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ABSTRACT

In this study, a computer simulation of a three-dimensional transient ceramic

injection molding (CIM) process, developed by the Advanced Casting Laboratory at the

University of Teimessee for Howmet Research Corporation, was experimentally validated.

Experiments were designed and conducted to measure temperature of ceramic core

matenal as a function of time for both filling and packing stages of the injection molding

process. In addition to fluid temperature, die wall temperature data were also collected for

this analysis. The results were used to validate the CIM model to insure that ProCAST

simulation is realistic and accurate.

The experiments were conducted under production conditions at Howmet Casting

Support manufacturing facility m Morristown, Tennessee. The temperature data were

taken at both 30-milliseconds and 60-milliseconds sampling rates. A total of twenty

experimental runs for each sampling rate were conducted. An error band was developed

firom the results of the experiments. The temperature data are presented here in non-

dimensionalized form so that they can be used for validation of computer modeling

simulations under various initial and ambient conditions.

The results indicate that the average heat transfer coefficients (h) in the range of

1,800 W/m^ K to 2,200 W/m^ K best represent experimentally observed thermal

characteristics of the filling and solidifying process. The flow patterns observed fi*om short

shot pictures are best approximated by flow simulation patterns using isothermal wall

boundary condition. Also, the computer model accurately predicts the high shear heating

observed at specific locations in the cavity during the filling process.
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CHAPTER 1

INTRODUCTION

1.1 INVESTMENT CASTING

The modem investment casting process can be traced back to the ancient Egyptian

and Chinese civilizations. The technique used was similar to what is now known as the

"lost wax" process. This technique was used in the production of intricately designed

ornaments and religious objects. The basic idea is almost as old as plain sanH or earth

mold casting. The modem process involves an injection molding to form the wax

pattems of the desired casting. These pattems are attached to a spme to form an

assembly. Up to eight layers of shells are built around the assembly with combination of

liquid ceramic slurry and fine sand. After the shells are dry, the wax is melted out

leaving a negative impression of the assembly within the shell The shell is then filled

with molten metal in the conventional process. After the metal has solidified, vibration

and water blasting are used to break-ofif the shell. The parts are then cut away firom the

central spme with a high-speed friction saw. After a minor finishing operation, the parts

are ready to be shipped to the customer. ̂ The basis of the investment casting process

can be viewed in Figure 1.

Today, investment casting is one of five techniques used for "precision" casting

of liquid metal. The others are gravity die casting, pressure die casting, plaster mold

casting, and shell sand mold casting. Of these various techniques, investment r-nsting is

the most flexible with respect to attamable intricacy, dimensional accuracy, and fi'eedom

of design in a wide range of cast alloys. Besides competing with other tj^es of casting

1
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Figure 1 The basics of the investment casting process

techniques, it also competes with powder metal products, forgings, stampings, spinnings^

coined parts, weldments, solderments, brazements and innumerable assembled parts held

together with rivits, pins, bolts or other fasteners. Investment casting popularity is due to

its ability to produce near-net-shape components, which allows the manufacturer to

reduce production price and stay competitive. The investment casting process makes it

possible to substantially reduce or to eliminate fixturing costs, machining operation costs,

and assembly operation costs. Industry did not seriously begin to utilize investment

casting until the developments of the jet engine turbine bucket production program during

World War n. The extreme mechanical and thermal stresses imposed on the turbine

blades in the fiery combustion chambers of an aircraft engine could not have been met

except for the availability of this process.



1.2 CERAMIC CORE INJECTION MOLDING

In order for the casting to be made hollow, as in air-cooled turbine blades and

vanes, a ceramic core needs to be inserted in the die cavity and the liquid wax injected

around it. Starting in the early 1950's, the development of superalloys and advancement

in the design of intemal air cooling passages have allowed gas turbines to increase their

operating temperature and thereby improve performance. As illustrated in Figure 2,

advancement of technology in "growing" crystals or improved grain structure have

allowed metal temperature capacity to go from 1550 °F to nearly 2000 °F within a

50-year span. The type of solidification process will determine whether a casting is

"equiax" (randomly distributed, controlled size crystal), "DS" (directionally solidified

where crystals grow only in the lengthwise direction), or "Single Crystal" (one crystal

makes up the whole casting). From Figure 2, one can see that metal temperature
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Figure 2 Contributions of cast alloys and processes to engine performance



capability reached a plateau by the early 1970's and engine performance improvements

would have been significantly hampered were it not for internal air cooling that was made

practical with the investment casting process. ̂ These highly detailed and geometrically

complex designs of intemal cooling channels are made possible by the existence of a

ceramic cores (see Figure 3). Ceramic cores are manufactured through the use of a

i fA

\\

(Courtesy of Howmet Corporation)

Figure 3 Intricate design of turbine ceramic core

ceramic injection molding (CIM) process. This process was patented as early as 1929.

The principle advantage of CIM over other casting processes is the ability to form

complex-shaped parts that are dimensionally accurate and have smooth surfaces. In the

CIM process, important parameters for both the product and mold design are wall

thickness, wall thickness transition, parting line, drafts, fillets, radii and ejector pin

marks. Furthermore, size, shape, and location of the gate and runner need to be

addressed. Since CM uses conventional plastic injection machines, the maximum shot



volume, clamping pressure and the number of cavities have to be taken into account in

relation to tooling costs and the unit price of the part. The process begins with a mixing

of ceramic powder with a blend of polymers (wax binder) to break up the soft

agglomerates in order to get a homogeneous feedstock. The main function of the wax

binder is to reduce the static coefficient of fiiction. ̂  The flow characteristics of the mix,

its subsequent moldability, and the quality of the final parts all depend on the

homogeneity of the mix; so the preparation of the mix is a key factor. After granulation,

the heated feedstock of ceramic slinry is iujected into a cooled mold forming a green part

through the use of an injection-molding machine. The green core then goes through a

dewaxing process to wick out the organic binder prior to the sintering process. The

dewaxing process is extremely important since it allows major binder ingredients to

escape prior to sintering at high temperature without causing the part to crack and warp.

In the sintering process, minimal shrinkage is permissible to achieve the required

dimensional consistency while providing sufficient handling strength. Porosities are

often 30% or higher for leachability. After sintering, every core is checked intensively to

insure that it meets the most exacting design specifications and customer dimensional

tolerance requirements. For all cores that pass gauging, both machine and hand finishmg,

using special diamond cutting tools and files, are done in great detail. A final quality

control inspection insures that only good parts are shipped to the customer.



1.3 HOWMET-UTK CASTING RESEARCH PROJECTS

Howmet Corporation Casting Support located in Morristown, Tennessee is a

leading supplier of hi^-volume production of complex ceramic cores used in the casting

of reactive and nonreactive single crystal, directional solidification and equiax alloys. ̂

Several types of ceramic cores are manufactured by Howmet. The technology used in

developing these core bodies is proprietary. The process of manufacturing a core is

difficult and time consuming. Forming the cores without cracks, voids, and knit line is

by itself a formidable task. In addition to making good parts and making shipment

schedules, engineers also have to deal with die wear. Core dies often cost on the order of

hundreds of thousands of dollars, which is a significant mvestment for any company.

Due to the high competitiveness of the ceramic core industry, engineers at

Howmet evaluate means to improve both the design and the process of ceramic injection

molding (CIM). Since 1997, Howmet Corporation Casting Support has worked with the

Advanced Casting Simulation and Mold Design Laboratory (ACSMDL) at the University

of Tennessee. This cooperation is focused on developing a computer model of a three-

dimensional transient ceramic/wax injection molding (CIM) process including filling and

solidification segments. A group of three mechanical engineermg students, Christopher

Strack, William Satterfield, and Roy Zeighami, participated in a Howmet project

(1997 - 1998) to develop a 3-D solid model of the core, which included different

combmations of fluid type, heat transfer, geometry and number of vents. In the spring of

1998, the group presented the results in a report entitled "Computer Simulation of the

Ceramic Injection Molding Process" to Howmet Morristown Casting Support engineers

n

and researchers at the University of Tennessee.



The 1999 - 2000 ACSMDL - Howmet project focused on the modeling of a

specific core geometry selected by Howmet Corporation. The project consisted of two

parts: computer modeling and experimental validation of the developed model. The

responsibility for the modeling was given to Eric Robbins, ̂ who is preparing a final

report on this aspect of the project. The responsibility for conductmg the experiments to

validate the computer model became the primary responsibility of the author, Anh Ly.

Therefore this thesis is mainly concemed with the experimental aspects and the model

validation efforts in this (1999 - 2000) phase of the Howmet project.

1.4 STATEMENT OF THE PROBLEM

In order for engineers, researchers, and tool designers at Howmet Corporation to

implement computer modeling and simulation in their die and core production design, the

computer modeling and simulation of a three-dimensional transient ceramic/wax

injection molding (CIM) process including filling and solidification must be realistic and

accurate. The validation of computer models and simulation is a critically important part

of this process. Therefore, the main objective of this thesis was to design an experiment

to measure the material temperature variation in time during the injection molding

process (CIM) and use the results to validate the three-dimensional transient model of the

same process. The experiments were conducted at Howmet Casting Support

manufacturing plant in Morristown, TN. The experiments included temperature

measurements for both filling and packing stages of the injection process.

The motivations for this study are to use the results, to improve the quality and

reduce production costs of the cast products. The current ceramic injection process at

7



Howmet requires constant maintenance of core dies due to wear induced by the high

pressure, high velocity injection needed for complete filling of the core before

solidification begins. The highly viscous ceramic material requires firequent chroming of

the die cavity to insure minimum core pattem erosion. The cost of repair and

maintenance of core dies and the down time during maintenance contribute to the high

price ceramic cores. Computer modeling makes it possible to optimize for maximum die

life and mimmum core die maintenance by reducing injection speed and pressure while

obtaining non-defective high quality ceramic cores.



CHAPTER 2

REVIEW OF LITERATURE

Computer simulation of the injection molding process has been in use for over a

decade. It has been used extensively to design, trouble-shoot and enhance the injection

molding process in the plastics industry. It is a tool aiding engineers in the development

of new parts and in trouble-shooting existing parts. Computer simulation can be used to

help provide information on mold filling charactenstics such as pressure, velocity,

temperature, total pressure drop, air trap locations, weld line integrity, maxirmim

injection pressure, clamp force, effect of gate geometry and location, shrinkage and

warpage trends. For the electromcs industry which often deals with thin-walled parts that

measure 1-mm or less in thickness, computer simulations have demonstrated great

success in assisting design engmeers to determine if the part can be filled properly. ̂  By

trying various designs before making the mold, the cost of an injection molded parts can

be reduced and quahty enhanced. Several studies, which have focused on experimental

validation of the molding process, are discussed below to illustrate previous efforts m this

area.

Zhongshuang, Dequen and Jingrong developed a mathematical model and

simulation program for simulating filling of thin cavities during injection molding. They

developed governing equations for flow in a cavity by extendmg the classical Hele-Shaw

flow to an inelastic, non-Newtonian fluid under non-isothermal conditions. In order to

obtain a solution to the problem, the following assumptions were made.



(a) Heat conduction in the direction of the flow is negligible compared to conduction in

the gapwise direction, (b) Thermal convection in the gapwise direction is negligible,

(c) Viscoelastic effects are not included, (d) Normal stresses are neglected in comparison

with shear stresses, (e) Inertial effects and the gravity of the melt in the force balance are

neglected due to the high viscosity characteristic of polymer melts, (f) The melt is

incompressible and thermal conductivity and specific heat are assumed to be constants.

A flowchart of their filling analysis program can be seen in Figure 4. In order to examine

the validity of their mathematical model and the simulation program, they designed a

simple geometry (a cup, as shown in Figure 5) for their experimental verification. The

comparison between the predictions and the experimental results are shown in Figure 6.

The solid line in Figure 6 represents the pressure curve recorded in their experiments for

locations 1,2, and 3 as shown in Figure 5. With the maximum error of 12%, they

concluded that the agreement between the simulation and the experimental results is

satisfactory and the sunulation program is reliable.

Hunt and Evans, and Woodthorpe carried out extensive research to determine

the origin of defects in ceramic injection molding through the use of computer modeling,

simulation, and experimental validation. In phase 1 of their research, the group began

developing routine laboratory procedures for obtaining thermal property data for their

solidification model. Specific heat data were measured over a range of injection molding

temperatures using a differential scanning calorimetry. Mercury displacement in a

borosilicate glass phial was used to measure the specific volume. These experimental

data were then used in obtaining a general equation of state that is capable of predicting

the specific volume over the temperature and pressure ranges that occurred during the

10
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Figure 4 Flowchart of filling analysis program (ref. 10)
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injection molding process. Thermal diflfusivity of the ceramic suspension was measured

using a modified Hands and Horsfall method. These properties were then used in their

finite difference numerical model, which used two-dimensional unsteady heat transfer

assumptions to simulate the complex solidification process of the ceramic suspension

inside the mold cavity. The numerical model would be able to calculate the residual

pressure, which is a function of hold pressure applied by the injection-molding machine.

By knowing the residual pressure right before solidification, voids can be predicted. It

was known that voids are a result of zero pressure at the center of the mold just prior to

solidification. In validating the model, an experiment was conducted using a simple

geometry of a rectangular bar (see Figure 7). Three series of bars were injected using a

Sandretto 6GV/50 reciprocating screw mjection molding machine. The experimental

results (Table 1) showed that computer predictions slightly underestimate the initial

cavity residual pressure needed to prevent the formation of voids. The experiment did

conclude that whenever wall temperature is significantly above the softening point of the

material at the time when residual pressure falls to zero then "sink marks" appeared as

seen in Figure 8. Because the ceramic injection molding market is much smaller relative

112

Figure 7 Dimension of the experiment rectangular bar (ref. 11)
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Table 1 Comparison of calculated and experimental residual pressure for development
of voids (ref. 11)

Lqection pressure for void-&ee molding

Molding Sprue diameter
Series ^mn)

Mold temperature
ec)

Calculated*
(MPa)

Ejtperimental^
(MP^

Calculated*
(MPa)

1  6S 25 45 between 57 and 80 75
2  6.9 46 41 between 35 and 56 77
3  10 25 28 between 33 and 47 57

* Uting tptut solidificalion timt calculat«d by finita diffeience mathod
filling cavity praaruta fall tima obtainadby axpanmast
Fromradiogrqihs oftvobars ataachiiqactionpraaaura

Tm-

ZQ m m

Figure 8 Sink marks in a bar prepared using Molding Series 2 conditions (ref. 11)

to the plastic injection molding market, there have not been many published technical

papers that deal specifically with modeling and validation of the ceramic injection

process. Almost all technical papers that deal with the process, manufacturing, and

computer modeling of ceramic injection molding are proprietary and are not made public

due to the intense competition between suppliers in this industry.

14



CHAPTERS

EXPERIMENTAL INVESTTGATION OF CERAMIC

CORE INJECTION PROCESS

3.1 COMPUTER MODELING AND SIMULATION

The Advanced Casting Simulation and Mold Design Laboratory (ACSMDL) at the

University of Tennessee - Knoxville, uses ProCAST software to model the ceramic core

injection process. ProCAST is commercial finite element analysis software firom UES

10

Software, which was developed to simulate casting and casting processes. Howmet

Research Corporation selected a particular (8602B) core to be the model for the

ACSMDL - HRC project. The reasons for this selection were:

1. It is a single plane core, which makes the development of a 3-D solid model

more convenient and also it has a history of problems that need to be resolved.

2. It has the geometry of a typical core with turbulator, conical, crossover slot,

trailing edge slot, trailing edge exit, root passage and the variation of cross

sectional area firom thick root to thin trailing edge exit. (Core diagram and

terminology can be found in Appendix A.)

3. Howmet has a retired production die that could be used for experimental

validation of the modeling and simulation process.

The selected core is typical of a first stage hi^-pressure blade. Such blades are used on the

world's largest and most powerful aircraft engines such as the GE90 (see Appendix B) which

powers the Boeing 777 aircraft family. The following material only deals with some of the

basic concepts in modeling and the reader is referred to other publications by ACSMDL.

15



3.1.1 Geometric Development

The 3-D geometry of the 8602B ceramic core was modeled in 1998 in the first

phase of this project using SolidWorks ® a 3-D CAD program. The solid model was

developed using measurements made by dial caliper and micrometer. Most of the part

geometry such as root, leading edge, tip, trailing edge, crossovers, and conical section

were built using extrusion bosses, extrusion cuts, and extrusion lofts. Details such as

turbulators, trailing edge exits, and the area between root and trailing edge is created

using cuts and lofts. Also, to compensate for the die to fired shrinkage, the SolidWorks®

part-scaling feature was used to scale up all dimensions. The solid view of the 8602B

ceramic core geometry is shown in Figure 9.

SoUdWorks®
Solid Model

-Root End'

Traing Edge

V
LeadhgEdge

%

%

%
%TraHbigEdge

-Tip End

CONVEX SIDE CONCAVE SIDE

Figure 9 The 8602B ceramic core modeled by SolidWorks*^
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3.1.2 Model Preparation for Casting Simulations

The 3-D solid model file was transferred to PATRAN from SolidWorks in a

parasolids format. The PATRAN program generates a surface mesh using a triangular

node configuration as seen in Figure 10. After the surface mesh was completed, the

PATRAN file format was transferred into MeshCAST. MeshCAST is a fully automatic

3-D tetrahedral mesh generator. It constructs a 3-D solid mesh by generating interior

F

Figure 10 Surface mesh of 8602B core by PATRAN®

17



nodes from the surface mesh. After the meshing phase was completed, PreCAST was

used to specify all the initial conditions, boundary conditions, and material properties of

the 3-D solid mesh model. After all process parameters were specified, DataCAST was

used to do an extensive error checking, convert all units into a standard system, and

create a summary file. ProCAST was then used to perform simulation analysis by

solving mass, momentum, and energy equations at each node until the filling process was

12completed. The injection filling was performed from the root to the tip of the core.

Once ProCAST completed modeling the injection process, ViewCAST was used to create

contour plots of the velocity, temperature, and pressure. ViewCAST also animated the

filling process by showing the contour plots at different time steps. Examples of

ViewCAST thermal contour plot can be seen in Appendix C, Figure C. 1 to Figure C.9.

Those figures also include the short shot provided by Howmet Casting Support of the

8602B core that was modeled. For this particular case, the model ran with an isothermal

boundary condition. PostCAST, another post-processor of ProCAST, was used to

generate graphs of temperature, pressure, and velocity at any node as a function of time.

A graphical flowchart of ProCAST analysis can be seen Figure 11.

3.2 EXPERIMENTAL OBJECTIVE

The main objective of the expenments at the Howmet Moiristown Casting

Support facility was to verify the ProCAST analysis for their ceramic core injection

process. The experimental data also help in refining boundary and initial conditions used

in the simulation process. The use of ProCAST in the analysis will allow engineers to

redesign the injection process by minimizing the injection speed and pressure which in

18
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Figure 11 A flowchart of ProCAST®analysis

turn will reduce die wear and prolong the life of the core die. However, the use of

ProC AST predictions in optimizing the injection process without adequate validation

would not be prudent. Therefore it is important to emphasize experimental preparation

and execution in the model validation problem to insure credibility of the model

predictions and their reliability.
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3.3 EXPERIMENTAL CRITERIA

Howmet Morristown Casting Support allowed the use of the 8602B die cavity, a

retired core die, for the validation experiment. The 8602B die cavity can be seen in

Figure 12. The 8602B core die configuration mainly consists of the die cavity, the

ejector pin plate, and the Detroit Mold & Engineering (DME) mold base. The core

A

0.067 in. diameter O
0.093 in. diameter O

Figure 12 A close-up view of the 8602B core die cavity 1
(Courtesy of Howmet Corporation)

pattern lies inside the die cavity with its visible ejector pinholes as seen in Figure 12. The

ejector pin plate houses 11 pins that help to lift the core from the die cavity surface. The

DME houses both the injector pin plate and the die cavity. The 3-D SolidWorks

assembly drawing of the 8602B core die is presented in Figure 13. The die cavity
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Die Cavity

Ejector Pin Plate

■

Figure 13 An assembly drawing of the 8602B core die configuration

contained eight 0.067 inch diameter and three 0.093 inch diameter ejector pin holes.

Measurement with a dial caliper gave a cross sectional thickness inside the cavity varying

from 0.070 inch at the tip to a maximum of 0.325 inch at the root section. Due to the

high viscosity of the core material and the high injection pressure of 2000 psi for the

8602B, the die cavity surface is chromed at Howmet to add strength to the pattern area

that lies within the die cavity. The chrome used for the interior surface makes the die

cavity shiny to the eye as shown in Figure 12.
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3.4 PRELIMINARY EXPERIMENTAL STUDY

The proposed measurement included temperature and pressure inside the die cavity

during both the filling and packing stages of the injection molding process. To minimize

die modifications, the ejector pin holes were used for instrumentation. As a result, the

type of measurement that could be done was constrained by the size of the ejector

pmholes. Pressure and temperature sensors are the only two types of measurement

device that could be instrumented using the ejector pinholes. In the past, several

computer modeling validations were carried out using pressure measurements.

In those studies, the geometry was sunpler and therefore they were easier to instrument.

However, pressme measmements were not considered for the present study because

miniature and subminiature pressure transducers are prohibitively expensive. Also, a

miniature pressure probe is an extremely delicate instrument, which may not survive even

the first experimental trial due to the combination of hi^ injection pressure and stresses

in the highly viscous core material. On the other hand, temperature measurements looked

promising, especially using thermocouples.

The thermocouple is one of the four common temperature transducers. The others are

resistance - temperature detector's (RTD's), thermistors, and integrated circuit sensors.

Of the four temperature transducers, thermocouples seemed to be the best choice for the

present experiment because they have a fast response time, are self-powered, are rugged,

have high accuracy, are easy to calibrate and are easy to fit within the physical constraints

of the core die. A thermocouple consists of two alloys (e.g. A and B m Figure 14) joined

together at one end and open at the other end. The electromotive force (emf) at the

output end (Vi) is a function of the temperature (Ti) at the closed end as seen in Figure

22



14. As temperature increases, the output emf of the thermocouple rises. All dissimilar

metals exhibit this effect, known as the Seebeck effect (discovered by Thomas Seebeck in

1821), where a continuous current in the thermoelectric circuit is established if one end of

the thermocouple junction is heated. The four most common thermocouples are Iron-

Constantan (type J), CHROMEGA-ALOMEGA (type K), Copper-Constantan (type T),

and CHROMEGA-Constantan (type E). Each type of thermocouple has a different

operating temperature range. Thermocouples also come in three different junction types:

grounded, ungrounded, and exposed. The type of junction used depends on the nature of

the measurement and the type of environment that the thermocouple operates. (See the

illustrations in Figure 15 for a full discussion of each junction type.) Another important

aspect, when choosing a thermocouple, is the time response or time constant.

Vi

Ti

T2

Ts

Figure 14 Thermocouple composition
(Courtesy of Omega Engineering, Inc.)
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Grounded
Junction

An grounded junction is
recommended fertile measurement of
static or flowing corrosive gas and liquid
temperatures and for high pressure
applications The junction of a grounded
thermocouple is welded to the protective
sheath, giving faster response than the
ungrounded junction type

Ungrounded
Junction

An ungrounded junction is
recommended for measurements
in corrosive environments where it is
desirable to have the thermocouple
electronically Isolated from and
shielded by the sheath The welded
wire thermocouple is physically
insulated from the thermocouple
sheath by MgO powder (soft)

Exposed
Junction

An exposed Junction is recommended
for the measurement of static or flowing
non-corrosive gas temperatures where
fast response time is required The
junction extends beyond the protective
metallic sheath to give accurate fast
response The sheath insulation is
sealed where the junction extends to
prevent penetration of moisture or gas
which could cause errors

Figure 15 Three thermocouples junction types
(Courtesy of Omega Engineering, Inc )

Time constant is defined as the time required by a sensor to reach 63.2% of a step change

m temperature under a specified set of conditions. Time response is mostly a function of

the probe sheath diameter. However, the type of junction also contnbutes to the time

response. The time constant is selected based on the outside diameter of the grounded

junction thermocouple (Appendix D). For a more in-depth discussion of thermocouples,

the reader is referred to reference [14].

3.5 DESIGN OF EXPERIMENT

Omega Teflon insulated type-K thermocouples with 0 010-inch bead diameter and a

30-gauge wire were chosen for these experiments. Two of eleven ejector pinholes were

used to house the thermocouple for the temperature measurement. One thermocouple

measured the fluid (ceramic/wax slurry) temperature and the other measured the die wall

temperature. The thermocouple location as seen on the die cavity and the core body is

shown in Figure 16. In order to run thermocouple wires from the outside of the DME to

the mterior of the die cavity, the ejector pin plate was modified slightly. The ejector pm

plate location relative to the die cavity and the DME can be seen m Figure 13. Howmet

allowed modification to the ejector pm plate as long as its original purpose was
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Figure 16 Thermocouples location on the die cavity and core body

not compromised. The modification was done at a Howmet machine shop. The

modification made it possible to run all eleven thermocouple wires to the outside if

needed. The 3-D model of the original and modified ejector pin plate were completed in

SolidWorks before any material was actually removed. The ejector pin plate before and

after modification can be seen in Figure 17. The next step was to find a way to secure the

thermocouples inside ejector pinholes. The type of epoxy that needed to be used to hold

the thermocouple in place had to withstand the injection pressure of 2000 psi and the

initial material temperature of 250 °F. A suggested thermocouple epoxy was turned

down due to the difficulty in preparing, cleaning, and removing it from the die. A

better suggestion was to use red wax to hold the thermocouple in place.

25



BEFORE MODIFICATION

#

AFTER MODIFICATION

Measui e Fluid Teinperatui e

m9

itm

r

a

iWii-e Exit Loc atioii

Figure 17 Ejector pins plate modification
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In the past, red candle-like wax had been used to cut off flow from specific parts of the

die. Red wax is easy to work with, easy to clean, and non-toxic. Even though the

melting point for the red wax is low, the injection process is so quick that the wax does

not have enough time to melt. At this point in the experiments it was not clear whether

both the thermocouple bead and the red wax could withstand the 2000 psi injection

pressure. An initial run was made to resolve this issue. A glass syringe was used to inject

red wax into the ejector pinhole. Since red wax solidifies at room temperature, the glass

syringe had to be constantly heated using a small portable heater. The installation of both

thermocouple A and B is shown in Figure 18.

cenaieAvu

CUT-VIEW

Poiiit A

Teflon Wii'fc

Thermocouples (Type K)

RED WAX

eeztaicArax
Hm*

DETAIL - VIEW

Figure 18 Installation of thermocouples for temperature measurement
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Thermocouple A was used to measure the fluid temperature of the mixture and

thermocouple B measured the die-wall temperature. A Teflon wire was used to press the

thermocouple B bead against the die to insure accurate die-wall temperature

measurement.

3.6 EXPERIMENTAL APPARATUS AND INSTRUMENTATION

The experiment was carried out on an Arburg injection molding machine very

similar to the one shown in Figure 19. The mold cooling was handled by a circulating

water heat exchanger. A thermocouple wire is connected to an Omega OMNI-AMP-IV

thermocouple amplifier with a scale factor of 10 mV/ °F. The amplified signal then

passed through a low pass filter, filtering out high frequency interference coming from

ASeURG

f
-I g figgHBC 4200

Figure 19 The Arburg injection molding machine
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the 60 Hz power distribution commonly used in industrial plants. The low pass filter

circuit diagram can be seen in Figure 20. The key term in a low pass filter circuit is the

cut off firequency. The cut off fi-equency is that fi-equency above which no variation of

voltage with respect to time may enter the circuit. The cut off fî equency was determined

experimentally using a variable capacitor switch box. The filtered signal was passed

through a thermocouple panel that interfaces with the intemal data acquisition board. The

AID board, a CYDAS 1420HR, converts the voltage signal into converter numbers. A

LabVIEW program was written for both data collection and temperature conversion to

Fahrenheit and Celsius scales. The LabVIEW program is presented in Appendix E. An

Intel Celeron 333 MHz computer running the Windows 98 operating system was used to

run LabVIEW 5 in collecting the temperature data during experiments. A Fluke 5500

calibrator was used to double check the calibration of both thermocouple amplifier and

A/D board. The data collection schematic diagram is shown in Figure 21.

SIGNAL HIGH

Signal
Volts

SIGNAL LOW

csa
R

A/D BOARD

HIGH INPUT

A/D BOARD
LOW B4PUT

Figure 20 Low pass filter circuit diagram
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Figure 21 Data collection schematic diagram
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3.7 FORMATION OF PARTS AND EXPERIMENTAL PROCEDURE

The ceramic injection molding at Howmet Morristown Casting Support is a cyclic

process that is based on time, temperature, and pressure. All of the injection parameters

such as screw rotation speed, nozzle temperature, nominal injection speed, total injection

time and injection pressure are pre-programmed in the Arburg control system. Once the

operator presses the start button, the Arburg injection machine automatically follows

through the injection cycle that is specifically designed for that particular job (e.g.,

8602B). The complete injection molding cycle can be broken down into the following

periods.

Dead Period — the time after the mold closes and the nozzle moves forward but before
material starts to flow into the mold

Mold Filling Period - the time in which material flows into the mold and fills the cavity

Pressure Build-up Period - the time after the cavity is filled and begins to cool while the
cavity pressme begins to build up to the injection pressure

Packing Period — the time during which material flows into the cavity at a relatively low
rate to compensate for material shrinkage with the screw retracting at
the end of this period

Cooling Period - the time during which material in the cavity solidifies and at the end of
which the nozzle retracts and the mold opens.

The 8602B cavity 1 was instrumented on site at Howmet's core manufacturing

plant. After the two thermocouples were placed in the die, the die cavity with the ejector

pin plate was placed inside the DME. Then the DME and 8602B die cavity were installed

in the Arburg injection machine as shown in Figure 22. At this stage all of the data
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Figure 22 The 8602B die setup on the Arburg injection machine

acquisition equipment was setup and rechecked to insure that it work properly. The

initial injection run showed promising results since thermocouples in both locations

survived the 2000 psi injection pressure. The red wax held up very well in both cases of

thermocouple A and B. Unfortunately, both thermocouples were not successful in

measuring temperature simultaneously due to the high noise level even with the low pass

filter in place. Therefore, only one thermocouple could be used during each run. A time

response study was conducted to determine the time constant of the data acquisition

system as a whole. A great deal of effort was put into determining how much the analog

low pass filter affects the response time of the system. Due to the short filling time (order

of 100 milliseconds), fast time response was critical in capturing the actual peak

temperature of the injected material at thermocouple A location. The time response was

tested using the 250 °F material at the nozzle of the injection machine. The experiment
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was conducted in two sessions. The temperature data was collected at 60-millisecond

and 30-millisecond intervals in the first and second sessions, respectively. The data

collection began when the die closed and the nozzle began to move forward and ended

when the die opened. To collect sufficient data, twenty runs were conducted in each

session. For the 60-millisecond session, ten runs were conducted for thermocouple A and

ten runs for the thermocouple B. The 30-millisecond session was completed in the same

way. For consistency, the same batch of core material was used to run the experiment.

It took approximately 30 seconds for each run to complete and another 5 minutes to save

the data, remove the part, clean the die, double check the thermocouple and prepare to

start the next run as shown in Figure 23. All collected data in LabVIEW are saved using

ASCII text format to import into the Microsoft Excel ® spreadsheet program for analysis.

nr

K

Figure 23 Cleaning and preparing core die for the next injection run
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CHAPTER 4

ANALYSIS OF EXPERIMENTAL DATA

4.1 ERROR AND UNCERTAINTY ANALYSIS

The present experiments were conducted in an industrial plant environment where

the collected data often contain errors due to low frequency electric fields associated with

the 60 Hz power distribution lines. The error in the data was determined by observing

error in a sampling of 180 data points at ambient room temperature. The results are

presented in Figure 24. As one can see, the ambient temperature data have a 6 degree

span. The analog RC circuit was able to successfully decrease the error due to the

electrical noises to an acceptable level of 0.75 degree span. Figure 25 demonstrates the

reduction of error after implementation of the RC circuit in the data acquisition system.

The fluctuation error due to electrical noise was corrected in the LabVIEW temperature

♦  *
♦ # ♦♦

♦  ♦ ♦

♦  • ♦

♦ ♦ ♦
_♦ ♦♦

^  ♦ ♦ ♦ ♦ ♦ ♦

♦  • ♦
** *** * * * * ♦ ♦.

Time (s)

Figure 24 Fluctuation of temperature data due to electrical noises
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Figure 25 Fluctuation of temperature data dampened by the use of capacitor
as a low pass filter.

measurement program. The use of the capacitor decreased the time response of the data

acquisition system as a whole. Experimental error also occurred from the thermocouple

amplifier that was used in the data acquisition system. To determine the experimental

error in using the Omega OMNI-AMP-IV thermocouple amplifier, its output voltage was

measured and compare with the Fluke® 5500 calibrator serving as a reference. The

recorded error of the thermocouple amplifier can be seen in Table 2. The average 0.012

volt translates to an uncertainty of 1.2 °F in the temperature measurement. The largest

part of the uncertainty came from the Arburg injection machine. The magnitude of total

Table 2 Error analysis for the thermocouple amplifier
Calibrator Output (°F) Calibrator Roading (Volts) Ampllflor Roading (Volts) Error (Veils)

250 2.500 2.515 0.015
200 2.000 2.005 0.005
150 1.500 1.491 0.009
100 1.000 0.981 0.019

Average 0.012

35



uncertainty is determined through the use of an error band. Since the start time of the

injection is unknown, all of the experimental runs are aligned using the peak temperature

of each run. Since the peak temperature depends on the location of the thermocouple

bead, any offset from its original location would cause variation of the peak temperature

as seen in Figure 26. From the 10 experimental runs measuring fluid temperature at

location B, the average peak temperature was fomid to be 218.7 °F with a 10.3 °F of

standard deviation. Run #1 could be an outlier or error in the experiment probably due to

nozzle temperature not reaching the operating temperature of 250 °F when injection

began. If run #1 is removed from the data, the average peak temperature becomes 221.5

°F with a 5.4 °F standard deviation. Besides peak temperature uncertainty, the Arburg

injection machine has its own uncertainty built in during operation. The development of

an error band links directly to the repeatability of data. Figure 27 and 28 show the error

band for both thermocouples locations A and B, respectively.

230

♦
225

♦
220

♦
215 ♦

♦
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95

♦
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RUN NUMBER

Figure 26 Peak temperature variation due to uncertainty in the height displacement of
the thermocouple bead measuring fluid temperature at location B
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Figure 27 Error band for the die-wall temperature measurement
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Figure 28 Error band for the fluid temperature measurement

37



4.2 SYSTEM TIME CONSTANT ANALYSIS

As discussed earlier, the thermocouple time response is related to the type of

junction and the diameter of the thermocouple bead. However, the greatest influence on

the response time of the thermocouple came from the data acquisition system itself. A

fast response time was needed for the data acquisition system in order to capture the

correct peak temperature during the lOO-millisecond filling process. Slow response time

will only bring more uncertainty to the peak temperature in every experimental run. Also

by including a low pass filter in the data acqmsition system, the time response of the

acquisition as a whole was decreased. The time constant of the acquisition system was

determined using a step change response from the ambient room temperature to the

nozzle (initial) flmd temperature. The time constant was determined by measuring the

time needed to reach 63.2% of the step response amplitude. The results show the

acquisition system has a time constant of 0.83 second with no low pass filter and a 1.55

second with the unplementation of a low pass filter. Consequently, the low pass filter

that helps to damp out the electrical noise unfortunately increases the time constant of the

system by 86%. The time response for type K, 0.010-inch bead diameter, thermocouple

with and without the use of a low pass filter is presented in Figures 29 and 30.
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CHAPTER 5

RESULTS AND DISCUSSION

The average experimental results from the ten experimental runs for both

thermocouple locations A and B can be seen in Figure 31. As a reminder, the

thermocouple at location A measures the temperature of the die wall, and the

thermocouple at location B measures the temperature of the fluid. Also, all runs have the

same initial conditions with injection pressures of 2000 psi and nozzle temperatures of

o

250 F. The computer model was a free surface model of the injection fluid. The only

possible comparison between the experimental and modeling data is expected at

thermocouple location B, which measured fluid temperature. If the 8602B-die cavity was

ever to be modeled, then the time-temperature data at thermocouple location A could

220
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Figure 31 Experimental fluid and die-wall average temperature results
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be used for comparison purposes in the future. However, in this study the time-

temperature data at point B was the only data used to validate the model. Before

comparing the two sets of time-temperature data, both the temperature and time were

normalized. Nondimensionalization of both the experimental data and the modeling data

are important in any validation process. The formula used to normalize the experimental

and modeling data is the following:

T — Tambient

Tinitial — Tambient

The exact time of injection in the experiment was unknown. It could not be determined

exactly when the injection process started. So in order to compare the time-temperature

data of the experiment and the computer model, the time was normalized. The time was

shifted using the time at which the maximum temperature occurred in the experimental

and modeling data. In other words, the time was shifted to compensate for the unknown

starting time of injection in the experiment. The formula used to shift the time in the

experimental and modeling data was the following:

TiyyiE — Tiyyip
@ Maximum _Temperature

A graph showing the comparison between the experimental and modeling data is shown

in Figure 32. The experimental data are bounded between the two extreme boundary

conditions of the modeling data. These two extreme boundary conditions were the heat

flux q" = 0.001 WW (adiabatic) and the h=20,000 W/m^ K (isothermal boundary).

These were the first two-computer models that were run. Since the adiabatic model did
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Figure 32 Material temperature variation with time - comparison of measured and
model predictions looking at extreme boundary conditions.

not represent the trend in the experimental data, a third computer model was run with

h=500W/m^ K. The h=500W/m^ K data yielded a better representation of the trend in the

experimental data than the adiabatic results. The experimental data fell between the

isothermal or high heat flux (h=20,000 WW K) curve and the h=500 WW K curve as

shown in Figure 32. By using the lumped capacitance method, a heat transfer

coefficient could be determined that yielded results similar to the experimental data. A

new heat transfer coefficient of h=1,800 W/m^ K was calculated through the lumped

capacitance method. The results of the h=l,800 WW K model compared to the

experimental data can be seen in Figure 33. In Figure 33, the model lies within the error
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Figure 33 Material temperature variation with time-comparison of measured and model
predictions include h = 1,800 W/m^ K.

band of the experiment from 0 to 4 seconds. Greater detail in the results can be seen in

Figure 34. This shows the modeling results staying within the experimental error band

for the first 5 seconds. Figure 34, the maximum temperatures of the model and the

experiment do not match because the experimental discrete data were sampled at every

30 milliseconds and the injection process is completed at 100 milliseconds. The only

way to obtain the true maximum temperature would be to have a data acquisition system

that has a much faster response time. This would provide a faster data collection

sampling rate. The h=1800 W/m^ K data yielded slightly better results in approximating

the experimental data than the h=2,200 W/m^ K data. However, both sets of data were
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very similar. In conclusion, the most accurate average heat transfer coefficients for the

filling and solidifying process were around 1,800 WW K or 2,200 W/m^ K with the

assumption that the heat transfer coefficient was uniform throughout the die and that it

was independent of time.

Comparing experimental data with modeling data was not the only way to

validate the computer model. The filling pattern could be obtained experimentally

through the use of short shots. A short shot is a molded part (ceramic core) that is

incompletely filled because insufficient material is injected into the mold. It is a method

by which the injection process is prematurely stopped at a certain time during injection to
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view the filling pattern at that point in time in the injection process. The nine frames that

were captured from the isothermal computer model (see Appendix C) demonstrate the

same filling pattem as the short shot frames. Also, knowledge of the history of problems

of the 8602B die cavity could be used to validate the computer model. This could be

done by looking at the five modeling cases that were run from the adiabatic condition to

the high heat flux condition. A single frame would be captured at the same injection time

for each case. As shown in Appendix F, throughout the five modeling cases the last

crossover from the root end of the core shows high heating in that area. This high heating

is due to the high shear rate that results from forcing a highly viscous material to flow

from a large cross-sectional area of the leadmg edge through a much smaller cross-

sectional area of the crossover. This is also due to an increase in velocity at the 90-

degree turn from the leading edge to the crossover. The history of the 8602B die cavity

shows a problem in that area with erosion in the last crossover which increases the

crossover diameter beyond the maximum allowable tolerance.

In conclusion, the ProCAST modeling software was quite capable of modeling the

ceramic injection process. The modeling results are reasonably accurate and validated

with confidence that it would be realistic within the uncertainty of the experimental

results performed on the actual injection process. The validation of the ProCAST

software insures that the injection process can now be optimized by experimenting with a

variety of modifications (e.g. vent location, die pressure, temperature profile, and sprue

diameter). This would allow the die-cavity to operate at lower injection pressures while

obtaining defect-free cores. This scenario would result in prolonging the life of the die

and greatly mcreasmg the productivity of the manufacturing of ceramic cores.
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CHAPTER 6

CONCLUSIONS AND RECOMMENDATIONS

The goals of this study were successfully accomplished. The experimental data

were successfully collected from the ceramic injection process, and the ProCAST

simulation software was successfully validated through the comparison of experimental

and modeling data. The validation of the ProCAST software would allow the ceramic

core injection process to be optimized by evaluating the different modifications (e.g. vent

location, die pressure, temperature profile, and sprue diameter). This would allow the

injection speed to be lowered while defect-free cores were produced. Lowering the

injection speed would lower the injection pressure. This would greatly increase the life

of the die through less wear. It is important to understand that experimental results

collected during this project can be used as a means of comparison for future computer

predictions.

For modeling studies, it is recommended that temperature dependence of the heat

transfer coefficient should be explored for both the filling and cooling phases of the

injection process. On the other hand, future experiments should explore similar

temperature measurements at several locations using smaller thermocouples with faster

time responses. Pressure measurements at the fluid boimdary could also be explored and

the process data could be used to validate future simulation models.
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Core Terminology

TIP CONNECTORS.

TIP SLOT.

.TIP END

, TIP PLENUM

.PASSAGE

-LE CROSSOVER SLOT

TIE-SLOT --

PEDESTAL HOLE —

TE CROSSOVER SLOT"^

TE EXIT-/
TE SLOT--^

TE CROSSOVER.

ROOT PASSAGE.

i t

.SLOT

^LE CROSSOVER

.TURBULATOR

INSERT LINE

"^CONICAL

-ROOT SLOT

_CAV. ID

4?S. ROOT TAB
// ̂ ^SNELLLOCK

OD/CV SIDE

ID/CCSIDE XJ—LE

.MISMATCH

PARTING LINE

INJECTION

RUNNER

.ROOT END

.FILLET

.RADIUS

TIE-BAR

CONNECTOR

CORE PRINT
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Comparison of Time Constant* vs. Overall Outside
Diameter of Bare Thermocouple Wires or Grounded
Junction Thermocouple In Air
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Figure F.l Adiabatic filling condition

Figure F.l Isothermal filling condition
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