including alloy depletion, inter carbide oxidation, and 

reaction layers thickness [59]. 

 

3.3. Chemical properties of CMSX-4 superalloy 
 
3.3.1. Oxidation behavior of CMSX-4 superalloy 
 
Superalloys are naturally protected to a certain extent by the formation of impermeable 

stable oxides, such as Cr2O3 or Al2 O3. In general, the higher the γ’ volume fraction, the 

lower the chromium content of the alloy and the higher that of aluminium. Where 

necessary, the oxidation resistance can be improved by the use of coatings. The kinetics 

of alumina formation is considerably slower than those for chromia, so that higher 

temperature is necessary to obtain a layer of significant thickness. 

The highest oxidation resistance is apparently obtained in CMSX-4 alloy and the lowest 
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in MC2. (in 1st to 3rd generation SX superalloys) In general, a high W/Ta ratio and high 

contents of both these elements have an unfavorable effect on oxidation resistance. 

Similarly, concentrations of molybdenum great than about 5 wt. % can also have a 

harmful effect [76]. 

Mechanisms of Metal Oxidation 

In 1923, N.B. Pilling and R.E. Bedworth classified oxidizable metals into two groups: 

those that formed protective oxide scales and those that did not. They suggested that 

unprotective scales formed if the volume of the oxide layer was less than the volume of 

metal reacted. For example, in the oxidation of aluminum: 

2Al + (3/2) O2             Al2O3 

the Pilling-Bedworth Ratio is: 

PBR = (Volume of 1 mol of Al2O3) / (Volume of 2 mol of Al)  

 where the volumes can be calculated from molecular and atomic weights and the 

densities of the phases. If the ratio is less than 1, as is the case for alkali and alkaline 

earth metals, the oxide scales are usually unprotective, with the scales being porous or 

cracked due to tensile stresses and providing no efficient barrier to penetration of gas to 

the metal surface. If the ratio is more than 1, the protective scale shields the metal from 

the gas so that oxidation can proceed only by solid-state diffusion, which is slow even at 

high temperatures. If the ratio is much over 2 and the scale is growing at the metal/oxide 

interface, the large compressive stresses that develop in the oxide as it grows thicker may 

eventually cause the scale to spall off, leaving the metal unprotected. 

Exceptions to the Pilling-Bedworth theory are numerous, and it has been roundly 

criticized and rejected by many. Its main flaw is the assumption that metal oxides grow 
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by diffusion of oxygen inward through the oxide layer to the metal. In fact, it is much 

more common for metal ions to diffuse outward through the oxide to the gas. Also, the 

possibility of plastic flow by the oxide or metal was not considered. Nevertheless, 

historically, Pilling and Bedworth made the first step in achieving understanding of the 

processes by which metals react with gases. And although there may be exceptions, the 

volume ratio, as a rough rule-of-thumb, is usually correct. The Pilling-Bedworth volume 

ratios for many common oxides are listed in Appendix 1[77]. 

Summary of Pilling-Bedworth Ratio 

 For good oxidation resistance the oxide should be adherent to the surface 
 

 Adherence of the oxide  
 = f(the volume of the oxide formed /the volume of metal consumed in the 
oxidation)  
 = f(Pilling-Bedworth Ratio) 

 
 PBR < 1: tensile stresses in oxide film-brittle oxide cracks 

 
 PBR > 1: compressive stresses in oxide film-uniformly cover metal surface and is 

protective 
 

 PBR >> 1: too much compressive stresses in oxide film-oxide cracks [78] 

 

3.3.2. Importance of trace element control of CMSX-4 superallo 
 
Holt,R. T. pointed out the importance of impurities and trace elements in nickel base 

superalloys as early as April 1984 [79]. 

Nickel base superalloys, by virtue of their excellent high temperature properties coupled 

with corrosion resistance, have been widely used as gas turbine engine components. 

The physical metallurgy of superalloys demands the highest degree of process 

consistency and reproducibility, requiring melters of these alloys to exercise strict control 
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and discipline during manufacture. The need for improved gas turbine operating 

efficiency and reliability has resulted in extremely stringent acceptance criteria. Gases, 

particularly oxygen and nitrogen, are required to be controlled to < 10 ppm, while several 

tramp elements which are considered deleterious, needs to be controlled to < 1 ppm. 

These restrictions are a big challenge to metallurgists and suitable strategies should be 

evolved from basic thermodynamic considerations in order to get desired results. 

Elements which are present in superalloys in parts per million (ppm) level are generally 

known as trace elements. While most of them are undesirable, some elements, especially 

Mg, B, Zr, Y, Ce etc are sometimes deliberately added in controlled amounts to enhance 

the hot workability or high temperature performance[80]. 

Investment foundries manufacturing aerospace turbine components employ close control 

of trace elements, in both the raw materials and the finished castings (AMS2280). The 

properties principally affected by trace element in Ni-based alloys are creep life and 

ductility. Results of experimental research have shown that the most detrimental element 

is Bi, which can reduce creep life by 20% at a contamination level of 0.2 ppm. This 

element is followed in the severity of its effect on these properties by Te, Se, Pb, and Ag, 

in that order. Gases in alloys affect the degree of microporosity formation in vacuum-cast 

Ni-based alloys. Rolls-Royce practice is to monitor all non-metallics used for mold 

making, e.g. cores, investment shell, and pattern materials. [81]. 

CNV specification of CMSX-4 castings requires very low-level trace elements control, 

e.g. O less than 10 ppm. Bi Less than 0.5 ppm.(less than 0.3 ppm in ingots) [52]. 

 

3.3.3. Compositional modification of CMSX-4 superalloy  
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There are two compositional modified CMSX-4 alloys. CMSX-4 [SLS][LA+Y] alloy is 

commercially available and CMSX-4 (B/C) [MK4] is proprietary.  

CMSX-4 [SLS][LA+Y] alloy incorporates melt desulfurisation  techniques to bring the S 

level down to <1 ppm combined with excellent alloy cleanliness represented by 2 to 3 

ppm [O]. This SX alloy melting and desulfurisation technology provides lower levels of  

The required La+Y ppm in the SX castings to give the resultant dramatic increases in 

bare oxidation resistance, coating and TBC performance In turn this SX casting process 

flexibility for required ceramics (shell and core) and improves SX casting process yield. 

Extensive SX varied component casting trails have shown the alloy can be cast with 

conventional SX ceramics and achieve high SX grain yield, with the require control of 

La+Y ppm microchemistry top to bottom of cores SX airfoil castings. The La + Y ppm 

additions are normally made on the SX casting furnace, although heats can be  

pre-alloyed. These highly reactive elements tie up the <1 ppm S in the alloy as high stabl 

La + Y sulfides, which prevent the migration the migration/ diffusion of S to the free 

suface, which destroys the strong Van der Waal’sbond between the a alumina scale 

layer and the base alloy/ coating/ bond coat [82]. 

CMSX-4 (B/C) [MK4] alloy is proprietary by Allison Engine Company.  

CMSX-4 (B/C) [MK4] alloy nominally contains 0.04 wt. % carbon and 0.006 wt. % 

Boron  

 

3.4. Physical properties of CMSX-4 superalloy 
 
Table 1 showed density and approximate melting range of some Ni base superalloys. 
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Density (gm/cm3) of CMSX-4, PWA 1484 and René N5 is 8.70, 8.95 and 8.65 

respectively. 

Approximate melting range of CMSX-4 alloy showed in Table 1 is 2415-2515 °F 

Differential Thermal Analysis (DTA) results of melting ranges of CMSX-4, CMSX-4 

[SLS][LA+Y], PWA 1484 and René N5 from the heating curve is shown below. 

 CMSX-4– 2473.3 °F (solidus) and 2543.0 °F (liquidus) 

 CMSX-4 [SLS][LA+Y]– 2484.7 °F (solidus) and 2556.7 °F (liquidus) 

 PWA 1484– 2506.7 °F (solidus) and 2552.7 °F (liquidus) 

 René N5– 2457 °F (solidus) and 2559 °F (liquidus) [83]. 

 
3.5. Creep-rupture/Phase stability of CMSX-4 superalloy 
 
The long-time phase stability of CMSX-4 in terms of its resistance to topologically-close-

packed (TCP) phase formation was a major aspect in all stages of the development of the 

alloy. Specifically the Cr content was fixed at 6.5 % and the overall chemistry balanced 

to give phase stability with the presence of 3% Re and 6.4% Wand also to give 

acceptable hot corrosion (sulphidation) resistance. TCP phase stability of CMSX-4 alloy 

has been proven by long term creep-rupture testing as shown in Table 5. where there are 

no fall-offs in the log-stress to log-life linear property relationships at the longer lives due 

to undesirable microstructural changes, such as the significant occurrence of TCP phases. 

Also, following stress-rupture testing between 1100°C (2012°F) and 1150°C (2102°F) no 

TCP phases were detected following 700 Hrs. at 1l00 °C (2012°F) and just a small 

amount of TCP needle phase was observed within the dendrite cores after 1750 Hrs. at 
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1121 °C (2050°F). The TCP phase has been analyzed on the SEM and TEM to be W + 

Re + Cr rich. TCP phases are potentially damaging for two reasons; they tie up g and g’ 

strengthening elements in non-useful form, thus reducing creep strength. They also can 

act as crack initiators because of their brittle nature and reduce impact and fatigue 

strength. CMSX-4 has excellent long-term creep-rupture strength at 1121°C (2050°F) 

[18].  

 

Table 5. TCP phase stability of CMSX-4 alloy proven by long term  
creep-rupture testing 

 
Phasial stability number of nickel base superalloys 
 
Pratt & Whitney Aircraft (PWA) and GE Aircraft Engine (GEAE) require not only the 

composition but also the phasial stability to the nickel base superalloys. 

Phasial stability number NV3B is defined by the PWA N-35 method of nickel-based alloy 

electron vacancy TCP phase control factor calculation.  CMSX-10 has a phasial stability 

number NV3B less than about 2.10. Advantageously, the phasial stability number NV3B is 

less than 1.85 and, preferably, the phasial stability number NV3B is less than 1.65. [84]. 
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The typical phasial stability number NV3B of CMSX-4 VIM ingot is 2.19 which the 

specification (CM KH 8/22/99) required 2.24 Max [85]. 

Phasial stability number NV3 is defined by the GEAE specification E50TF47 PhaComp 

Electron Vacancy-Number Calculations (NV3) Method [67, 68]. 

Phasial stability number NV3 of René N4 was required less than 2.32 [67]. 

Phasial stability number NV3 of René N5 was required 2.07-2.15 [68]. 

The PWA N-35 method of nickel-based alloy electron vacancy TCP phase control factor 

calculation is as follows: 

EQUATION 1- Conversion for weight percent to atomic percent: 

 

 where: Wi = weight percent of element i, Ai = atomic weight of element i 

EQUATION 2-Calculation for the amount of each element present in the continuous 

matrix phase: 

 

*Note: weight percentage Re is added to weight percentage W for the calculation 
above. 
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EQUATION 3-Calculation of NV3B using atomic factors from Equations 1 and 2 above:  

       Where: 

i = each individual element in turn. 

Ni i = the atomic factor of each element in matrix. 

(Nv)i = the electron vacancy No. of each respective element. 

This calculation is exemplified in detail in a technical paper entitled "PHACOMP 

Revisited", by H. J. Murphy, C. T. Sims and A. M. Beltran, published in Volume 1 of 

International Symposium on Structural Stability in Superalloys (1968), the disclosure 

which is incorporated by reference herein [84]. 

 
3.6. Processing properties of CMSX-4 superalloy 
 
3.6.1. Castability of CMSX-4 superalloy 
 
Single crystal materials must not only show improved mechanical properties, but must 

also possess good processability in order that components can be produced economically 

and with guaranteed consistent properties. As described in Goulette's paper “Cost 

Effective Single crystals: The Rolls-Royce Approach”, the Rolls-Royce DS furnace 

design features a high temperature gradient mould heater, which minimizes thermal 

convection. As a consequence, a wide range of compositions can be considered without 

the risk of unacceptable chemical segregation. The criteria for good castability are 

freedom from stray grain and sliver formation, chemical segregation and porosity. The 

alloy must also be able to develop its single crystal structure at economical mould 

withdrawal rates [86]. 
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Single crystal castability of CMSX-4   

One of the premier concerns of a single crystal foundry is the castability, (casting quality 

and yield performance), of an alloy. Casting or grain defects that often plague single 

crystal airfoils are high angle boundaries (HABs), freckles, and slivers. All these can be 

attributed to or aggravated by an alloy with a characteristically unstable solidification 

front. In particular, freckles (trails of equiaxed grains) are associated with alloys 

exhibiting a large mushy zone (freezing range) and high tungsten, low tantalum content. 

As a result of the initial alloy design to enhance the castability of CMSX-4 through 

tantalum content and refractory element balance, the alloy offers low propensity to the 

formation of crystal structure defects. Slivers are grains forming streaks in the 

microstructure. They are usually close to the primary direction but misoriented in the 

transverse direction. The formation of slivers is believed to be related to the metal 

inclusion content during solidification, the higher the inclusion content, the greater the 

tendency to form slivers. 

It has been shown that targeting 50 -150 ppm residual yttrium in CMSX-4 single crystal 

castings significantly lowers the incipient melting point, resulting in incipient melting 

micropores in the eutectic phase in fully g’ solutioned microstructures, which reduce HCF 

and LCF properties in specimens without HIP. Interference film optical metallographic 

techniques used during this research have shown that the incipient melting occurs at a 

low melting point nickel-yttrium phase which occurs interdendritically and is closely 

associated with the normal γ/γ’ eutectic pools. Also the restricted peak solution 

temperature in these castings result in increased propensity to TCP phase formation 

following stressed-high temperature exposure, due to enhanced refractory element 
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residual microsegregation. Single crystal castability studies show that these relatively 

high levels of residual yttrium nucleate grain defects particularly slivers in the castings 

due to yttrium-ceramic oxidation reactions and subsequent complex stable oxide product 

formation [16]. 

The castability of CMSX-4 is somewhat improved at a higher solidification rate [87]. 

 
3.6.2. Heat-treatability of CMSX-4 superalloy 
 
The heat treatment of single crystals is a critical operation. The process is essential to 

develop the full property potential of material, and design data is based on correctly heat 

treated material. Commercial heat treatment practice incorporates allowances for 

temperature excursions either side of a heat treatment band. The design of single crystal 

alloy compositions must allow for the inaccuracy of temperature measurement and 

achievable consistency of temperature control. The Rolls-Royce alloys are designed with 

a minimum heat treatment window of 25 °C. This is defined as the temperature difference 

between the gamma prime solvus and incipient melting point obtained following 

commercial heat treatment practice. Heat treatment windows = gamma prime solvus - 

incipient melting temperature [86]. 

CMSX-4 Solution heat treatment “window” of approximately is 19°C (35°F) - capable of 

full γ’and eutectic g and γ/γ’ solutioning without incipient melting [1]. 

Comparing the Rolls-Royce alloys are designed with a minimum heat treatment window 

of 25 °C, CMSX-4 Solution heat treatment “window” is relatively smaller. 

René N6 has rather high γ’solvus and incipient-melting temperatures, 1299 °C (2370 °F) 

and 1340 °C (2444 °F), respectively, the difference giving it an adequately wide heat- 
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treating window, 41 °C (74°F) [88]. The optimum solution heat treatment cycle for  

René N6 was determined to be 1315-1335 °C for approximately six hours [89]. 

 

3.7. Key successful factors for the casting of reactive alloys 
 
3.7.1. Wax pattern 
 
3.7.1.1. Low ash and special filler pattern wax  
 
REMET TIWAX 288P28 was developed primarily to meet the stringent requirements of 

Titanium alloy casters. The patented “P” filler is a water soluble, clean burning material 

which minimizes metal-mold reaction. 

Key product features: 

 Good surface finish. 

 Water soluble filler: very clean shell, which minimizes metal mold reaction. 

 Very low ash: minimizes metal mold reaction. 

 Low Thermal expansion minimizes shell cracking during dewaxing. 

 Low cavitation. 

 Patterns retain flexibility long enough to allow easy removal from the die. 

 Made in ISO 9000 registered facility: product consistency that results in performance 

consistency. 

 Excellent primary coat adhesion [38] 

3.7.1.2. Contamination free wax pattern making operation 
 

 Use non-silicon mold release for wax pattern injection 

 Make sure no contamination during wax pattern injection and assembly operations 
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 Perform good wax pattern cleaning and etching before facecoating 

3.7.2. Shell mold 
 
3.7.2.1. Non-reactive facecoat [16] 
 
Binder 
 
Face coat binders used in investment casting have traditionally been Silica based. This 

creates a problem for many foundries because Silica is readily attacked by the reactive 

components of the alloys. Table 6 shows some light on why this may be the case: SiO2 

has the lowest stability as measured by Free Energy of Formation of the Oxide for any of 

the commonly used binders. Non-Silica based binders would then seem to be the logical 

choice for many reactive alloys. 

However, they require special processing conditions for both coat application and pattern 

removal. Traditional methods do not work well, for example, with Alumina and Zirconia 

Sol binders since the bond which forms can be re-dissolved. Newer generation binders 

such as REMET’s TICOAT TM N offer a different chemistry approach to a Zirconia bond. 

This binder is a solution of Ammonium Zirconium Carbonate versus the discrete particles 

in the Zirconia Sols. The resulting bond is, after, firing, all ZrO2. Combining the 

refractory with the proper binder presents certain slurry stability problems. While these 

problems are formidable, they are not impossible to overcome on a practical basis 

Zirconia bonded systems do require high temperature firing to minimize reaction 

tendencies. The higher the firing temperature the lower the subsequent reaction tendency. 

Yttria is one of the least reactive refractory materials that can be used to cast 

reactive alloys. It is a highly basic and reactive compound. Slurry stability is minimal. 
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Table 6. COMPARISON OF OXIDE PROPERTIES ** 
** Listed in order of most negative, i.e., most stable, to least negative Free Energy of 
Formation. 

 
Work done by Feagin showed alpha case depths ranging from less than 0.0001 inches 

(0.003mm) to isolated areas of alpha case depths of 0.009 inches (0.229 mm). These 

results were for Yttria bonded Yttria on “fingers” that were approximately four inches 

(101.6 mm) long and approximately 1 inch (25.4 mm) in diameter. The significant 

reduction in alpha case levels creates a strong impetus to develop commercially viable 

Yttria based systems. REMET CORPORATION is continuing to work on this technology. 

[83]. 

NYACOL Nano Technologies, Inc. also provides NYACOL® colloidal zirconias for 

investment casting with slurry formulation guide [84]. 

U. S. patent 4947927 owned by PCC Airfoils, Inc. reported that the improved slurry 

contains yttria to form an inert surface which is exposed to the molten reactive metal such 
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as titanium or nickel-chrome superalloys containing rare earths. The invention showed 

good results on GE René N5 castings which contained at least 20 ppm yttrium [85]. 

Refractory 

Depending upon the degree of reactivity of the alloy, the foundryman has had a wide 

range of refractories from which to make a selection. (See Table 7) The commonly 

available ones include Tabular and Fused White Alumina, Zircon, Zirconia and Yttria. 

The Tables on the following pages show the properties of these as well as of other, less 

commonly used refractories. Table 6 lists these oxides in order of decreasing stability as 

measured by Free Energy of Formation. Table 8 lists them in order of decreasing melting 

points. Finally, Table 9 lists these oxides in the order of decreasing density. All three 

properties are important in making a refractory selection. While stability is a primary 

concern, the melting point of the material must be above that of the metal being poured. 

Product density is also a concern as the foundry must be able to keep the refractory 

suspended in the slurry. If the density is too high, the refractory will tend to settle out; the 

slurry will be inconsistent and so will the foundry’s casting results [83]. 

Secondary coating  
 
While most of the reaction between the primary coat and the alloy occurs at this interface, 

there are still good reasons to use non-reactive binders and/or flours on the second coat 

and, perhaps even on the third coat. With casting of large cross-section, any additional 

protection from the alloy will usually lower the overall level of reaction. In addition, 

because of the liquid nature of the binder, there can be some “break through” of the 

binder components and the smallest flour particles of the succeeding coats into the 

face coat. This can result in some reaction occurring, even though a relatively inert 
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facecoat has been used. After the facecoat and any subsequent non-reactive dip coats 

have been applied, a typical backup slurry or Zircon, Alumino-Silicate or Alumina is 

used. Fused Silica can be used for some reactive superalloys, but its use should be 

avoided with highly reactive alloys such as Titanium [83]. 

SUPER ALLOYS (E.g., CM-247LC, CMSX-4, Inconel 718, Mar-M-509, etc.) 
Zircon (ZrSiO 4) 
Alumina (Al2O3) 
 
TITANIUM AND ITS ALLOYS (E.g., Ti-6-4, etc.) 
Zirconia (ZrO2) 
Yttria (Y2O3) 
Graphite (C) 
Thoria (ThO2) 
 
Table7. REACTIVE ALLOYS AND GENERALLY COMPATIBLE 
REFRACTORIES 
 
Wash coating 

NYACOL® colloidal yttria for investment casting 

NYACOL® yttria sols are finding increasing use in investment casting shells as an yttria 

wash coat. Such a surface coating on the shell provides for a very low reactivity surface 

for the casting of titanium and the nickel and cobalt superalloys [86]. 

 
3.7.3. Ceramic core 
 
Cores represent another challenge for the foundryman. The cores must not react with the 

alloy despite being exposed to molten metal and high temperatures for longer time 

periods than the shell. Core removal is another important issue: the foundryman must also 

be able to remove the core from the casting without destroying the casting. 

 Core washes have usually been the most practical alternative for reactive alloy casting. 
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Table 8. COMPARISON OF OXIDE PROPERTIES ** 
** Listed in order of decreasing melting points. 

 

 
 

Table 9. COMPARISON OF OXIDE PROPERTIES ** 
** Listed in order of decreasing density. 
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These allow the foundry or the core maker to put on a non-reactive coating based upon 

Alumina, Yttria or Zirconia on the surface of the typical silica-based core. Consistency of 

coating thickness is necessary in order to achieve proper core dimensions. Usually, this 

technique works best for smaller cores. Large core bodies will stay hot for a relatively 

longer time and the coating may break down because of this. 

Cores are a technology requiring special expertise. The foundryman would be well served 

to discuss his specific needs with his core supplier. This will provide the greatest 

opportunity for appropriate expertise to be brought to bear on the foundry’s needs [83]. 

 

3.7.4. Crucible 
 
David Alan Ford showed results of the invention of crucible for melting superalloys in 

U.S. patent 4006891, Feb. 8, 1977. 

A crucible for melting a nickel-based superalloy containing one or more of the elements 

aluminum, titanium, and hafnium is made of magnesia grains boned by tinaia, hafnia or 

yttria. The purity of the magnesia is not less than 97% [87]. 

From wettability consideration, zirconia crucible has best performance [46], but it is 

difficult to be detected by X-ray for inclusion inspection in nickel base superalloy. So 

special care needed in X-ray inspection when use ziconia crucible. 

 
3.7.5. Casting parameters 
 
Due to metal mold reactions are temperature and time dependence under certain casting 

conditions，from metal mold reaction consideration, using high side melting and pouring 

temperatures are not recommended and higher solidification rate is desired for shorten 
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 metal mold contacting time at high temperature. 
 
 
3.8. Summary 
 

 Metal mold reactions are common and complex problems 
 

 Surface or interface oxidation is the main form of metal mold reaction 
 

 Metal mold reaction is a kind surface defect but sometime associates 
with other casting defects  

 
 Metal mold reaction should be considered in both thermodynamics and 

kinetics  
 

 Metal mold reactions mainly caused by silica containing ceramic 
materials using in the casting system  

 
 Metal mold reaction layers of CMSX-4 castings are eutectic phases rich 

 
 Metal mold reactions of CNV CMSX-4 castings might also induce 

defects of gases, inclusions, hot tears, and O & Si content errors 
 

 For metal mold reactions of CNV CMSX-4 casting problem solving 
the ingot; ceramics used in melting, pouring and gating system including 
crucible, funnel, thermocouple protection tube and filter; wax pattern; 
shell mold; cores and casting parameters should be reviewed and 
controlled 
 

 Yttria is one of the least reactive refractory materials that can be used to 
cast reactive alloys, but reaction between aluminum and yttria need to be 
considered 
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4. Methodology and Materials 
 

This study will focus on the materials selection in the face coat and binders used in 

the mold shell.  From past in-house studies of metal-mold reactions from CNV 553 J, 

[52] the silica binder is considered to be the primary suspect for the cause of the 

reaction in CMSX-4 castings.  Additionally, the literature [16] indicates that 

surface-mold reactions are not experienced with CMSX-4 parts when using SCO 

(Allison production facilities) facecoats.  In the past Chromalloy Nevada (CNV) 

in-house attempts to mitigate the reaction, it was found that the use of both yttria and 

zirconia slurry facecoats for CMSX-4 castings still resulted in problems with 

metal-mold reactions.  To better understand the problem and work towards a solution, 

the present set of experiments was conducted, focusing on seeking a better facecoat 

on the mold to help keep the molten metal from contact with the silica binder. 

Peel-off defects have been observed by visual and stereomicroscope inspection on the 

shell mold surface of CMSX-4 casting using zirconia slurry facecoat (Figure 28)  

Porous feature has been observed by visual and stereomicroscope observations on the 

shell mold surface of CMSX-4 casting using yttria slurry facecoat (Figure 29) 

It is postulated here that using a non-reactive wash coating on the normal facecoat 

may help to balance the facecoat strength and surface isolation functions. 

For titanium casting, an yttria binder is one of the most inert materials available. 

However, it is difficult to work with, as it usually gives very short slurry life (i.e., it 

wants to gel very rapidly when brought into contact with most any refractory 
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Figure 28. Visual appearance of CMSX-4 casting (Sample 2) and shell mold surface 
using zirconia slurry facecoat 
 

 
 
Figure 29. Visual appearance of CMSX-4 casting (Sample 3) and shell mold 
surface ( Sample 9) using yttria slurry facecoat 
 

material).  It is also quite expensive vs. most other binders.  The yttria bonds will be 
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somewhat similar in effectiveness to the zirconia binder.  It may provide a lower level 

of reactivity compared to silica, but again, its effectiveness will be highly dependent 

on the alloy [95].    

The first experiment was performed by applying an yttria wash coating on the normal 

facecoat as described in the literature [93]. After the shell making step, the casting 

trial was completed normally.  After the trial casting using the yttria coating, both the 

casting and shell were evaluated.  The systematic characterization of the metal-mold 

reaction interface was performed in a commercial laboratory. 

 

4.1. Experimental procedure 

As mentioned above, the principal drawbacks of yttria slurries are that the working 

lifetime is too short, and fine yttria flour is expensive. So instead of a slurry of yttria 

binder with yttria flour, an yttria aerosol spray coating was instead applied directly to 

the wax pattern. Then, a yttria binder washing and soaking was applied to the spray 

coating shell after dewaxing for strengthening (Figure 30).  

Bonding tests were performed on the (standard) shell molding MOR (Modulus of 

Rupture) test bars (Figure 31). 

X-ray diffraction (XRD) was then used to check if the yttria coating well bonded to 

the normal facecoat after both dewaxing and burnout/firing.A yttria spray coating 

plate was used as a standard for the XRD test. 

The subsequent normal primary coating showed good bonding with the yttria coating, 

so a complete shell was made for casting trial, which was completed using an argon 
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Figure 30. NYACOL Yttria binder used as strengthening binder in this 
project 

 

 
 

Figure 31. Y2O3 Y Aerosol spray coating on zircon facecoat MOR test bars 
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atmosphere Bridgman casting furnace.  Trial castings were produced, with both the 

cast parts and the shell molds analyzed afterwards using optical and electron 

techniques for metal mold reaction interface characterization. 

Nine characterization samples were prepared by sectioning from their parent parts 

(Figure 32).  Characterization was performed both at CNV and at Rocky Mountain 

Laboratory [96]. Detailed descriptions of the nine samples and their intended purposes 

are summarized below.

Sample 1:  Size ~1/4" x 1/2" from yttria spray coating part. 

Try to learn what are the golden layer, dark grey layer and shining 

spots by AES and EDS. 

Sample 2:  Size ~1/4" x 1/2" from zirconia slurry facecoating part. 

Try to learn what are the golden layer, light black layer and shining 

spots by AES and EDS. 

Sample 3:  Size ~1/4" x 1/2" from yttria slurry facecoating part. 

Try to learn what are the golden layer, grey layer and shining spots by 

AES and EDS.  

Sample 4:  Size ~1/4" x 1/2" from normal zircon slurry facecoating part. 

Try to learn what are the golden layer, grey layer and shining spots by 

AES and EDS. 

Sample 5:  Size ~1/4" x 1/2" from normal zircon slurry facecoating part after heat 

treatment. Try to learn what are the golden layer, grey layer and 

shining spots by AES and EDS. Also, try to learn why the reaction 
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layers become harder to remove after heat treatment from the results of 

Sample 4 and Sample 5. 

Sample 6:  Size ~1/4" x 0.012" (Thickness) yttria spray coating. Try to learn what 

are the grey layer, metal spots and shining spots by XPS. 

Sample 7:  Size ~1/4" x 0.013" (Thickness) normal zircon face coating. Try to 

learn what are the grey layer, why this layer is without metal spots and 

shining spots by XPS 

Sample 8:  Size ~1/4" x 0.189" (Thickness) normal zircon facecoating with 

alumina backup. Try to learn what are the grey layer, metal spots and 

shining spots by EDS and XPS. 

Sample 9:  Size ~1/4" x 0.215" (Thickness) yttria facecoating with alumina 

backup. Try to learn what are the grey layer, metal spots and shining 

spots by XPS. 

 

4.2. Materials used in the experiment 
 

The yttria aerosol spray (ZYP Y aerosol) was obtained from ZYP coatings Inc. This  

spray provides easy application of a uniform, thin, protective high-temperature  

coating that is non-fluorocarbon, non-aqueous-based carrier assures, and is fast  

drying. The yttria coating is a high-chemical-stability coating for applications where 

resistance is not demanded. These coatings are used wherever anti-stick, barrier, 

molten-metal resistant coatings are needed on substrates that do not alone meet the 
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Figure 32. a) Samples (1-5) sectioning for surface characterization 
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Figure 32. b) Samples for surface characterization 
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Figure 32. C) Shell molds of CMSX-4 SX castings: Left one (Sample 8)  
from part with secondary grain defect, Right one (Sample 7) from part 
with hot tear defect 

 

requirements [97]. 

NYACOL® colloidal yttria, from NYACOL Nano Technologies, Inc., was used in the 

yttria spray coating after dewax by washing and soaking method; as a sintering aid, it 

will give the yttria spray coating good strength after shell mold burnout/firing. 

The CMSX-4 casting material was procured from CM group (CMSX-4 VIM refining 

ingot).  
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4.3. Characterization Techniques  

4.3.1. Optical techniques 

Optical microscopy will be used for surface color and morphology observation on 

both CMSX-4 castings and their shell molds in this project. Optical microscopy at a 

variety of magnifications was performed using Leica optical microscope with digital 

camera shown in Figure 33.   

4.3.2. Electron techniques 
 

4.3.2.1. Scanning Electron Microscopy with X-ray microanalysis 

(SEM/EDS) [98, 99] 

Scanning Electron Microscopy (SEM) will be used for detailed surface morphology by 

secondary electron imaging of topographic features and compositional contrast by 

backscattered electron (BSE) imaging of chemical phase difference in this project.  

Energy Dispersive X-ray Spectroscopy (EDS) will be used for qualitative and 

quantitative elemental analysis in conjunction with the SEM. X-ray imaging or mapping 

will be used for the analysis of elemental distribution on sample surfaces.  

SEM can produce images of almost any sample at magnifications of 15-300,000X. 

The SEM has tremendous depth of field allowing for imaging that cannot be 

accomplishedusing optical microscopy. Conductive and nonconductive samples can 

be imaged. When operated in the backscatter electron (BSE) detection mode, 

differences in material composition can be observed. Elemental analysis can be 
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performed on any 

 

Figure 33. Leica Optical Microscope with Digital Camera 

feature observed with an integrated Energy Dispersive Spectroscopy (EDS) detector. 

EDS is used in conjunction with the SEM providing chemical analysis in areas as small 

as 1 µm in diameter. EDS detects all elements heavier than Be on the periodic table. 

EDS can be performed exactly on any features or particles seen in the SEM images and 

can “MAP” elements on a surface. Unknown materials can be identified and 

quantitative analysis can be performed [98].  

In SEM, an electron beam is scanned across a sample's surface. When the electrons 

strike the sample, a variety of signals are generated, and it is the detection of specific 
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signals, which produces an image or a sample's elemental composition. The three 

signals, which provide the greatest amount of information in SEM, are the secondary 

electrons, backscattered electrons, and X-rays. 

Secondary electrons are emitted from the atoms occupying the top surface and 

produce a readily-interpretable image of the surface. The contrast in the image is 

determined by the sample morphology. A high-resolution image can be obtained 

because of the small diameter of the primary electron beam. 

Backscattered electrons are primary beam electrons, which are 'reflected' from atoms 

in the solid. The contrast in the image produced is determined by the atomic number 

of the elements in the sample. The image will therefore show the distribution of 

different chemical phases in the sample. Because these electrons are emitted from a 

depth in the sample, the resolution in the image is not as good as for secondary 

electrons. 

Interaction of the primary beam with atoms in the sample causes shell transitions 

which result in the emission of an X-ray. The emitted X-ray has an energy 

characteristic of the parent element. Detection and measurement of the energy permits 

elemental analysis (Energy Dispersive X-ray Spectroscopy or EDS). EDS can provide 

rapid qualitative, or with adequate standards, quantitative analysis of elemental 

composition with a sampling depth of 1-2 microns. X-rays may also be used to form 

maps or line profiles, showing the elemental distribution in a sample surface. 

Summary of Instrument Capabilities 

 Secondary electron imaging of topographic features with magnification up to 
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100,000X and 

 Spatial resolution better than 50 Å 

 Backscattered electron imaging of chemical phase difference 

 Qualitative and quantitative elemental analysis with EDS 

 X-ray imaging: elemental line scans and maps 

Comparison with Related Techniques 

 Auger Electron Spectroscopy (AES) and Electron Spectroscopy for Chemical 

Analysis (ESCA) are more sensitive to light elements 

 Analysis depth for AES and ESCA is three orders of magnitude less than EDS 

 EDS is only for elemental analysis; ESCA gives chemical state information 

Samples/Sample Preparation 

Suitable samples include most solids which are stable under vacuum (metals, 

ceramics, polymers, minerals). Sample must be less than 2 cm in diameter. Sample 

preparation: non-conducting samples are coated with a thin layer of carbon or gold. 

Metallographic embedding, polishing, and sectioning is available for samples 

requiring special preparation. 

Limitations 

 Limited detection of elements below Na in the periodic table 

 No detection of elements below C in the periodic table 

 X-ray detection limit ~ 0.1% depending on the element 

 Samples must be compatible with vacuum (no fluids) [99] 

Figure 34 shows the JSM-6400 SEM/EDS used in this project.  Figure 35 shows the 
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Hummer VI-A Sputtering system (Gold coating) used for preparing the samples.  

 

Figure 34. JSM-6400 SEM with iXRF Model 510D EDS 
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Figure 35. Hummer VI-A Sputtering System (Gold coating) 

4.3.2.2. Auger electron spectroscopy (AES) 

Auger electron spectroscopy (AES) will be used for chemical surface analysis of 

casting samples so as to learn the elements on the surfaces and the elemental 

distribution in depth by depth-profiling. Auger Electron Spectroscopy (AES or Auger) 

is a chemical surface analysis method. AES measures the chemical composition of the 

outermost 100 Å of a sample. Measurements can be made at greater depths by ion 

sputter etching to remove surface layers. All elements except for H and He can be 

detected at concentrations above 0.1 to 1.0 atom %, depending on the element. In 

addition, elemental concentration versus depth (up to 2 µm) information can be 

obtained by ion sputter etching while monitoring every element of interest. Only 



 95

conductive samples can be measured with this technique. The sampled area varies from 

1 mm down to 2 µm in diameter [98]. 

 General Uses 

 Compositional analysis of the 0- to 3-nm region near the surface for all elements 

except H and He 

 Depth-compositional profiling and thin film analysis 

 High lateral resolution surface chemical analysis and inhomogeneity studies to 

determine compositional variations in areas ≥100 nm 

 · Grain-boundary and other interface analyses facilitated by fracture 

 · Identification of phases in cross sections 

Examples of Applications 

 Analysis of surface contamination of materials to investigate its role in such 

properties as corrosion, wear, secondary electron emission, and catalysis 

 Identification of chemical-reaction products, for example, in oxidation and 

corrosion 

 In-depth compositional evaluation of surface films, coatings, and thin films used 

for various metallurgical surface modifications and microelectronic applications 

 Analysis of grain-boundary chemistry to evaluate the role of boundary 

precipitation and solute segregation on mechanical properties, corrosion, and 

stress corrosion cracking phenomena 
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Samples 

 Form: Solids (metals, ceramics, and organic materials) with relatively low vapor 

pressures (<10-8 torr at room temperature). Higher vapor pressure materials can 

be handled by sample cooling. Similarly, many liquid samples can be handled by 

sample cooling or by applying a thin film onto a conductive substrate 

 Size: Individual powder particles as small as 1 μm in diameter can be analyzed. 

The maximum sample size depends on the specific instrument; 1.5 cm (0.6 in.) in 

diameter by 0.5 cm (0.2 in.) high is not uncommon 

 Surface topography: Flat surfaces are preferable, but rough surfaces can be 

analyzed in selected small areas (~ 1 μm) or averaged over large areas (0.5 mm in 

diameter) 

 Preparation: Frequently none. Samples must be free of fingerprints, oils, and 

other high vapor pressure materials 

Limitations 

 Insensitivity to hydrogen and helium 

 The accuracy of quantitative analysis is limited to ±30% of the element present 

when calculated using published elemental sensitivity factors. Better 

quantification (±10%) is possible by using standards that closely resemble the 

sample 

 Electron beam damage can severely limit useful analysis of organic and 

biological materials and occasionally ceramic materials 

 Electron beam charging may limit analysis when examining highly insulating 
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materials 

 Quantitative detection sensitivity for most elements is from 0.1 to 1.0 at. % 

Estimated Analysis Time 

 Usually less than 5 min for a complete survey spectrum from 0 to 2000 eV. 

Selected peak analyses for studying chemical effects, Auger elemental imaging, 

and depth profiling generally take much longer 

Capabilities of Related Techniques 

 X-ray photoelectron spectroscopy: Provides compositional and chemical binding 

state information, relatively nondestructive 

 Ion scattering spectroscopy: Provides superb top atomic layer information, 

specificity of surface atomic bonding in selected cases, and surface composition 

and depth profiling information 

 Secondary ion mass spectroscopy: High elemental detection sensitivity from part 

per million to part per billion levels; surface compositional information; depth 

profiling capability; sensitivity for all elements, including hydrogen and helium 

 Electron probe: Analysis to 1-μm depth in conventional operation, quantitative 

and nondestructive 

 Analytical electron microscopy: Chemical analysis in conjunction with 

high-resolution microscopy [100] 

 

In probing a metallic surface with a view to understanding either its resistance to 

environmental degradation or, if corroded, to understanding the mechanism of 
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attack, we will generally be interested in composition as a function of depth, and 

position. AES can provide this information with a depth resolution of the order of 

nanometers and a spatial resolution of the order of 10 nm. In many cases information 

on the chemical or valence state of the surface species can also be obtained. The 

present review will enable full recognition of the range of information that AES might 

offer to the investigation of corrosion processes. 

AES is an electron spectroscopic method and is closely related to X-ray photoelectron 

spectroscopy (XPS): each deriving its surface sensitivity from the limited mean free 

path, in a solid, of the emergent signal. AES is also a vacuum technique and cannot be 

used for in situ study of corrosion but is not entirely confined to ex situ examination 

of test pieces. A typical spectrometer is often equipped with a sophisticated 

preparation chamber. Such a facility can enable high-temperature oxidation using a 

hot stage, will have a fracture stage, and may be fitted with a retractable 

electrochemical cell. 

 

AES has been available in commercial form for more than 30 years, a similar history 

to XPS, and both have reached a mature stage of development. XPS and AES differ 

from each other in the nature of the energetic beam used to excite an analytical signal 

from the sample: an x-ray beam for XPS; a finely focused electron beam in the case of 

AES, with all the attendant facilities for microscopy. Researchers from the field of 

corrosion are likely to choose XPS for studies in which the surface is expected to be 

uniform in composition over large areas and for which the main need is information 
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on surface composition and on the valence state of the elements present, for example, 

in passivated surfaces of alloy steels. By contrast, AES will be chosen when it is 

necessary to examine areas of highly localized corrosion, such as cracks and pits. 

Although AES gives this possibility of excellent microscopy, the use of an electron 

beam as the excitation source brings with it all the problems of electrostatic charging, 

as found in the SEM. Unlike the case of the SEM, however, the charging problem 

cannot be overcome by coating the surface: this would simply mask the chemical 

information in the surface layer. AES is thus overwhelmingly a technique for the 

study of metallic surfaces and the thin layers of oxides and minerals that form on 

them. 

EDS is an excellent adjunct facility for a scanning Auger microscope (SAM). When 

this technique is available on the microscope, the bulk and the surface maps can be 

generated simultaneously by the same scanning beam. In this case, because there is 

a perfect register between the pixels of each map, scatter diagrams can be made that 

include a single element, in surface (SAM) and bulk (EDS) materials. The method of 

data analysis by use of scatter diagrams was pioneered by Prutton and coworkers 

who have shown how many different types of images might be combined to give 

much additional confidence in the data quality 

Chemical State Information 

Binding energy is defined as the difference in total energy of the system before and 

after ionization of the atom or ion. Thus, because of the changing ionization state of 

the atom relative to its neighbors during these transitions, there will be polarization 
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of the surrounding ions, locking up some energy and modifying the measured 

binding energies. These, so-called, final-state effects are sensitive to chemical and 

structural information and give rise to a shift in the kinetic energy of the Auger 

electron . The chemical shift is similar in magnitude to that observed in XPS and 

of the order of 2 to 4 eV. In cases where transitions occur between core-like orbitals 

that are well defined in energy, notably for elements either side of a transition series 

of the periodic table, the oxide and element can be distinguished better by use of AES 

compared with XPS because of the additional ionization that occurs on Auger 

emission. The chemical shift is widely used in studies of the corrosion of copper 

and zinc, and even more so in the cases of aluminum and silicon. An example of the 

use of the chemical shift for aluminum is given later in the chapter together with an 

illustration of chemically sensitive mapping [101].  

Figure 36 shows the Perkin Elmer PHI 610 Scanning Auger Microprobe used in this 

project.  

Figure 37 a) shows an AES capability-kinetic energy spectrums and AES map. 

Figure 37 b) shows an AES capability-depth profile [102].  
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Figure 36. Perkin Elmer PHI 610 Scanning Auger Microprobe 
 

4.3.2.3. X-ray photoelectron spectroscopy (XPS) 

Because AES can only be used for conductive samples, so X-ray photoelectron 

spectroscopy (XPS) will be used for chemical surface analysis on the yttria spray 

coating and shell mold sufaces after casting process in this project. X-ray 

photoelectron spectroscopy (XPS) also called Electron Spectroscopy for Chemical  
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Figure 37. a) AES kinetic energy spectrum and AES mapping capability [102]  

 

 
Figure 37. b) AES depth-profiling capability [102]  
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Analysis (ESCA) is a chemical surface analysis method. XPS measures the chemical 

composition of the outermost 100 Å of a sample. Measurements can be made at 

greater depths by ion sputter etching to remove surface layers. All elements except for 

H and He can be detected at concentrations above 0.05 to 1.0 atom %, depending on 

the element. In addition, chemical bonding information can be determined from 

detailed analysis. Conductive and nonconductive samples can be measured and the 

technique is well suited for polymeric materials. The sampled area varies from 1 mm 

down to 30 µm in diameter [98]. 

General Uses 

 Elemental analysis of surfaces of all elements except hydrogen 

 Chemical state identification of surface species 

 In-depth composition profiles of elemental distribution in thin films 

 Composition analysis of samples when destructive effects of electron beam 

techniques must be avoided 

 
Examples of Applications 

 Determination of oxidation states of metal atoms in metal oxide surface films 

 Identification of surface carbon as graphitic or carbide 

 

Samples 

 Form: Solids (metals, glasses, semiconductors, low vapor pressure ceramics) 

 Size: ≤6.25 cm3 (≤0.4 in.3) 

 Preparation: Must be free of fingerprints, oils, or other surface contamination 
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Limitations 

 Data collection is slow compared with other surface analysis techniques, but 

analysis time can be decreased substantially when high resolution or chemical 

state identification is not needed 

 Poor lateral resolution 

 Surface sensitivity comparable to other surface analysis techniques 

 Charging effects may be a problem with insulating samples. Some instruments 

are equipped with charge-compensation devices 

 The accuracy of quantitative analysis is limited 

 

Estimated Analysis Time 

 Requires an overnight vacuum pumpdown before analysis 

 Qualitative analysis can be performed in 5 to 10 min 

 Quantitative analysis requires 1 h to several hours, depending on information 

desired 

 

Capabilities of Related Techniques 

 Auger electron spectroscopy: Compositional analysis of surfaces. Faster, with 

better lateral resolution than XPS. Has a depth-profiling capability. Electron 

beam can be very damaging; bonding and other chemical state information are 

not easily interpreted 

 Low-energy ion-scattering spectroscopy: Sensitive to the top atom layer of the 
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surface and has profiling capabilities. Quantitative analysis requires use of 

standards; no chemical state information; poor mass resolution for high-Z 

elements 

 Secondary ion mass spectroscopy: The most sensitive of all surface analysis 

techniques. Can detect hydrogen, and depth profiling is possible. Has pronounced 

matrix effects that can cause orders of magnitude variations in elemental 

sensitivity and make quantitative analysis difficult [93] 

 

XPS is a very successful surface analytical tool for corrosion research but also for the 

investigation of corrosion failures in industry, related to various environments. 

Although XPS requires a sample transfer from the electrolyte to the ultrahigh vacuum 

(UHV) with a loss of the contact to the electrolyte and the control of the electrode 

potential, it provides reliable data on the chemical situation of the surface. This 

information is required to get a sound base for the interpretation of the mechanisms of 

corrosion processes and their kinetics. XPS involves the ionization of atoms on solid 

surfaces (or species in the gas phase) by absorption of photons. The use of an x-ray 

source (AlKa orMgKa) permits the ejection of electrons from all electronic levels, 

especially core levels (within the energy range of the x-ray beam). The energy 

spectrum of the ejected electrons is characteristic for the elements involved in this 

process. In 1954 Kai Siegbahn and his group developed a high-resolution electron 

spectrometer, which permitted the precise determination of the energy of XPS signals, 

i.e. the energy of the core levels where the electrons come from. In 1958 the same 
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Swedish group detected the chemical shift of XPS signals, i.e. the influence of the 

charge of atoms and their chemical environment on their energy. This discovery was a 

decisive step to develop this process to an analytical method for the study of the 

chemistry of solid surfaces and surface layers. Therefore the method was called 

electron spectroscopy for chemical analysis (ESCA), synonymous with XPS. In 1981 

Kai Siegbahn received the Nobel Prize in physics for his pioneering work. Up to the 

mid-1970s XPS was a surface method applied to very fundamental studies of solids in 

contact with vacuum and low-pressure gas phase. When commercial spectrometers 

became available with an efficient and fast entry lock for specimens to the UHV, it 

developed to a widely applied method for fundamental and applied studies. Nowadays 

XPS is an essential method to study surfaces that have been exposed to gaseous and 

liquid environments as, for example, in catalysis, electrode kinetics, materials science, 

and corrosion. It is indispensable for many fields in research and industry including 

the optimization and control of products. 

XPS has several advantages in comparison to other methods. It is a very soft 

method. Most specimens are not affected by the x-rays and they may be examined 

with quasi in situ conditions with no change of the composition of their surface and 

even with conservation of the oxidation state of the specimens. For this purpose an 

appropriate specimen preparation and transfer is an important aspect to avoid any 

uncontrolled changes due to the exposure of the specimen to the laboratory 

atmosphere.  Other methods using electrons or ions as a probing beam like AES or 

ion scattering spectroscopy (ISS) might be more harmful. An important feature is the 
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chemical shift of XPS signals, which provides information on the oxidation state and 

the chemical binding of the species. The information depth of XPS is related to the 

escape depth of the photoelectrons, which is in the range of a few nm, thus sampling 

near surface layers and thin anodic films of this thickness. XPS has been widely used 

since the mid-1970s to solve various problems in research and industry [94]. 

Figure 38 shows the KRATOS Analytical XPS Instrument, Model: Kratos Axis HSi 

used in this project. 

 

 

Figure 38. KRATOS Analytical XPS Instrument, Model: Kratos Axis His 

 

3.3.3.4 X-ray diffraction (XRD) 

X-ray diffraction (XRD) will be used for yttria coating identification on the shell 
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mold MOR bar after dewaxing in this project.X-ray diffraction techniques are some of 

the most useful in the characterization of crystalline materials, such as metals, 

intermetallics, ceramics, minerals, polymers, plastics, or other inorganic or organic 

compounds. X-ray diffraction techniques can be used to identify the phases present in 

samples from raw starting materials to finished product and to provide information on 

the physical state of the sample, such as grain size, texture, and crystal perfection. 

Most x-ray diffraction techniques are rapid and nondestructive; some instruments are 

portable and can be transported to the sample. 

The sample may be as small as an airborne dust particle or as large as an airplane 

wing.  

In general, x-ray analysis is restricted to crystalline materials, although some 

information may be obtained on amorphous solids and liquids. Similar information 

can often be obtained using electron diffraction or neutron diffraction, but the sample 

limitations are usually more severe and the equipment considerably more elaborate 

and costly. Samples are acceptable in many forms, depending on the availability of 

the material and the type of analysis to be performed. Single crystals from a few 

microns to a few inches in diameter or loose or consolidated aggregate of many 

small crystals can be used. Although the overall size of the sample may be large, the 

actual area of the sample examined in a given experiment rarely exceeds 1 cm2 (0.16 

in.2) and may be as small as 10 μm2. The type of information desired may range from 

the question of sample crystallinity or its composition to details of the crystal 

structure or the state of orientation of the crystallites. Crystal structure analysis is 
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usually performed only on samples of single crystals, which are often approximately 

100 μm in diameter. Phase identification can be conducted on virtually all single 

crystal or powder samples. Also useful are measurements of the physical state of a 

sample that detect differences from the ideal crystal. The most common cause of 

crystal defects is deformation due to local or external applied stresses. Deformation or 

strain analysis is useful, especially in metallurgy [93]. 

Figure 39 shows Philips Analytical (PANalytical) X’ Pert X-ray Diffractometer used 

in this project. 

 

 
 

Figure 39.  Philips Analytical (PANalytical) X’ Pert X-ray Diffractometer 
 

 

4.4. Characterization of metal mold reaction interfaces 
 

The instrument specifications and capabilities of SEM/EDS, XPS and AES used in 
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this project are shown in Appendix 2. 

 

4.4.1. Characterization of metal mold reaction layers on castings 

Auger Electron Spectroscopy (AES) was performed on Sample 1, Sample 3 and 

Sample 4. AES is an elemental analysis technique which is capable of detecting all 

elements except for H and He and has a nominal detection limit of ~0.1 atom%.  

Spectral interferences may prohibit the detection of some elements in relatively low 

concentrations. The sampling volume of the measurement has a depth of ~10 nm and 

an analysis area ~5-10 µm in diameter. The quantification method assumes that the 

sampling volume is homogeneous, which is rarely the case; thus, tables of relative 

elemental compositions are provided as a means to compare similar samples and to 

identify contaminants and are not meant to provide accurate compositional data.  

Accurate quantification of data can be achieved through the use of well-characterized 

reference materials of similar composition to the unknown sample. Compositional 

profiles (also called Sputter Depth Profiles (SDP)) were obtained by combining AES 

analysis with simultaneous sputter etching with a 2.0 keV Ar+ ion beam. Depth scales 

are referenced to the sputter rate for SiO2. Depth scales are reported on this relative 

scale since all elements/compounds sputter at different rates. Relative sputter rates are 

useful for comparison of similar samples. More accurate sputter rates can be 

determined using a reference material of known or measurable thickness that is 

compositionally similar to the unknown sample. Sputter etching can cause apparent 

compositional changes in multi-element systems. All elements have different sputter 
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rates, thus “differential sputtering” can deplete the film of one or more of the 

constituent elements. Scanning Electron Microscopy in conjunction with Energy 

Dispersive Spectroscopy (SEM/EDS) was performed on Sample 1, Sample 2, Sample 

3 and Sample 5. SEM images depict topographic features of the sample surface. SEM 

imaging was performed at 20 keV and 10 keV. EDS is an elemental analysis technique 

capable of detecting all elements except for H, He, Li, and Be with a detection limit of 

~0.1 %. Spectral interferences may prohibit the detection of some elements in 

relatively low concentrations. The sampling volume is dependent on the accelerating 

voltage of the SEM, with a nominal analysis volume approximated by a sphere ~1 µm 

in diameter at 20 keV. Lower accelerating voltages yield smaller sampling volumes. 

Quantification accuracy is excellent when the sampling volume is homogeneous and 

the compounds do not contain carbon or nitrogen [96]. 

 

3.4.2. Characterization of metal-mold reaction layers on shell 

molds 

X-ray Photoelectron Spectroscopy (XPS) also referred to as Electron Spectroscopy for 

Chemical Analysis (ESCA) was performed on Sample 6, Sample 7, Sample 8, and 

Sample 9. XPS is an elemental analysis technique which is capable of detecting all 

elements except for H and He and has a nominal detection limit of ~0.1 atom%.  

Spectral interferences may prohibit the detection of some elements in relatively low 

concentrations. Samples were measured at a 90° Take-Off-Angle (TOA) yielding a 

sampling depth of ~10 nm. The analysis area was ~500 µm in diameter. Analyses 
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were performed with a monochromatic Al kα x-ray source. Charge neutralization of 

the sample surface was achieved with the use of a low-energy electron flood gun.  

Energy scales of the spectra are referenced to the C 1s C-C/C-H signal at 284.5 eV.  

The quantification method assumes that the sampling volume is homogeneous, which 

is rarely the case; thus, tables of relative elemental compositions are provided as a 

means to compare similar samples and to identify contaminants and are not meant to 

provide accurate compositional data. Accurate quantification of data can be achieved 

through the use of well-characterized reference materials of similar composition to the 

unknown sample. 

Scanning Electron Microscopy in conjunction with Energy Dispersive Spectroscopy 

(SEM/EDS) was performed on Sample 8 Backup. Sample 8 Backup was coated with 

~20nm of gold (Au) to facilitate analysis [96]. 
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5. Results and discussion 

5.1. Results of mold making and CMSX-4 casting trial 

The mold making results are shown in Figure 40, Figure 41, Figure 42, and Figure 

43.  Similarly, the results of the casting trial using the yttria face coating and binder 

are shown in Figure 44, Figure 45, Figure 46, Figure 47, and Figure 48.  The yttria 

casting trial still showed metal mold reaction surface feature, but had some 

improvement over the previous castings. 

Comparing Figures 45 and Figure 46, the shell mold with yttria aerosol spray coating 

and yttria binder washing and soaking showed better quality than the shell mold with 

yttria aerosol spray coating but without yttria binder washing and soaking. 

Figure 47 a) showed a white colored dross on the top surface of the pouring basin of 

CMSX-4 casting trial.  Figure 47 b) showed more white colored dross on the 

surface of pouring basin of CMSX-4 casting with secondary gain defect.  Similarly, 

Figure 47 c) showed no dross on the surface of pouring basin of a CMSX-4 casting 

with a hot tear defect. 
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Figure 40. Wax pattern assembly after Y aerosol spray coating 

 

Figure 41. Wax pattern assembly after Y aerosol spray coating,  
normal zircon facecoating and stuccoing 
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Figure 42. Four side view of R & D test shell after dewaxing 
 

 
 
Figure 43. a) Bottom filtration b) Shell mold after burnout/firing c) Washing 
shell mold after dye penetration inspection 
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Figure 44. Four side view of shell mold after casting 
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Figure 45. Visual appearance of CMSX-4 casting trial using shell mold with 
yttria aerosol spray coating and yttria binder washing and soaking. 
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Figure 46. Visual appearance of CMSX-4 casting trial using shell mold with 
yttria aerosol spray coating but without yttria binder washing and soaking 
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Figure 47. a) Visual appearance of top surface of pouring  
basin of CMSX-4 casting trial showed some dross.  

 
Figure 47. b) more dross on the surface of pouring basin  
of CMSX-4 casting with secondary grain defect  
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Figure 47. c) No dross on the surface of pouring basin  
of CMSX-4 casting with hot tear defect. 

 

  
Figure 48. Visual appearance of gating  
system of CMSX-4 casting trial   
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5.2. Results of examinations by optical microscopy 
Optical images of samples 1-9 are shown the Figure 49 through Figure 66. 
 

 

 

Figure 49. 20X optical image of Sample 1 
 

 
Figure 50. 80X optical image of Sample 1 
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Figure 51. 13.4X optical image of Sample 2 

 

 
Figure 52. 50X optical image of Sample 2 
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Figure 53. 13.4X optical image of Sample 3 

 

 
Figure 54. 50X optical image of Sample 3 
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Figure 55. 13.4X optical image of Sample 4 Backup 

 

 
Figure 56. 50X optical image of Sample 4 Backup 
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Figure 57. 13.4X optical image of Sample 5 

 

 
Figure 58. 80X optical image of Sample 5 
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Figure 59. 24X optical image of Sample 6 

 

 
Figure 60. 80X optical image of Sample 6 
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Figure 61. 13.4X optical image of Sample 7 

 

 
Figure 62. 80X optical image of Sample 7 
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Figure 63. 24X optical image of Sample 8 

 

 
Figure 64. 80X optical image of Sample 8 
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Figure 65. 24X optical image of Sample 9 

 

 
Figure 66. 80X optical image of Sample 9 
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5.3. Results of Analytical Examinations 

5.3.1. XRD results 

Figure 67 shows the result of Y2O3 identification on the Y2O3 Y Aerosol spray coating 

MOR test bar (after dewaxing) by XRD. The XRD pattern B is much closer to pattern 

A, indicating a good bonding condition between the Y2O3 aerosol spray coating and 

the normal facecoating. 

 

 
 

Figure 67. Y2O3 identification on the Y2O3 Y Aerosol spray coating MOR test 
bar after dewaxing by XRD 
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5.3.2. SEM/EDS results 

Table 10 shows a summary of the relative elemental surface composition of samples 

as determined by EDS analysis (atom %).  Figure 68 through Figure 107 show 

detailed results of SEM/EDS analysis. 

 

Area C O Al Si Ca Ti Cr Co Ni Y Zr Hf Mo Ta W Re 
1-Bulk 1.1 7.1 15 - - 3.0 12 8.5 50 - - - 0.7 3.1 0.1 - 

1-Shiny - - 3.1 - - 0.8 22 14 26 - - - 3.5 7.4 13 11 

1-Dark - 57 32 2.8 4.5 0.1 0.2 0.2 1.5 1.9 - - - - - - 

2-Light - 57 32 2.8 4.5 0.1 0.2 0.2 1.5 - - - - - - 1.9

2-Dark - 68 3.2 0.9 1.4 - - - 0.3 - 26 0.6 - - - - 

2-Gold - 13 11 - 0.4 3.1 10 8.1 51 - 0.3 - 0.2 3.0 - - 

3-Dark 5.3 43 27 - 0.3 0.5 1.4 2.1 15 3.8 - 0.4 - 0.9 0.1 0.1

3-Gold 5.8 4.5 13 - - 1.7 5.4 7.7 59 - - - 0.2 3.0 0.2 0.2

3-Dark - 57 42 - - - - - 0.2 0.6 - - - - - - 

5-Light 11 39 33 - - 1.8 1.1 1.4 9.3 - - - - 3.2 - - 

5-Dark - 42 38 - - 0.4 1.2 2.0 15 - - - - 0.5 0.2 - 

5-Light 8.5 39 27 - - 0.6 2.2 2.2 20 - - - - 1.1 0.4 - 

8-Light 16 - - - - 29 - - - - - - - 53 - - 

8-Light 0.4 16 6.1 - - 36 - - - - - - - 38 - - 

 
Table 10. Relative elemental surface composition of samples as determined by 
EDS analysis (atom %). 
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Figure 68. 1500X SEM image of shiny spot on Sample 1 

 

 
Figure 69. 1500X BSE image of shiny spot on Sample 1 
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Figure 70. EDS spectrum of Area 1 in Figure 69. 

 

 
Figure 71. EDS spectrum of Area 2 in Figure 69. 
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Figure 72. EDS spectrum of Area 3 in Figure 69. 

 

 
Figure 73. 1000X BSE image of shiny spots on Sample 1 
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Figure 74. EDS spectrum of Area 1 in Figure 73. 

 

 
Figure 75. EDS spectrum of Area 2 in Figure 73. 
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Re 

          Figure 76. EDS map of Area in Figure 73. 
 

 
     Figure 77. 150X BSE image of dark and golden area on Sample 1 
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Figure 78. EDS spectrum of Area 1 in Figure 77. 

 

 

O 

Ni 
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W 

Figure 79. EDS map of Area in Figure 77. 
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Figure 80. 100X BSE image of Sample 2 

 

 
Figure 81. EDS spectrum of Area 1 in Figure 80.  
(Optically light colored area) 
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     Figure 82. EDS spectrum of Area 2 in Figure 80.  

(Optically dark colored area) 
 

 
Figure 83. EDS spectrum of Area 3 in Figure 80.  
(Optically gold colored area) 
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Figure 84. 100X BSE image of Sample 2 

 

 
Figure 85. EDS spectrum of Area 1 in Figure 84.  
(Optically light colored area) 
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     Figure 86. EDS spectrum of Area 2 in Figure 84.  

(Optically dark colored area) 
 

 
Figure 87. 100X BSE image of Sample 3 
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Figure 88. EDS spectrum of Area 1 in Figure 87.  
(Optically dark colored area) 

 

 
     Figure 89. EDS spectrum of Area 2 in Figure 87.  

(Optically gold colored area) 
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Figure 90. EDS spectrum of Point 3 in Figure 87. 

 

 
  Figure 91. 200X BSE image of gold colored area on Sample 3 
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Figure 92. EDS spectrum of Area 1 in Figure 90. 

 

 
Figure 93. 50X BSE image of Sample 5 
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Figure 94. EDS spectrum, Area 1 in Figure 93. 

 

 
Figure 95. EDS spectrum, Point 2 in Figure 93. 
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Figure 96. EDS spectrum, Area 3 in Figure 91. 

 

 
Figure 97. 100X BSE image of Sample 5 
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Figure 98. EDS spectrum of Area 1 in Figure 97. 

 

 
Figure 99. 500X BSE image of Sample 5 
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Figure 100. EDS spectrum of Point 1 in Figure 99. 

 

 
Figure 101. EDS spectrum of Area 2 in Figure 99. 
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Figure 102. 50X BSE image of Sample 8 Back up 

 

 
Figure 103. 300X BSE image of Sample 8 Back up 
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Figure 104. EDS spectrum of Point 1 in Figure 103. 

 

 
Figure 105. EDS spectrum of Point 2 in Figure 103. 
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Figure 106. 800X BSE image of Sample 8 
 

 

Al 

Ni 
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Ta 

Figure 107. EDS map of area in Figure 106. 
 



 152

5.3.3. AES results 

Table 11 shows a summary of the relative elemental surface composition of samples 

as determined by AES analysis (atom %).  Figure 108 through Figure 124 show 

detailed results of the AES analysis. 

 
Area C O Al Si Ti Cr Co Ni Cu Zn Zr Hf Mo Ta W Re

1-Shiny 48 17 2.6 4.8* 2.7 2.4 1.7 3.2 - 0.6 2.9 - 5.5 3.3 5.0 - 
1-Shiny† 2.2 - - - 1.3 12 9.8 13 - - - - - 8.5 - 22 
3-Gold 43 21 8.1 7.0 2.5 1.2 2.1 5.8 1.0 2.2 - - - 1.3 1.3 - 
4-Gold 41 20 13 3.8* 4.6 1.2 2.1 3.3 1.4 5.6 1.9 - - 1.4 - - 
4-Grey 49 12 15 4.0* 2.1 - 1.0 0.9 1.7 11 2.0 - - - - - 
4-Shiny 31 14 38 - 2.1 0.5 1.4 2.0 1.5 4.6 2.8 1.3 - - - - 
4-Shiny† 0.8 25 56 - - - - 1.3 - - - 17 - - - - 

 

Table 11. Relative elemental surface composition of samples as determined by 
AES analysis (atom %).  †Surveys taken after depth profile, *The detection 
and/or quantification of silicon is questionable due to spectral interferences 
 

 
 Figure 108. AES surface survey of shiny spot on Sample 1 
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Figure 109. AES sputter depth profile of shiny spot on Sample 1 

 
        Figure 110. AES sputter depth profile of shiny spot on Sample 1,  

0-40% plot 
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Figure 111. AES sub-surface survey of shiny spot on Sample 1 

 

 
Figure 112. AES surface survey of gold colored area on Sample 3 
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    Figure 113. AES sputter depth profile of gold colored area on Sample 3 

 

 
Figure 114. AES sputter depth profile of gold colored area on Sample 3, 
0-20% plot 
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Figure 115. AES surface survey of gold colored area on Sample 4 

 
   Figure 116. AES sputter depth profile of gold colored area on Sample 4 
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      Figure 117. AES sputter depth profile of gold colored area on Sample 4,  
      0-20% plot 
 

 
Figure 118. AES surface survey of grey colored area on Sample 4 
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Figure 119. AES sputter depth profile of grey colored area on Sample 4 

 
 

     Figure 120. AES sputter depth profile of grey colored area on Sample 4, 
0-20% plot 
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Figure 121. AES surface survey of shiny spot on Sample 4 

 

 
Figure 122. AES sputter depth profile of shiny spot on Sample 4 
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Figure 123. AES sputter depth profile of shiny spot on Sample 4,  
0-20% plot 

 

 
Figure 124. AES sub-surface survey of shiny spot on Sample 4 
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5.3.4. XPS results 

Table 12 shows a summary of the relative elemental surface composition of samples 

as determined by AES analysis (atom %).  Figure 125 through Figure 128 show 

detailed results of AES analysis. 

 
Sample C O F Na Mg Al Si Ti Co Ni Y Zr Hf 

6 19 52 0.4 - - 13 - 0.1 - 0.6 11 0.8 3.2 
7 18 56 - 2.1 0.2 5.8 10 - - - - 8.3 - 
8 17 55 2.8 1.2 - 13 - - - - - 0.9 9.9 
9 26 50 0.9 0.1 - 7.0 0.9 - 0.3 - 6.1 0.9 8.0 

 

Table 12. Relative elemental surface composition of samples as 
determined by XPS analysis (atom %). 

 
Figure 125. XPS surface survey of Sample 6 
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Figure 126. XPS surface survey of Sample 7 

 
Figure 127. XPS surface survey of Sample 8 
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Figure 128. XPS surface survey of Sample 9 

 

5.4. Discussion 

Determining whether silicon (Si) is present in small quantities on the metal samples’ 

surface areas analyzed with AES is extremely difficult in the presence of Hf, Ta, W, 

and Re due to spectral interference. The most reliable data is on the samples where a 

sub-surface survey was obtained after the depth profile (Figure 111 and Figure 124). 

The gold colored areas have a thin, 150-300 Å thick, oxide coating on the alloy 

surface. The grey colored area on Sample 4 (Figure 119) has a much thicker, >1300 Å, 

aluminum oxide layer. 

The shiny spots on the castings and the ceramic shells are enriched in Ta, W, and Re.  

The sub-surface survey of the shiny spot on Sample 1 (Figure 111) has a carbidic 

carbon signal. This suggests that the Ta, W, and Re are segregating into carbide 
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particles.  The heat treated section, Sample 5, does not appear to exhibit these shiny 

spots [96], suggesting that the heat treatment re-solutionizes these carbides. 

The micro-calorimeter EDS detector (µ-EDS) minimizes peak-overlap problems for 

the myriad of K, L, M and N X-ray lines in the low voltage regime (0-4 keV). 

Conventional Si-EDS can not resolve the peaks of Ta, Si, W, and Re, whereas the 

µ-EDS resolves many of the peaks.  Full spectra show that Ni, Al and Ta are 

enriched in γ' phase (Re low), whereas the Co, W and Re are enriched in γ phase. 

Using this technique, the Ta, Mb, and W, Ma peaks can be separated and elemental 

mapping is possible (Figure 129). As a result of the high peak-to-background ratio, 

and high spectral resolution of the µ-EDS, trace elements (<1 wt %) can be detected 

and quantified. In the case of a standard NIST test specimen, the presence of 0.8 wt% 

Ta and 0.13 wt% Si are easily detected (Figure 130). With a conventional Si-Li EDS, 

these two elements would not be resolved (Data supplied by D.E. Newbury, NIST.) 

[103]. 

 

5.4.1. Silicon contamination caused by quartz thermocouple tube 

in a metal casting  

As early as August 1958 K.W.R. Johnson and J.W. Anderson reported that quartz 

tubes can be attacked by molten plutonium according to the follow reaction: 

Pu + SiO2 → Si + PuO2 

The reaction rate is a function of the temperature, and is relatively slow at 
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Figure 129. Microanalysis of phases in CMSX4 superalloy – µ-EDS vs Si-EDS 
spectra 

 

 
 

Figure 130.  Microanalysis of Trace Elements by µ-EDS 
 

temperatures below 1000 °C.  Our experimental results in Table 13 show a high 

level of silicon contamination (630 ppm) at the metal skin next the quartz tube even at 

relatively low casting temperatures (750 ° C) [104].  CMSX-4 castings require the 

silicon content to be less than 400 ppm.  This observed reaction causes us to predict 

that the thermocouple protection quartz tube will provide a source of Si to react with 
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the reactive elements (Hf, Al, Ti, C) in the molten CMSX-4 alloy during the melting 

operation.  

 

 
Table 13. Silicon contamination in a plutonium rod cast in a quartz tube 0.5 In. 
in a diameter and X 2 In. long. Melt temperature was 750 ° C and mold 
temperature before pour was 275 ° C.  
 

5.4.2. Diffusion distances of some relevant alloying elements in 

pure Ni  
 

From Table 14 [105], we learn that the diffusion distance of Hf in pure Ni is much 

larger than Al, Ti, Cr, and Co. This may explain why the results of EDS, AES and 

XPS showed some high-Hf content features at the metal-mold interface.  Nominally, 

CMSX-4 contains only 0.1 wt. % Hf. 

 

 
Table 14. Diffusion distances of some relevant alloying elements in pure Ni 
 

5.4.3. Nature of the metal-mold reaction layers of CMSX-4 
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castings 

Metal-mold reaction layers of CMSX-4 castings showed oxidation features (Table 10 

and Table 11) and carbidic oxidation features (Figure 110). This shows the agreement 

with the metal-mold reaction definition given by GEAE [51, 64, 66, 67, 68]. 

Silicon also was found in some samples (Table 10, Table 11, Table 12, Figure 81, 

Figure 82, Figure 85, Figure 108, Figure 112, Figure 115, Figure 118, Figure 126, 

and Figure 128), but these results need further verification using other techniques 

such as the micro-calorimeter EDS detector (µ-EDS) or Glow Discharge Mass 

Spectrometry (GDMS) [106, 107, 108]. 

The gold-colored or light areas of reaction layer contain aluminum oxide, titanium 

oxide and tantalum oxide, and are relatively thinner than the dark areas which contain 

much more aluminum oxide combined with lower titanium oxide, or yttria, or zirconia 

and much lower tantalum oxide. 

The shiny spots are Ta, W, and Re-rich compounds, which show the carbidic feature. 

The shiny spots on the casting surface seem to diffuse back into the bulk after solution 

heat treatment, but the shiny spots attached on the shell mold (rich in some of these 

alloying constituents) will be permanently lost from the cast part. I.e., the serious 

metal-mold reaction of CMSX-4 may cause alloy depletion of W, Ta and Re 

elements—particularly in the near-surface region. 

The nature of the metal-mold reaction layers of CMSX-4 castings will depend on the 

actual casting conditions. 

5.4.4. Formation mechanism of metal-mold reactions of CMSX-4 
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castings 

 Surface paint on the ingots can be a source of carbon and oxygen. 

 Ingot with pipe defects and high levels of opened porosity may contain more air. 

This may cause oxygen and nitrogen contamination in melt.  

 The molten metal may pick-up oxygen and silicon from the thermocouple 

protection tube, melting crucible, and shell mold/core through the reaction 

between aluminum, titanium and hafnium in the molten metal and silica in the 

thermocouple protection tube (100% silica, Figure 131) , melting crucible (about 

4% silica, Figure 132), pouring rate control bushing (about 80% silica) and shell 

mold (about 4% silica in slurry binder, and unknown percentage induced by wax 

pattern ash)/core (about 80% silica in flour, and unknown percentage induced by 

mold release, wax binder ash, dipping silica binder).  

 Metal-ceramic reaction may cause inclusion problems [Figure 47 b)], and further 

induce gas defects and grain defects (Figure 133) [109].  

 The degree of metal-mold reaction also highly depends on the casting parameters 

such as pouring temperature, mold temperature, and withdrawal rate [62, 69, 

110]. 

 The higher pouring temperature, mold temperature, and lower withdrawal rate; 

the higher metal-mold reaction tendency. 

 The higher the silica level in the casting system, the higher the tendency to see 

metal-mold reactions. 
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Figure 131．Using quartz tubes as immersion thermocouple protection  
tubes, and alumina crucibles, CMSX-4 melt slag showed oxidation features.  

      

 

Figure 132．Alumina crucibles were wetted by CMSX-4 melt 
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Figure 133. Grain defects in single crystal turbine blades 
 
 

5.4.5. Possible mechanism of metal-mold reaction layer 

hardening after solution heat treatment 

 The shiny spots on the metal-mold reaction surfaces are refractory elements (W, 

Ta and Re) rich, and they may form the oxide surface layer by diffusion during 

solution heat treatment, and induce the hard surface layers on the solution heat 

treated CMSX-4 castings. 

 The high silicon content in the CMSX-4 casting induced by metal-mold reaction 

might promote the surface eutectic phase formation or form the eutectic phase 

with alumina or nickel oxide, and cause a hard surface layer on the solution heat 

treated CMSX-4 castings. 

5.4.6. Recommended solutions for metal-mold reactions of 
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CMSX-4 castings 

 Use silica free immersion thermocouple protection tubes (e.g. zirconia or alumina 

tubes) or change the test position for immersion temperature test (e.g. instead of 

locating sensors in the liquid metal, set temperature sensors above the liquid 

metal with a certain distance). 

 Try to use non-contact temperature measurement technology such as the FAR 

Expert System SpectroPyrometer to accurately measure solid and liquid metal 

temperatures in CMSX-4 castings [111]. 

 Use zirconia crucibles, e.g. Zircoa 3001 or Remet Products. 

 Use zirconia pouring rate control bushing.     

 Use low-ash (less than 0.003%) pattern wax and Remet non-silicon mold release.  

 Try Remet Tiwax® for reducing metal-mold reactions.  

 Try Remet Ticoat®-N binder system with zirconia flour for face coat to reduce 

metal-mold reactions.  

 Try less-reactive wash coat (yttria & zirconia) for reducing metal mold reactions.  

 Improve shell mold surface quality to prevent undesirable porosity formation. 

 Review and optimize the silica binder level of existing facecoat.   

 Use non-silicon mold release for ceramic core injection molding.  

 Use non-silica binder dipping cores. 

 Use pipe-free charges only, chamfer the bottom sharp end of charges before 

production. 

 Perform furnace temperature survey regularly. 
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 Perform oxygen and nitrogen analysis using LECO TC-500 on CMSX-4 castings 

daily to comply with the relative requirement in CNV 553 J specification. 

 Optimize the existing casting parameters such as pouring temperature, mold 

temperature, withdrawal rate. 

 Consider use of vacuum with argon partial pressure casting process instead of 

existing argon atmosphere protection casting process. 

 

6. Conclusions 
 MMR is a kind of surface defect, The MMR occur between the active 

elements (e.g. Hf, Al, Ti, C) in the alloy and reactive elements (e.g. O) or 

compound (e.g. SiO2) in the casting system;  

 The following reactions may occur in MMR of CMSX-4, so Si and Hf 

analysis is key to identifying the MMR: 

Hf + SiO2 = Si + 2HfO  

4Al + 3SiO2 = 3Si + 2Al2O3  

Ti + SiO2 = Si + TiO2  

C + SiO2 = Si + CO2 

Y2O3 + Al = YAlO3 + Y  

 Yttria spray (alone) slightly reduces the amount of MMR of CMSX-4; 

 Yttria spray coating, combined with the yttria binder wash, further reduces the 

MMR of CMSX-4. 

 MMR layers of CMSX-4 showed oxidation, Si and Hf rich features. 
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 Hardening of MMR layers of CMSX-4 after heat treatment may be caused by 

the surfaces rich in refractory elements (e.g. W, Ta, Re), surface eutectic 

phases and surface oxide layers. 

 Si and Hf analysis of CMSX-4 casting need using µ-EDS and GDMS for 

      good resolution and sensitivity. 

 All possible sources of silica, oxygen and carbon in the CMSX-4 casting 

system must be minimized to avoid MMR. 

 

7. Future Works 
 Perform an analysis of silicon and hafnium content in CMSX-4 castings with 

MMR and other casting defects by GDMS and µ-EDS, to determine if the Si 

and Hf content is out of the CMSX-4 specification because of MMR. 

 Perform further characterization of shiny spots to find out its formation 

mechanism.  This may help avoid surface hardening after heat treatment and 

alloy depletion induced by MMR. 

 Perform casting trials using zirconia crucibles and immersion thermocouple 

protection tubes, paint and pipe-free ingots to reduce MMR.  This will help 

confirm the effects of crucible and thermocouple silica, carbon in paint and 

oxygen in defective ingots on the MMR of CMSX-4 casting. 

 Perform casting trials using Remet Ticoat®-N binder system with zirconia 

flour for face coat to learn the effects of silica binder on MMR.  

 Perform further casting trials using non-reactive wash coats (yttria and 
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zirconia) to optimize the already-observed reduction of MMRs. For example, 

examine the roles of layer thicknesses and binder wash characteristics. 

 Optimize the existing casting parameters such as pouring temperature, mold 

temperature, withdrawal rate. 

 Perform casting trials using vacuum with argon partial pressure casting 

process instead of existing argon atmosphere protection casting process. 

 Perform further analysis of the relationships of MMR layer and surface 

eutectic phases. 

 Perform an analysis of oxygen in CMSX-4 castings with MMR and other 

casting defects using LECO TC 500. 
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Appendix 1. Structures and thermal properties of selected oxides  
Source: ASM Handbook, Volume 13, Corrosion, 1997 Copyright © 1987 by ASM PP. 
130-133 

 

 
• Molar volume at 25 °C (77 °F) or at transition temperature for structures not stable  

at 25 °C (77 °F). 
• Oxide/metal volume ratio (Pilling-Bedworth ratio) 
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Appendix 1 (cont.). Structures and thermal properties of selected oxides  
Source: ASM Handbook, Volume 13, Corrosion, 1997 Copyright © 1987 by ASM PP. 
130-133 
 

 
• Molar volume at 25 °C (77 °F) or at transition temperature for structures not stable  

at 25 °C (77 °F). 
• Oxide/metal volume ratio (Pilling-Bedworth ratio) 
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Appendix 1 (cont.). Structures and thermal properties of selected oxides  
Source: ASM Handbook, Volume 13, Corrosion, 1997 Copyright © 1987 by ASM PP. 
130-133 

 

 
• Molar volume at 25 °C (77 °F) or at transition temperature for structures not stable  

at 25 °C (77 °F). 
• Oxide/metal volume ratio (Pilling-Bedworth ratio) 
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Appendix 2. Instrument specifications and capabilities notes  
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