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ABSTRACT 

This thesis is a collection of papers that discuss shell cracking in investment 

casting during pattern removal. The application of rigid polymeric foam for large 

investment casting patterns with complex geometries can improve the dimensional 

tolerances and the surface quality of the casting. However, these pattern materials have a 

tendency to promote crack formation in investment casting shells during pattern removal 

by firing. 

The first two papers discuss the factors affecting shell cracking and methods to 

prevent it. Experimental methods were combined with finite element modeling to predict 

stress in the shell. A 3D nonlinear finite element model was developed to predict 

possible crack formation in the shells during pattern removal. The effects of the thermo­

mechanical properties of the foam and the shell, as well as the firing process parameters 

were modeled. Also, an experimentally measured delay of the thermal expansion of the 

pattern was incorporated in the model to simulate the effect of aging. Extreme cases 

were experimentally validated. Recommendations for firing process parameters and 

pattern design to decrease stress and eliminate crack formation in the shell were 

formulated. 

The third paper discusses the strength of investment casting shells in comer 

regions. The comer and edge regions have different structure and thickness and can 

experience large mechanical stress during processing. Experimental methods were 

combined with finite element modeling to predict stress in edge regions of the shell. A 

general equation was developed to account for these variables. The model was 

experimentally verified with wedge tests for various cases. 
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1. INTRODUCTION 

1.1. BACKGROUND 

The investment casting process is generally used to produce small, thin walled 

castings with high detail. The process starts with the manufacture of a pattern. The most 

common material for patterns is wax but different types of polymeric patterns are also 

used1-2 . The pattern is dipped in slurry made of ceramic binder and flour usually 

containing some combination of fused silica, zircon, alumina, or other ceramic material. 

Refractory granules referred to as stucco are then applied to the wet slurry coating. The 

combination of slurry and stucco makes a single coat which is allowed to dry before the 

next coat is applied. The shell building process generally consists of one or two prime 

coats, designed to provide a better surface finish for the casting, four to ten back up coats, 

designed to add strength to the shell, and a seal coat, designed to seal the stucco of the 

final backup coae-7. The pattern is then removed from the shell by melting or 

decomposition in an autoclave or furnace. Whether done as a part of pattern removal, or 

as an additional firing process, the ceramic is sintered to increase the strength of the shell 

enough to hold the pressure of liquid metal. Liquid metal is then poured into the shell, 

which is usually preheated. 

Large patterns made from wax often do not have the strength necessary to hold 

their shape due to their higher weight, especially in situations where the pattern has 

unsupported extensions, which can lead to creep8. These are reasons for the use of 

polymeric foam as a pattern material in investment casting. Some of the first foams used 

were expanded polystyrene (EPS) foams9• This material has much lower density than 

wax and, despite its lower strength, can support its own weight much better in larger 
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patterns. This becomes especially important to the dimensional stability of the pattern 

when stored. EPS foams are also very buoyant which causes problems when the pattern 

is initially dipped in the slurry. The forces on the pattern when submerged can be high 

enough to distort or break the pattern. Because of this issue, stronger, higher density 

polymeric foams are needed. Polyurethane foams fit these requirements well and can be 

made in complicated shapes with high surface quality and dimensional accuracy10. 

However, polyurethane foams have high thermal expansion and a high decomposition 

temperature which can cause the pattern to expand and break the shell during the pattern 

removal process9 . Due to the majority ofthese cracks forming along the edges and in the 

comers of the shell the properties of these areas are also of interest. 

1.2. REVIEW OF LITERATURE 

1.2.1. Factors Affecting Shell Cracking. There has been a large amount ofwork 

done to investigate the factors that cause shell cracking. Most of this work has been 

involved with the removal of wax patterns from the mold. 

It has been shown that the thermal expansion of the pattern has a large impact on 

the chances of cracking when using wax patterns. With a simple comparison of the 

thermal expansion of the wax and shell within the working temperature range of the wax, 

shells will have a high probability of cracking during pattern removal 11 ' 12 . It can be 

concluded from this observation that using a pattern material with low melting 

temperature and a low coefficient of thermal expansion can reduce the chance of shell 

cracking by reducing the total amount ofthermal expansion in the wax 11 ' 13 ' 14 • The low 

thermal conductivity and diffusivity of the wax allows for the external portion ofthe wax 

to melt first. This provides the opportunity for the liquid wax on the surface of the 
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pattern to flow into the shell relieving any stresses that had been developed 11 • 15 • It has 

also been shown that the viscosity of the wax has a significant effect on the chances of 

shell cracking16. The viscosity of the wax affects its ability to transfer load, similar to the 

elastic modulus of a solid. Higher viscosities can increase the chances of shell cracking2 . 

Some work has been done with stereolithography patterns and other rapid 

prototyping materials2• 17• Y ao and Leu 17 studied shell cracking in investment casting 

shells during burnout of laser stereolithography patterns. The factors considered in this 

study include the buckling temperature ofthe pattern, and the glass transition temperature 

ofthe epoxy resin. The work shows that if the shell survives until the temperature is 

above the glass transition temperature and the buckling temperature than the shell will 

not crack. 

Much ofthe previous work discusses the effect of melting rate on the chances of 

shell cracking when using wax patterns. Buntrock 17 shows that the key to successful 

dewaxing in an autoclave relies on high pressure as well as elevated temperature to melt 

the outside surface of the wax before enough pressure has built up to break the shell. 

Flash firing relies on only high temperature to accomplish the same goal. Both methods 

can be used to successfully remove wax patterns from investment casting molds. Foster1 

discusses the method and advantages ofusing flash firing to remove any pattern material. 

The range of temperatures recommended for flash firing was 760- 1800 °C. Some 

advantages of flash firing include high repeatability, the combination of de-waxing and 

burnout into one process for wax patterns, and less shell cracking. Ceriotti 13 discusses 

the best ways to avoid shell cracking during mold firing and prefiring. To limit the effect 

of a materials with a high coefficient of thermal expansion, higher heating rates, like 



those achieved from flash firing, should be used 13• 9 . While the mold and pattern heat up 

in the furnace there is a thermal gradient from the outside of the shell to the inside of the 

pattern which reduces the amount material that is expanded. 
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While little work has been done on shell cracking from pattern removal of 

polyurethane foam patterns, several conclusions can be drawn from the works above. To 

remove the pattern from the mold without shell cracking, the pattern and shell should be 

rapidly heated to create a thermal gradient within the materials. This minimizes the 

amount of thermal expansion of the pattern regardless of mold or shell properties. 

Additionally, the minimization ofthe pattern melting (or decomposition) temperature, 

coefficient of thermal expansion and elastic modulus reduce the chance of shell cracking. 

Materials with low coefficients of thermal expansion will tend to have higher 

decomposition temperatures requiring compromise between these two properties. 

1.2.2. Polyurethane Foam Properties. The properties of the pattern are 

important to consider when investigating shell cracking. This work investigates the use 

of polyurethane foam patterns. The properties that most affect the chances of shell 

cracking are decomposition temperature, coefficient ofthermal expansion, density, elastic 

modulus, and glass transition temperatures. 

Yan et al. 18 studied the thermal degradation of rigid polyurethane foams. Their 

study used thermal gravimetric analysis to show that the decomposition of the foam takes 

place between 250 and 400 °C. 

Zhang et al. 19 studied the thermal expansion of various polymeric foams. They 

found that 62 kg/m3 polyurethane foam expands approximately 7% between 30 and 140 

°C. It was also shown that the foam applied some pressure during expansion and that 
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compressing the foam prior to heating could increase both the amount of expansion and 

the pressure from the expanding foam. The coefficient of thermal expansion of various 

foams was studied and showed that rigid polyurethane foam has a coefficient of thermal 

expansion of approximately 120 x 10-6 (20-l25°C) and that expanded polystyrene foam 

has a coefficient of thermal expansion of 75 X 10-6 (20-72 °C) 9 . 

Several studies have been done on the mechanical properties of polyurethane 

foam. There is large variation in the densities of foam that were used which is likely the 

cause ofhigh variation in the reported elastic modulus (Table 1). 

Table 1 1 D "t .. ens1ry_ an d 1 f d 1 f 1 h e as 1c mo u us o vartous po yuret ane foams. 

Author Density, kg/m3 Elastic Modulus, MPa 

Kline et al. 9 150 7.4 

Abbas et al. 20 166 35 

Calvert et al. 21 24-641 115-800 

Several studies have been done on the physical properties of polyurethane foam 

such as glass transition temperatures and their effect on other properties. Glass transition 

temperatures have been shown at 60 °C22 and 150 °C23 • It has been shown that 

crystallinity ofthe sample can hinder detection ofthese glass transition temperatures22• It 

has also been suggested that a relationship between glass transition temperatures and the 

aging of polyurethane foam exists23 • Room temperature aging showed no significant 

effect, but aging at elevated temperature can show up to a 2% volume change23 • 
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1.2.3. Thermo-physical Properties. The thermo-physical properties of the 

investment casting shell and polyurethane foam pattern are important when trying to 

understand or model how shell cracking occurs. 

Several studies have been done to determine the heat capacity and thermal 

conductivity of various investment casting shells. Changes in the materials, the slurry 

viscosity, or other shell building variables can have an effect on these properties. Shells 

that were built using colloidal silica binder, fused silica flour and fused silica stucco, 

similar to the shells used in this thesis, are summarized in Table 2. 

Table 1.2. Thermal conductivity and heat capacity of various investment casting shells. 
Thermal Conductivity, Heat Capacity, 

Author Test Method W/mK J/gK 

Kline et al. 9 Hot Wire 0.55 1.0 

Kruse and Richards 14 

Extrapolated from 
Shell Saturation 0.6-1.4 -

Sabau and Hot Wire and 
Viswanathan 24 Laser Flash 0.65 0.54 

Drushitz et al. 25 Hot Wire 0.55 -
Mahimkar et al. 26 Laser Flash 0.65 1.0 

1.2.4. Shell Structure. Due to a majority of cracks in investment casting shells 

occurring in the corner and edge regions, work has been done to compare properties in 

these regions to properties in flat regions. Hyde et al. 27 studied the difference in 

properties of edge and flat regions in investment casting shells. The authors developed 

the following equation to determine the breaking stress of wedge shell samples: 

a= 
12.2Fd Bin 9 COB 9 

WT:r. (1) 



It was determined that the wedge requires less force to break due to stress 

concentration at the comer and that the wedge samples are more sensitive to flaws in the 

structure ofthe shell located in the area of failure. Jones et al. 28 used this test and the 

published27 equation in their study. Results showed that the comers of the shells were 

weaker than the flat samples. Isobe et al. 29 studied the effect of various amounts and 

sizes of porosity on the mechanical properties investment casting shells. They showed 

that the stress concentration caused by pores is similar to the stress concentration seen in 

comers. They also showed that 3-point bend strength is proportional to pore size in the 

sample. Larger pores lower the strength of the sample more significantly. 
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Recently published experimental strength and porosity data of various porous 

ceramics were reviewed30 and these data were compared with values calculated from both 

the minimum contact solid area (MCA) and the pore stress concentration effect (SCE) 

models8 . According to the MCA model, the mechanical strength of fully dense ceramic 

decreases exponentially with increase in volume fraction porosity (P): 

u = u0 exp( -bP) 

where: b is an empirical parameter related to the minimum solid area and dependent on 

the pore structure. 

(2) 

According to the SCE model, the resulting fracture strength-porosity relationship 

for all ceramic materials can be given by a power equation of the form: 

(3) 

where: 11 is related directly to the pore structure (shape and orientation of the pores with 

respect to the stress axis) and the Poisson's ratio of the material. 



It was observed that the MCA model matched the experimental results of 

ceramics in the low volume fraction porosity range (P < 0.25) range, whereas in the 

volume fraction porosity range (P > 0.35), the SCE model better predicts the 

experimental results8. Because investment casting shells have a volume fraction of 

porosity around 0.3, both models could be used to predict the flexural breaking stress in 

flat regions typically obtained from three or four-points bent tests8. It could be assumed 

that interference of both types of concentrators, comer radius of the investment shell and 

its internal pores, takes place and this interference will affect the overall stress 

development in the shell. 

1.3. FOCUS OF RESEARCH 

8 

The objective ofthis research was to prevent crack formation in the green ceramic 

shell during polyurethane foam pattern removal. To achieve this goal, the thermo­

mechanical properties of the polyurethane foam and ceramic shell were experimentally 

determined. These data were used in a finite element model that predicts crack 

formation during pattern removal. In addition, the effect of aging on the pattern was 

investigated and incorporated into the model. Due to the location of most cracks on the 

edges and comers of the shell of a test procedure was developed to determine the 

properties of investment casting shells in flat and edge regions and to investigate the 

effect of shell geometry (wall angle and comer radius) on the force required to break the 

shell. A combination of finite element modeling, experimental wedge testing and 

microstructural analysis was used to determine these effects. All modeling results were 

validated by experiments and recommendations were made on the investment casting 

process to minimize the chances of shell cracking during pattern removal. 
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ABSTRACT 

The application of rigid polymeric foam for large investment casting patterns with 

complex geometries can improve the dimensional tolerances and the surface quality of 

the casting. However, these pattern materials promote crack formation in investment 

casting shells during pattern removal using standard firing procedures. ASTM standard 

tests and independently developed experimental methods were combined with finite 

element modeling to predict stress development in the shell. The model takes into 

consideration the thermal properties ofthe pattern and the shell materials to determine the 

heat transfer within the materials to establish a thermal gradient. This is combined with 

mechanical properties to determine the thermal expansion stresses developed in the shell 

during firing. A 3D nonlinear finite element model was developed to predict possible 

crack formation in the shells during pattern removal. The effects of the thermo­

mechanical properties of the foam and the shell, as well as the firing process parameters 

were modeled, and extreme cases were experimentally validated. Recommendations for 

firing process parameters and pattern design to decrease stress and eliminate crack 

formation in the shell were formulated. 

Keywords: ceramic shell, investment casting, crack, stress modeling, molding 
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1. INTRODUCTION 

The investment casting process is generally used to produce small, thin walled 

castings with high detail. The process begins with the manufacture of a pattern from an 

easily shaped, inexpensive material. The most common material for patterns is wax but 

different types of polymeric foam are also used 1-2. The pattern is dipped in slurry made of 

inorganic binder and oxide flour usually containing some combination of fused silica, 

zircon, alumina, or other ceramic material. Refractory granules referred to as stucco 

(usually fused silica, zircon or alumina) are then applied to the wet slurry coating. The 

combination of slurry and stucco makes a single coat which is allowed to dry before 

subsequent coats are applied. The shell building process generally consists ofthree 

different types of layers. Prime coats are designed to provide a better surface finish for 

the casting and are applied first, usually in one or two coats. Backup coats are designed 

to add strength to the shell and are applied after any prime coats; four to ten backup coats 

are applied. The seal coat is designed to seal the stucco of the final backup coat and is 

applied last3-7. The pattern is then removed from the unfired or green shell by melting or 

decomposition in an autoclave or furnace. Whether done as a part of pattern removal, or 

as an additional firing process, the ceramic is sintered to increase the strength of the shell 

such that the pressure of liquid metal will not cause cracks. Liquid metal is then poured 

into the shell, which is usually preheated, to produce the casting. 

Large patterns made from wax often do not have sufficient strength to hold their 

shape due to their higher weight, especially in situations where the pattern has 

unsupported extensions, leading to creep8. Polymeric foams were considered as pattern 

materials in investment casting in an attempt to overcome some of the wax deficiencies. 
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Some ofthe first foams used were expanded polystyrene (EPS) 9 . This material has much 

lower density than wax and, despite its lower strength, doesn't suffer from the self 

loading creep that is common with wax patterns, especially in larger patterns. This 

becomes especially important to the dimensional stability of the pattern during storage. 

However, EPS foams are also very buoyant which causes problems when the pattern is 

initially dipped in the slurry. The forces on the pattern when submerged can be high 

enough to distort or even break the pattern. EPS foam and wax patterns also show some 

dimensional change when they are cooled after production. Because of these issues, 

stronger, higher density polymeric foams are needed. Polyurethane foams fit these 

requirements well and can be made in complicated shapes with high surface quality and 

dimensional accuracy10. However, polyurethane foams have high coefficients ofthermal 

expansion and high decomposition temperatures which can cause the pattern to expand 

and break the shell during the pattern removal process9 . 

The objective of this research was to prevent crack formation in the green ceramic 

shell during polyurethane foam pattern removal. To achieve this goal, the thermo­

mechanical properties of the polyurethane foam and ceramic shell were experimentally 

determined. These data were used in a finite element model that predicts crack formation 

during pattern removal. The modeling results were validated by experiments and 

recommendations were made on the investment casting process to minimize the chances 

of shell cracking during pattern removal. 



16 

2. PROCEDURES 

Experimental. Polyurethane foam with density of 1 70 kg/m3 was tested. 

The properties of the polyurethane foam were compared to EPS foam with 26 kg/m3 

density. Samples were cut from the center offoam blocks with a cross-section of7000 

mm2. Compression testing ofthe foam was done to determine the elastic modulus with 

varying pattern dimensions. Samples had a cross-section of2580 mm2 and a thickness of 

25.4 mm or 50.8 mm. Tests were run according to ASTM D16211l. Thermal gravimetric 

analysis (TGA) was carried out using a 2950 Thermo-gravimetric analyzer. Samples 

were tested in air from 30°C to 600°C using a constant heating rate of 1 0°C/min. The air 

flow rate was set to 1 00 ml/min. The thermal expansion of the foam was measured using 

a laser assisted dilatometer. Foam samples were cut into 50 mm long 18 mm diameter 

cylinders. Two thin aluminum disks were placed on both ends of the foam and inserted 

into a quartz glass tube (19 mm diameter) and then submerged in an oil bath. A small 

hole was present in the end of the tube to allow oil flow inside for improved heating of 

the sample. Another quartz tube was placed on the upper aluminum disk. The expansion 

of the foam sample was monitored through the linear movement of the upper tube using a 

laser proximity probe with 1 J..lm precision. The average temperature of the foam samples 

was collected by averaging the reading of two thermocouples inserted in the oil bath, one 

of which was inserted in a spare foam sample and the other thermocouple was left 

exposed to the oil. The heating rate of the foam was approximately 1 °C/min. 

A simple pattern (50.8 x 63.5 x 63.5 mm) was prepared to test shell cracking 

during burnout (Figure 1 ). The slurry was consisted of colloidal silica binder (Megasol 

BI) and fused silica flour ( -200 mesh). The slurry viscosity was measured by a Brookfield 



DVII+ Pro Viscometer. All coatings were applied at 800 ± 100 cP viscosity which is 

equivalent to 19-22 seconds on a #5 Zahn cup. The patterns were submerged in the 
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slurry until completely covered and then removed and suspended over the slurry for 

approximately 50 seconds. During this time, the pattern was rotated and allowed to drain 

from different points to promote an even coating. A uniform distribution of stucco was 

then applied using the rainfall method. This was done by continuously rotating the 

pattern so that all surfaces were directly impacted by the falling stucco until no more 

stucco would adhere to the surface. The stucco for the prime coat was granular zircon (-

100+200 mesh) and the stucco for the back-up coats was fused silica (-30+50 mesh). The 

seal coat used no stucco. The samples were dried for at least four hours between coats. 

Figure 1. Shell built around a foam pattern: 50.8 x 63.5 x 63.5 mm. 

Shells were fabricated with one prime coat, either three or five backup and one 

seal coat. The samples with three backup coats had five total layers (3.8 mm average 

thickness) and the samples with five backup coats had seven total layers (6.4 mm average 

thickness). After the seal coat was applied the samples dried for another 24 hours. All 
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experimental specimens were tested during the week after shell fabrication. Shells were 

fired in an electric box furnace using two different procedures: continuous heating from 

room temperature to 600°C at 3 °C/min and flash firing in a furnace preheated to 600°C. 

The maximum stress at rupture and elastic modulus of the shells were determined using 

three point bend testing of "green" shells performed at room temperature according to 

ASTM C1161 12• The tip of the testing fixture had a radius of 3 mm. Five samples of 

shells with five and seven layers were tested. The density of the shells was measured 

using Archimedes method in distilled water according ASTM C20 using approximately 

10 g samples13 • 

Modeling. A nonlinear coupled finite element model was developed to study 

crack formation in the shell during pattern removal. The model accounts for both 

mechanical and thermal loadings and assumes a fixed interface between the pattern and 

shell. It is capable of simulating the complete detail of pattern and shell behavior during 

the firing process. To reduce computational time, one quarter of the pattern surrounded 

by shell has been modeled and symmetric boundary conditions are applied at the cut 

planes. An eight-node brick element is used to mesh the model. To mesh the pattern, all 

edges are initially seeded by numbers. In order to obtain higher result accuracy and save 

computational cost, additional seeds and biased seeds are used in critical regions and 

fewer seeds in regions that are less of interest, and hex mesh shape and structured mesh 

technique are used. The mesh of the finite element model for both the shell and foam 

pattern is shown in Figure 2. Finer mesh is used near the comer of ceramic shell. 19,683 

brick elements were used for the model. The contact properties between the pattern and 

shell are defined as fixed in order to simulate the actual experimental process. 
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Pattern 

Figure 2. Mesh of finite element model for the foam pattern and ceramic shell. 

The formulation for the transient mechanical analysis can be written as: 

[M6 ] is the mass matrix, [K 6 ] is the stiffness matrix, {F6 } and {F;} are mechanical and 

thermal loadings, N is the shape function, B is the strain-displacement function, C is the 

· elasticity matrix, pis the density, and {u, v, wf are displacement components in a 

rectangular Cartesian coordinate system. 

The formulation for heat transfer can be expressed as: 

(2) 
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[c.;:] is the heat capacity matrix, [K.;:] is the conductivity matrix, and {Q8 } is the external 

flux vector. cP is the specific heat ofthe material,!£. is the thermal conductivity, q is the 

surface heat flux, and r is the body heat flux generated by plastic deformation. 

A smeared crack model was used to describe the response of the ceramic material 

when a crack initiates. The crack model does not track individual "macro" cracks. 

Cracking is assumed to occur when the stress reaches a crack detection criterion surface. 

This failure surface is a mathematical construction which is a linear relationship between 

the equivalent pressure stress and the Mises equivalent deviatoric stress. When a crack 

has been detected its orientation is stored for subsequent calculations. Subsequent 

cracking at the same point is restricted to being orthogonal to this direction since stress 

components associated with an open crack are not included in the definition of the failure 

surface used for detecting additional cracks14• 

3. RESULTS 

The elastic modulus is an important property of foam patterns used in investment 

casting process. When a low density pattern sinks into the slurry, the buoyancy of the 

pattern causes it to bend and hence produces distortion or possibly cracks in the thin 

prime coat. The elastic modulus ofthe foam is required to accurately simulate the 

possible pattern distortion during shell building process as well as any stress in the shell 

during pattern removal. Compression testing of the foam was done to determine the 

elastic modulus. The average measured elastic modulus was 53 MPa. 

This data was used to predict foam pattern distortion when it is dipped into the 

slurry. The deflection of the foam is denoted by"~". The density of slurry used in the 

model was 1.5 g/cm3• A simple plain-strain finite element model (Figure 3) was 
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developed in ABAQUS to estimate the distortion of the pattern in the slurry. The 

dimensions of the foam plate are 127 mm (length) x 6.35 mm (thickness) x 25.4 mm 

(width). Table 1 lists the material properties of polyurethane and EPS patterns and the 

calculated pattern deflection. Polyurethane foam has an order of magnitude less 

deflection during dipping when compared to less rigid EPS foam. 

While a higher modulus prevents deflection during shell construction, 

polyurethane foam may create larger pressures on the shell during foam removal. To 

understand these effects it is important to know the thermal behavior of the foam. The 

results of thermal gravimetric analysis (TGA) show that the foam begins to decompose at 

approximately 260°C regardless of the density, and full decomposition occurred at 600°C 

(Figure 4). 

", ,, --------.. t I ---- --------
u --- - -- -

Sluny 

Figure 3. Schematic of the foam deflection model. 

T b1 1 F a e rt' oam prope 1es use d 1 d d 1 d' lt mmo e an mo e resu s. 

Foam Density, kg/m3 Young' s modulus, MPa Deflection, mm 

EPS 26 1.6 70.4 

Polyurethane 170 53 2.56 
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The results from thermal expansion tests show that over the temperature range 

tested, two distinct regions of differing thermal expansion coefficients can be noticed 

(Figure 5). At temperatures below 90oC the thermal expansion coefficient is 

approximately 80 xl0-6 oc-1 while above that temperature the value ofthe thermal 

expansion coefficient increases to 400 xl0-6 oc-1. At approximately 155°C the foam 

stops expanding and begins to soften. At this point the coefficient of thermal expansion 

becomes slightly negative. The thermal expansion coefficient does not change 

significantly with changes in density. The maximum dimensional increase of the 

polyurethane foams that were studied was approximately two percent. An additional 

thermal expansion test of loaded polyurethane foam was performed for more precise 

measurement of the effect oftemperature on elastic modulus. In this case the elastic 

modulus at elevated temperatures was estimated from a ratio of applied load to the 

difference in thermal expansion of the specimens. The results show that above 

approximately sooc the elastic modulus of the foam decreases from 53 MPa at a steady 

rate until it reaches a very low value at the foam softening temperature (155°C). 
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Figure 4. TGA results for three densities of foam in air. 
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The maximum stress and elastic modulus ofthe shell was experimentally 

determined for shells with five and seven layers using three-point bend testing performed 

at room temperature. Five samples for both types of shells were tested and the failure 

stress for the five layer shells was lower than the seven layer shells but had a larger 

elastic modulus (Table 2). The variation in mechanical properties is likely due to a higher 

percentage of zircon stucco in the five layer shells. 

2.0 

~ 1.6 

6 •;;; 1.2 

li 
~0.8 ... 

0.4 

0.0 

-120kg/m3 

- • -150 kg/m 3 

- - 170kg/m3 

0 25 50 75 100 125 150 175 
Temperature,•c 

Figure 5. Thermal expansion of polyurethane foam at different densities. 

T bl 2 St a e th d d "t f h 11 reng1 an ensuy o s e s. 
Property 5 Layer Shell 7 Layer Shell 

Shell thickness, mm 3.8 ± 0.3 6.4 ± 0.5 

Maximum stress, MPa 4.4 ± 0.5 7.2 ± 1.1 

Elastic modulus, MPa 3400 ± 500 2000 ± 300 

Bulk density, kg/m3 1900 ± 200 1800 ± 30 

The thermo-mechanical properties which were determined for the pattern and the 

shell were used as input into the model (Table 3). In addition to this experimental data, 



24 

the thermal conductivity and specific heat capacity of materials were taken from 

published data9• 15"17. Two types of heating methods (flash fire and continuous heating) 

were used to remove the foam pattern (Table 4). Due to the shrinkage seen in the thermal 

expansion tests the foam was assumed to start shrinking when it reaches the foam 

softening temperature (155°C). The modeling was done for pattern dimensions of 50.8 

mm x 63.5 mm x 63.5 mm. 

T bl 3M a e . 1 d r atena properties or mo e mg. 

Property Polyurethane Foam 5 Layer Shell 7 Layer Shell 

Density, kg/m3 170 1800 1800 

Poisson's ratio 0 0.24 0.24 

Heat capacity, J/gK 1.3 0.65 0.65 

Thermal conductivity, W/mK 0.06 1 1 
80x 1 0-b (20-90°C) 2x 10-6 2x10"6 

~TE, K-1 400x 1 o-6 (90-160°C) 

a e T bl 4 Th erma lb d oun Lary con d". 1t1ons use m t e mo e. d" h d 1 

Parameters Flash Fire Continuous heating 

Heating speed, °C/min - 3 

Oven initial temperature, °C 600 20 

Shell surface convection coefficient, W/m2K 20 20 

Shell surface emissivity 0.3 0.3 

In the model a linear temperature profile was monitored along the path shown in 

Figure 6 to compare temperature profiles for different heating methods. Compared to 

flash firing, the difference between the internal and surface temperatures of the pattern is 
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not significant in continuous heating. The average temperature of the pattern for flash 

firing is significantly lower than the average temperature for continuous heating. A lower 

average temperature means there is less thermal expansion and therefore less pressure on 

the shell during flash firing. 

The distribution of temperature and stress at that moment for the two firing 

processes is illustrated in Figure 7. The maximum stress in the shell occurs when the 

boundary temperature between shell and pattern reaches the foam softening temperature. 

After that, the applied pressure will decrease as a result of foam softening. This critical 

temperature was experimentally defined from the thermal expansion test. The maximum 

stress occurs at the internal edges of the shell. Compared to flash firing, continuous 

heating produces a much higher stress concentration at the internal corner of the shell at a 

given interface temperature. 

u 200 
0 

oJ 
:; 150 
t;j 

~100 
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1- 50 

-Flash Firing 
- • - Continuous Heating 

..... _ 
·-·-·-·-·-

0 +---~~~----~------~----~ 

0 10 

a) 

20 
Path, mm 

b) 

30 

Figure 6. Path (a) and temperature distribution along the path (b) for flash firing and 
continuous heating at the moment when surface temperature of the pattern increased to 

the foam decomposition temperature. 

40 
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Continuous beatin1 Flash firing 

Figure 7. Temperature distribution (a) and maximum principal stress (b) of the shell and 
pattern at the end of flash firing and continuous heating for 170 kg/m3 foam. 

4. DISCUSSION 

Crack formation in the shell during rigid foam pattern removal by firing depends 

on multiple parameters which can be divided into these groups: 

Group 1 -foam properties, most important of which include elastic modulus, 

thermal expansion and softening temperature 

Group 2- shell properties, most important of which include failure stress, elastic 

modulus, and shell wall thickness 

Group 3- firing regime, continuous heating versus flash firing in high 

temperature preheated furnace. 
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In this article, the factors from Group 1 - Group 3 were computationally 

analyzed. In Group 1 most of the factors are directly affected by the density of the foam. 

Two extreme cases of foam density, EPS foam (26 kg/m3) and high density polyurethane 

foam (170 kg/m3), were modeled (Figure 8). The low value of elastic modulus in the 

EPS foam prevents shell cracking for both burnout methods. However, low elastic 

modulus in the EPS foam causes much more deflection during shell making (Table 2.1). 

At the same time, the more rigid polyurethane foam creates significantly larger pressure 

on the shell during pattern removal. 

5 
.n 4.5 "' Q,l 

4 .. 
tii 
1ii 3.5 
a. 3 ·o Ill 
c a. 2.5 
~~ 

2 
E 
:J 1.5 
E 

1 ·~ 
~ 0.5 

0 

Polyurethane EPS 
Foam Type 

Figure 8. Effect of foam properties on maximal principal stress in shell during pattern 
flash firing. Lower stress and strain for lower density foams. 

In Group 2, the failure stress, elastic modulus, and thickness of the shell are 

dependent on variables in the shell making process such as slurry viscosity, stucco size 

and number of coats. It was assumed in a one variable modeling analysis on the effect of 

shell thickness on cracking tendency that the modulus of the shell does not depend on 

shell thickness. Results show that thicker shells are less likely to cause shell cracking and 

increasing shell thickness decreased the maximal principal stress below critical values 
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(shown by arrow in Figure 9 for non-cracked samples). In low thickness shells, the high 

stress generates cracks. The maximum principal stress was close to critical for all 

thicknesses. 

In Group 3, the heating rate can affect the amount of material that is expanded, 

and therefore the amount of stress on the shell (Figure 1 0). The results show that patterns 

removed during flash fire were less likely to crack the shell than patterns removed using 

continuous heating at 3 oc; min. 

Some critical situations were modeled according to the properties of laboratory 

built shells. These cases were experimentally verified using two firing procedures. The 

comparison of predicted crack formation and experimentally observed cracks (Figure 11) 

are given in Table 5. The simulation results match well with the experimental results and 

show that flash firing reduces the chances of shell cracking during pattern removal. 
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Figure 9. Effect of firing process and shell thickness on maximum principal stress in the 
shell. Hollow markers designate cases where there was no shell cracking. Indicates less 

cracking with thicker shells and flash firing. 
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Figure 10. Effect of firing process on maximum principal stress at the point of crack 
initiation showing significantly higher stresses for continuous heating. 

T bl 5 C a e f . 1 f om_panson o stmu a ton an d t 1 lt expenmen a resu s. 
Case Shell Thickness Shell Fail Shell Fail 
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No (mm) 
Heating Method 

(Simulation) (Experiment) 
1 6.4 Flash firing No No 

2 6.4 
Continuous 

Yes Yes 
heating 

3 3.8 Flash firing Yes Yes 

4 3.8 
Continuous 

Yes Yes 
heating 

Figure 11 . Example of crack formed in the shell during pattern removal. 
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5. CONCLUSIONS 

The mechanism of crack formation in investment casting ceramic shells during 

rigid polymeric foam pattern removal was analyzed. A model was developed for 

predicting crack formation in investment casting shells due to pattern expansion. The 

model takes into consideration the thermal and mechanical properties of the pattern and 

shell materials to determine the heat transfer and thermal expansion stresses developed in 

the shell during firing. The model shows that increasing foam density, elastic modulus, 

and foam softening temperature increase the chance of shell cracking. Increasing the 

shell strength and thickness decrease the chance of shell cracking. The model accurately 

predicts the presence of cracking during pattern removal. The results of the model and 

the experiments demonstrate that patterns should be made with the lower density 

polyurethane foam in order to prevent shell cracking during pattern removal. It is also 

recommended that the pattern should be removed using flash firing at 600oC or higher. 
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ABSTRACT 

The application of rigid plastic foam for large investment casting patterns with 

complex geometries can improve the dimensional tolerances and the surface quality of 

the casting. However, these pattern materials promote crack formation in investment 

casting shells during pattern removal using standard firing procedures. In typical 

investment casting shell processing, drying stages provide an aging period which can 

change the compatibility strains of the shell/foam assembly. In order to accurately 

predict shell cracking occurrence during pattern removal, the aging strain of the pattern 

must be considered. ASTM standard tests and independently developed experimental 

methods were combined with finite element modeling to predict stress development in 

the shell. The model takes into consideration the thermal properties of the pattern and the 

shell materials to determine the heat transfer to establish a thermal gradient within the 

materials. This is combined with mechanical properties to determine the thermal 

expansion stresses developed in the shell during firing. An experimentally measured 

delay of the thermal expansion of the aged pattern was incorporated in a three­

dimensional nonlinear finite element model and used to predict possible crack formation 

in the shells during pattern removal. The effect of pattern aging on crack formation in the 

shell was experimentally validated. Recommendations for pattern removal parameters to 

decrease stress and eliminate crack formation in the shell were formulated. 

Key Words: ceramic shell, investment casting, crack, stress modeling, molding 
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1. INTRODUCTION 

The investment casting process is generally used to produce small, thin walled 

castings with high detail. The process begins with the manufacture of a pattern from an 

easily shaped, inexpensive material. The most common material for patterns is wax but 

different types ofpolymeric foam are also used1-2• The pattern is dipped in slurry made of 

inorganic binder and oxide flour usually containing some combination of fused silica, 

zircon, alumina, or other ceramic material. Refractory granules referred to as stucco 

(usually fused silica, zircon or alumina) are then applied to the wet slurry coating. The 

combination of slurry and stucco makes a single coat which is allowed to dry before 

subsequent coats are applied. The shell building process generally consists of three 

different types of layers. Prime coats are designed to provide a better surface finish for 

the casting and are applied first, usually in one or two coats. Backup coats are designed 

to add strength to the shell and are applied after any prime coats; four to ten backup coats 

are applied. The seal coat is designed to seal the stucco of the final backup coat and is 

applied lase-?. The pattern is then removed from the unfired or green shell by melting or 

decomposition in an autoclave or furnace. Whether done as a part of pattern removal, or 

as an additional firing process, the ceramic is sintered to increase the strength of the shell 

such that the pressure of liquid metal will not cause cracks. Liquid metal is then poured 

into the shell, which is usually preheated, to produce the casting. 

Large patterns made from wax often do not have sufficient strength to hold their 

shape due to their higher weight, especially in situations where the pattern has 

unsupported extensions, leading to creep8. Polymeric foams were considered as pattern 

materials in investment casting in an attempt to overcome some of the wax deficiencies. 
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Some ofthe first foams used were expanded polystyrene (EPS) 9. This material has much 

lower density than wax and, despite its lower strength, doesn't suffer from the self 

loading creep that is common with wax patterns, especially in larger patterns. This 

becomes especially important to the dimensional stability of the pattern during storage. 

However, EPS foams are also very buoyant which causes problems when the pattern is 

initially dipped in the slurry. The forces on the pattern when submerged can be high 

enough to distort or even break the pattern. EPS foam and wax patterns also show some 

dimensional change when they are cooled after production. Because of these issues, 

stronger, higher density polymeric foams are needed. Polyurethane foams fit these 

requirements well and can be made in complicated shapes with high surface quality and 

dimensional accuracy10• However, polyurethane foams have high coefficients of thermal 

expansion and high decomposition temperatures which can cause the pattern to expand 

and break the shell during the pattern removal process9 . 

Preliminary aging of EPS patterns to control pattern dimensions has been 

successfully implemented in lost foam casting 11 • The use of aging to prevent shell 

cracking is based on the change in pattern dimensions over time, especially at elevated 

temperatures 12• The polymeric foam aging mechanism relates to the development of 

crystallinity. An aged crystalline polymer has two phases: the crystalline phase and the 

amorphous phase13 . Preliminary aging ofthe polymeric foam pattern inside the green 

shell may increase the ordered domain and crystallinity of the polyurethane pattern 

during firing leading to volume reduction. Because ofthis, the effect ofthe thermal 

expansion of the polyurethane could be reduced. 
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The objective of this research was to develop a model to predict the effect of 

pattern aging on shell cracking. To achieve this goal, the aging properties of the 

polyurethane foam were experimentally determined along with glass transition 

temperatures and the Young's modulus of aged foam. Additionally, samples were tested 

for shell cracking by firing shelled patterns in various conditions. These data were used 

in a finite element model to predict crack formation during pattern removal. 

2. PROCEDURES 

Experimental. Polyurethane foam with density of 170 kg/m3 was tested. 

Samples were cut from the center of foam blocks with a cross-section of 7000 mm2. 

Compression testing of the foam was used to determine the elastic modulus after aging at 

100°C for 24 hours. Samples had a cross-section of2580 mm2 and a thickness of25.4 

mm or 50.8 mm (ASTM D1621)14• Thermal dilation during foam aging was measured 

using a laser assisted dilatometer. Foam samples were cut into 50 mm long 18 mm 

diameter cylinders. Two thin aluminum disks were placed on both ends of the foam and 

inserted into a quartz glass tube (19 mm diameter) submerged in an oil bath. A small 

hole was present in the end of the tube to allow oil flow inside for improved heating of 

the sample. Another quartz tube was placed on the upper aluminum disk. The expansion 

of the foam sample was monitored through the linear movement of the upper tube using a 

laser proximity probe with 1 J..Lm precision. The average temperature of the foam samples 

was collected by averaging the reading of two thermocouples inserted in the oil bath, one 

of which was inserted in a spare foam sample and the other thermocouple was left 

exposed to the oil. The heating rate of the foam was approximately 1 °C/min. Samples 

were held at various aging temperatures and times, cooled back to room temperature and 
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heated aging until softening. Additionally one sample was heated and held at different 

temperatures in a stepped fashion. Differential scanning calorimetry (DSC) was done on 

the foam in both the aged and un-aged condition. The samples were stabilized by first 

heating from room temperature to 180°C in the instrument, then immediately quenched in 

liquid nitrogen and held for 1 min. The 2mg quenched sample was then tested using 

DSC (TA instrument DSC Q2000) from -38°C to 210°C at a heating rate of20°C/min in a 

nitrogen gas atmosphere. 

A simple pattern (50.8 x 63.5 x 63.5 mm) was prepared to test shell cracking 

during burnout (Figure 1 ). The slurry consisted of colloidal silica binder (Megasol BI) 

and fused silica flour (-200 mesh). Slurry viscosity was measured by Brookfield DVII+ 

Pro Viscometer. All coatings were applied at 800 ± 100 cP viscosity which is equivalent 

to 19-22 seconds on a #5 Zahn cup. The patterns were submerged in the slurry until 

completely covered and then removed and suspended over the slurry for approximately 

50 seconds. During this time, the pattern was rotated and allowed to drain from different 

points to promote an even coating. A uniform distribution of stucco was then applied 

using the rainfall method. This was done by continuously rotating the pattern so that all 

surfaces were directly impacted by the falling stucco until no more stucco would adhere 

to the surface. The stucco for the prime coat was granular zircon (-100+200 mesh) and 

the stucco for the back-up coats was fused silica ( -30+50 mesh). The seal coat used no 

stucco. The samples were dried for at least four hours between coats. Shells were 

fabricated with one prime coat, either three or five backup and one seal coat. The 

samples with three backup coats had five total layers (3.8 mm average thickness) and the 

samples with five backup coats had seven total layers (6.4 mm average thickness). After 



the seal coat was applied the samples dried for another 24 hours. Half of the patterns 

were then aged. After sample preparation the shells were fired in electrical resistance 

box furnace using flash firing in a furnace preheated to 600°C. 

Figure 1. Shell built around foam pattern: 50.8 x 63.5 x 63.5 mm. 
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The maximum stress at rupture and elastic modulus of the five and seven layer 

shells were determined using three point bend testing of green shells performed at room 

temperature according to ASTM C1161 15• The tip of the testing fixture had a radius of 

three mm. The bulk density of the shells was measured using Archimedes method in 

distilled water according ASTM C20 using approximately 10 g samples16• 

Modeling. A nonlinear coupled finite element model was developed to study the 

crack formation in the shell during pattern removal. The model accounts for both 

mechanical and thermal loadings and assumes a fixed interface between the pattern and 

shell. It is capable of simulating the complete detail of pattern and shell behavior during 

the firing process. To reduce computational time, one quarter of the pattern surrounded 

by shell has been modeled and symmetric boundary conditions are applied at the cut 
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planes. An eight-node brick element is used to mesh the model. To mesh the pattern, all 

edges are initially seeded by numbers. In order to obtain higher result accuracy and save 

computational cost, additional seeds and biased seeds are used in critical regions and 

fewer seeds in regions that are less of interest, and hex mesh shape and structured mesh 

technique are used. The mesh of the finite element model for both the shell and foam 

pattern is shown in Figure 2. Finer mesh is used near the comer of ceramic shell. 19,683 

brick elements were used for the model. The contact properties between the pattern and 

shell are defined as fixed in order to simulate the actual experimental process. 

Pattern 

Figure 2. Mesh of finite element model for the foam pattern and ceramic shell. 

The formulation for the transient mechanical analysis can be written as: 

where: [M 6 ] = fvp [N]T [N]dV 

[K6 ] = fv [Bf [C][B]dV 

{U6 } = {u, v, w}T 
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[M8 ] is the mass matrix, [K 8 ] is the stiffness matrix, {F8 } and {F;} are mechanical and 

thermal loadings, N is shape function, B is strain-displacement function, C is elasticity 

matrix, pis the density, and {u, 11, w}r are displacement components in a rectangular 

Cartesian coordinate system. 

The formulation for heat transfer can be expressed as: 

(2) 

[K8 ) = f. NT kNdV 
T V -

[c;:] is the heat capacity matrix, [K;:] is the conductivity matrix, and {Q8 } is the external 

flux vector. c, is the specific heat of the material,!£ is the thermal conductivity, q is the 

surface heat flux, and r is the body heat flux generated by plastic deformation. 

A smeared crack model was used to describe the response of the ceramic material 

when a crack initiates. The crack model does not track individual "macro" cracks. 

Cracking is assumed to occur when the stress reaches a crack detection criterion surface. 

This failure surface is mathematical construction which is a linear relationship between 

the equivalent pressure stress and the von Mises equivalent deviatoric stress. When a 

crack has been detected its orientation is stored for subsequent calculations. Subsequent 

cracking at the same point is restricted to being orthogonal to this direction since stress 

components associated with an open crack are not included in the definition of the failure 

surface used for detecting additional cracks 17 • 
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3. RESULTS 

Experimental. The effect of time and temperature on foam aging is important 

when this behavior benefits the process by reducing shell cracking. Appropriate aging 

times and temperatures can be vital when applying this method to industry. A 

preliminary study on the effect of aging was done with a sample that was heated and held 

at various temperatures in a stepping fashion (Figure 3). This test shows that the aging 

rate significantly increases at temperatures above approximately 80°C. 

3 

2 

~ 1 

~ 
·;;; 0 
li 
a. 
~ -1 

,_., 
I ,--

-2 -Expansion 

-3 
----Temperature 

0 10 20 30 
nme,hours 

180 

150 
u 

120:, 
~ 

90 'Iii .. 
II 

60 ~ 
II 
1-

-------- 30 

0 

40 50 

Figure 3. Thermal expansion of the stepped aging sample showing increased shrinkage 
above 80°C. 

Separate samples were then aged at various temperatures for 24 hours to 

determine the effect of aging temperature on the maximum shrinkage, and expansion 

after aging (Figure 4b ). These results suggest that shrinkage from aging increases at 

temperatures above 60°C. Temperatures above 1 oooc were not tested because these 

temperatures are high enough to cause shell cracking from pattern expansion. Samples 

were also aged for various amounts of time at 1 00°C to determine the effect of aging time 
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on the amount of shrinkage (Figure 4). The results show that after 24 hours the amount 

of shrinkage does not significantly increase until the aging time is longer than 48 hours. 
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Figure 4. Example of an aging test of polyurethane foam at 1 00°C (a), maximum 
expansion/shrinkage of polyurethane foam after 24 hours aging at various temperatures 
(b) and final shrinkage of polyurethane foam after aging for various amounts of time at 

100°C (c). 
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The CTE of an un-aged sample of polyurethane foam at temperatures below 90oC 

is approximately 80 xl0-6 oc-1 while above that temperature the CTE increases to 400 

xl0-6 oc-1• At approximately 155oC the foam stops expanding and begins to soften. At 

this point the CTE becomes slightly negative. Aged samples showed similar CTE 

behavior and foam softening temperature, but because the sample had contracted during 

aging and did not return to its original size until it had been heated to approximately 

80°C, the net expansion of the aged foam relative to a shell mold of fixed dimension was 

less (Figure 5). 

2.5 
-unaged 

2 -- 100"CAging 

~ 1.5 -. 
" c 

1 
, 

0 ·;;; , 
Iii 0.5 

" D. ,. 
)C ... 0 

-0.5 ·- --
-1 

0 25 50 75 100 125 150 175 
Temperature, ·c 

Figure 5. Comparison of the thermal expansion of an aged and un-aged sample. 

To study the physico-chemical nature of polyurethane foam aging, DSC testing of 

the foam was performed. Results showed two endothermic peaks, indicated by changes 

in slope, one at approximately 60°C and another at approximately 140°C (Figure 6). The 

60°C peak is a glass transition temperature and matches well with the transition in CTE. 

The 140°C peak matches the foam softening temperature and is associated with the break 

down of the crystalline structure. 
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Figure 6. Example DSC results of polyurethane foam showing the endothermic peaks. 

The elastic modulus is an important property of foam patterns used for investment 

casting because of its impact on shell cracking. The effect of aging on the elastic modulus 

of the foam was determined by comparing the results of compression testing of aged and 

un-aged samples at room temperature. The average elastic modulus of un-aged samples 

was 53 MPa and the average modulus of samples that were aged at 1 00°C for 24 hours 

was 52 MPa. This implies that aging has no significant effect on the room temperature 

mechanical properties of foam pattern. Temperature dependent values ofthe elastic 

modulus ofthe foam are required to accurately simulate stress in the shell during pattern 

removal. These values were determined using the known 18• 19 tendency of the elastic 

modulus to degrade above the glass transition temperature. In the model the elastic 

modulus begins to degrade at sooc until it is near zero at the foam softening temperature. 

The maximum failure stress and elastic modulus ofthe shell were experimentally 

determined for shells with five and seven layers using three-point bend testing performed 

at room temperature. Five samples for both types of shells were tested and the calculated 

values are included in Table 1. The failure stress for the five layer shells was lower than 

the seven layer shells while the five layer shells had a higher elastic modulus. The 
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variation in mechanical properties is likely due to a higher percentage of zircon stucco in 

the five layer shells. 

Table 1. Strength and density of shells. 
Property 5 Layer Shell 7 Layer Shell 

Shell thickness, mm 3.8 ± 0.3 6.4 ± 0.5 

Maximum stress, MPa 4.4 ± 0.5 7.2 ± 1.1 

Elastic modulus, MPa 3400 ± 500 2000 ± 300 

Bulk density, kg/m3 1900 ± 200 1800 ± 30 

Modeling. The experimentally verified thermo-mechanical properties for the 

pattern and the shell were used as input into the model (Table 2). The foam is assumed to 

decompose when it reaches a temperature of 155°C. Instead of modeling the actual 

shrinkage that occurs during aging, the CTE from room temperature to 80°C for aged 

samples is set to zero in the simulation. A zero CTE prevents stress development in the 

shell by approximating the gap formed by aging and the subsequent free expansion of the 

pattern until the pattern expands to fill the gap (Figure 7). In addition to the experimental 

data in Table 1, thermal conductivity and specific heat capacity data were used 9• 20-22 • 

The thermal boundary conditions for flash firing at 600°C used in the simulations are 

shown in Table 3. Modeling was completed for aged (100°C for 24 hours) and un-aged 

samples with pattern dimensions of 50.8 x 63.5 x 63.5 mm. 
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Figure 7. CTEs used in simulation for aged and un-aged samples. This shows the 
assumptions made for the aged sample to approximate aging shrinkage in the model. 

T bl 3 Th a e erma lb d oun ary con d". 1t1ons. 
Parameters Flash Fire 

Oven initial temperature 600°C 

Shell surface convection coefficient 20 W/m2K 

Emissivity of the shell surface 0.3 
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An example ofthe modeling results for flash fire at 600oC for aged and un-aged 

patterns with shell thickness of 6.4 mm is included as Figure 8. The maximum stress in 

the shell occurs when the boundary temperature between shell and pattern reaches the 

foam softening temperature. At that temperature, the applied pressure begins to decrease 



48 

as a result of foam softening. This critical temperature was experimentally defined from 

the thermal expansion results. The maximum stress for both aged and un-aged samples 

occurs at the internal edges of the shell (Figure 8). Compared to aged, an un-aged sample 

produces a much higher stress concentration in the shell. 
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Figure 8. Maximum principal stress distribution of the shell at the end of flash firing and 
for aged and un-aged foam patterns. 

4. DISCUSSION 

Crack formation in the shell during rigid foam pattern removal by heat treatment 

depends on multiple parameters which can be divided into the following groups: 

Group 1 -foam properties, most important of which include elastic modulus, 

thermal expansion, softening temperature and aging 

Group 2- shell properties, most important of which include failure stress, elastic 

modulus, and shell wall thickness 

Group 3 -firing regime, continuous heating versus flash firing in high 

temperature preheated furnace. 
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The effect of aging after shell building and before pattern removal on 

polyurethane foam properties and shell cracking during pattern removal was investigated. 

Longer aging times were shown to increase the amount of shrinkage, especially for times 

less than 24 hours. After approximately 20 hours the shrinkage for a pattern aged at 

1 00°C subsides due to nearing completion of the transformation from an amorphous 

structure to a crystalline structure (Figure 4a). When aging temperature is above the 

glass transition temperature indicated by DSC (approximately 60°C) the amount of 

shrinkage increases from zero to 0.5% (Figure 4b) supporting the idea that the 

transformation of the polyurethane foam from amorphous to crystalline is the aging 

mechanism. Activation energy for aging was determined from the shrinkage in Figure 3. 

The activation energy was approximately 600 J/mol when aging was below 80°C and 

1800 J/mol when above 80°C. Foam aging was not found to increase or decrease the 

elastic modulus of the polyurethane foam. 

During pattern removal the strain in the pattern consists of aging strain, thermal 

strain and elastic strain and the strain in the shell consists of thermal strain and elastic 

strain. The small amount of shrinkage caused by aging induces a negative strain in the 

pattern. This negative strain reduces the overall strain in the pattern and shell at their 

interface thus lowering the stress developed in the shell (Figure 9). 

This concept was applied to a shell cracking model to show the effect of aging on 

the stress developed in the shell during pattern removal and specific cases were 

experimentally verified in the laboratory shell cracking test (Figure 1 0). The comparison 

of experimental results and prediction of crack formation in the model are given in Table 

4, indicating that modeling is consistent with experimental results. Aging the patterns 
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significantly reduced the stress in the shell during pattern removal. Aging prevented 

cracking of the 3.8 mm thick shells and lowered stress development in the 6.4 mm shells 

(Figure 9). 

0 50 100 150 200 250 
Interface Temperature, oc 

Figure 9. Comparison of stress development in the 6.4 mm thick shell for aged and un­
aged foam patterns showing significantly higher stress in un-aged patterns. 

Figure 10. Example of crack formed in the shell during pattern removal. 
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Table 4. Comparison of simulation and experimental results. 

Case No 
Shell Thickness 

Aging 
Shell Fail Shell Fail 

(mm) (Simulation) (Experiment) 
1 6.4 Not Aged No No 

2 3.8 Not Aged Yes Yes 

3 6.4 Aged 100 oc No No 

4 3.8 Aged 100 oc No No 

5. CONCLUSIONS 

Aging reduces the stress in the shell by producing shrinkage which lowers the 

compatibility strain on heating and its consequent elastic stress development. A model 

was developed for predicting crack formation in investment casting shells due to pattern 

expansion. The model accurately predicts the presence of cracking during pattern 

removal for un-aged patterns with five layer shells. The results of the model and the 

experiments demonstrate that aging patterns can be an effective way to prevent shell 

cracking during pattern removal. To effectively prevent shell cracking it is recommended 

that aging be done above the glass transition temperature ( 60oC) for at least 24 hours. 
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ABSTRACT 

During the investment casting process, particularly pattern removal and pouring 

steel into the free standing ceramic shell, the shell is subjected to high internal pressure 

and thermal stress. Most testing methods investigate the properties of the ceramic shell 

in flat regions while cracks typically form in sharp comers and edge regions. The comers 

and edge regions have different structure and thickness when compared to flat regions 

and experience large mechanical stress during processing. In this study, experimental 

methods were combined with finite element modeling to predict failure stress in internal 

comer regions ofthe shell. The model takes into consideration the mechanical properties 

of the ceramic shell to determine the stress developed during loading. The effect of shell 

porosity on stress concentration in sharp comers was evaluated. A general equation was 

developed to predict the force necessary for crack formation in the shell based on various 

geometric variables. The results from the model were experimentally verified and the 

failure stress of flat and comer regions of the shell were compared in order to develop an 

improved equation. 

Key Words: Investment casting, ceramic shell, stress, crack 
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1. INTRODUCTION 

The investment casting process is generally used to produce small, thin walled 

castings with high detail. The process starts with the manufacture of a pattern. The most 

common material for patterns is wax but different types of polymeric foam and laser 

stereolithography patterns are also used1-2• The pattern is dipped in slurry made of 

ceramic binder and flour usually containing some combination of fused silica, zircon, 

alumina, or other ceramic material. Refractory granules referred to as stucco are then 

applied to the wet slurry coating. The combination of slurry and stucco makes a single 

coat which is allowed to dry before the next coat is applied. The shell building process 

generally consists of one or two prime coats, designed to provide a better surface finish 

for the casting, four to ten back up coats, designed to add strength to the shell, and a seal 

coat, designed to seal the stucco of the final backup coae' 4 • The structure in comers of 

the shell can be different from flat regions due to the placement of the stucco. Variation 

ofthe structure can cause these regions ofthe shell to break under smaller loads5• The 

pattern is then removed from the shell by melting or decomposition in an autoclave or 

furnace. Whether done as a part of pattern removal, or as an additional firing process, the 

ceramic is sintered to increase the strength of the shell enough to hold the pressure of 

liquid metal. Liquid metal is then poured into the free standing shell, which is usually 

preheated. 

Many new pattern materials, such as polymeric foams, have greater coefficients 

of thermal expansion than wax which can increase the chance of shell cracking during 

pattern removal6. Due to the majority of these cracks forming along the edges and in the 

comers of the shell, the properties of these areas are of interest. Investment casting shells 
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often have complex geometry with sharp internal comers and edges which also initiate 

stress concentration in addition to pores structure. Work has been done to determine the 

strength ofthese areas ofthe investment shell compared to flat regions7• A test method 

has been developed using a wedge design. Along with this test method, an equation to 

determine the failure stress (cr, MPa) in the comer region of the wedge was developed: 

12.2(sin 8 cos BFd) 
u= (1) 

where: () is the angle from vertical of the splitter used during the wedge test, dis length, 

W is width, and Tis the thickness of the sample in mm and F is the failure force in N. 

Eq. 1 follows from simplified stress analysis and does not consider the angle of the 

sample or the radius of the comer of the sample. It is well known that the radius of the 

comer is important due to its effect as a stress concentrator8 . 

Investment casting shells have large porosity due to the stuccoing process. 

Recently published experimental strength and porosity data of various porous ceramics 

were reviewed and these data were compared with those calculated from both the 

minimum contact solid area (MCA) and the pore stress concentration effect (SCE) 

models9 • According to the MCA model, the mechanical strength of fully dense ceramic 

decreases exponentially with increasing volume fraction porosity (P): 

u = u0 exp( -bP) (2) 

where: b is an empirical parameter related to the minimum solid area and dependent on 

the pore structure. 

According to the SCE model, the resulting fracture strength-porosity relationship 

for all ceramic materials can be given by a power equation of the form: 

a= u0 {1- P)" (3) 
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where: f1 is related directly to the pore structure (shape and orientation of the pores with 

respect to the stress axis) and the Poisson's ratio of the material. 

It was observed that the MCA model better matched the experimental results of 

ceramics in the low volume fraction porosity range (P < 0.25) range, whereas larger 

volume fraction porosity ceramics (P > 0.35) are more accurately modeled by the SCE 

model8• Because investment casting shells have between 0.2 and 0.3 volume fraction 

porosity9' 10, both models could be used to predict the flexural breaking stress in flat 

regions typically obtained from three or four-points bend tests 11 • Stress concentration at 

both the comer radius of the investment shell and its internal pores could interact, 

affecting the overall stress intensity in the shell. 

The objective of this research was to develop a test procedure to determine the 

properties of investment casting shells in flat and edge regions and to investigate the 

effect of shell geometry on the force required to break the shell. Finite element 

modeling, experimental wedge testing and microstructural analysis were used to 

determine the effect of shell geometry and structure on crack formation in shell comers. 

2. PROCEDURES 

Experimental. A wedge pattern was designed to test shell strength along the 

edge (Figure 1 b). Specimens were made from triangular prism shaped patterns 152 mm 

tall, 76 mm wide with a 15° angle from vertical (30° included angle) with variation from 

0.5 mm to 5.0 mm comer radius (Figure la). Several wedge and flat specimens for three­

point bend testing were made from the triangular prisms. Flat specimens were also tested 

with an artificial stress concentrator approximately 1.0 mm depth and 0.4 mm wide 
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(Figure 1 c) that was cut by a diamond blade. Five specimens for each condition were 

tested. 

b) c) 
Figure 1. Wedge specimens (a), shell built around foam pattern (b) and the artificial stress 

concentrator used in flat specimens (c). 

The slurry was made of colloidal silica binder (Megasol BI) and fused silica flour 

(-200 mesh). Slurry viscosity was measured by Brookfield DVII+ Pro Viscometer. All 

coatings were applied at 800 ± 100 cP viscosity which is equivalent to 19-22 seconds on 

a #5 Zahn cup. The patterns were submerged in the slurry until completely covered and 

then removed and suspended over the slurry for approximately 50 seconds allowing for 

excess slurry to drain. During this time, the pattern was rotated and allowed to drain 

from different points to promote an even coating. A uniform distribution of stucco was 

then applied using the rainfall method by continuously rotating the pattern so that all 

surfaces were directly impacted by the falling stucco until no more stucco would adhere 
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to the surface. The stucco for the prime coat was granular zircon ( -1 00+ 200 mesh) and 

the stucco for the back-up coats was fused silica ( -30+50 mesh). The seal coat used no 

stucco. The samples were dried for at least four hours between coats. The shells were 

fabricated with one prime coat, five backup coats, and one seal coat. After the seal coat 

was applied the samples dried for another 24 hours. Acetone was used to remove the 

EPS foam patterns without altering the "green" strength (unfired strength) of the shell. 

The mechanical properties of the shell were explored in the green and fired 

conditions (1000°C for 1 hour) for flat and comer regions with variations in comer 

geometry. Assessment of the properties in the green condition is important for stress 

analysis during pattern removal and the prevention of shell cracking. Properties in the 

fired condition are important to determine shell integrity during steel pouring. The 

maximum stress at rupture and elastic modulus of the flat specimens were determined 

using three-point bend testing of shells performed at room temperature according to 

ASTM C 1161 12• The tip of the testing fixture had a radius of 3.0 mm. The porosity of 

the shells was measured using two methods; Archimedes method (ASTM C2013) and 

helium picnometry. 

Modeling. A static displacement controlled finite element model has been 

developed in this work to determine the stress in the ceramic shell at edges where cracks 

often initiate and propagate. The finite element model is capable of finding the applied 

force on the wedge and the stress on the ceramic shell. To save computational cost, one 

quarter of the wedge and ceramic shell has been modeled and symmetric boundary 

conditions are applied (Figure 2b). The model was cut along the x-z plane and the y-z 

plane. Shells with different combinations of width (w), length (d), radius (r), and shell 
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angle (a) were modeled. The loading wedge used in the model had an angle e of22.5° 

from vertical (Figure 2a). In addition, the three-bend point test was modeled for 

specimens with and without an artificial stress concentrator (Figure 2). 

r 
V-shaped shell 

Wedge 

F 

a) b) 

c) d) 
Figure 2. Schematic of the wedge test (a), mesh of finite element model of wedge 

specimen without (b) and with pore (c), mesh of three-point bend test flat specimen with 
notch (d). 
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ABAQUS 14 version 6.9 was used to conduct all the simulation work. Denser 

mesh is used in critical regions, such as the internal corner of the ceramic shell and the 

contact surface between the shell and the wedge. 12,600 8-node linear brick elements 

have been used for the ceramic shell. The wedge is assumed to be a rigid body, and 

12,142 4-node 3-D bilinear rigid quadrilateral elements are used. To mesh the wedge test 

3D model, all edges are initially seeded by numbers. In order to obtain higher result 

accuracy and save computational cost, additional seeds and biased seeds are used in 

critical regions and fewer seeds in regions that are less of interest, and hex mesh shape 

and structured mesh technique are used. The finite element meshes for the V -shaped 

ceramic shell with and without a spherical pore are shown in Figure 2a. The contact 

properties between the shell and the wedge are defined to allow slip in order to simulate 

the actual experimental process. Maximum principal stress is identified to monitor the 

actual stress variations in the shell because the shell is a brittle material with high 

porosity. The formulation for static displacement controlled mechanical analysis can be 

written as: 

where: [K•] = fv[B]T[c][B]dV 

{u•} = {u, v, w}T 

[K•] is the stiffness matrix, {F•} is mechanical loadings, B is the strain-displacement 

function, Cis the elasticity matrix, and {u, v, wY are displacement components in a 

rectangular Cartesian coordinate system. 

(4) 
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3. MODELING RESULTS 

To investigate the reduction in breaking stress caused by porosity, the effect of an 

artificial stress concentrator on stress development in three-point bend tests was modeled. 

According to the model the artificial stress concentrator localizes stress and causes a 

significant increase in stress (Figure 3). The modeled stress concentrator increased the 

local stress during the three-point bend test by a factor of four. 

S, Max. Principal 
(Avo: 75%) 

+1.118e+07 
+3.199e+06 
+2.828e+06 
+2.456e+06 
+2.085e+06 
+1 .713e+06 
+1.342e+06 
+9.701e+05 
+5.986e+OS 
+2.271e+OS 
·1.444e+OS 
·5.159e+05 
·8.874e+OS 
·1.259e+06 

a) 
12 .-------------------------------------------------------. 

-Stress Concentrator 
10 ---- No Stress Concentrator 

------------
----------0 ~~--~------~--------.---------.-----~ 

2 

0 10 20 30 40 50 
Force, N 

c) 

b) 

Figure 3. Illustration of calculated stress distribution in three-point bended specimen 
without (a) and with notch (b), and stress versus loading force for both cases (c). 
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To determine possible interactions between internal pores and comer radius 

during loading in the wedge specimen, a model of the wedge with a pore was developed 

(Figure 4a). Shell geometry and load were held constant with variation in comer radius 

(r). Decreasing r in the model without a pore exponentially increased stress concentration 

with an exponential power of -0.27. In the shell with a pore, decreasing r also increased 

stress concentration exponentially, but the exponential power decreased (Figure 4b ). 

Larger pore radius (R) caused a more significant change because the area of stress 

concentration was larger. It was found that the relationship between r and stress shown 

by largest pore (0. 75 mm R) was closest to the relationship of experimental samples as 

shown by no significant difference in the relationship of comer radius (r) and stress when 

modeling 0.5 R pores and 0.75 R pores. The cause of increased stress concentration with 

a pore present is the reduction in material at the corner of the shell. Because of this effect 

the large pore was assumed to have the same effect a multiple smaller pores. The 

exponential power used to correct for the interaction of pores and r was -0.16. When r is 

larger than R, stress concentration is controlled by the porosity. For smaller r values the 

pore had no significant effect because of the high stress concentration caused by the 

comer. 

In addition to comer radius (r), the thickness (t), width (w), loading distance (d), 

and the angles (} and a were separately varied in the finite element model to determine 

their effect on the stress in the wedge for a given force. The results were used to 

formulate Eq. 5 that fits the modeling results for a fully dense ceramic: 

tr= 
2.6.7Fd CIDS(fl- a)r-0 ·27 

wr2 (5) 



Presence of a single pore decreased the effect of radius on stress concentration 

(Figure 4b) and Eq. 5 was modified to account for this difference: 
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(6) 

Figure 4. Illustration of calculated stress distribution in loaded wedge with 0. 75 mm 
radius pore (a) and the effect of radius of wedge and pore on stress in shell at constant 
applied force and dimensions (b). Shows that as pore radius increases the difference 

between stress for different comer radii decreases. 

The finite element modeling results for both the dense wedge model and the 

wedge model with a pore were compared to the values approximated from Eq. 5 and Eq. 
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6 as well as values obtained using previously published7 Eq. 1 (Figure 5). The suggested 

equations take into consideration all geometric variables and are applicable to a greater 

range of possible geometries of wedge specimens with and without a pore, that have been 

modeled. 

20 .---------------------------~------~ 
• Eq. 1 (R<1 mm) 
D Eq. 1 (R>5 mm) 
.a. Eq. 5 (solid) 

<> Eq. 6 (porous) y= 1.00x 
R2 = 0.95 

o 5 ro ~ m ~ 
Calculated FEM stress, M Pa 

Figure 5. The relationship between the finite element modeling results and stress values 
calculated by Eq. 5 and Eq. 6 compared to Eq. 1. 

4. EXPERIMENTAL RESULTS AND DISCUSSION 

Microstructures of the various corner geometries were prepared to investigate the 

effect of microstructural features in the shell on its properties. In flat regions of the shell 

the various layers of shell can be seen and the fine stucco of the prime coat is fairly 

uniform and thick (Figure 6). Both comer images show similar structure to the flat 

region except for differences in the prime coat. The structure of a 5.0 mm radius corner 

is shown in Figure 6b and shows a uniform layer of prime coat stucco that is thinner than 

observed in the flat sample. The 0.5 mm radius comer shows almost no prime coat 
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stucco at the comer (Figure 6c). Elongated porosity with a radius of0.2-0.7 mm can be 

observed in the images. 

To determine the effect of internal porosity on the breaking stress of the shell both 

the experimental and modeling results of three-point bend testing with a stress 

concentrator were compared. The flexural failure stress was calculated from 

experimentally measured braking force (F) using: 

3FI 
t~= --

zwr2 

a) b) c) 

(7) 

Figure 6. Microstructures of the investment casting shell in flat regions (a), and wedges 
with 5 mm (b) and 0.5 mm (c) comer radii that shows differences in the structure of the 

prime coat stucco. 

Where: Fis the applied force, lis the span length, Wis sample width, and Tis the sample 

thickness. The results from these tests were compared to the finite element modeling 

results (Table 1 ). The model shows that with constant force there is a large increase of 

stress in the shell with a notch but the experimental results show no significant difference 

in breaking stress. These results demonstrate that internal porosity is as significant a 

stress concentrator as the artificially added "notch" . 
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Tests were performed on green shells and fired shells (1 hour @ 1 000°C). The 

MCA model (Eq. 2) was applied to Eq. 6 to correct for the change in thickness caused by 

porosity. With this correction applied Eq. 6 becomes: 

20FdCIDS(fJ -a),.-O.l' 
tr=lc 2 

WT 
(8) 

Where: k is the correction value for porosity determined form the MCA model. Using 

the values of the stress from the three-point bend modeling cases with and without a 

stress concentrator and the volume percent porosity of the shells that were tested (0.3), 

the empirical parameter bin Eq. 2 was calculated to be 4.0. Using Eq. 2 the value ofk 

was calculated to be 0.3. This lowers the failure stress from Eq. 7 to a range that fits with 

three-point bend test results (Figure 7a). Eq. 8 fits experimental data best when the 

maximum observed pore radius is smaller than the comer radius. When R is larger than r 

the model overestimates the fracture strength. To estimate breaking stress values for 

wedges with r values smaller than 2.0 mm it is recommended that the value of the r used 

in Eq. 8 should be 2.0 mm. By substituting a larger r value the resulting stress fits with 

expected values. When there is a high volume fraction of porosity near the inside comer 

ofthe shell, either caused by a higher number of pores or larger pores, the amount of 

stress concentration increases. Variation in the sample wedge angle causes a slight 

difference in strain rate in the fracture zone, this change in strain rate showed no 

significant effect on the breaking stress in the model or experimental results. Eq. 8 was 

applied to both fired and unfired samples and properties in flat and wedge regions were 

comparable for both cases (Figure 7b ). 
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Table 1. Summary of modeling and experimental results for flat three-point bend test of 

Case Length. 
mm 

1 
76.2 

2 

fl . at s,g_ec1men. 

Width. Thickness. 
Experimental 

Notch flexural failure 
mm mm 

stress. MPa 

29.0 7.1 
Yes 3.7 

No 3.7 
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Figure 7. Comparison of fracture stress of "green" flat and wedge specimens with 
different radii (a) and comparison of fracture stresses for fired and unfired samples (b). 

5. CONCLUSIONS 

The strength of comer and edge regions was analyzed. Shell porosity was found 

to significantly reduce the effect of comer radius on the amount of stress concentration. 



Experimental methods were combined with finite element modeling to develop the 

following equation to predict stress in comer regions of the shell: 

ZOFdCIDS(8 -a)r-0.16 
U = k---WT'------;2.--'---

Eq. 8 predicts stress accurately for corner radii 2.0 mm or larger. The results from the 

model were experimentally verified after using the MCA model (Eq. 2) to adjust stress 
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(8) 

values for the effect of porosity. The failure stress of flat and comer regions of the shell 

were found to be similar for both fired and un-fired shells. 
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2. CONCLUSIONS 

This thesis is a collection of papers that discuss shell cracking in investment 

casting during pattern removal. The first two papers discuss the factors affecting shell 

cracking and methods to prevent it. The third paper discusses the strength of investment 

casting shells in comer regions. 

In the first two papers the mechanism of crack formation in investment casting 

ceramic shells during rigid polymeric foam pattern removal was analyzed. A model was 

developed for predicting crack formation in investment casting shells due to pattern 

expansion. The model takes into consideration the thermal and mechanical properties of 

the pattern and shell materials to determine the heat transfer and thermal expansion 

stresses developed in the shell during firing. The model shows that increasing foam 

density, elastic modulus, and foam softening temperature increase the chance of shell 

cracking. Increasing the shell strength and thickness decrease the chance of shell 

cracking. The effect of polyurethane foam pattern aging after shell fabrication on crack 

formation in investment casting ceramic shells during pattern removal was also analyzed. 

Aging reduces the stress in the shell by producing shrinkage which lowers the 

compatibility strain on heating and its consequent elastic stress development. The effect 

of pattern aging on shell cracking during pattern removal was applied to the model. The 

model shows that foam aging reduced the amount of pattern expansion during pattern 

removal. 

The model accurately predicts the presence of cracking during pattern removal. 

The results of the model and the experiments demonstrate that patterns should be made 

with lower density polyurethane foam in order to prevent shell cracking during pattern 
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removal. It is also recommended that the pattern should be removed using flash firing at 

600oC or higher. To effectively prevent shell cracking, pattern aging can be done above 

the first glass transition temperature (60°C) for at least 24 hours. 

The strength of corner and edge regions was analyzed. Shell porosity was found 

to significantly reduce the effect of comer radius on the amount of stress concentration. 

Experimental methods were combined with finite element modeling to develop the 

following equation to predict stress in comer regions of the shell: 

(8) 

Eq. 8 predicts stress accurately for corner radii 2.0 mm or larger. The results from the 

model were experimentally verified after using the MCA model (Eq. 2) to adjust stress 

values for the effect of porosity. The failure stress of flat and comer regions of the shell 

were found to be similar for both fired and un-fired shells. 

Additional work should be done on larger more complicated patterns to provide a 

more realistic approximation of industrial practice. The application of the model to 

industrial shells should be investigated to verify that a wide range of shell properties can 

applied to the shell cracking model. More aging tests should be done to more accurately 

determine the activation energy of aging as well as the mechanism of aging. Further 

investigation of the properties in shell comers should be done to improve the wedge 

strength model and its application to comer radii smaller than 2.0 mm. A new standard 

procedure for the wedge strength model should be developed. 
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