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Abstract

A full three-dimensional finite element simulation of

ceramic injection molding is performed using the

PELDOM software. Predicted melt-front advancement,

and pressure variation and core deflection for an airfoilshaped

mold are compared with the corresponding

experimental data. The power-law-WLF model is used for

strain-rate and temperature dependence of the viscosity for

a ceramic/polymer mixture. A modified Herschel-Bulkley

model is used to include the effect of yield stress in the

viscosity model. Pressure from the mold filling simulation

is used to predict the deflection of core pins in the mold.

Numerical predictions are found to be in good agreement

with experimental data.

Introduction

Powder metallurgy, which was first used in early

1900’s to make tungsten filament for incandescent light

bulbs, is used these days for manufacture products such as

piston rings, connecting rods for automobiles, medical

implants, oil-impregnated bearings and even structural

components such as landing gears of an aircraft. Powder

metallurgy involves compaction of a mixture of powder

(ceramic or metal) and a binder (polymer or wax), which is

followed by sintering (heating without melting) of the

“green” compact. During sintering, as the powder particles

coalesce, density of the compact increases and it shrinks

significantly in size.

Powder injection molding (PIM) combines the

inherent advantages of powder metallurgy, such as

possibility of manufacturing metal parts with some degree

of porosity, net-shape parts from high melting point

refractory materials, with efficiency of the injection

molding process, which has been used to mold plastic parts

for the last fifty years. Since most plastic parts made by

injection molding have small wall thickness (< 3mm), the

Hele-Shaw approximation [1], which uses gap-wise

averaged flow equations and ignores the velocity

component in gap-wise direction, has been successfully

used to model the injection molding process. However,

powder injection molding is often used to mold thick parts.

If the Hele-Shaw approximation is used to simulate the

molding of thick powder-injection-molded parts, the

predicted melt-front advancement, pressure and

temperature fields can have large errors. Therefore, several

research groups [2–5] have recently developed the

software for full three-dimensional simulation of powder

injection molding. These softwares are based upon

generalized Newtonian formulation allowing a shearthinning

viscosity for a powder/binder mixture. Ilinca et al.

[2] also allowed a yield stress in the viscosity model, and

also solved the energy equation to include the nonisothermal

effects, whereas the viscosity model used by

Hwang and Kwon [3] does not have a yield stress term,

and also ignores the non-isothermal effects. However,

Hwang and Kwon [3] have a provision for simulating the

slip at mold walls. For plastic injection molding, prediction

of core deflection has been attempted in some recent

publications. [4, 5]

In the present work, the PELDOM software [6] is used

to simulate the mold filling. Some of the main features in

the PELDOM software and the governing equations used

are described in the next section.

Governing Equaitons

To simulate the flow during mold filling, the

conservation equations for mass, momentum and energy

were solved. Ignoring the inertial term and compressibility

of the fluid, these equaiton can be written as follows [7, 8]
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where uˆ

is the velocity vector, p the pressure, T the

temperature, t the time and 2 / ) ) ˆ ( ˆ ( ~ T u u هis the

strain-rate tensor. In Eqns. 2 and 3, , ٌ, p c and k,

respectively, denote viscosity, density, heat capacity and

thermal conductivity of the ceramic/polymer mixture.

Melt Front Tracking Scheme

To predict the melt-front advancement during mold

filling a volume-of-fluid type method [9] is used. In this

method, a scalar varialble (F), which is a measure of the

degree of fill or concentration of the fluid at a point, is

determinded by the advection equation:
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with the value of F being unity as the boundary condition

at the inflow boundary and 0 F everywhere in the mold

cavity as the initial condition. The fluid-front location in

this scheme is determined by the points with c F F ,

where c F is a fixed number between 0 and 1.

Simulation of Core Defleciton

In the present work, the pressure distribution predicted

by the PELDOM software was used to determine the core

deflection during mold filling. The I-DEAS software was

used for structural analysis of the core in the mold cavity.

The finite element mesh in the core (core mesh) used for

the structural analysis was completely independent of the

mesh used for the mold filling analysis (cavity mesh). The

pressure at the nodes on the surface of the core mesh was

determined by interpolation of the pressure predicted at the

nodes on the surface of the cavity mesh. In the decoupled

approach used for prediction of core deflection, effect of

core deflection on the flow during mold filling is ignored.

Material Properties

The power-law model with the WLF equation for

temperature dependence is used in the present work to

model the viscosity of the ceramic/polymer mixture:
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where s is the viscosity, م_ is the shear rate, T is

temperature, and A, 1 C , 2 C and n are material parameters.

Values of the various parameters in Eqn. 6 were obtained

by fitting the power-law-WLF equation to the

experimental data from a capillary rheometer. Before

fitting the equation, the Weissenberg-Robinowitsch

correction was applied to the apparent viscosity data. The

values of the viscosity parameters thus obtained are:

A 89 . 9047 3518 . 0 s Pa , 89 . 2 1 C , 72 . 2 2 C C,

5 . 57 a T C and 3518 . 0 n .

In some of the molding experiments with the

ceramic/polymer mixture, a local peak was observed in the

pressure before the mixture started to flow, which exhibits

presence of yield stress in the rheological behavior of the

mixture. To include the effect of yield stress on the

rheological behavior of the mixture, a modified Herschel-

Bulkley viscosity model proposed by Papanastasiou [10]

was used in the present work:

ممل_ _ / )) exp( 1 ( y s (6)

where is the effective viscosity including the effect of

yield stress, s the shear viscosity without yield stress, y 

and لare the parameters characterizing the yield stress of

the material. However, the values of the yield stress

parameters are not known for the ceramic/binder mixture

used. Therefore, the values of these parameters were taken

from reference [2] – 4 10 y Pa and 3 10 لs. It is noted

that, these values of y and ل, which are for a 92.6 %

mixture of atomized stainless-steel powder in an aqueous

gel binder may not accurately represent the yield behavior

of the ceramic/polymer mixture used in the present work.

For the mold filling simulation reported later in the paper,

constant values of thermal conductivity K m W K 5 . 2 , density m kg 2500 ٌ, and heat

capacity K kg J Cp 1500 were used. These values

are near the middle of the range of the values of these

parameters in the experimental data.

Mold Filling Experiments

The geometry studied in the present work is an airfoilshaped

part. Three different views of the molded part with

runners are shown in Fig. 1. The part in Fig. 1 has a

complex polygonal base and a slightly tapered airfoil shape.

There are two deep cylindrical holes on the top surface of

the polygonal base. The shape of the core is shown in Fig.

2. The pins used to create the cylindrical holes are

connected at their inner ends by a wax connector. All these

complex features of the mold cavity require a threedimensional

simulation of the flow during the molding

process.

The main goal of the experiments was to analyze the

effect of molding conditions and that of core-pin material

on core deflection during molding. In order to obtain

significantly different core deflections, two widely

different sets of molding conditions were used in the

experiments. The first set of processing conditions (smalldeflection

condition), which was designed to obtain a

small core deflection, had large fill time, higher melt

temperature, and similar temperature on the concave and

convex sides of the mold. To obtain a large core deflection,

the second set of molding conditions (large-deflection

condition) had small fill time, lower melt temperature, and

different temperature on the two sides of the mold. The

values of various parameters for the two set of processing

conditions are given in Table 1.

To analyze the effect of core-pin material on core

deflection, molding experiments were conducted for core

pins with three different materials _ _______ 
_____ 
__

plastic (PEEK). For core wax and the three different corepin

materials, the mechanical properties used for predicting

the core-pin deflection are shown in Table 2.

Mold Filling Simulation

As mentioned earlier, the PELDOM software [6] is

employed in the present work for a full three-dimensional

simulation of the mold filling. The finite-element mesh
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used to simulate the flow in the runners and the mold

cavity is shown in Fig. 3.

For the small-deflection condition, Fig. 4 shows the

predicted melt-front on the two different sides of the mold.

The corresponding melt-front advancement obtained by

short shots of the molding is shown in Fig. 5. The

predicted melt front advancement is in excellent agreement

with the advancement pattern observed in the short shots

of the molding. After the polygonal base of the molded

part is filled, in the airfoil portion, the melt front

advancement is faster in the region between the two

cylindrical cores. However, after reaching the connection

between the two pins, the melt-front does not propagate in

the extremely thin region between the wax connector and

the concave side of the mold. Since the gap between the

wax connector and mold walls is larger on the convex side,

the melt front continues to advance on the convex side of

the mold. After filling the far end of the mold, the melt

front turns around the wax connector to finally fill the thin

gap between the wax connector and the concave side of the

mold. The predicted melt-front advancement for the largedeflection

condition had a similar filling pattern as the

results in Fig. 4, except that the fill time for the worst

condition is smaller.

The predicted pressure distribution on the concave

side of the mold cavity for the low-deflection condition

just before the mold is completely filled is shown in Fig. 6.

Except the region between wax connector and the mold

walls, the predicted pressure distributions on the convex

and concave sides of the mold were very similar. As

expected, the predicted pressure is the maximum near the

gate and decreases along the filling path, with zero

pressure at the melt front. Since the shape of the finiteelement

mesh near the melt font, which is obtained by

successively adding the finite elements as the melt front

advances along the cavity, may not be very smooth,

slightly negative pressure is predicted because of

numerical error at some locations near the melt front. Due

to the abrupt decrease of the mold thickness, significant

pressure drop is observed in Fig. 6 around the gap between

the concave side and the wax connector. This prediction is

also verified by Fig. 7, in which the wax connector is

visible on the concave surface of the mold part. The

variation of pressure with time of the entrance of the flow

domain in mold filling simulation is shown in Fig. 8. The

overall predicted pressure value is slightly higher than the

corresponding experimental data.

For the low-deflection condition and steel core, the

predicted core deflection is shown in Fig. 9. Since in the

mold filling simulations, the gap between the wax

connector and the concave side of the mold is filled the last

and pressure drop in this area is comparatively high, the

core deflects to the concave side of the airfoil mold.

Predicted maximum core deflections for the other

materials and those for the large-deflection condition are

given in Table 3. It is noted that except for the steel core

with the small-deflection conditions, the predicted core

deflection is larger than the gap between the core and mold

walls (0.7 mm). In the molding experiments with the largedeflection

conditions, since the core did deflect enough to

contact the mold wall, accuracy of predicted core

deflection cannot be verified. However, for the lowdeflection

condition, with steel and aluminum pins in the

molding experiments, the core did not touch the mold

walls.

The deflections of the two core pins were measured in

the directions in which the part thickness around the core is

the smallest. These directions for the two cores are shown

in Fig. 10 (a). As shown in Fig. 10 (b), along these

directions, the core deflection was measured at a distance

of 1.888 inch from the base of the molding. A Magnamike

thickness gage was used for core deflection measurement.

For the small-deflection condition with steel pins, the

measured core deflection and the corresponding numerical

prediction are given in Table 4. The predicted core

deflections for points 1 and 2 shown in Fig 10 (b) are in

good agreement with the corresponding experimental data.
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TABLE 1 Two set of molding conditions used in experiments

Melt

Entrance

Temp

(C)

Sprue

Side

Mold

Temp

(C)

Clamp

Side

Mold

Temp

(C)

Fill

time

(s)

Velocity

at the

entrance

(m/s )

Low-shift

Condition

65.4 38 40 3.2 2.67

High-shift

Condition

59.2 45 30 0.9 9.50
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FIG. 5 Short shots of the airfoil molding.

TABLE 2 Mechanical properties of the core wax

and three different core-pin materials.

Steel Aluminum PEEK Wax

Young’s

Modulus

(GPa)

206.8 70 3.45 0.303

Poisson’

s Ratio

0.29 0.34 0.4 0.35

TABLE 3 For the two molding condition, the

maximum predicted core deflection for

the three different core pin materials.

Y Deflection (mm) Steel Aluminum PEEK

Low-deflection

Condition

-0.29 -0.82 -15.4

High-deflection

Condition

-0.44 -1.24 -23.2

TABLE 4 Core deflection for the smalldeflection

condition with steel pins.

Inspection points 1 2

Experiment (mm) 0.124 0.208

Simulation results (mm) 0.122 0.142

(a) Convex side (b) Concave side

FIG. 4 Predicted melt front advancement. FIG. 2 Two core pins and wax

connector at the end.

(a) Convex side (b) Concave side (c) Top side

FIG. 1 Three different views of the airfoil mold.

FIG. 3 Finite element mesh used to simulate the mold filling .

(a) Convex side (b) Concave side
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FIG. 8 Experiment data and simulation results for

the pressure variation during mold filling.

FIG. 9 Predicted core deflection for the smalldeflection

conditions with steel pins.

FIG. 10 Locations of the inspection points on the concave side of the airfoil.

(a) (b)

FIG. 6 Pressure distribution on the concave side of

the mold.

FIG. 7 Molded part with large-deflection

condition and plastic core pin. The wax

connector is visible on the concave side.

71.6 89.5 

47.96

cm

1 2
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