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Abstract 

A computer model was constructed and run to predict the thermal history of a 

Stellite alloy investment casting prone to the formation of microporosity. The thermal 

history of the casting was utilized to calculate the thermal gradient at a specified 

temperature, the rate of cooling during solidification, and the solidification velocity. 

These parameters were combined in a manner consistent with the formulation of two 

different criteria (Niyama and L.C.C. criteria) used to predict porosity. The Niyama and 

L.C.C. criteria successfully predicted the distribution of porosity found in the actual 

investment casting. Several new casting configurations were designed and modeled on 

computer until a configuration was constructed that predicted very little or zero porosity 

in the problematic areas. A new casting configuration, similar to the one designed in this 

study, was designed and cast by the industrial sponsor. The computer simulation of the 

casting configuration by the industrial sponsor predicted a small pocket of microporosity. 

Upon examination, some microporosity, consistent with the predictions by the model, 

was discovered. The finite element modeling software (ProCAST™) and the Niyama and 

the L.C.C. criteria served as excellent tools for predicting porosity in Stellite alloy 

castings. 
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1. Introduction 

1.1 A Brief History of the Investment Casting Process 

Investment casting, otherwise known as the lost wax process or precision casting, 

is one of the oldest metal forming techniques. Over 4000 years ago during the Shang 

Dynasty, investment castings of various statuary and jewelry were made1. Other early 

investment castings include delicate bronze statues from China dating back 1500 years 

and jewelry by Aztec goldsmiths from Mexico made well before Columbus discovered 

America 2. 

Earlier this century, investment casting made its first commercial appearance in 

the dental sector with the manufacturing of gold fillings and crowns. However, the true 

potential of this casting process was not fully recognized until the Second World War 

when components for high altitude bombers and fighters were in demand. Investment 

cast turbine blades, fabricated from a cobalt-chrome alloy which offered strength in a very 

hot, high-stress environment, found their way into jet engines. In addition to strength, the 

investment casting techniques offered excellent as-cast surface finishes which negated or 

minimized the need for supplemental machining or finishing. 

After World War n, the demand for investment casting grew throughout the 

1950's, predominantly in aircraft and military applications. During the past several 

decades, many improvements in the investment casting process have been made through 

the use of moulding robotics and better moulding materials. These improvements have 

made it economically feasible to use this process in areas outside of the aircraft and the 
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military sectors. Investment casting is being discovered by more and more industrial 

sectors seeking a process alternative for the production of cheaper and higher quality 

products. 

1.2 Background of the Investment Casting Process 

Fabrication of an investment mould incorporates a series of steps. The initial step 

is the construction of the wax "positive". This includes the wax pattern of the desired 

component(s), the feeding channels, gating, risers, and the pouring cup. These wax 

components are usually cast using an injection moulding process and then hand 

assembled. Depending on the size of the component, several parts can be assembled into 

a tree-like structure and cast simultaneously. 

After the wax "tree" has been assembled, the next step is the application of 

ceramic coatings which will serve as the mould. The wax assembly is immersed in a 

ceramic slurry, which consists of very fine refractory flour or sand, and then allowed to 

air dry. This step is usually repeated. These initial ceramic layers form the face coat for 

the mould that may be used for a number of reasons including: to minimize chemical 

reaction between the liquid metal and the mould, to produce a desired surface finish, and 

to act as either a grain nucleation agent (multi-crystal castings) or as an inhibitor to the 

formation of nuclei (directional or single crystal castings). The backup coatings provide 

the structural integrity for the mould and contain coarser ceramic materials (usually sand 

or stucco) with the coarsest material on the exterior. Five to eight backup coatings are 

usually applied. 
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Once the investment mould is built, the mould is placed in a de-waxing chamber, 

and the wax is melted and/or burnt out leaving an empty core. Quite often the mould is 

then fired for strength and placed within a preheat furnace before pouring. The metal is 

then poured into the mould in either a vacuum or air atmosphere, depending on the metal. 

Once the metal has cooled, the mould is removed along with the metal distribution 

system and then may be further machined depending on the component requirements. A 

schematic representation of the investment casting process is shown in Figure 1-1. 

1.3 Purpose of the Present Study 

Investment casting, like many other casting processes, can produce surface and 

interior defects during processing, that lead to poor component performance and/or 

component rejection. Computer systems and modeling software have evolved over the 

years and have the capability to simulate the thermal histories of complex casting with a 

reasonable amount of accuracy. This study examined the capability of a commercially 

available software package to predict microporosity in a complex investment castings 

manufactured from a multi-component cobalt based alloy. Following validation of the 

model to predict porosity, the model was used to explore alternative mould 

designs/configurations to minimizing and/or eliminating porosity. 

1.4 Porosity Background 

Porosity in castings can be grouped into one of two broad categories 

(macroporosity or microporosity) on the basis of scale and mechanism of formation. 

Macroporosity is generally large in scale and forms as a result of solidification of a liquid 
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that has been encapsulated by a solidified material. The size of the resulting pore or 

cavity is dependent upon the volume of encapsulated liquid and the volume shrinkage 

associated with the liquid-to-solid phase transformation. Macroporosity is easily 

corrected by proper gates and risers within the mould and/or by using chills and/or 

exothermics to control the progress of solidification. 

In contrast, microporosity forms interdendritically at the scale of the 

microstructure. Thus, its formation is more complex mechanically, more difficult to 

predict, and generally more difficult to correct. There are two primary sources 

microporosity: solute gas precipitation in the interdendritic liquid, and/or poor liquid 

feeding from volume shrinkage within the mushy zone. In an attempt to describe the 

latter, the different networks through which material must flow within the mushy zone 

have been subdivided into different regimes by Campbell , as illustrated schematically in 

Figure 1-2. (In this description, solid feeding is somewhat of a misnomer since it actually 

pertains to distortions as surface depressions3 instead of feeding). The interdendritic 

regime is presently believed to be the most important to microporosity formation in most 

casting processes3, since it offers the greatest resistance to liquid feeding during the 

crucial last stages of solidification. In comparison, the liquid and mass feeding regimes 

may be ignored since they have much lower feeding resistances.4 



CASTING KNOCK-OUT FINISHING INSPECTION 

Figure 1-1 A diagram representing the investment casting process from pattern making to 
final inspection.2 

Figure 1-2 Schematic representation of possible feeding mechanisms during 
solidification. 



6 

2. Literature Review 

One of the first attempts to understand and characterize porosity formation from a 

semi-fundamental mathematical approach was undertaken by Piwonka and Flemings.5 

Their investigation involved the application of D'Arcy's Law of laminar flow through a 

pipe (eqn. 2-1) to mathematically describe the flow of liquid metal through a dendritic 

structure (eqn. 2-2). Using this approach, they were able to quantify the pressure drop 

required for flow through a dendritic array while taking into account the number of flow 

channels (n), tortuosity (f), liquid metal viscosity (|i) and a number of other variables. 

Their work demonstrated that "centerline" shrinkage and microporosity forms as a result 

of the pressure difference caused by the restriction of liquid metal movement through the 

mushy zone to the solidification front. They also demonstrated the influence of dissolved 

gases and surface tensions in the precipitation and distribution of porosity. With these 

two porosity sources in mind, they attempted to predict the resulting porosity radius in 

several castings, but their predictions achieved only limited agreement with actual 

observations. 

%VsfjL eqn. 2-1 

32{iB'A2L2 ( t2 \ eqn- 2 " 2 

y7tR2n j 

Davies6 studied the formation of centerline porosity in the cross section of a plate 

using simple two-dimensional computer modeling techniques and employing the 
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application of Darcy's Law in a post-model analysis calculation. Based on his results, 

Davies was able to calculate the critical feeding distance for several alloy systems. The 

critical feeding distance is the maximum distance a riser can feed liquid metal to the 

solidification front while avoiding the formation of porosity. Davies also showed that for 

alloys with a large solidification temperature range, mass feeding to the solidification 

front occurs until there is a network of solidified crystals that prevent further feeding. 

The volume percent of solidified crystals to prevent further feeding varies with alloy 

content and grain size, but for most alloy systems, this value is approximately 70% solid. 

Minakawa et al.7 used the methodology of Piwonka et al.5 to formulate the flow 

velocity of a liquid through interdendritic channels at steady state using eqn. 2-3 

Their approach was applied to a simple two-dimensional plate configuration with a riser 

at one end and zero heat flow in the third dimension (a valid assumption for simple plate 

geometries). They were able to achieve good agreement between the model predictions 

and the porosity distribution from plate castings obtained in a study by Pellini et al.9'10. 

However, the application of porosity models to complex alloys and casting configurations 

presents a number of difficulties. One difficulty is that fluid flow analysis requires 

quantification of variables such as the number of flow channels, tortuosity, and viscosity 

These parameters are difficult to obtain or estimate and especially in complex alloy 

K dP eqn. 2-3 

M8 L D X 

where: K = 
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systems. For example, the viscosity of the liquid metal will change significantly as 

solidification proceeds due to solute segregation, especially in the solute rich, 

interdendritic, areas at high volume fraction of solid. Furthermore, at high fraction solids, 

flow may also be restricted by surface tension effects. One drawback of adopting an 

empirical approach is it is only applicable to the conditions for which it was developed. A 

change in the casting variables results in a change in the dendritic structure, which in turn 

influences the key variables. Thus, for broad applications, the approach by Minakawa et 

al7 requires prediction of dendritic growth morphologies and mass transport, as a 

function of casting process variables, as well as the relation between composition, 

temperature and viscosity. 

o 

In a different, more empirical approach, Suri et al. developed a porosity 

parameter based on the feeding resistance number (FRN) defined in eqn. 2-4. Their 

criteria attempts to account for such variables as liquid viscosity, solidification shrinkage, 

primary dendrite arm spacing (in either columnar or equiaxed dendrites), and solidus 

velocity. The result was a dimensionless number, which was used to assess the onset of 

microporosity, based on its magnitude relative to some critical threshold. 

njuAT eqn. 2-4 
pLGVsBD2 

For example, Suri et al.& used the FRN criteria to predict measured porosity in plate 

castings by correlating the FRN with percent porosity using a second order polynomial. 

The resulting correlation from eqn. 2-5, is shown in Figure 2-1. 
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Porosity %=-23.9 + 9.6e-6FRN - 9.1e-13-(FRN)2 eqn. 2-5 

They also attempted to apply the FRN criteria to more complex aluminum castings with 

varying degrees of success. Although the results from the aluminum castings look 

promising, there is some concern with the application of the F R N and the applicability of 

the polynomial coefficients of eqn. 2-5 to other alloy systems and casting configurations. 

Another drawback with this approach is that it requires quantification of casting variables 

such as the liquid metal viscosity and the primary dendrite arm spacing, and this limits 

the model's applicability to specific alloy systems for which this information is available. 

Nevertheless, the F R N criteria by Suri et al.8 seems to be quite effective in predicting 

porosity. 

Some of the earliest work to link porosity to thermal history was done by Pellini 9 ' 

and Bishop and Pellini 1 0 . In their respective studies, they instrumented several 

rectangular and circular castings with thermocouples, in an attempt to obtain a better 

understanding of solidification kinetics and the correlation between thermal history and 

porosity formation. Based on their results, they were able to show that, in some steels, 

areas with very shallow thermal gradients at or near the solidus temperature, developed 

porosity. Specifically, porosity was found to develop when the thermal gradient was 

between 1.3 to 2.6 °C/cm for cast bars and 0.2 to 0.4 °C/cm for cast plates in a steel alloy 

system. The reason for the geometry dependence was not discussed. 

Niyama et al.11 also used a thermal criterion to predict shrinkage porosity in steel 

castings, however, their criterion was based on thermal gradients predicted from a 
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computer analysis. The castings examined were more geometrically complex than those 

of Pellini et al.9'10 which made Niyama's analysis more applicable to the complex 

configurations typical of investment castings. Niyama et al.u examined a gas turbine 

casing casting with porosity found in its middle. A two-dimensional finite difference 

(FD) model was constructed and run to compute the casting's thermal history. The 

results presented in Figure 2-2 show the thermal gradients in the casting at the end of 

solidification and the location of porosity found in the actual casting. The investigators 

reported that porosity was found in association with thermal gradients below 

approximately 2 °C/cm. Based on these results, the gas turbine casing mould model was 

reconfigured using chills and rerun to assess the extent to which the temperature gradient 

had increased. The result was a new gas turbine casing mould that produced no 

detectable shrinkage in the actual casting (Figure 2-3) designed with the aid of a 

computer. 

In their investigation, Niyama et al.n raised some concerns regarding the 

uncertainty of the specific temperature at which the thermal gradient is evaluated. They 

correctly pointed out that the temperature gradient in the mushy zone changes as 

solidification proceeds, and thus the gradient should be calculated at a specified 

temperature or solid fraction. 

Comparing the work of Niyama et al.n with that of Pellini 9 and Bishop and 

Pellini 1 0 , there is nothing fundamentally obvious that would account for their differences; 

Niyama predicted porosity will occur at thermal gradients below 2 °C/cm for steel gas 

turbine casings while Pellini and Bishop predicted porosity below 1.3 to 2.6 °C/cm for 
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cast steel bars and 0.2 to 0.4 °C/cm for cast steel plates. The only difference between 

these two studies, was possibly the effect of alloy compositions and/or casting 

configurations on the critical thermal gradient for porosity formation. 

12 

Expanding further on their earlier work, Niyama et al. developed the Niyama 

criteria for porosity prediction, which was derived in part from Darcy's Law of fluid flow 

through porous media5. The parameter on which the criterion is based is presented as 

eqn. 2-6 and is the ratio of the thermal gradient (G) to the inverse square root of the 

cooling rate (R). 

G , , eqn. 2-6 
Niyama Criterion = —j^ (V°C Wmin/cm) 

Using an approach similar to their previous study11, Niyama et al.12 examined a 

ring casting using a two-dimensional finite difference thermal model and produced a 

contour map (Figure 2-4) which showed the variation in the Niyama parameters 

(eqn. 2-6) with the position in the casting. By correlating the model results with the 

distribution of porosity found in the experimental castings, they showed that areas with a 

GIRm ratio of less than about 1 °C 1 / 2 -min 1 / 2 /cm, were highly prone to porosity nucleation 

(Figure 2-4). They went on to demonstrate experimentally (Figure 2-5) that the Niyama 

criteria of approximately 1 °C 1 / 2 min 1 / 2 /cm was applicable to various alloy grades as well 

as casting sizes and shapes. The authors were careful to point out that their approach was 

highly empirical and that more refinement may be required before it can be applied to a 

wider range of alloys and casting configurations. In addition, this approach does not lend 
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itself well to the quantitative prediction of porosity (e.g. size and/or distribution), rather it 

is suitable for identifying regions within a casting that are prone to porosity formation. 

In another study, Lee et al.13 took a similar approach to that of Niyama et al.12 by 

deriving a thermal based criteria for the prediction of porosity. Their parameter, defined 

in eqn. 2-7, is an semi-empirical formulation also derived using D'arcy's law and has 

been called the Feeding Efficiency Parameter F.E.P. (also referred as the L. C. C. 

criteria). 

Feeding Efficiency Parameter = ——— (°C min 5 / 3/cm 2) 

The work of Lee et al.13, focused on plate castings with varying lengths and riser 

sizes. The porosity content was calculated down the length of the casting and correlated 

with the thermal gradient (Figure 2-6), solidus velocity (Figure 2-7), solidification time 

(Figure 2-8), and the L.C.C. parameter (Figure 2-9). Their results demonstrated that areas 

in a casting with L.C.C. values of 1 °C min /cm or less tend to contain porosity. 

Although the two previous criteria used only thermally derived parameters 

(thermal gradient, solidification time and solidus velocity), these parameters can be 

representative of the solidification characteristics of the system. For example, the thermal 

gradient can be related to the length of the interdendritic feeding channel over which fluid 

flow occurs as illustrated in Figure 2-10 - e.g. the farther the feed liquid metal has to 

travel to the solidification front through the mushy zone (shallow thermal gradient), the 

greater the resistance to flow. 
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The solidification time (t) and the solidus velocity (Vs) have a bearing on the 

feeding rate. A shorter solidification time and/or a faster solidus velocity will result in a 

greater inflow rate of feed liquid metal to fill the areas undergoing solidification. Also, 

there is an effect on the scale of the microstructure and hence its tortuosity. 

From the above discussion, it is clear that the semi-empirical approach of Niyama 

12 13 

et. al. and Lee et. al. , are better suited to investment castings than the more 

fundamentally based approaches of Minakawa et al.14, Piwonka et al.5 and Davies6 

because they require only a straightforward thermal analysis. 
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Distance from free end, mm 

Figure 2-1 Measured and predicted porosity in a 2 in. chilled casting by Suri et al. 

\ 

Figure 2-2 The temperature gradient (°C/cm) at the end of solidification from a finite 
difference model of a turbine casing casting. Note X indicates the location of 
actual shrinkage11 
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Figure 2-3 The temperature gradient (°C/cm) at the end of solidification from a finite 
difference model of a turbine casing casting with a chill. No Shrinkage was 
detected. 

Figure 2-4 The Niyama criteria mapping from a two dimensional finite difference model 
of a ring casting; Note: X indicates the location of actual shrinkage.12 
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Figure 2-5 The effect of the calculated solidification time on the critical value of G / V R as 
determine from experimental data 12 
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Figure 2-6 The correlation between the thermal gradient and porosity content for two 
casting configurations ( D - 1 5 and D - 2 5 ) from a study by Leeet al.13 
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F igu re 2-7 T h e correlat ion between the sol idus ve loc i ty and porosi ty content for two 
cast ing conf igurat ions (D-15 and D-25) f r om a study by L e e e r al.13 
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F igu re 2-8 T h e correlat ion between the so l id i f icat ion t ime and porosi ty content for two 
cast ing conf igurat ions (D-15 and D-25) f rom a study by L e e e r al. 



18 
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Figure 2-9 The correlat ion between porosi ty content and the feeding e f f ic iency parameter 
( L . C . C . ) f r om a study by heeet al. 

1 5 0 0 -

1 4 5 0 -

i Ann T h e r m a l Grad ien t 
A T 

T 
T h e r m a l Grad ien t 

" A d 

e 

m 
P 

1350 -
Liquidus Temperature 

e 

m 
P 1 3 0 0 -

e 

m 
P 

Temperature at 70% Solid 

(C) 1 2 5 0 - X A T ? (C) 

1 2 0 0 -

1 1 5 0 -

1 1 0 0 -

Solidus Temperature 

1 1— 

A d i X 

1 

< > -
A d 2 

— X 1 

Distance 

F igure 2-10 Schemat ic i l lustrat ion showing the distance through w h i c h l i qu id metal must 
f l o w to the so l id i f i ca t ion front w i th a steep (Adi ) and sha l low (Ad2) thermal 
gradients. 
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3. Scope and Objectives 

3.1 Scope 

Investment casting, like various other casting methods, can produce defects, such 

as microporosity, during processing that can inhibit component performance and/or even 

cause component rejection. In order to alleviate this problem, one would have to 

reconfigure the gates and risers of the system in order to yield a quality product. For 

many castings, this is a difficult task and may require several iterations by trial and error 

to obtain the desired results. 

• Rather than a trial and error approach through test castings, computers and 

commercial modeling software now have the capability to simulate the thermal history of 

complex castings with a reasonable degree of accuracy. Reconfiguration of the mould 

that was once made on the foundry floor, can now be made on a computer and simulated. 

Through this analysis software, the thermal history of a casting can then be examined and 

areas prone to porosity evolution can be calculated through criteria found in the literature. 

Utilizing a commercial finite element package (ProCAST™), the present study 

will attempt to predict the thermal history and the distribution of porosity for a Stellite 

alloy investment casting that is prone to microporosity. The mould gates and risers will 

then be reconfigured and simulated through a computer workstation such that zero or very 

little porosity is predicted within the problematic areas of the casting. 
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3.2 Objectives 

The objectives for the present study are as follows: 

1. Develop and verify a mathematical model capable of predicting the evolution of 

temperature during solidification in an investment cast component using the 

* 
commercial finite element code, ProCAST™. 

2. Characterize the distribution of porosity in a component prone to porosity formation. 

3. Verify the ability of various porosity criteria (Niyama and L.C.C.) to predict the 

porosity in (2). 

4. To propose reconfigured moulds to reduce or eliminate porosity in the component in 

(2). 
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4. Experimental Methods 

The experimental methods for this study involved measuring temperature in 

moulds instrumented with thermocouples as well as conducting an assessment of the 

distribution of porosity in an industrial casting prone to porosity formation. The 

thermocouple measurements were conducted at Deloro Stellite Inc. in Belleville, Ontario. 

The sample industrial casting was provided by Deloro Stellite Inc. and was analyzed for 

porosity using equipment and facilities in both Belleville and U B C 

4.1 Experimental Castings 

The experimental castings were made to quantify important boundary conditions 

and verify material property data obtained from a number of literature sources, including 

a previous study at U B C 2 0 . A cylinder, as shown in Figure 4-1, was adopted for the 

experiments so a computationally efficient axisymmetric analysis could be used. The 

mould was instrumented with thermocouples at various locations to record the change of 

temperature over time. Two separate experiments were completed. In the first 

experiment, the mould was heated in the preheat furnace and then allowed to air cool 

while recording temperature. This experiment quantified the mould/air interface heat 

transfer coefficient and validated the mould thermophysical properties without the added 

complication of molten metal. In the second experiment, temperatures were recorded in a 

mould subjected to standard casting practices, which included the solidification and 

subsequent cooling of molten metal. This experiment quantified the boundary conditions 

at the metal/mould interface and verified the thermophysical properties for the metal. 
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4.1.1 Experimental Methodology and Procedures 

The cylindrical test mould, shown in Figure 4-1, was employed because of its 

large height-to-radius ratio. Thus, over a significant portion of the casting, there was no 

heat transfer in the axial direction and only a simple one-dimensional axisymmetric 

model was required. 

The wax patterns and moulds were constructed by Deloro Stellite following 

normal production procedures15'16. The cylindrical test moulds were instrumented with 

0.032" type K (Chromel-Alumel) thermocouples. These thermocouples were used 

primarily for their high operating temperatures and their availability within the 

department of Metals and Materials Engineering at UBC. They are recommended for 

oxidizing environments with a maximum service temperature of 1260 °C (2300 °F). The 

initial calibration tolerance for a type K thermocouple from ANSI MC96.1 is +/- 2.2 °C 

or +/- 0.75% (whichever is greater), and this is well within the tolerances for this study. 

The thermocouple wire junctions were cleaned to ensure a good contact between 

the leads, and the bare wires were twisted one-and-a-half times around each other. A 

hand-held disc grinder was then used to cut a groove into the mould shell and the 

thermocouple junction was placed inside. The thermocouples were then cemented in 

place using Sairset17, a mould repair ceramic. The bare wires were insulated using silica 

sheaths to protect the thermocouples from short circuiting. 

The data acquisition system consisted of an Omega Engineering Inc. OM160 

Portable Intelligent Data Logger. It was chosen for its portability and compatibility with 
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the Type K thermocouples. The data was acquired at a rate of 1 Hz, and was later 

downloaded onto a computer using the software and hardware provided by Omega. The 

preheat furnaces were fueled by natural gas using four pyronics #10NM-Ga burners 

located at the top of the furnace. The alloys were melted in either a 20 or 35 lb. "roll 

over" furnace using a ViP Trak 75 inductor which operated at a maximum power output 

of 75 kW. Argon gas was introduced through the top of the induction furnace to provide 

an inert shroud to avoid oxidation of the reactive alloy constituents. The test moulds 

were sectioned after they were cast to verify the thermocouple locations. 

The cylindrical test moulds were heated in the preheat furnaces at 1040 °C 

(1900°F) for approximately two hours, and the Stellite alloys were melted in the 

induction furnace to a superheat of 1482 °C (2700 °F). The test mould was transferred 

from the preheat furnace and placed on a bed of sand.* The Stellite alloy in the induction 

furnace was transferred to the mould using a preheated (2700 °F) 30 lb. ladle. The 

transfer time was recorded (Table 4-1) and was defined as the point at which the mould 

was removed from the preheat furnace to the time at which the metal was poured. 

* The 'normal ' practice for investment casting is to place the investment mould upside-down on the ro l l 
over induction furnace. The mould is then clamped into place and the contents of the furnace are poured 
into the mould by rol l ing over the entire furnace. Due to the presence of thermocouples on the investment 
mould, there was concern that rol l ing over the furnace may fracture the si l ica sheathing on the wire leads 
and short out the thermocouples. For this reason, the investment mould was placed in a bed of sand and the 
molten metal was transferred from the furnace to the mould via a preheated ceramic ladle. 
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4.2 Assessment of Porosity 

To investigate the ability of ProCAST™ to predict the distribution of porosity in 

the investment casting process, a production casting prone to porosity formation was 

selected for analysis. The investment casting studied was a Stellite 3 diesel seat casting 

with the configuration shown in Figure 4-2. The casting was assembled with four seats 

per cluster and seven clusters per stand. 

The valve seal moulds were poured using normal roll over furnace pouring 

practice18. These moulds were allowed to soak in the preheat furnaces for two hours at 

1040 °C (1900 °F), and the Stellite alloy was melted and superheated to a temperature of 

1482 °C (2700 °F). The mould was removed from the preheat furnace, placed upside 

down on the roll-over furnace and secured. The entire furnace and mould was "rolled" 

over and the contents of the furnace poured into the mould. The mould was then 

removed from the furnace and allowed to air cool. 

After casting, the diesel seat was sectioned and polished to view the 

microstructure and assess the extent to which porosity had formed. A Bueller Cutting 

Machine using a SiC disc was used to section the Stellite castings. Several diesel valve 

seats from the middle of the investment stand were sectioned, mounted in an epoxy resin, 

and polished using SiC polishing wheels with grit size ranging from 50 to 600|im. The 

final polish was done on a cloth lap using a 5 u.m and a 1 u.m diamond slurry. 
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4.2.1 X-ray Analysis of Porosity 

Each diesel seat casting was X-rayed using the facilities at Deloro Stellite Inc. to 

examine and quantify the extent of porosity in the component. The X-ray photos were 

directed through the thickness of the ring casting with the component in plan view, as 

shown in Figure 4-3. Thus the view only represents a two dimensional distribution of 

the porosity in the circumferential direction. Using this techniques, the positions of the 

porosity through the thickness of the casting could not be assessed. Unfortunately, it was 

very difficult to produce a positive photo due to the quality of the X-ray negatives. 

Instead, the X-ray negatives were viewed under a bright light, and the extent of porosity 

was tabulated based on observation.* 

A schematic diagram of the variables measured to quantify the distribution of the 

porosity from the X-ray results is shown in Figure 4-3. The arc length (measured in 

degrees) and the average approximate radial depth (d) of the porosity was recorded for the 

ring casting and presented in Table 4-2. In Figure 4-3, the porosity is distributed over 

approximately half the circumference of the seal along the inner half radius and is located 

on the side of the seal opposite to the in-gate. A detailed examination of the porosity is 

presented in the following section. 

T Porosity on an X-ray negative is defined as a localized darker region contrasting the porosity free, lighter 
areas of the casting. 
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4.2.2 Micro-structural Assessment of the Porosity 

The diesel valve seat was sectioned into several parts to validate the results 

obtained from X-ray analysis. A macrophotograph showing the distribution of porosity 

across a transverse section through the mid-plane of the casting is illustrated in Figure 4-

4. In this figure, the porosity encompasses approximately half of the casting to 

approximately the half radius, similar to the X-ray results found in Figure 4-3. However, 

there are some differences between the two figures due to the fact that the X-ray results 

show the cumulative effect of the porosity on the transmission of the X-rays through the 

thickness of the seal. In contrast, the results from the metallographic examination only 

show the results for a specific plane. 

Upon closer inspection, the microporosity is comprised of a network of pores 

(Figure 4-5) that are clustered along lines directed toward the inside of the casting. A 

sample of the casting at a higher magnification (Figure 4-6) shows that the pores are 

found within the interdendritic region of the microstructure and thus are at the scale of the 

dendrite spacing. The scale together with the orientation of the network of pores suggests 

that the microporosity formed as a result of poor feeding through the dendritic array. 

However, based on these photomicrographs, there is no evidence that indicates the exact 

cause for porosity formation (i.e. gas evolution, shrinkage, or a combination of both). 

This particular alloy is comprised of extremely reactive constituents (for example 

chromium) that "tie" up any dissolved oxygen in the molten bath. Very low 

concentrations of dissolved oxygen results, and this restricts the dissolution of oxygen 
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during solidification. With the absence of dissolved oxygen, the porosity forms as a 

result of poor feeding during the solidification process. 

In an attempt to quantify the porosity in the casting, a section of the valve seal, 

shown in Figure 4-5, was examined using image analysis. From the microstructure in 

Figure 4-5, twenty-two sample frames* were taken; eleven were adjacent to the inner 

diameter and eleven were 2 mm away from the inner diameter. The dark areas on the 

polished surface (representing porosity) were counted and their percent areas were 

calculated based on the total area of each frame. A histogram of the twenty two fields is 

shown in Figure 4-7. The first eleven fields, representing the region adjacent to the inner 

diameter, shows a relatively high area fraction of porosity, ranging from approximately 

1.5% to 13%. This range implies that the porosity is not homogeneous but rather has 

localized regions or clusters of pores. Moving 2 mm away from the inner diameter, the 

sample fields in the histogram, from 12 to 22, have a different appearance than the values 

closer to the inner diameter. The values found in this part of the histogram are, on 

average, much smaller. 

* The area per frame =1.54x2.044 m m 2 
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Table 4-1 Transfer time from the preheat furnace to the pouring of molten metal. 

Experiment Designation Transfer Time (sec.) 

MP1 (Metal Pour 1) 100 sec. 

MP2 (Metal Pour 2) 105 sec. 

Investment Cast Diesel Valves, 22 sec. 
Four Seals per Cluster 

Investment Cast Diesel Valves, 22 sec. 
One Seal per Cluster 

Table 4-2 The distribution of porosity in the ring casting measured as arc length and 
depth relative to the inner metal surface. Refer to Figure 4-3 for an 
illustrative description. 

Arc Length (degrees) Maximum depth (d) of porosity relative to 
the inner seal casting surface, (mm) 

204° 5.6 

184° 5.7 

188° 5.5 

186 0 (average) 5.6 (average) 
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Figure 4-1 A 2-d diagram showing the mould configuration used to validate the metal and 
mould (shaded) physical properties and the heat transfer boundary conditions 
in ProCAST™ 

Figure 4-2 A schematic showing the wax pattern configuration for the Stellite 3, Diesel 
Valve Seats used for the validation of porosity prediction, 
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Figure 4-3 Schematic Diagram showing the Distribution of Porosity (shaded area) in the 
Diesel Valve Seal. 



31 

Figure 4-4 A macro-photograph showing a transverse cut plane through the approximate 
center of the diesel valve seals showing the extent and distribution of 
porosity, (unetched) 

Figure 4-5 A microphotograph of a transverse section through the approximate center of 
the diesel valve seal across from the ingate showing the depth and 
distribution of the microporosity from Figure 4-4. (unetched, mag. 6.4x) 



Figure 4-6 A close-up of the porosity from Figure 4-5 showing the size and depth of 
porosity in the diesel valve, (unetched, mag. 50x) 
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Figure 4-7 A histogram representing the percentage of porosity from the microstructure 
in Figure 4-5. 
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5. Mathematical Model Formulation 

P r o C A S T ™ provides the computat ional engine and f ramework necessary to 

conduct the heat f l o w analysis required to predict the evo lu t ion o f temperature i n the 

investment cast ing process. B e l o w in the fo l l ow ing sect ions, the formulat ion o f the basic 

heat f l ow equations and the mode l construct ion are discussed. 

5.1 Mathematical Formulation 

In a cast ing process, heat f lows by d i f fus ion through the metal and m o u l d ( in the 

absence of f l u i d f l o w of the mol ten metal) and is removed f r om the m o u l d surface by 

natural convect ion and radiat ion. The f l ow of heat is transient, i.e. the temperatures i n the 

cast ing and m o u l d vary w i th t ime. The govern ing part ial di f ferent ial equat ion descr ib ing 

the f l o w o f heat is as fo l l ows : 

SH _ , eqn. 5-1 

ct 

„ d d d 
where V = — + — + — , k is the thermal conduct iv i ty , p is the density and H is the 

ox oy dz 

enthalpy. The enthalpy term (H) encompasses both the speci f ic heat term (Cp), and the 

evo lu t ion o f latent heat dur ing so l id i f icat ion as shown in eqn. 5-2 

T. eqn. 5-2 
H(T) = )CpdT+L[l-fs(T)] 
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Within ProCAST™, the set of conditions described above are solved using the 

finite element method (FEM), which is a general purpose numerical method for solving 

equations of the type presented in eqn. 5-1. To account for the effect of re-radiation that 

can occur between adjacent sections of the same casting or casting assembly, ProCAST™ 

contains a "ray tracing" utility which calculates the necessary view factors. The details of 

this technique and its applications are available in the ProCAST™ User's Manual 1 9. 

5.2 Mathematical Model Development 

The information needed for ProCAST™ to develop the model is: the geometry of 

the problem as defined by the finite element mesh, the relevant material property data, 

and the relevant boundary and initial conditions. The material property data was found 

from various literature sources and the initial conditions were measured for a casting 

cycle. The relevant boundary conditions were determined by comparing model 

predictions to measured thermocouple data. These conditions are discussed in greater 

detail in the following sections. 

5.2.1 Building the Finite Element Mesh 

In the past, mesh generation for finite element analysis was done by hand and was 

a tedious and time consuming process. The geometry in this study was not too complex, 
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but it was difficult enough to warrant the use of a commercial code called Patran V5 (a 

C A D D package, FE mesh generation and F E M software8). 

The initial step in developing the finite element mesh was to input the geometry in 

the form of a "solid model". Mesh seeds, which define the mesh size, were applied to the 

boundaries and edges of the casting and the mould surfaces. A triagonal surface mesh 

was generated based on the mesh seeds and the nodes and elements were exported to a 

neutral file. This file was imported into a tetrahedral mesher called MeshCAST which 

computed the solid tetrahedral mesh for the casting and mould. Although not explained 

in the ProCAST manuals19, the mesher referenced the boundaries at the mould/metal 

interfaces in the solid mesh for future use in the F E M preprocess module, PreCAST. 

This process was quite cumbersome, and depending on the complexity of the geometry, 

can be one of the most time consuming steps in the model development. 

5.3 Pre-Process F E M i n PreCAST 

ProCAST™ uses a pre-process module called PreCAST to apply such F E M 

parameters as material properties, initial and boundary conditions. This operation was 

straightforward and is not be discussed in detail. Further information on this subject can 

be found in the ProCAST reference manual.19 

This software package was only used for its C A D D and surface mesh generation capabilities. 
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5.4 Post-Process Mathematical Formulations in PostCAST 

Once fully developed and submitted to the computation engine or solver, the 

results were processed in a separate module called PostCAST. Within this module, the 

thermal history of the casting and mould can be examined and the parameters (or a 

combination there of) such as the thermal gradient, solidification rate, and isotherm 

velocities could be calculated. These three sets of calculations formed the foundation for 

the various porosity criteria formulations. 

For example, the thermal gradient expressed in eqn. 5-3a, was calculated at 

particular nodal temperatures. The software cycled through the thermal history and 

whenever a nodal temperature reached a predetermined temperature, the thermal gradient 

(G) was calculated at that point. The results were then viewed graphically in the form of 

contour plots. For the two dimensional analysis, the models were constructed in the x-y 

plane and eqn. 5-3a reduced to eqn. 5-3b. 

2 2 (ar\ 
ydx) + + 

1/2 eqn. 5-3a 

G = 
\dxj + 

1/2 eqn. 5-3b 

The rate of cooling during solidification was defined as the time taken for a 

particular node to cool from the liquidus to solidus temperature as shown in eqn. 5-4. 
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L = 
T -T 

liquidus solidius 

^ liquidus ^ solidius 

eqn. 5-4 

The solidification velocity was more difficult to calculate but straightforward to 

apply in the post process operations. The ProCAST™ User Manual described the 

solidification velocity as: 

"When each node reaches a specified temperature (solidus), a point is 

located along the temperature gradient some distance away and the time 

that it takes for the isotherm to reach that point is determined. R 

(solidification velocity) is then calculated as that distance divided by the 

difference in time."1 9 
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6.1 Sensitivity Analysis 

A n extensive sensit iv i ty analysis was conducted by D o m i n i k 2 0 on a cy l ind r i ca l 

component vacuum investment cast ing at De lo ro Stel l i te. D o m i n i k assessed the 

in f luence o f boundary condi t ions and material properties on the predic t ion o f a f in i te 

element thermal mode l . O w i n g to s imi la r aspects o f the present study, a number o f the 

results f r om her invest igat ion were appl ied to the present work. . T h e parameters that 

warranted a re-examinat ion were those pertaining to the boundary condi t ions that 

d is t inguish air investment cast ing (examined in the present study) f r o m v a c u u m 

investment cast ing (examined in the previous s tudy 2 0 ) . In addi t ion, di f ferences in the 

a l loy systems studied necessitated a re-examinat ion o f the model 's sensi t iv i ty to those 

parameters spec i f ic to the a l loy. 

6.1.1 Metal/Mould Interface Heat Transfer Coefficient 

The interface heat transfer coef f ic ient between the metal and the m o u l d is d i f f icu l t 

to quant i fy. W h e n the mol ten metal is in i t ia l ly poured into the mou ld , there is int imate 

contact at the mould /meta l interface, and the heat transfer coef f ic ient is ext remely h igh . 

H o w e v e r , at the onset o f so l id i f i ca t ion, the metal contracts and pul ls away f r o m the 

m o u l d surface wh i ch creates a gap and a barrier for heat f l ow as i l lustrated in F igure 6 -1 . 

9 0 

In D o m i n i k ' s study , the gap occurred in a vacuum envi ronment and the on ly mode o f 

heat transfer f r om the metal to the m o u l d was by radiat ion and by conduct ion at contact 

points. In this study, cast ing occurred in atmospheric pressures and any gap that fo rmed 
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contained air. Thus, the heat transfer from the metal to the mould occurred by radiation 

(at the higher temperatures), by conduction/convection through the air gap, and by 

conduction across contact points between the metal and the mould. 

Dominik 2 0 showed that the initial heat transfer coefficient between the metal and 

the mould had negligible effects on the solidification time but did influence the mould 

temperature profiles. Two model runs were performed on a simple one-dimensional, axi-

symmetric system (Figure 6-11) to establish the sensitivity of the mould thermal profile 

and the time for complete solidification to the heat transfer coefficient. The base value 

for the heat transfer coefficient was 2500 W/m 2/°C and was adjusted to 1250 and 5000 

W/mT'C. The results are tabulated in Table 6-2 and presented graphically in Figure 6-2 

and Figure 6-3 respectively. These figures show that changing the metal/mould heat 

transfer coefficient had very little effect on the solidification time for the metal but it did 

affect the thermal profiles through the mould thickness. Due to its uncertainty, this 

parameter was one of the casting variables that was adjusted in the model to fit the 

thermocouple data. 

In complex investment moulds, gap formation at the mould/metal interface does 

not occur uniformly throughout the casting. Depending on the configuration, metal 

contraction and/or distortion can either increase the size of a gap, or maintain intimate 

contact at the metal/mould interface. This phenomena is best explained schematically in 

Figure 6-4. Due to non-uniform cooling and component configuration, metal/mould 

contact may remain at points, even after complete solidification. Consequently these 

contact areas will see higher metal/mould heat transfer coefficients than areas where a 
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gap fo rmed. The work by D o m i n i k 2 0 , showed that vary ing the mould /meta l contact t ime 

had a m ino r in f luence on the so l id i f icat ion t ime of the metal , and a large in f luence on the 

thermal prof i le through the cast ing wa l l . Hence , the contact t ime was taken into 

considerat ion when the mould /meta l heat transfer coef f ic ient was app l ied for boundary 

cond i t ion ver i f icat ion. 

6.1.2 Mould Conductivity 

T h e m o u l d conduct iv i ty was another investment cast ing var iable that was not 

documented very we l l in the literature. The investment ceramic m o u l d is an 

inhomogeneous structure wh i ch consists o f layers of different densit ies o f stucco or f lour 

(a b inder type compound) together w i th gas porosi ty. Therefore, it may be ant ic ipated 

that heat was transported in the m o u l d by d i f fus ion and radiat ion, thus an ef fect ive 

conduct iv i ty term was d i f f icu l t to quantify. Consequent ly , m o u l d conduct iv i ty must be 

determined by compar ing mode l predict ions wi th thermocouple measurements. 

20 

The work by D o m i n i k showed that the ceramic m o u l d thermal conduct iv i ty had 

a s igni f icant role on the so l id i f ica t ion t ime of the metal and the thermal prof i le through 

the m o u l d th ickness. The results for this study are presented in F igure 6-5 and tabulated 

in Tab le 6-2. Increasing the thermal conduct iv i ty f r om 1.0 W / m / K (base value) to 1.2 

W / m / K , decreased the so l id i f ica t ion t ime by 5 % and changed the thermal pro f i le through 

the th ickness o f the m o u l d shel l . D u e to its uncertainty, m o u l d conduct iv i ty was adjusted 

to f i t the thermocouple data. 
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6.1.3 Mould/Air Interfacial Heat Transfer Coefficient 

The effect of changing the mould/air interfacial heat transfer coefficient from a 

base value of 20 W/m 2/°C to 30 W/m 2/°C is presented graphically in Figure 6-8 and 

tabulated in Table 6-2. Increasing this parameter by 50 % decreased the solidification 

time by an insignificant 8%. However, Figure 6-8 shows that the mould thermal profiles 

were affected by this coefficient. Due to the uncertainty of the air/mould heat transfer 

coefficient, this parameter was one of those adjusted to fit the experimental thermocouple 

data. 

6.1.4 Metal Initial Temperature 

At Deloro Stellite Inc., the initial temperature of the metal was well controlled. 

Although this had some effect on the mould thermal profiles (Figure 6-6) and 

solidification time (Table 6-2), the initial temperature was not adjusted from the 

measured value to fit the thermocouple data. 

6.1.5 Mould Preheat Temperature 

At Deloro Stellite Inc., the preheat temperature of the mould was also well 

controlled. Although this had some effect on the mould thermal profiles (Figure 6-7) and 

solidification time (Table 6-2), the mould preheat temperature was not adjusted from the 

measured value to fit the thermocouple data. 



42 

6.1.6 Stellite 3 Material Properties 

The material properties for Stellite Grade 3 were taken for similar alloy grades 

from handbooks 2 1 ' 2 2 ' 2 3 ' 2 4 and an additional document25. Due to the good characterization 

of these values (heat capacitance, conductivity, latent heat evolution, and liquidus/solidus 

values), they were not adjusted to fit the experimental thermocouple data. 

6.2 Discussion of Results 

As previously discussed, two sets of test moulds were utilized to quantify the heat 

transfer coefficient at the mould/air and the metal/mould interface and to validate the 

thermophysical properties used in the model. Thermocouple measurements were taken 

without and with liquid metal present. 

6.2.1 Validation of Mould Shell Properties and Heat Transfer Coefficient Between 

the Mould and the Air (No Liquid Metal Present) 

Two thermocouples were inserted into the wall of the cylindrical test mould 

(Figure 4-1) approximately 3 and 9 mm beneath the outer surface. The investment mould 

was placed in a preheat furnace and allowed to soak at 1040 °C for approximately two 

hours. The mould was then removed from the furnace and allowed to air cool while the 

temperature was recorded with time. 

A one-dimensional, axi-symmetric computer model was constructed (Figure 6-9) 

to simulate air-cooling of the investment mould. The heat flux of the inner surface of the 

mould was assumed to be zero. This is a valid assumption as the interior of the mould 
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only contains heated air with a heat capacity of approximately 240 J /m 3 /K; three orders of 

magnitude less than the mould material. The heat transfer coefficient between the outside 

of the mould and the air was then calculated by trial and error and by the results from the 

sensitivity analysis. The physical properties of the mould were obtained from a previous 

20 

study and re-evaluated for the present study. The results from the model run, using the 

mould physical properties presented in Table 6-4, are shown in Figure 6-10. 

Figure 6-10 shows the boundary conditions presented in Table 6-5 and the 

physical properties of Stellite 3 presented in Table 6-6 predict results that agree with the 

thermocouple values. These results confirm that the parameters utilized in the model 

were suitable. 

6.2.2 Validation of the Stellite 3 Properties and the Heat Transfer Coefficient 

Between the Mould and the Metal (Liquid Metal Present) 

Two castings were poured to determine the heat transfer coefficient between the 

mould and metal and validate the physical properties of Stellite 3. Thermocouples were 

inserted into the test mould of Figure 4-1 at varying depths (Table 6-3), preheated to a 

known temperature, and the molten metal was poured. 

The finite element model in Figure 6-10 was constructed and run. This model 

configuration was selected to evaluate the boundary conditions between the metal and 

mould because of its minimal computational requirements. The boundary conditions 

were adjusted by trial and error to fit the thermocouple data, so a small model was 

required to produce a fast turn around of the results. 
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After several iterations, a good model/thermocouple convergence was achieved. 

The results for the two solidification experiments and the thermal model are presented in 

Figure 6-12 and Figure 6-13. These figures show that the thermocouples located on the 

outside of the mould display an initial cooling trend, caused by heat loss from the outside 

of the mould during transfer from the preheat furnace. However, the thermocouple 0.65 

cm from the outer mould surface in Figure 6-12, did not exhibit this cooling trend and 

this was probably due to poor thermal conductivity of the mould. The temperature 

increased dramatically with the introduction of molten metal. A decrease in the cooling 

rate occurred after a short time because of the release of latent heat from the solidifying 

metal. Once the metal was solid, the metal and the mould continued to cool to room 

temperature. 

Both figures show very good agreement between the thermocouple results and the 

output from the thermal model simulation. The heat transfer coefficient in Figure 6-14 

accounted for heat transfer by radiation and conduction as well as the effect of gap 

formation between the metal and mould during solidification. Figure 6-14 illustrates that 

the initial heat transfer coefficient between the metal and the mould was very high due to 

intimate contact between the molten metal and the mould interior wall. At the onset of 

solidification, the solidifying metal contracted away from the mould wall and resulted in 

an air gap. This air gap increased the resistance for heat transfer from the metal to the 

mould and the heat transfer coefficient decreased significantly. 

The heat capacitance and conductivity terms are shown in Figure 6-15 and Figure 

6-16, respectively. The thermal conductivity measurements for Stellite 3 were only 
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avai lab le for r oom temperature 2 4 . Howeve r , due to variat ions o f thermal conduct iv i ty 

w i th temperature, the data for a s imi lar Coba l t a l loy, mater ial designat ion W I - 5 2 2 1 , was 

adopted for Stel l i te Grade 3 and is presented in F igure 6-16. S im i l a r l y , the heat 

capaci tance data in F igure 6-15 was comp i l ed f r om a study on Stel l i te 2 1 2 2 . 

6.3 Summary 

A sensi t iv i ty analysis was completed and showed the in f luence o f cast ing 

parameters on the so l id i f i ca t ion t ime for the metal and on the thermal prof i les through the 

mou ld . B a s e d on these results, a l l the cast ing parameters had a vary ing degree o f effect 

on the m o u l d thermal prof i le dur ing coo l ing . Howeve r , the so l id i f i ca t ion t ime for the 

mol ten metal was only affected appreciably by the m o u l d thermal conduct iv i ty , meta l 

superheat and to a lesser extent, the mould/a i r heat transfer coef f ic ient . 

B a s e d on the results f rom the sensit iv i ty analysis, the boundary condi t ions for the 

f in i te element mode l were calculated by trial and error f r om exper imenta l thermocouple 

results f r om a s imple cy l indr ica l cast ing. Th is procedure also val idated the assumed 

thermophys ica l propert ies for the m o u l d and metal . The cast ing parameters obtained 

were then app l ied to more comp lex castings in the f o l l ow ing sect ions. 
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Table 6-1 Sensitivity Analysis Parameters 

Parameter Base Value Changed Property 

Mould Conductivity (k, W/m/°C) 1.0 1.2 

Mould Initial Temp. (°C) 982 °C 1037°C 

Air/Mould Heat Transfer Coeff. 
(h, W/m/°C) 

20 30 

Metal/Mould Heat Transfer Coeff. 
(h, W/m/°C) 

2500 1250/5000 

Metal Super Heat (°C) 1482 °C 1535 °C 

Table 6-2 Sensitivity Analysis Results 

Parameter % Change 
of 

Parameter 

Solidification 
Time (sec.) 

% Change of 
Solidification 

Time 

Reference 
Chart 

Base - 524.3 - -

Mould Conductivity 
(k, W/m/°C) 

20% 498.3 -5 % Figure 6-5 

Mould Initial Temp. (°C) 2.2% 515.3 -1.7 % Figure 6-7 

Air/Mould Heat Transfer 
Coeff. (h, W/m/°C) 

50% 482.2 -8.0 % Figure 6-8 

Metal/Mould Heat Transfer 
Coeff. (h, W/m/°C) 

50% 542.5 3.5 % Figure 6-2 

Metal/Mould Heat Transfer 
Coeff. (h, W/m/°C) 

100% 516.5 -1.5% Figure 6-3 

Metal Super Heat (°C) 3 % 597.6 14.0 % Figure 6-6 
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Table 6-3 Measured thermocouple depth relative to the outside of the cylindrical casting. 

Air Cool Experiment Thermocouple Depth (cm) 

T m # l A C 0.9 cm 

Tm #2AC 0.35 cm 

Metal Pour Experiment #1 (MP1) 

T m # l M P l 0.1 cm 

Tm#2MPl** 0.2 cm 

Tm #3MP1 0.65 cm 

Metal Pour Experiment #2 (MP2) 

Tm #1MP2 0.3 cm 

Table 6-4 Physical Properties of the Investment Mould' 

Heat Capacitance Cp 1.5T0 3J/kg/K 

Density p 1.6 103 kg/m 3 

a (p'Cp) 2.4 ' 106 J/m 3/K 

Conductivity k 1.0 W/m/K 

Table 6-5 Boundary Conditions Between the Mould and the Air 

Ambient Air Temperature Tamb ( ° Q 30 °C 

Heat Transfer Coefficient Between 20 W/m 2 /K 
the Mould and Air (W/m 2/K) 

Mould Emissivity 0.6 

** A crack occurred at this thermocouple position producing a gap between the mould and the thermocouple 
junction. The data obtained from this thermocouple produced erroneous results and thus was disregarded. 
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Table 6-6 Physical Properties of Stellite Grade 3 

Specific Heat (J/K/kg) Figure 6-15 

Conductivity (W/m/K) Figure 6-16 

Density 8.38 g/cm3 

Solidus Temperature ( °C) 2 4 1235 °C 

Liquidus Temperature ( °C) 2 4 1320 °C 

Latent Heat of Evolution (KJ/kg) 2 5 245 kJ/kg 

Figure 6-1 A graphical representation of gap formation at the mould/metal interface at the 
onset of solidification for a simple cylindrical mould configuration. 
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Sensitivity Analysis: 
Varying the Mould/Metal HTC (h=1250 W/m2/C) 

Base Value, Middle of Casting 
Base Value, Inner Mould 
Base Value, Outer Mould 

-*— Varied Parameter, Outer Mould 
-*— Varied Paramter, Inner Mould 
-«— Varied Parameter, Middle Casting 

Figure 6-2 Varying the Mould/Metal Heat Transfer Coefficient Parameter from a base 
value of 2500 W/m 2/°C to 1250 W/m 2/°C. 

Sensitivity Analysis: 
Varying the Metal/Mould HTC (h= 5000 W/^/C) 

- Base Value, Middle of Casting 
• Base Vakc, Inner MouU 
- Base Vakie, Outer Mould 
- Varied Parameter, Outer Mould 
- Varied Paramter, Inner Mould 
- Varied Parameter, Middle Casting 

300 400 500 
Time (sec) 

Figure 6-3 Varying the Mould/Metal Heat Transfer Coefficient Parameter from a base 
value of 2500 W/m 2/°C to 5000 W/m 2/°C. 



Figure 6-4 A schematic d iagram showing the inhomogeneous gap format ion in a s imple 
two d imens iona l mode l . 

F igure 6-5 M o d e l results by vary ing the M o u l d Conduc t i v i t y f r om the base value o f 1.0 
W / m / K to 1.2 W / m / K . 
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Sensitivity Analysis: 
Varying the Metal Initial Temperature (1532 deg. C) 

- Varied Parameter, Middle Casting 

- Varied Paramter, Inner Mould 

- Varied Parameter, Outer Mould 

• Base Vakie, Middle of Casting 

' Base Value, Inner Mould 

- Base Value, Outer Mould 

3(K) 400 

Time (sec.) 

Figure 6-6 Model results by varying the Metal Initial Temperature from the base value of 
1482 °C (2700 °F) to 1532 °C (2790 °F). 

Sensitivity Analysis: 
Variation of the PreHeat Mould Temperature 

• Base Value, Middle of Casting 

• Base Value, Inner Mould 

- Base Value, Outer Mould 

- Varied Parameter, Outer Mould 

- Varied Paramter, Inner Mould 

- Varied Parameter, Middle Casting 

3(H) 4(X) 
Time (sec) 

Figure 6-7 Model results by varying the mould preheat temperature from a base value of 
1037 ° C (1900 °F) to 987 °C (1810 °F). 



Sensitivity Analysis: 
Varying the Air/Mould HTC 

15M x

 J B 

Time (sec) 

Figure 6-8 Model results by varying the air/mould heat transfer coefficient from a base 
value of 20 W/m 2/°C to 40 W/m 2/°C. 

Center Line 
of Mould Assume a zero 

heat flux at this 
interface 

Inner Radius 

Interfacial Heat Transfer 
Coefficient between the mould and 

the air 
(h m Ouid/air=20W/m 2/K) 

Mould Mesh 

->• r 

Figure 6-9 The one-dimensional axis symmetric computer model configuration used to 
simulate the cylindrical test mould air cool experiment. 



53 

Figure 6-10 Validation of the mould physical properties and the heat transfer coefficient 
between the mould and the air against thermocouple data. 

Interfacial Heat Transfer Coeff. 
between the metal and the 
mould (h metai/mouid=variable) 

Metal Mesh 

Interfacial Heat Transfer Coeff. 
between the mould and the air 
(h mould/air=20W/m 2/K) 

Mould Mesh 

->r 

Figure 6-11 One-dimensional axis symmetric computer model configuration used to 
simulate the cylindrical test mould solidification experiment 
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Figure 6-12 Thermocouple and thermal simulation (#1) results for the test cylindrical 
mould, mould preheat=1800 °F, metal temperature=2700 °F, refer to Table 6-
3 for thermocouple position. 

Figure 6-13 Thermocouple and thermal simulation (#2) results for the test cylindrical 
mould, mould preheat=1800 °F, metal temperature=2700 °F, refer to Table 6-
3 for thermocouple position 
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Heat Transfer Coefficient vs Mould/Metal Interfacial 

0 500 1000 1500 2000 

Temp (K) 

Figure 6-14 Graphical representation of the heat transfer coefficient between the metal 
and mould as a function of the interfacial temperature. 

Figure 6-15 Variation in heat capacitance with temperature 



Figure 6-16 Variation in conductivity with temperature 
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7. Investment Casting Thermal Simulation Results 

Having developed the model and validated the boundary conditions for a simple 

cylindrical casting, effort was focused on the development of a model for the actual diesel 

valve seal. Two models of the diesel valve seal were developed to assess the distribution 

of porosity in the problematic casting configuration. The first was a two-dimensional 

model of the casting and the second was a partial three-dimensional model to account for 

an increase in geometric and computational complexity. The rationale for this approach 

was that it allowed the predictive capability of each model to be assessed relative to the 

effort required to obtain the results, both in terms of the time required to develop the 

model and the computational resources needed to solve it. 

7.1 Two Dimensional Model of the Valve Seal showing Porosity 

A simple two-dimensional model consisting of a single cluster of valve seals was 

developed and run. A transverse slice through a single cluster, as shown in Figure 7-1, 

was used. The consequence of assuming two-dimensional heat flow was that the valve 

seal was treated as an infinite cylinder - i.e. there was no heat flow in the axial direction. 

Unfortunately, this was a poor representation of the actual heat flow that occurred in the 

component. Nevertheless, this approach was worth assessing since the model 

development time was short and the demand for computational resources was low. 

The contour plots in Figure 7-2 (a-d) show the solidification front at various time 

intervals. Due to the configuration of the casting, solidification begins at the outer 

diameter at a point along the circumference furthest from the ingate, and the reason for 
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this is illustrated schematically in Figure 7-3. Referring to Figure 7-3, heat was removed 

initially from the mould surface by radiation, conduction and convection to the 

surrounding environment. Due to the mould configuration, heat was removed most 

rapidly from the outside of the mould surface on the side of the seal opposite to the ingate 

(labeled as 'a). The outer surface of the mould, labeled as TD' and 'c', was partially 

insulated due to self-radiation and thus solidification proceeded at a later time than region 

'a'. Around the inside circumference of the mould, radiative heat exchange was 

significant and this limited heat loss. Heat may have been transferred from the center of 

the ring to the surrounding environment through conduction/convection to the air in the 

axial direction. Overall, it was difficult to quantify the amount of heat removed from the 

inner surface which points out the need for additional thermocouple measurements on this 

complex mould. Section 7.3 assessed the importance of heat removed from the inner 

surface of the mould during the cooling. 

The directions with which solidification proceeded through the casting are 

illustrated in Figure 7-2 (a-d). As discussed above, solidification begins on the outer 

diameter of the seal at the point along the circumference furthest away from the ingate. 

The solidification front then continues around the circumference of the ring, and the last 

region to solidify is the metal adjacent to the ingate. From these solidification contour 

profiles, it is apparent that there is no encapsulation of liquid metal consistent with the 

absence of macroporosity in the casting. Figure 7-4 shows a contour plot of the local 

solidification time. This plot serves as an effective means of observing the progression of 

solidification in the casting and helps to predict areas that may develop macroporosity. 
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The model's thermal history was examined and contour plots were produced to 

show the thermal gradients, solidification velocity, and solidification time for use in the 

assessment of porosity using the Niyama and L.C.C. criteria. However, attention must be 

taken when employing the thermal gradient because for any particular node, the thermal 

gradient changes during the course of solidification. For example, contour plots at the 

onset of solidification, 50% solidified, and at the end of solidification are shown in Figure 

7-5(a-c) respectively. As can be seen, the thermal gradients are more shallow throughout 

the casting at the onset of solidification (Figure 7-2 (a)) than at the end of solidification 

(Figure 7-2 (c)). Since both the Niyama and the L.C.C. criteria depend on the thermal 

gradient for the assessment of porosity formation, a temperature must be selected for the 

evaluation of the thermal gradient. Niyama et al. raised concern regarding what 

temperature should be employed; For example, should it be at the end of solidification or 

at some solid fraction during solidification. The literature6 suggested that, for many alloy 

systems, porosity can begin to occur at approximately 70% solid. At this solid fraction, 

liquid metal flows through a highly tortuous dendritic structure which offers a high 

degree of flow resistance. Porosity forms when the flow through the mushy zone is 

insufficient to fill the void created by the reduction in volume during cooling. Based on 

the literature6, all calculations of the Niyama and the L.C.C. criteria use a thermal 

gradient calculated at a 70% solidification which corresponds to 1260 °C for Stellite 

Grade 3. 

The thermal gradient contour plot, for the two-dimensional analysis at a solidified 

volume fraction of 70%, is shown in Figure 7-6. The thermal gradient contour plot was 
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compared with the schematic of the actual distribution of porosity (Figure 4-3). The 

porosity distribution was observed to occur when the thermal gradient was less than 

approximately 15 °C/cm. In comparison to the critical thermal gradient for porosity 

evolution for steel, as calculated by Pellini 9 and Pellini and Bishop 1 0, the present value 

was approximately five to six times higher. 

1 9 

The Niyama criteria , using the semi-empirical formulation of eqn. 2-6, 

1/2 1/2 

suggested that areas with a ratio of less than 1 °C /cm min are sensitive to the 

formation of porosity. With this value in mind, a contour plot of the porosity distribution 

(in red) predicted by the Niyama criteria was generated and is presented in Figure 7-7. 

Comparing the results of this plot (Figure 7-7) with that observed in the actual component 

(Figure 4-3), the results from the two-dimensional approach were unsatisfactory and the 

Niyama criteria under predicted the extent of the porosity. The results were worse for the 

L.C.C. criteria. 

Unfortunately, the source of the poor agreement was unclear. It may have been a 

result of the assumption of a two-dimensional heat flow, or alternatively, a failure of the 

semi-empirically based Niyama or L.C.C. criteria to predict porosity in a Stellite alloy. 

This uncertainty illustrates the drawbacks of the empirical based approaches when they 

are applied outside the conditions for which they have been developed and verified. 

7.2 Partial Three-Dimensional Model of the Diesel Valve Seal Showing Porosity 

To determine whether the criteria or the thermal model was responsible for the 

poor agreement, a partial three-dimensional analysis was used to better reflect the heat 
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flow conditions prevailing in the valve seal. The computational size of the problem 

precluded an analysis of the entire cluster of seals with the existing hardware. 

Fortunately, the cluster could be subdivided by taking advantage of symmetries in the 

flow of heat and this reduced the size of the problem. The presence of seals on either side 

(Figure 7-1) allowed the flow of heat in a transverse plane to and from adjacent seals to 

be assumed negligible about a y-z and x-z plane bisecting the seal at the middle of the 

ingate (Figure 7-8). Likewise, a seal located approximately mid-height in the cluster had 

negligible heat exchange with seals located above and below. Hence, the analysis could 

be further sub-divided to a half section of two adjacent seals together with a quarter 

section of the down sprue and two half ingates, as shown in Figure 7-8. t t 

The partial three-dimensional diesel valve seal model was run, and a contour plot 

showing the solidification time at mid-height is shown in Figure 7-9. In comparison to 

the solidification time of the two dimensional model in Figure 7-4, the three-dimensional 

valve seal model solidified in about one fifth of the time. Thus, the effect of a three 

dimensional heat flow analysis had a profound influence on the rate of heat extraction. 

The results of the thermal gradient analysis for the three-dimensional model are 

illustrated in Figure 7-10. When compared to the X-ray results in Figure 4-3, the 

porosity seemed to occur at thermal gradients less than approximately 5 °C/cm. This 

f t Note: this restricts the applicability of the analysis to those seals located at approximately half the height 
in the casting 
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value is closer to the findings of the previous study 9 1 0 which found the critical thermal 

gradient to be 3 °C/cm for steel. 

Porosity predictions using the Niyama and the L.C.C. criteria are shown as mid-

plane contour plots in Figure 7-11 and Figure 7-12 respectively. In comparison to the X -

ray results in Figure 4-3, the model predictions closely agree with the actual porosity 

distribution found within the component. Thus, the assumption of an infinite cylinder 

used for the two-dimensional analysis was not valid for this casting configuration. 

Hence, the failure of the model to predict porosity was a result of the inadequate 

description of the heat flow and was not a result of the Niyama or the L .C .C. criteria. 

7.3 Heat Flux at the Inner Mould Surface 

There was some concern about the boundary condition for the inner mould 

surface/air interface, shown schematically in Figure 7-8. During cooling, the outer 

surface of the mould radiated heat to its surroundings and conducted heated through the 

ambient air. However, the inner mould surface radiated heat to itself and transferred heat 

to the air within the ring. If the air inside the rings was maintained at the same 

temperature as the mould surface (assuming no convection in the axial direction), and 

there was no net loss due to radiation, then one may assume there was negligible heat 

transfer through the inner mould surface to the atmosphere. However, it was more likely 

that there were convective air currents moving through the ring, transferring heat to the 

environment. Two models (with and without heat exchange on the inner mould surface) 

were constructed to assess the inner mould boundary conditions. These models were run 
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and the solidification times for specific nodes and the predicted porosity distributions 

were compared. 

The thermal histories using the two sets of boundary conditions for three nodes 

are displayed in Figure 7-13. These particular nodes are found in the middle of the 

casting and mould at 90° circumferentially from the ingate, as illustrated in Figure 7-1. 

Applying a heat transfer boundary condition of h=20 W/m /°C on the inner mould 

surface, as compared to zero heat flow, significantly affected the thermal history of these 

nodes, especially at the later stages of solidification. Also, heat flow through the mould's 

inner surface decreased the time for full solidification of node 3279 from 146 seconds 

(zero heat flow) to 114 seconds (h=20W/m 2/°C), a change of about 28 %. 

The predictions of porosity using the Niyama criteria for the two cases had 

varying results. When the heat transfer boundary condition (h=20 W/m 2 /C, Tamb=30 °C) 

was applied to the inner mould surface, the Niyama criteria slightly over predicted the 

distribution of porosity in Figure 7-11 (0=116.0, d=5.9 mm) relative to the X-ray results 

in Figure 4-3. However, when a zero heat flux boundary condition or perfect insulation 

was applied on the inner mould surface, the Niyama criteria under predicted the 

distribution of porosity (0=100°, d=3.4 mm) when compared with the X-ray results. 

Hence, based on the prediction of porosity, the boundary conditions lie somewhere 

between the limiting conditions examined. 

In order to quantify the heat transfer coefficient at the inner mould surface, 

extensive thermocouple measurements in this area would be required. Then, using a trial 
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and error approach, one could match the thermal history of this section of the mould with 

that of the thermocouple data by adjusting the inner mould heat transfer coefficient. 
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Figure 7-1 Two-dimensional finite element mesh used to simulate the heat flow through 
a transverse section of a single cluster for an investment cast diesel seal. 



66 

Figure 7-2 Contour Plots showing the front of the solidus isotherm for a single diesel 
valve seal at a)the onset of solidification, b) 20 seconds into solidification, c) 
140 seconds into solidification d) 960 seconds into solidification (the mould 
is not shown in the diagram) 
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Figure 7-5a A contour plot showing the thermal gradient (°C/cm) when any particular 
element begins to solidify (1320 °C) 

Figure 7-5b A contour plot showing the thermal gradient (°C/cm) when any particular 
element is at about 50% solidified (1280 °C) 
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Figure 7-7 Two dimensional analysis showing the porosity prediction (in red) for a single 
diesel valve casting using the Niyama criteria (°C 1 / 2/cm min 1 / 2). 

Symmetry Boundary Condition 
Heat Flux (q) = 0 

Inner Mould Surface B. C. 
hm„U]/uir=20 W/m/k 

e=0.6 

Famhicnt = 30 °C 

Outer Mould Surface B. C. 
hmould/air=20 W/m/k 

e=0.6 
T'ambicnt = 30 C 

Mould/Metal Interface 

^ = hmciai/mould (Tnofild " Imcuil) 

Figure 7-8 Diagram showing the boundary conditions for the partial three-dimensional 
model used to simulate the diesel valve casting 
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Figure 7-10 Thermal Gradient contour plot of a transverse slice through the diesel valve 
seal. 
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Figure 7-11 A transverse slice of the diesel valve seal showing the porosity prediction (in 
red) using the Niyama criteria (°C/cm/min I / 2), 6 = 116.0, d = 5.9 mm 

Figure 7-12 A transverse slice through the diesel valve seal showing the porosity 
prediction (in red) using the L .C.C criteria (°C min 5 / 3 /cm 2 ), 0=107°, d=6.2 
mm 
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Figure 7-13 Graph showing the two sets Thermal Histories for Nodes 3280, 3279, 3370. 
No Flux assumes perfect insulation at the mould inner surface, Flux assumes 
an air/mould heat transfer coefficient. 

Figure 7-14 Results of a transverse slice through the diesel valve seal showing the 
porosity prediction (in red) using the Niyama criteria (°C l / 2 /cm/min 1 / 2), 
assumes no heat flux through the inner mould surface. 9=101°, d=3.46 mm. 
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8 . Reconfiguring the Mould to Obtain Zero Porosity using Modeling 

Techniques 

Having completed an assessment of the porosity predictive capability of the model 

employing the Niyama and L.C.C. criteria, the focus was shifted to finding alternative 

feeding configurations to minimize porosity. 

8.1 Feeding the Diesel Valve Seat Casting Using Two Ingates 

A three dimensional model of the diesel valve seal was modified so that two 

ingates were used to feed the casting with the downsprue through the middle of the seal 

(Figure 8-1). The idea behind increasing the number of ingates was to manipulate the 

thermal history of the casting by altering the thermal gradient and solidification rate in 

order to reduce the porosity. 

The model incorporated symmetry boundary conditions so that only a quarter of 

the casting had to be modeled, as shown in Figure 8-2a. The model encompassed a 

quarter section of both the downsprue and the casting, and one half of an ingate feeding 

the casting. Heat transfer at the mould/metal interface was accounted for using the 

temperature variant heat transfer coefficients developed in Chapter 6. Referring to Figure 

8-2b, zero heat transfer was assumed on the top and bottom faces of the mould because of 

the presence of additional seals above and below. A heat transfer coefficient of 20 

W/m 2/°C was employed on the outside surface of the mould. 
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The model was run, and a contour plot showing the solidification time is shown in 

Figure 8-3. In comparison with the solidification time for a single ingate configuration in 

Figure 7-9, the effect of having one casting per layer and the new placement of the 

downsprue through the ring, collectively decreased the solidification time by 

approximately 40 seconds. 

A thermal gradient contour plot through the mid-plane of the casting was 

calculated at 70% solidified (1260 °C) and is shown in Figure 8-4. This plot shows that 

regions of low thermal gradients (below the 5 °C/cm criteria) exist close to the inner 

surface, across from the downsprue and between the ingates. In comparison to the 

thermal gradient contour plot of the casting with a single ingate, shown in Figure 7-10, 

the effect of having two ingates decreased the size of the region with a low thermal 

gradient. 

Applying the Niyama and the L.C.C. criteria to the thermal history resulted in the 

contour plots shown in Figure 8-5 and Figure 8-6, respectively. Both criteria predicted 

porosity adjacent to the inner diameter between the two ingates. In comparison to the 

porosity predicted from the previous casting with a single ingate in Figure 7-11 and 

Figure 7-12, the problematic area decreased in size. The present study did not incorporate 

a fluid model during the thermal simulations. Therefore, this decrease in porosity could 

only be attributed to the effect of an additional ingate and central downsprue on the 

diffusive flow of heat. 
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8.2 Feeding the Diesel Valve Seal Using Three Inner Ingates 

In an attempt to further reduce the porosity, a third ingate was added to the diesel 

valve seal as shown in Figure 8-7. Again, the model configuration, shown in Figure 8-8, 

utilized symmetry boundary conditions to reduce the size of the analysis to only a third of 

the casting. The boundary conditions at the mould/metal and the mould/air interfaces 

were the same as those adopted in the previous analysis. 

The model was run and the solidification time contour plot through the mid-plane 

of the casting is shown in Figure 8-9. Increasing the number of ingates from two to three 

did not increase the solidification time appreciably (Figure 8-3 and Figure 8-9). 

The thermal gradient contour plot in Figure 8-10, shows that there were still areas 

in the mid-plane that had low thermal gradients at 70% solid fraction. Applying the 

Niyama and the L.C.C: criteria to the model resulted in the contour plots shown in Figure 

8-11 and Figure 8-12, respectively. As can be seen, there were still regions where there 

was a high probability of porosity formation. However, when compared to using only 

two ingates, three ingates decreased the problematic areas in the diesel valve seals by 

about 50%. 

8.3 Feeding the Diesel Valve Seal Using Four Inner Ingates 

As shown in the previous models, increasing the number of ingates for the diesel 

seal casting progressively decreased the problematic regions. A final attempt to model 

the diesel valve seal using four inner feed ingates was run with the configuration shown 

in Figure 8-13. To the limit the computational requirements, symmetry boundary 
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conditions were utilized which yielded a final model configuration in Figure 8-14. The 

model was comprised of two half ingates and quarter sections of the downsprue and the 

diesel valve seal. 

The model was run, and the resulting solidification time contour plot is shown in 

Figure 8-15. In comparison to the previously run model in Figure 8-9, there was a slight 

increase in the solidification time for the diesel valve seal when the number of ingates 

was increased from three to four. 

The thermal gradient contour plot, shown in Figure 8-16, reveals only a small, 

localized region comprised of low thermal gradients of 5°C/cm or less. The Niyama 

criteria (Figure 8-17) predicted a small localized pocket (in red) with a high probability 

for porosity formation. However, the L.C.C. criteria plot in Figure 8-18 shows only high 

contour values (greater than 2 °C -min5 / 3/cm2), and this indicated that there was an 

unlikely chance of porosity formation at the problematic inner surface. 

8.4 Discussion 

The valve seal mould design was investigated to determine the effects of the 

incremental additions of ingates on porosity. The intent was to modify the thermal 

history of the casting so that the model would predict little or no porosity in the 

problematic areas. The problematic areas in the original casting were composed of 

shallow thermal gradients (less than 5°C/cm), where as feeding the casting from four 

ingates resulted in much steeper gradients. Hence, employment of four ingates and the 

new placement of the downsprue through the center of the casting reduced porosity 
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formation. Furthermore, this finding was also confirmed by the Niyama and L.C.C. 

criteria, which showed a reduction in the volume of material for porosity formation. 

8.5 Feeding the Diesel Valve Seal from the Top Using Four Ingates 

In contrast to the optimum mould configuration determined in the previous 

sections with ingates feeding the casting from the inner diameter of the seal, Deloro 

Stellite utilized four ingates located on the top of the casting (Figure 8-19). According to 

Deloro Stellite personnel, the optimized configuration successfully eliminated porosity. 

To verify this, the new configuration was modeled (Figure 8-20) which consisted of a 

quarter downsprue and diesel valve seal, and two half ingates. Boundary conditions for 

this model were similar to previous models in that symmetry boundary conditions, and 

metal/air and metal/mould interfacial heat transfer coefficients were employed at their 

respective faces (Figure 8-20). 

The model was run, and a mid-plane contour plot of the solidification time is 

shown in Figure 8-21. In comparison to the solidification time for the four inner feeding 

ingates, the time was approximately 40 seconds less. 

Applying the Niyama and L.C.C. criteria to the new casting configuration (Figure 

8-23 and Figure 8-24 respectively), porosity adjacent to the mould surface was predicted. 

The Niyama criteria (Figure 8-23 ) predicted porosity around the entire inner diameter of 

the diesel valve seal, while the L.C.C. criteria (Figure 8-24) predicted a localized pocket 

at the inner diameter between the two ingates. This model, using four top feeding 

ingates, predicted a large area of porosity and this disagreed with actual observations. 
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Upon examination of the differences in the geometry, it was apparent that the 

symmetry boundary conditions on the top and bottom of the casting (in the z direction) 

may not have been a valid assumption in the "top feed" configuration. To better reflect 

the heat flow conditions of the diesel valve seal, a system of three seals was modeled 

utilizing the boundary conditions in Figure 8-25. 

A contour plot showing the thermal gradient through the mid section of the 

middle diesel valve seal is shown in Figure 8-26. In this plot, a pocket of low thermal 

gradients (< 5 °C/cm) was found adjacent to the inner diameter between the two ingates. 

As shown in previous models, this area of low thermal gradients may be prone to porosity 

formation. 

Predictions of porosity utilizing the Niyama and the L.C.C. criteria are shown as 

mid-plane contour plots through the middle seal casting in Figure 8-27 and Figure 8-28 

respectively. These plots predict a pocket of porosity at the inner diameter between the 

two ingates (shown in red). 

The model utilizing four top fed ingates predicted very little porosity (Figure 8-27 

and Figure 8-28) relative to the porosity found in the seal using a single ingate (Figure 4-

3). Increasing the number of ingates from one to four and repositioning the downsprue 

altered the thermal gradients and solidification time of the system with the effect of a 

reduction of porosity. A summary of the porosity predictions using the Niyama and the 

L.C.C. criteria is tabulated in Table 8-1 with a reference schematic in Figure 8-29. 



80 

8.6 Examination of Porosity in the Optimized Casting 

In order to asses the model predictions, the optimized diesel valve seal casting 

configuration was sectioned (Figure 8-30) to examine the extent of porosity in the areas 

suggested by the model analysis as potential areas containing porosity. This figure shows 

that there is an obvious porosity array (macro and microporosity) located within the 

downsprue, but there is no visible porosity in the actual diesel valve seal at this 

magnification. However, upon closer inspection of area " A " in Figure 8-30, shown in 

Figure 8-31, there is indeed porosity as suggested by the model. Further magnification 

(Figure 8-32) shows a network of porosity, at the scale of the interdendrite spacing. The 

porosity is not oriented in any direction, but rather evenly dispersed. It is much different 

than the porosity distribution in the original casting. The porosity shown in Figure 8-32 

underwent image analysis and the computer calculated the porosity to be 2.75 % of the 

area. This is much smaller in comparison to the previous values calculated for the 

original casting configuration. 

8.7 Advantages and Disadvantages for the New Casting Configuration 

Clearly, there is an obvious advantage with the new casting configuration as there 

is an inherent reduction of porosity in the problematic areas. However, there is a 

drawback to the new configuration in that there is a greater demand for metal in the new 

gating system with four top fed ingates. As shown in Table 8-2, the initial mould 

configuration using a single ingate, required approximately 271 grams of metal per valve 

seal, including the downsprue, ingate, and component. The final mould configuration 
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using four top feed ingates, required approximately 562 grams. This is approximately 

twice as much metal as the single ingate configuration. 

Increasing the size and number of ingates to feed metal to the casting elevates the 

cost of production. Any excess metal that is consumed during the casting process is 

removed from the component during the later stages of fabrication and is "thrown" in the 

scrap metal pile. For cheaper materials, this is not as great a concern but Stellite is an 

expensive alloy and loses some of its value from a virgin to a scrap condition. There is 

also a greater consumption of electricity per valve seal employing the larger gating 

systems to melt the metal for a casting. There is also a labor factor which also has to be 

considered i.e. more ingates may require more grinding/machining to complete the 

finished product. In order to assess its feasibility, the new casting configuration should 

undergo a cost evaluation to discern whether the new configuration is economically 

acceptable or other process routes must be considered. 

There are other mechanisms that can be used to influence the thermal history of a 

casting. For example, heat sinks and insulation are commonly used in foundries as a 

method for controlling heat flow in order to minimize microporosity and eliminate 

macroporosity. Understanding the effect of these methods to control cast quality is of 

vital importance in a modern day foundry, but is beyond the scope of this investigation. 
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Table 8-1 Summary of porosity predictions for the various models and the actual porosity 
found in the two castings (one outer feed ingate and four top feed ingates) 

Model, Porosity Criteria Circumferential Angle (6) Depth of Porosity (d) 

2-D one ingate, Niyama 128° 2.7 mm 

3-D one ingate, Niyama 232° 5.9 mm 

3-D one ingate, L.C.C. 212° 6.2 mm 

3-D one ingate, Niyama, 
interior surface insulated 

200° 3.4 mm 

3-D one ingate, L . C . C , 
interior surface insulated 

184° 3.9 mm 

two ingates, Niyama 42 0 3.1 mm 

two ingates, L.C.C. 37 0 3.2 mm 

three ingates, Niyama 35 ° 3.2 mm 

three ingates, L.C.C. 10° 3.1 mm 

four inner ingates, Niyama < 5 ° 1.4 mm 

four inner ingates, L .C.C. nil -

four top ingates, modeled a 
single layer, Niyama 

9 0 ° 3.9 mm 

four top ingates, modeled a 
single layer, L .C.C. 

34° 3.9 mm 

four top ingates, modeled 
three layers, Niyama 

20° 3.3 mm 

four top ingates, modeled 
three layers, L .C.C. 

12° 3.0 mm 

Actual Porosity from the 
single ingate casting 

9 8 ° 5.6 mm 

Actual Porosity from the 
four top ingates casting 

6 ° 3.1mm 
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Table 8-2 The approximate weight of metal to make a single diesel valve seal (including 
gating, downsprue, and casting, this value does not take into account the 
pouring cup) 

Casting Approx. Weight of Metal 

one gate (Figure 7-8) 271 grams 

two gates (Figure 8-2) 527 grams 

three gates (Figure 8-7) 546 grams 

four inner gates (Figure 8-13) 538 grams 

four top gates (Figure 8-19) 562 grams 



Figure 8-1 There dimensional diagram for a new diesel valve seal configuration using two 
ingates to feed the casting. 

Figure 8-2 Three dimensional model used to simulate the configuration in Figure 8-1; a) 
without the mould shell, b) with the mould shell showing the boundary 
conditions. 
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Figure 8-4 Thermal Gradient (°C/cm) Contour Plot through the mid-plane of the Diesel 
Valve Seal Casting using two ingates, Thermal Gradient taken when an 
element obtains 70% volume fraction Solid (1260 °C). 
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Figure 8-6 L .C.C. criteria (°C min 5 / 3 /cm 2 ) Contour Plot through the mid-plane of the 
Diesel Valve Seal, Thermal Gradient (°C/cm) taken at 1260 °C 
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Figure 8-7 Three dimensional schematic of the new casting configuration using three 
ingates to feed the casting. The mould is not included in this diagram. 

Figure 8-8 The model configuration using three ingates to feed the casting. This mould is 
not included in this diagram. 
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Figure 8-9 Solidification Contour Plot through the mid-plane of the Diesel Valve Seal 
using three ingates to feed the casting. 

Figure 8-10 Thermal Gradient (°C/cm) Contour Plot through the mid-plane of the Diesel 
Valve Seal Casting using three ingates, Thermal Gradient taken when an 
element obtains 70% volume fraction Solid (1260 °C). 
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Figure 8-11 Niyama criteria (°C I / 2 min1 / 2/cm) Contour Plot through the mid-plane of the 
Diesel Valve Seal using three ingates, Thermal Gradient (°C/cm) taken at 
1260 °C 

Figure 8-12 L.C.C. criteria (°C min 5 / 3 /cm 2 ) Contour Plot through the mid-plane of the 
Diesel Valve Seal using three ingates, Thermal Gradient (°C/cm) taken at 
1260 °C 
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Figure 8-14 Three dimensional model diagram using four ingates to feed the casting from 
the inner surface. The mould is not included in this diagram. 
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Figure 8-16 Thermal Gradient (°C/cm) Contour Plot through the mid-plane of the Diesel 
Valve Seal Casting using four inner surface ingates, Thermal Gradient taken 
when an element obtains 70% volume fraction Solid (1260 °C). 
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Figure 8-17 Niyama criteria (°C 1 / 2 min1 / 2/cm) Contour Plot through the mid-plane of the 
Diesel Valve Seal using four inner surface ingates, Thermal Gradient (°C/cm) 
taken at 1260 °C 

Figure 8-18 L.C.C. criteria (°C min 5 / 3 /cm 2 ) Contour Plot through the mid-plane of the 
Diesel Valve Seal using four inner surface ingates, Thermal Gradient (°C/cm) 
taken at 1260 °C 



Figure 8-19 Three dimensional schematic of the new casting configuration using four top 
feeding ingates to feed the casting. The mould is not included in this 
diagram. 

Figure 8-20 Three dimensional model diagram using four top feeding ingates to feed the 
casting. The mould is not included in this diagram. 
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V SOl.iniFICATlON TIMF FWNGE PLOT 

Figure 8-21 Solidification Time contour plot through the mid-plane of the casting using 
four top feeding ingates to feed the diesel valve seal. 

Figure 8-22 Thermal Gradient (°C/cm) Contour Plot through the mid-plane of the Diesel 
Valve Seal Casting using four top feeding ingates, Thermal Gradient taken 
when an element obtains 70% volume fraction Solid (1260 °C). 
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Figure 8-23 Niyama criteria (°C I / 2 min1 / 2/cm) Contour Plot through the mid-plane of the 
Diesel Valve Seal using four top feeding ingates, Thermal Gradient (°C/cm) 
taken at 1260 °C 

Figure 8-24 L.C.C. criteria (°C min 5 / 3 /cm 2 ) Contour Plot through the mid-plane of the 
Diesel Valve Seal using four top feeding ingates, Thermal Gradient (°C/cm) 
taken at 1260 °C. 
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Symmetry Boundary 

Figure 8-25 Three dimensional model diagram using three layers of four top feeding 
ingates to simulate the new casting configuration from Deloro Stellite. The 
mould is not included in this diagram. 
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Figure 8-26 Thermal Gradient (°C/cm) Contour Plot through the mid-plane of the Diesel 
Valve Seal Casting using four top feeding ingates, model incorporates three 
layers of the casting, Thermal Gradient taken when an element obtains 70% 
volume fraction Solid (1260 °C). 
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Figure 8-27 Niyama criteria (°C min /cm) Contour Plot through the mid-plane of the 
Diesel Valve Seal using four top feeding ingates, model incorporates three 
layers of the casting, Thermal Gradient (°C/cm) taken at 1260 °C 
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Figure 8-28 L.C.C. criteria (°C min 5 / 3 /cm 2 ) Contour Plot through the mid-plane of the 
Diesel Valve Seal using four top feeding ingates, model incorporates three 
layers of the casting, Thermal Gradient (°C/cm) taken at 1260 °C. 
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One Gate, Outer Feed Two Gates, Inner Feed 

Three Gates, Inner Feed Four Gates, Top and Inner Feed 

Figure 8-29 Schematic diagram of the diesel valve seal showing the circumferential 
angle and depth of porosity for the model results in Table 8-1. 
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Figure 8-31 A magnified photograph of microporosity found on the surface of the casting 
at Point A from Figure 8-30 . (unetched, mag.=12.8x) 
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Figure 8-32 A close up of the porosity found in Figure 8-31. Porosity = 2.75 % area 
(unetched, mag.=50x) 
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9. Future Work 

Thermal modeling is an excellent tool for cast/mould optimization, but it is only 

as effective as the boundary conditions employed. The sensitivity analysis showed that 

the casting parameters and consequently can influence the thermal history of the system 

which in turn influences the model for porosity prediction. This study assumed that the 

heat transfer coefficient at the mould/metal interfaces was homogeneous throughout the 

system. Realistically, however, this is not the case due to gap formation and metal 

impingement at the mould/metal interface. This can affect the local thermal history of the 

metal system and consequently influence the ability of the criteria to predict porosity in a 

complex casting geometry. To increase one's confidence in the model, one would have to 

increase the complexity of the models by taking into consideration gap formation and 

metal impingement on the mould and hence, the effective local interfacial heat transfer 

coefficient. 

Another area of concern is the mould thermal physical properties. The investment 

mould consists of layers of stucco whose density changes throughout the wall thickness 

which influences the rate of heat diffusivity. It would be beneficial to study and 

understand the effect of heat diffusivity as a function of mould composition and density. 
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10. Summary and Conclusions 

A simple casting was used to assess the sensitivity and quantify the metal and 

mould's physical properties, and the boundary conditions at the mould/metal and 

mould/air interfaces. The boundary conditions obtained were then applied to a complex 

model of a diesel valve seal fed by a single outer ingate. The porosity found in this 

casting was predicted successfully using the L.C.C. and the Niyama criteria. 

The mould was then reconfigured on the computer. The downsprue was 

repositioned and the number of ingates was increased until a casting configuration was 

found with a "zero or close to zero" porosity prediction. A casting, consisting of four 

inner feed ingates and a downsprue located through the center of the ring predicted a 

close to zero porosity rating. At Deloro Stellite Inc., the diesel valve seal mould was 

reconfigured using four top feeding ingates and nine castings per stand. According to the 

Deloro Stellite personnel, this casting configuration resulted in a porosity free casting. 

However a model of the Deloro Stellite configuration was run, and a small pocket of 

porosity was predicted at the inner diameter metal surface between the ingates. Upon 

close inspection of the actual casting from Deloro Stellite, microporosity was found in 

this region. 

In two separate cases, microporosity was predicted successfully in a Stellite Grade 

3 investment casting system using the Niyama and the L.C.C. criteria. These two criteria 

were relatively simple to use because the only data required for their formulations was 
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derived from the thermal history of the casting (thermal gradient, solidification time, 

solidification velocity). 
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