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Powder injection molding (PIM) is a net fabrication technique that combines the

complex shape-forming ability of plastic injection molding, the precision of die-

casting, and the material selection flexibility of powder metallurgy. For this

study, the design issues related to PIM for fabrication of thin-walled high-aspect

ratio geometries were investigated. These types of geometries are typical to the

field of microtechnology-based energy and chemical systems (MECS). MECS are

multi-scale (sizes in at least two or more different length scale regimes) fluidic

devices working on the principle of heat and mass transfer through embedded

micro and nanoscale features. Stainless steel was the material chosen for the

investigations because of its high-thermal resistance and chemical inertness

necessary for typical microfluidic applications. The investigations for the study

were performed using the state-of-the-art computer aided engineering (CAE)

design tool, PIMSolver®. The effect of reducing part thickness, on the process

parameters including melt temperature, mold temperature, fill time and switch

over position, during the mold-filling stage of the injection molding cycle were

investigated. The design of experiments was conducted using the Taguchi

method. It was seen that the process variability generally increased with
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reduction in thickness. Mold temperature played the most significant role in

controlling the mold filling behavior as the part thickness reduced. The effects of

reducing part thickness, process parameters, microscale surface geometry and

delivery system design on the occurrence of defects like short shots were also

studied. The operating range, in which the mold cavity was completely ifiled,

was greatly reduced as the part thickness was reduced. The single edge gated

delivery system designs, with single or branched runners, resulted in a

completely formed part. The presence of microchannel features on the part

surface increased the possibility of formation of defects like short shots and

weld-lines when compared to a featureless part. The study explored some typical

micro-fluidic geometries for fabrication using PIM. The final aspect of this study

was the PIM experiments performed using a commercial stainless steel

feedstock. Experiments were performed to study the mold-filling behavior of a

thin, high aspect ratio part and also to study the effect of varying processing

conditions on the mold-filling behavior. These experiments also provided

correspondence to the mold filling behavior simulated using PIMSolver®. The

PIMSolver® closely predicted the mold-filling patterns as seen in the experiments

performed under similar molding conditions. The study was successful in laying

down a quantitative framework for using PIM to fabricate micro-fluidic devices.
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Chapter 1: Introduction

The primary objective of this study was to investigate and address various issues

related to powder injection molding (PIM) designing to fabricate thin-walled

micro-fluidic components. The study was focused on investigating the process,

material and geometry interactions. This study was the first of its kind to explore

PIM for high-aspect ratio micro-fluidic components. The study specifically

explored the PIM process and micro-fluidic component design-related issues that

affected the flow behavior of the molded material. The specific problem

systematically identified the key process parameters that were influenced by

reducing part thickness and also addressed the problem of defect formation. The

approach used a combination of simulations and experiments to address the

issues. The focus was on key engineering principles like heat and momentum

transfer that govern the design and performance of the PIM process and the

molded component. The state-of-the-art computer aided engineering (CAE)

design package, PIMSolver®, was used to investigate these concepts. The use of

CAE-based process design for PIM was another significant achievement of this

study. The analyses used the design of experiments based on the Taguchi

method. The experiments were performed at Nypro, Oregon using an

experimental plaque provided by Hewlett Packard.

The study incorporated a systematic approach to address the problem of

powder injection molding (PIM) process designing. The systematic approach

included,

1. Identifying the design problem: Multiscale component fabrication.

2. Identifying a suitable manufacturing process: PIM.

3. Selecting an appropriate material based on the application: Stainless steel.
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4. Breaking down the problem and focusing on solving smaller problems:

Focus on mold-filling stage of the PIM cycle.

5. Investigating issues related to the specific problem: Effect of part thickness

reduction on process condition and study defect formation-related issues.

6. Analyze the issue thoroughly: Simulations, experiments and Taguchi

method of design of experiments.

7. Present the findings and give scientific reasoning for them.

8. Possible solutions and next direction to proceed.

This systematic approach can be extended to address and find solutions to

similar modem-day manufacturing problems, which involves interaction of

material, process and geometry.

PIM is a fast-developing powder-forming technique used to fabricate

small and hard-to-manufacture parts with complex features. This hybrid

technology combines the shape-forming capability of plastic injection molding,

the precision of die-casting and the material selection flexibility of powder

metallurgy [German 19931. PIM is an attractive and viable option for several

high-tech applications which require high quality and well-engineered products.

This attractiveness is due to PIM's ability to economically mass-produce near-

net-shaped (wrought equivalent) parts with excellent mechanical properties

[German 1993]. With PIM's flexibility of using a wide range of materials

combined with its complex shape-forming ability, it is being researched for the

fabrication of multi-scale components.

The basic steps of the PIM process include powder and binder selection

and characterization, mixing of the powder and binder (feedstock preparation),

pelletization, part and mold design, injection molding, debinding, sintering and
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finishing operations. The issues related to this shape-forming technology, are

greatly increased due to difficulties in understanding thecomplex nature of the

process. It is very difficult to accurately anticipate the interactions between the

powder/binder feedstock, thermal and mass transfer phenomena combined with

the formation of the frozen layer at the melt and mold wall interface.

The design methodology currently employed in the NM industry is based

on the trial-and-error approach. For the present-day competitive market, this

incumbent method is out-dated. It is highly inefficient in terms of time and

material utilization and can prove to be a deterrent to the growth of PIM. With

advancements in computer technology, CAE-based design has been widely

accepted as the most competitive technique for product/process design. The

numerical/computer simulation of the PIM process provides a platform to shed

some light on the interactions between the material properties, the processing

and geometric attributes. The main advantage of using a simulation tool is in the

reduction of cost and the lead time for new products as there is little or no need

to manufacture and rework molds before the optimal design is found.

PlMSolver® is a CAE software package specifically tailored to the design

needs of PIM. This software package, used to optimize the PIM part/process

design, models the process performance based on embedded governing relations.

Though commercially available, there are no validation studies that have been

documented. To validate the software's capabilities, some of the simulated

results were compared with corresponding empirical data. The software package

was used in the study to simulate the PIM process. The influence on the

processing conditions to the decreasing part thickness, combined with high

aspect ratios were identified and key phenomena related to material behavior
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were documented and corresponding conclusions were derived. The aspect of

defect formation during mold-filling was also explored.

The simulations give predictions of pressure, velocity and temperature

profiles throughout the flow region. In addition, the tracking of the melt front

and the prediction of defect such as short shots, weld lines and air traps can be

accomplished. These data provide information about the velocity distribution,

shear rates and possibility of defect formation which are valuable to determine

the mold design parameters and molding conditions [Najmi et. al 19911. Most of

the quantities used to analyze the process, are not directly measured but have to

be derived from the simulation results. The simulated data needs to be

complemented by the tool user's knowledge of the PIM process.

With rapid advancements in technology, micro-system technology has

been steadily gaining importance as being the solution to cater to the needs of the

present and future applications in the field of low-cost energy production,

medical field, among others. A combination or hybrid system with integrated

small-scale and large-scale components is called multi-scale systems. Multi- scale

systems are systems having feature sizes in at least two or more different length

scale regimes with integrated micro-scale mechanical, optic, fluidic and

electronic components and macro-scale interfaces. Micro-technology based

energy and chemical system (MECS) fall under the category of multi-scale

systems. MECS are highly-paralleled, spatially-intensified micro-macro systems

for the bulk processing of mass and energy [Paul et. al. 1999]. For economic and

practical success of multi-scale technology, the primary challenge is the

availability of suitable mass-fabrication techniques. Injection molding is a shape-

forming technology that shows great promise in this area. Plastic injection

molding has already successfully proved its ability in fabricating multi-scale
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components [Piotter et. al. 2003]. But most typical, thermal and chemical

applications of multi-scale components, in general, demand much better material

properties than the polymers can offer [Piotter et. al. 2003].

Multi-scale devices typically have high aspect ratios of 20 or more [Paul et.

al. 1999]. Aspect ratio is defined as the ratio of width to the height of a particular

feature on a component or the whole component itself. Typical PIM applications

have aspect-ratios of about 8 but as high as 70 have been achieved [German 1990].

The challenge of fabricating MECS components is the high aspect ratios

combined with microfeatures, which has not been previously attempted to

reproduce using PIM. As a first step, the present study looked at the influence of

decreasing thickness, with corresponding increase in aspect ratios on the

processing conditions of PIM.

The current study was a first of its kind in attempting to use PIM for

fabricating micro-fluidic device components. The research mainly provided a

framework for future research ventures into this field. The use of a systematic

approach in exploring the material, geometry and process interactions, keeping a

specific application in mind, was laid out. The study systematically investigated

some of processing issues which arise while using PIM for multi-scale. CAE-

based process designing for PIM has been used in the study to efficiently explore

the design space.

The concepts related to PIM, multi-scale technology and CAE-based

design, pertinent to the current study was detailed out. The effect of reducing

part thickness and the evolution of short shots were the two main investigated

issues in this section. In the simulation procedures, the simulation parameters

including the specimen geometries, feedstock and binder material properties,



machine specifications and process conditions were laid out. This section also

contained the Taguchi's design of experiments that was used to perform the

investigation. The simulation procedures to investigate the effect of part

thickness variation, process condition variation, microchannel features and

delivery system, on short shot formation were presented. The experimental

procedure section provided details of the molding trials conducted at Nypro,

Oregon. The simulation and experimental results were presented in the results

section. The analyses of the results based on the Taguchi method were also

detailed out. The final section contained the conclusions of the investigations.

This section also provided discussions and presented future avenues of research

based on the present study. The appendices contain details about the short shot

simulations, Taguchi calculations, micro-fluidic geometries, the 17-4PH feedstock

data sheets, the results for the molding trials at Nypro and some calculations.
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Chapter 2: Background

2.1. Manufacturing Science

Manufacturing science can be broadly defined as the understanding of

any manufacturing process using which material, labor, energy, and equipment

are brought together to create a product having a value greater than the sum of

each individual input. The emphasis here is not restricted to the final product,

but also on the approach needed to understand and control inputs required for a

specific output. There is a very close interdependence of the three decision areas

of materials, configurations and processes, in that a choice of a specific aspect

within any of these classes necessitates simultaneous choices in the others. This

so-called 'concurrency' of decisions necessitates the development of an

integrated science base for any manufacturing problem so as to enable

optimization and development of a system before actual manufacture. This is in

sharp contrast to the build-test-fix methodology attributed to most traditional

manufacturing. In short, there needs to exist an understanding of the couplings

between various attributes, as well as their integrated effect on manufacturing in

terms of certain metrics, such as reliability, quality, fundamental laws of physics

and chemistry, life-style concerns and cost.

Manufacturing processes are based on sets of activities that transform a

given set of raw materials into a final state through a chain of activities. The most

critical issue in advanced materials processing today is the gap between the

ability to make and the fundamental understanding of the process needed for its

rapid and reliable commercialization. Generically, process modeling involves the

solution of equations of balance of mass, energy, and linear momentum in

addition to other process specific equations. In the recent past, processing models



have been developed in a variety of areas and has been the subject of an in-depth

and independent area of research.

In applying a concurrent engineering methodology to advanced materials

processes like PIM, the pre-dominant approach to the problem is through

extensive experimentation based on knowledge and experience. Through this

method large amounts of empirical data is obtained and the final design solution

is obtained. The alternative, fast-developing and more efficient approach is

through simulations for tool design, part design, process design, defect analysis,

and remedies. The designs are thoroughly analyzed on a computer before actual

processing. The end goal of both these approaches is achieving zero defect

manufacturing.

2.2. Powder Injection Molding

2.2.1. Background

Powder injection molding (PIM) is a fast-developing powder-forming

technique used to fabricate small and hard-to-manufacture parts with complex

features. This hybrid technology has proven to be an attractive and viable option

to economically mass-produce high-performance components with the shape-

forming capability of plastic injection molding, the precision of die-casting and

the material selection flexibility of powder metallurgy.

In the 1960's and 1970's, when powder injection molding (PIM) first

entered the field of modern manufacturing, it was not meant to have any market

success but was more of a proprietary and close-guarded secret of these early

companies. The applications were more "in-house" rather than for commercial

purposes. Later, in the late 1980's and early 1990's, with the standardization of

the process, PIM underwent several evolutionary changes, which provided



opportunities for fabricating more complex components and also became more

attractive for mass-production. This increased potentiality was soon followed by

the realization that PIM applications had to be carefully selected as they heavily

depended on the availability of the raw materials and also on the ability to

reliably design the process/part.

The incumbent trial-and error based design approach is dependent on the

designer's experience with the materials and he process rather than on

fundamental engineering concepts. This has led to difficulties in timely

deliverance of orders, within the available budget and with the required quality

factors such as reliability, stability, and adaptability. It also lacks the adaptation

of modem concurrent engineering concepts thus hindering further growth of this

highly versatile technology. To overcome the problem, extensive researching is

being undertaken to understand various fundamental aspects of P]iM designing.

It is evident that for any further development of PIM, the designing process

should be modernized by implementing the concurrent engineering techniques

and also by the use of advanced computer technology.

Several attempts and approaches have been carried out during the last

decade or so to understand and tackle the problems in PIM designing that

directly or indirectly affect the quality and reliability of the final component.

These attempts have focused on many different fields, such as new and

improved feedstocks, improved and innovative molding techniques,

introduction of flow analysis and numerical simulations, etc. Notwithstanding

the various attempts in development of several simulation softwares, its

realization into the design process remains an unaccomplished and seemingly

difficult task. PIMSolver® is one such design package which is tailor-made for

PIM. This study exhibits this design package's ability to accurately predict the
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flow behavior of the feedstock-melt into the mold cavity. Another aspect which

this study is aimed at, is undertaking a systematic and detailed approach in

achieving the design-solution which is very essential for the success of any

engineering problem.

2.2.2. PIM Applications

The applications of PIM range from low-priced components produced in

bulk (50,000 to a million/yr) to highly complex custom-designed components

produced in small and limited quantities (10,000/yr). PIM has its applications in

the electronics industry, mechanical parts, armaments industry, household

products, medical appliances, automotive parts, tooling, sporting goods and

many more. Figure 1 shows some of the complex parts that have been

manufactured using PIM. Table 2 gives some examples of the applications of

PIM in the present-day industry.

PIM manufacturers are constantly on the lookout for new markets and

one of the fields being looked into is micro-manufacturing. With the capability of

utilizing a wide range of materials and also its ability to form complex shapes,

PIM has the potential of providing mass-fabrication solution to several

innovative multi-scale technologies.
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Figure 1: Sample components produced using PIM technique. (1) Stainless steel
blades and miniature helical gears for surgical application (picture courtesy:

MPIF); (2) Gear, rack and latch door for printer (picture courtesy: MPIF); (3 & 4)
Kovar electronic packaging (picture courtesy: AMT); (5) Aluminum heat sinks
for electronic applications (courtesy: AMT) and (6) Stainless steel hair clipper

blade (picture courtesy: MPIF)
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Table 1: The wide range of PIM applications separated by related industry.

Industry Applications

printer components
printed circuits

Electronics digital cameras
disk drive components
heat sinks
weaving machine components
welding nozzles

Mechanical heat-engine components
small transmission parts
lock mechanism
rifle sights
magazine catch

Armaments trigger and trigger guard
rocket guidance components
projectile stabilizer fin
investment casting core

Tools drill bits
wood cutting bit
machining tools
orthodontic bracket

Medical orthopedic implants
forceps
surgical equipment
valves
injection nozzles

Automotive transmission parts
airbag components
seat worm gear
jewelry
electrical tooth-brush micro-gears

Consumer watch components
tea and coffee cups
hair-cutting shears
golf club heads

Sports spikes/cleats
bicycle parts
ski-bindings
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2.2.3. The PIM Process

As depicted in Figure 2, the steps involved in fabricating a part using PIM

1. Powder selection and characterization

2. Mixing the powder with a suitable binder

3. Pelletizing the mixed feedstock

4. Injection molding to give the 'green' part

5. Binder removal from the 'green' part by debinding resulting in the

'brown' part

6. Densification of the 'brown' compact by high-temperature sintering.
7. Finishing operations ifnecessary.

The selected powder (metallic or ceramic) and the multi-component

binder system are first characterized for the process and then mixed to give a

homogenized mixture called 'feedstock'. Typically the binder system amounts to

about 40 % of the feedstock volume. The binder system also has some additives

that are added to modify/enhance certain attributes of the feedstock. Processing

aids, mold release agents, coupling agents, plasticizers, solvents, lubricants,

wetting agents and strengtheners are some of the common types of additives

used in the PIM feedstock formulations. [German 19901
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Figure 2: Schematic diagram of the PIM processing steps
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The feedstock properties are dictated by the choice of powder and

binders selected. The rheological properties of the feedstock are mainly affected

by this choice. The feedstock exhibits viscoelastic properties. During mixing and

molding, the feedstock acts as a viscous material and once cooled it becomes

elastic. The thermal conductivity, thermal expansion coefficient, heat capacity

and thermal diffusivity are the thermal properties that need to be looked into

while characterizing the feedstock. The viscosity of binder is mainly governed by

the type of binder used, along with the powder loading and powder geometry. It

is optimal to have tightly-packed particles with the binder completely filling the

inter-particle places.

The feedstock is pelletized to facilitate easy handling and also to maintain

its homogeneity once the mixing is done. The pelletizing step also recycles the

scrap material back into the molding process. The scrap material comes from

sprues, runners and defective molded components. The pelletized feedstock is

then fed into the injection molding machine where it is molded into the desired

shape by applying concurrent heat and pressure.

The injection molding cycle takes place in five steps. Figure 2 shows the

different steps of the PIM molding cycle. The feedstock (in granulated form) is

first fed into the barrel of the injection molding machine via a feed hopper. In the

barrel the feedstock is melted by the action of the reciprocating screw and

external heating provided by the barrel heaters. The mold is first closed and then

the molten feedstock is injected into the die cavity via the nozzle, sprue, runner

and gates by the thrust (injection pressure) provided by forward motion of the

reciprocating screw.



Once the cavity is about 98% filled, the transfer or switch-over occurs from

filling to packing! holding pressure. Here the reciprocating screw continues to

push more material, at constant pressure, into the mold till hydrostatic

equilibrium is reached. This is to compensate for the shrinkage due the cooling of

the feedstock in the cavity. This post-filling carries on until the gate freezes after

which no more material can be injected into the die cavity. Now the pressure is

released and the cooling phase begins. Once the part is cooled, the mold opens

and the part is ejected by means of the ejector pins. The freshly molded 'green

compact' is very brittle and prone to deformation. So care should be taken while

handling such parts immediately after ejection.

After molding, binder is slowly removed from the molded 'green'

compact by either or a combination of thermal, solvent and/or capillary

debinding techniques. The resulting in the 'brown' compact is porous and very

brittle as the particles are weakly held together by the backbone binder. In the

sintering step, the particles bond together, leading to densification of the brown

part. During this stage the molded part undergoes volumetric shrinkages

ranging from about 12 to 18%, The final step in the NM process is the finishing

operation which may include coining, machining, plating, and/or heat treatment.

The finished component has excellent strength and microstructural homogeneity,

which are superior to those resulting from other processing techniques.



Movable
platen

V

Molten feedstock

Fresh molten feed
for next shot

Non

v,F

Solidification (2)
r occurring

wa _____

(3)

(4)

17

F

Figure 3: Typical injection molding cycle: (1) Mold is closed; (2) Melt is injected
into the cavity and packed; (3) Screw is retracted and (4) Mold opens and part is

ejected
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2.2.4. Mold-filling Stage:

The mold-filling stage in the when the molten feedstock in the barrel is

injected into the mold cavity via the sprue, runners and gates. This stage one of

the most vital stages in the injection molding process and controlling this stage is

very critical to successfully mold a part.

A process zone or process window, as depicted in Figure 4, exists inside

which a part can be formed without the formation of defects. This window

shows the influence of process parameters like injection speed and injection

pressure on the mold-filling behavior, If the injection speed or injection pressure

is too high, the result might be jetting or powder/binder separation or some

other defects, if the injection pressure is too low, short shot (premature

solidification) or air traps may result. Figure 5 shows some of the defects that

may occur if the process parameters are not defined correctly.

Currently, finding or defining this process window involves series of

experimental runs till a complete process window is achieved. The resulting

wastage of material, machine/man-time makes this process inefficient. But with

the aid of simulation packages, the process window can be set-up with no or

very minimal number of experimental runs. The simulation helps to answer the

basic question whether a given mold cavitycan be ifiled
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Figure 4: Depiction of a processing window for defect-free mold-filling
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To successfully injection mold a part, there are a several input parameters

that need to be defined and designed. These input parameters are divided into

four sub-groups:

Process parameters

Component geometry parameters

Binder material properties

Feedstock material properties

The process parameters can be further classified into pressure-related,

temperature-related and velocity related parameters.

The pressure-related parameters include injection pressure, clamping

force and maximum wall shear stress. Controlling these parameters help to

reduce force that is required to mold a part. The injection pressure and the

clamping force are limited by maximum capacity of the injection molding

machine. Insufficient injection pressure may lead to defects like short shots and

too high a value may results in jetting, residual stresses and also longer cooling

times. The amount of clamping force needed to mold a part sets the limit to the

number of parts that can be simultaneously molded using multi-cavity molding.

Insufficient clamping force may result in defects like flashing. Controlling the

maximum wall shear stress value helps to reduce the amount of residual stresses

that are induced due to improper mold-filling [Evans et. al. 2000]. The locations

of high wall shear stresses, if over a certain value may result in powder-binder

separation.

The temperature-related parameters include cooling time and melt front

temperature difference. Controlling these parameters result in shorter processing
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times and maintaining uniform temperature during mold-filling. Longer cooling

time results in longer cycle time and short cooling time may lead to the creation

of residual stresses and uneven cooling of the part. íMFT is the temperature

difference between highest and smallest value of the melt front temperatures

(Figure 6). Large melt front temperature difference may lead to variations in part

shrinkage and lead to warpage. In plastic injection molding, a difference of 20

°C is considered acceptable. Cooling time variations lead to the formation of

thermal stresses.

The velocity-related parameters include maximum shear rate, calculations

of melt front velocity (MF\T) and melt front area (MFA). Controlling these

parameters result in the reduction and uniform deformation of the molded part.

High shear rates may lead to powder-binder separation. The MFA depends on

the geometry of melt flow during its passage through the mold cavity. In turn,

the MFV of melt front changes as the melt front area changes (Figure. 8). MFV

depends on MFA and the set injection speed on machine control. Variations in

MFA result in powder density gradients in the molded part. Variations in MFV

increases surface stress and differential orientation, resulting in warpage. Hence,

it becomes necessary to have a uniform MFV in the melt front [Tsugawa et.

al.1992j.

2.2.5. Designing For PIM

To design the PIM process which includes mold design and specification

of processing conditions, quantitative models for predicting temperature and

pressure fields for varying process conditions are required. The coupling of the

injection and the cooling stages complicates the designing of the injection

molding process.
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PIM is very similar to the plastic injection molding process in terms of the

process. But, due to the vastly different material properties of the injected

material, the similarity ends. This greatly alters the designing for the PIM process,

in terms of material combinations, machine settings and the component design.

2.3. PIM Simulation

2.3.1. Background

To design the injection molding process which includes mold design and

specification of processing conditions a quantitative models for predicting

temperature and pressure fields for varying injection conditions are required.

The computer simulation of the injection molding process aims at providing

pressure, velocity and temperature profiles throughout the flow region. In

addition, the tracking of the melt front and the prediction of weld lines and air

traps can be accomplished. With these data in hand, information about the

velocity distribution, shear rates and defect formation can be derived which are

valuable to determine the mold design parameters and molding conditions

[Najmi et. al. 1991].

For any manufacturing process, to reproduce the conditions encountered

during processing via computer simulations, such as shear rate, pressure, or

temperature gradients, it is essential to provide accurate information regarding

the material behavior. Empirical models that best describe the material behavior,

have been derived and are used to simulate the required processing conditions.

The challenge in selecting suitable models for the PIM process arises due

to several process related issues. These issues include batch-to-batch variation of
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material properties, dependency of the feedstock properties to varying process

conditions, for example the dependency of the temperature sensitivity of the

feedstock viscosity on both shear rate and temperature. Also, it is highly difficult

to measure the material properties at extreme conditions like high temperatures,

high shear rates, and fast cooling rates typical of the PIM process. Some typical

material parameters needed for modeling the simulation of the PIM process

include thermodynamic properties like density and heat capacity, transport

properties like viscosity and thermal conductivity, and the mechanical properties.

There is a lot of existing literature dealing with numerical simulations which

have adequately modeled the PIM process [Najmi et. al. 1990, 1991; Xuanhui et.

al. 1998; Reddy et. al. 2000; Wanget. al. 1993]. The CAE software, PIMSolver®

uses one such modeling technique to simulate the PIM process. The physical

relationships included in this simulation platform that define process and

material behavior are discussed briefly below.

2.3.2. PiMsolver®

The commercially available PlMSolver® (Cetatech) is a 2.5D FEM

software package used in the simulation of the powder injection molding process.

The flow analysis tool of the software can predict the flow of the feedstock

material through out the injection molding cycle to ensure that acceptable parts

are designed for the manufacture. Using flow analysis, we can optimize gate

locations and processing conditions, assess possible part defects, and determine

the dimensions for a balanced feed system. The flow effects resulting from bulk-

temperature gradients or asymmetries in part geometry can also be considered.

This tool provides an efficient means to determine the optimum processing

conditions for a specific part and injection molding machine combination, and
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optimize the stroke length, injection velocity profile, switch-over positions and

pressure profiles required for a part.

2.3.3. Governing Models

Every manufacturing process/problem has a set of unknown parameters

associated with it. These parameters provide the necessary information needed

to simulate the process. They can be evaluated by solving equations which are

used to model the process.

For the PIM process, the unknowns are pressure (p), temperature (1),

three velocity components (u, v and Wz) and 6 stress components (T,, Tn,, Tzz,

T,,, -r and -ru). There has been a lot of work previously done to simulate the PIM

process [Najmi et. al. 1990, 1991; Xuanhui et. al. 1998; Reddy et. al. 2000; Wang et.

al. 1993]. There is a general consensus of modeling the mold-filling stage based

on the generalized Hele-Shaw (GHS) flow into thin cavities [Najmi et. al. 1990]

2.3.3.1. Rheological Modeling

The rheological characteristics of PIM feedstock ranges between

Newtonian, pseudoplastic and dilatant flow [Mutsuddy 1995], but the

pseudoplastic behavior is more predominant. During the mold-filling, the

feedstock-melt exhibits fountain-flow (Figure 8) due to which there is a shear rate

distribution (gradient) along the thickness (z-direction) of the melt flow. The

shear phenomenon increases as we go nearer the mold wall. Due to the high

shearing action, the powder particles and the binder molecules realign

themselves in the direction of the flow, resulting in a drop of viscosity. This

shear-induced reduction of viscosity is known as 'shear-thinning', which is
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similar to that shown by thermoplastics. This decrease in viscosity with increase

in shear rate is also known as pseudoplasticity.

Unlike the thermoplastics, the PIM feedstock also exhibits yield stress at

very low shear rates. In addition, the powder-binder mixtures exhibit apparent

slip phenomena that are characteristic of particle-filled materials [Kwon et. al.

19951. As the melt fills the mold cavity, there is a frozen layer frozen layer build-

up along the mold walls (in the already filled part of the mold cavity) due to the

cooling of the feedstock-melt (Figure 8).

The dependence of feedstock viscosity, i-i, on shear rate and temperature

were modeled with the modified Cross model (Eq. 1), that accounts for the yield

stress of the feedstock, using the following equations:

where,

77

1+C(,0.r)1 +-- (Eq.1)

* zero-shear-rate viscosity

n -* power-law exponent

C -p coefficient describing the transition region from Newtonian behavior

feedstock yield stress

'-* shear rate

The zero-shear-rate viscosity can be modeled by the Arrhenius equation,

as given in Eq. 2 and the Williams Landel Ferry (WLF) equation, as given in Eq. 3.
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Figure 8: The fountain flow phenomena of the feedstock-melt and the formation
of the frozen layer during mold-ifihing of a PIIM part.
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where,

where,

where,

(Tb
7i =Bexp--

Bf amplitude coefficient

Tb -* Arrhenius-type coefficient, characterizing the temperature

dependency of iio.

io D1 exp[
A1 (T T,) 1

A2(TT)]

T, =D2 -FD3p

A2 = A2T +D3p

T -* solidification temperature of the feedstock

solidification temperature at low pressure (- 1 atm)

D2 -* characterizes the linear pressure dependency of T5
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(Eq. 2)

(Eq. 3)

(Eq. 4)

(Eq. 5)

The Arrhenius equation (Eq. 2) is adequate for modeling the mold filling

stage during which the bulk temperature of the feedstock remains near the high

injection temperature. The WLF equation (Eq. 3) is used to model the post-filling

stage during which the feedstock shows substantial temperature variations due

to cooling. Figure 9 shows the plot of log viscosityvs. log shear at different
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temperatures for a typical PIM feedstock. The viscosity of the feedstock is also

dependant on the solids loading.

2.3.3.2. Slip Phenomena

The slip phenomena can be modeled using the slip layer (Figure lOa) and

the slip velocity (Figure lOb) models. The slip layer model assumes the presence

of a thin lubricating layer, typically 1 -10 pm, of the low viscosity pure binder at

the mold wall and the higher viscosity powder/binder mixture occupying the

remaining flow region. In the second concept, a slip boundary condition is

introduced based on the slip velocity at the mold wall. The slip velocity model is

considered as a limiting condition of the slip layer model when the thickness of

the slip layer approaches zero [Kwon et. al. 1995]. The slip layer, 6 (Eq. 6) and the

slip velocity, V (Eq. 7) are both functions of the wall shear stress, '.

Slip Layer Model: S = (Eq. 6)

Slip Velocity Model: V = a2r!2 (Eq. 7)

where,

al, a2 - material constants

ml, m2* power law exponents

The dependence of the viscosity of the pure binder, rib, in the slip layer on

temperature, T, is described by:

qb = B,, exp(J (Eq. 8)

where,
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Mold wallCenter line /

(b)

Figure 10: (a) Slip phenomenon with Slip layer. (b) Slip phenomenon with Slip
velocity
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Bb -3 amplitude coefficient

Tb,b -p Arrhenius type coefficient.

2.3.3.3. Continuity and Momentum Equations

The mold-filling stage is a combination of mass, momentum and energy

transfers. This can be adequately modeled based on the Navier-Stokes

conservation equations [Kwon et. al. 1995] using some approximations to

simpiify the calculations. The assumptions, based on approximations of

generalized Hele Shaw (GHS) model, are [Kwon et. al. 1995]:

1. The feedstock-melt is a continuum.

2. The feedstock-melt is incompressible (constant density, p) and also its

thermal conductivity, k, is constant.

3. Pressure is constant in the thickness (z) direction

4. Velocity is constant in the z-direction

5. The flow is symmetrical about the center line of the mold cavity

6. The effect of gravity and inertia of the feedstock-melt are neglected.

Based on the above assumptions, the continuity and momentum equations

can be approximated as below:

au av OwContinuity equation: + + =0 (Eq. 9)
ax 5y ôz
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ap a(Momentum equation: =
aU'\

a

ayay1az)' (Eq. 10)

az

2.3.3.4. Reynold's (Pressure-Governing) Equation

From Eq. 9 and Eq. 10, and also taking the slip velocity into consideration,

we can get the final form of the pressure governing equation (Eq. 11), where S is

the flowability constant given by Eq. 12. is the half-gap width and Us and vs are

the slip velocity components in the x and y directions respectively.

where,

(Eq.11)
ax ax ay ay

s 1'---- dz (Eq. 12)

2.3.3.5. Energy Governing Equation

By applying the GHS approximation, the energy equation gets reduced to:

(aT a 2+u+v---I=iiy +k-- (Eq.13)Energy equation: pC,
ax ay) az



where,
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,-

U (V1= +1I (Eq.14)
az) az)

2.3.3.6. Equation-of-State

To model the cooling stage which couples the filling stage of the PIM

process, it is very important to understand the PVT behavior of the feedstock.

This data gives an insight about the compressibility and volumetric expansion of

the feedstock materials. The transition from one phase to another can also be

understood. Figure 11 shows a typical PVT diagram of a PIM feedstock.

The two-domain, modified Tait equation (Eq.15) is seen to be adequate to

model the dependence of the specific volume of the feedstock on pressure and

temperature.

where,

v(PT)=vo[1_C1n{1+-}] (Eq. 15)

v0 = b1 + b2T (Eq. 16)

B = b3 exp(b4T) (Eq. 17)

T =Tb5 (Eq. 18)
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Figure 11: P\TT behavior of a typical PIM feedstock. The increase in pressure
reduces the specific volume of feedstock.



36

The linear dependence of the transition temperature on pressure is given by:

Tg(P)=bs +b6p (Eq.19)

2.4. PIM For Microfluidic Applications

Microfluidic components are an integral tool in the emerging field of

microtechnology-based electrical, chemical and biological systems (MECS) - the

design, fabrication, and use of structures and devices, both organic and inorganic,

with fluidic transfers or dimensions measured in billionths of a meter. It belongs

to the larger field of microtechnology, where matter is manipulated near the

atomic scale, enabling wholesale changes in the way we live our lives.

The rate and direction of expansion and improvement may be quite

different than what has been observed in the past. The primary reason for this

difference is the change in the driving forces of recent years. When

microtechnology was first introduced in the early 1960s, the emphasis was on

increased performance by means of reducing structural weight; very little

attention was given to low-cost manufacturing. To achieve high performance, the

low-cost production for commercialization is one of the most critical areas. The

advances in microtechnology have fuelled a lot of research into the development

of existing and new advanced manufacturing processes that suit the complex

requirements of miniaturization technology.

2.5. Micro-technology Based Energy and Chemical Systems

(MECS)

2.5.1. Introduction

One application of micro-technology is MECS. MECS are meso-scale

fluidic devices working on the principle of heat and mass transfer through
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embedded micro- and (in some cases) nano- scale features. MECS devices fall

under the category of multi-scale systems, which are systems having feature

sizes in at least two or more different length scale regimes. The overall size of

MECS devices ranges between micro-scale systems like integrated circuits (IC's),

and macro-scale systems like automobile engines with typical feature sizes of one

to ten pm [Paul et. al. 1999]. Figure 12 shows a typical MECS component. The

component shown in the figure is a heat exchanger, manufactured at Oregon

State University jtManufacturing Laboratory using the micro-lamination

technique.

Extremely high heat and mass transfer rates derived usingmicro-scale

geometries are the basis for MECS devices. Most commonly, micro-channels are

micro-features embedded into the MECS devices to provide the required heat

and mass transfers. The most attractive feature of these heat-exchangers is that

there is no or very minimal pressure drop during the processing operations.

Applications of MECS devices include thermal management systems, automotive

fuel cells, man-portable heat-pumps, distributed chemical reactor for

environmental restoration, in-situ resource processing for space applications and

many more. [Paul et. al. 1999]



Figure 12: Advanced micro-channel hemodialyzer component, an example of a
MECS device component.

Figure 13: Exploded view of a parallel flow micro-fluidic device
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2.5.2. Fabrication Of MECS Devices

Figure 13 shows the exploded view of a parallel-flow micro-fluidic device.

The component is fabricated by first patterning the multiple layers, called as

laminae, then arranging them on top of each other and finally bonding them

together using various methods. This fabrication technique used in the

manufacturing MECS devices is called "microlamination" [Paul et. al. 1999].

The laminae used in the MECS devices are shims of a base material having

desirable mechanical and thermal properties selected based on the desired

functionality of the final device. The materials used include copper, stainless

steels, intermetallics and various polymers [Paul et. al. 1999].

The three basics steps of microlamination include:

1. Laminae patterning.

2. Laminae registration and

3. Laminae bonding

2.5.2.1. Patterning

Patterning is the process of creating the desired feature onto individual

laminae by various micro-machining techniques. Some of the techniques used in

the patterning step include LIGA, laser micro-machining, mechanical methods,

electro-chemical etching, electro-discharge, plastic injection molding and several

others [Paul et. al. 1999]. The sophistication of the patterning techniques

employed is dictated by the aspect ratios of the micro-features and also by the

material being patterned.
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2.5.2.2. Registration

Once the laminae are patterned, they are stacked one on top of another

and properly aligned relative to each other. This step is called registration. There

various alignment techniques include optical, infrared, self-alignment, pin, edge

alignment and thermally enhanced edge registration (TEER) [Paul et. al. 2002].

The functionality of the final device is determined by the precision to which the

laminae can be positioned with respect to one another. Due to the small sized

features involved, even small misalignment of the laminae may lead to the

failure of the device. Hence this can be a crucial step in the fabrication of a MECS

device [Paul et. a! 1999].

2.5.2.3. Bonding

Bonding is the process of combining the stacked laminae into a single

component. It is very essential that the bonding results in a strong, durable and

hermetic (leak-proof) seal between each lamina. There are a wide variety of

techniques which have been explored for the purpose of laminae bonding. These

include polyimide sheet adhesive, diffusion soldering and brazing, diffusion

bonding, micro projection welding, surface mount technology, solvent welding,

ultrasonic welding and several others [Paul et. al. 1999].

2.5.3. Issues And Possible Solutions

The complex micro-scale features embedded in the MECSdevices,

combined with the applications they are designed for, emphasize the need for

thorough research into the materials and fabrication techniques being chosen for

these applications. Silicon, the conventional material used in most of micro-

manufacturing applications, is not suitable for most of the MECSapplications as

it is brittle and has a high thermal conductivity. So the challenge is to find
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suitable alternative material based on the final component's geometry, overall

strength, the environment it operates and several such functionality-related

aspects. The next challenge is to find a suitable fabrication technique that can

economically fabricate arrays of micro-scale geometries that range between one

to one hundred square centimeters, as the conventional micro-fabrication

techniques are not well-suited for working with such wide surface areas.

The high production volume is another challenge faced by MECS

manufacturers. Market-success of MECS devices relies heavily on how

inexpensive they can be. Hence the need to find the right materials and the

fabrication process that can result in an inexpensive MECS device [Paul et. al.

1999]. This study investigates the use of PIM as a technique to fabricate MECS

components. This study is a first of its kind to explore this avenue.

2.6. Goals Of The Study

The present study aimed at laying down the framework for future, more

detailed investigations of PIM for microfluidic components. The goals of this

study were:

1. Use a concurrent approach to solving a typical manufacturing problem

involving interaction of process, material and geometry.

2. Explore the concept of using PIM technique for the fabrication of microfluidic

components.

3. Establish the use of computer simulations to investigate and solve process

design issues.
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4. Understanding the influence of process variations on material properties

during mold filling of thin, high aspect ratio components.

5. Investigate the defect forming mechanisms taking the case of short shot

evolution as the example.

6. Establish methods to validate the simulated results with empirical data.
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Chapter 3: Methods And Procedures

The first focus of this work was to study the effect of varying part thickness on

the processing conditions during the mold-filling stage. For this part of the

study, the material properties of the feedstock and machine parameters were

kept constant. The delivery system which connects the injection barrel to the

mold cavity was not included in the study. The geometry was also kept same,

only its thickness was varied. To investigate the effect of part thickness, the

processing conditions were varied over an operating range which was limited by

the molding machine capabilities and also by the feedstock/binder material
properties.

The second focus of this study was related to the formation of defects like

short shots during the mold-filling stage. To study the evolution of the short shot

defect, the aspects investigated were:

Effect of processing parameters T, Tm and tf

Effect of reducing part thickness -3 mm, 2 mm and 1 mm plate

thicknesses.

Effect of surface geometry - Plain vs. channeled 1 mm plate geometry.

Effect of delivery system - Different runner and gate designs.

The third and final part of this study was aimed at providing some

comparisons of the simulation results with experimental results. The

experiments were carried out at the N'YPRO facility at Corvallis, Oregon.
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Table 2: The aspect ratios for the three plain plate geometries used in this study

Plate thickness Length Aspect ratio
(length/thickness)

3mm 70.12mm -'23

2mm 70.12mm 35

1mm 70.12mm 70



The pre-mixed feedstock material was provided by Latitude Manufacturing

Technologies, through its licencee RTP Company. The test mold used for the

experiments was provided by Hewlett Packard, Corvallis. The PIMSolver® was

the CAE-design package used to for the simulating the PIM process.

3.1. Geometric Specifications

The component chosen for this study was a simple plate geometry as

shown in Figure 14 and the microchannel geometry as shown in Figure 15. To

investigate the influence of reducing cross-section area, the simulations were

performed on the plate geometry using three different thicknesses of 3 mm, 2

mm and 1 mm, with the remaining dimensions being the same as in Figure 14.

The rationale for choosing this geometry was to reproduce the high aspect ratio

cable 2) and thin cross-sections, which are typical features of multi-scale

components [Paul et. al. 199]

Several different microchannel geometries were used to study the

influence of surface geometry on the mold-filling behavior. To address the issue

of designing a process for a particular geometry, a 6-channeled geometry was

used. The microchannel geometry has a plate thickness of 1 mm and 0.25 mm as

the depth of the blind channel (Figure 15). There are six channels on either sides

of the plate surface. This geometry was chosen to investigate the influence of

micro-scale features on the processing conditions during the mold-filling stage.

The design of the delivery system including the sprue, runner and gate were not

considered for studying the influence of varying plate thickness on the process

parameters.



The basic geometry for simulation was created using the graphics tool of

the PIMSolver®. The mesh for the three individual geometries with different

thicknesses was generated using the meshing tool of the PlMSolver®. Figure 16

shows the meshed geometry for the plain plate. The mesh contained 1028 nodes

and 1942 shell elements. The total cavity volume was 4880mm3 for the 1 mm

plate, 9760 mm3 for 2 mm plate and 14640 mm3 for the 3 mm plate. Figure 17

shows the meshed geometry for the microchannel geometry. The mesh contained

1978 nodes and 3826 shell elements. The mesh for this geometry was denser than

that for the plain plate geometry because of the microchannel features. The total

cavity volume was 4670 mm3.

3.2. Material And Machine Specifications

The material selected for the components was 316L stainless steel. Its high

corrosion and high temperature resistance were some of the favorable attributes

preferred in materials to fabricate multi-scale components due to applications

involving operating in very harsh environments [Paul et. al. 1999].

The binder system used for preparing the feedstock was a mixture (in

weight percentage) of 60% paraffin wax (PA), 35% polyethylene wax (PE) and

5% stearic acid (SA), with a solids volume fraction of 53%. The feedstock

properties were kept constant for the simulations. Table 3 and Table 4 give the

binder material and feedstock material descriptions. These material properties

were provided by Cetatech. The material properties in the Table 3 and 4 are used

to model the material behavior while processing. The injection molding machine

and parameters used for the simulations are provided in Table 5. These

parameters represent the maximum capabilities of the machine.
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Figure 14 The plain plate geometry for 3 mm, 2 mm and 1 mm thickness created
using the PlMsolver® drawing tool.

70.12 mm

R 6.35 mm

______2mmJ
Ii
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______It II

I I I

point I I

35mm

Figure 15: Micro-channel geometry with a plate thickness of 1 mm and a channel
depth of 0.25 mm (on either plate surface) created using the PlMsolver® drawing

tool.



Number of nodes: 1028
Number of elements: 1942

Figure 16: The plain plate meshed geometry for 3 mm, 2 mm and 1 mm thickness
created using the PlMsolver® auto meshing tool.

Number of nodes: 1978
Number of elements: 3826

Figure 17: The channeled plate meshed geometry created using the PlMsolver®
auto meshing tool.
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Table 3: Input data: binder material properties

Density p 739 kg/rn3

Specific heat capacity Cp,b 2286 J/kgK

Thermal conductivity kb 0.178 W/mK

Viscosity
Bb 5.72 x103Pas

Tb,b 3652 K

Slip layer

a 2.37 x 10 m

/1 4.232 x 10 K1

m 0.5126
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Table 4: Input data: feedstock material properties

Density p 3975 kg/rn3

Specific heat capacity Cp,f 685 J/kgK

Thermal conductivity k 1.84 W/mK

Transition temperature Tg 52.4 °C

Eject temperature Te 50 °C

Viscosity

n 0.18

Bf 5.19x103Pas

C 1.15 x 10 Pa(1)

Tb 5370 K

100 Pa

Table 5: The capacity of the injection molding used in this simulation study

Injection Machine Parameter Value

Maximum Injection Pressure 157 MPa

Maximum Clamping Force 25 tons

Maximum Injection Speed 110 mm/s

Screw Diameter 25 mm

Maximum Injection Sfroke 100 mm
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3.3. Simulation Parameters (Input/Output Variables)

The process parameters, whose values need to be manually fed into the

injection molding machine control, were chosen as the input variables. The

processing conditions were varied by varying the values of these parameters.

The four process parameters were:

Fill time, tf (s)

Feedstock-melt temperature, Tm (°C)

Mold wall temperature, T (°C)

Switch Over position, SO (% of ram stroke)

To assess the process capabilities, certain performance metrics needed to

be defined based on which the process conditions were adjusted. The metrics,

used to study the material behavior during mold-filling, were grouped into

pressure-related, temperature-related and velocity related output parameters.

1. Pressure-related parameters

i. Injection pressure (P1)

ii. Clamping force (fe)

iii. Maximum wall shear stress (Tmax)

2. Temperature-related parameters

i. Melt front temperature difference (MFT)

ii. Cooling time (to)

3. Velocity-related parameters
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i. Maximum shear rate (,)

ii. Standard deviation of melt front area (oMFA)

iii. Standard deviation of melt front velocity (oMFV)

3.3.1. Injection Pressure (P1):

The P1 rises as the mold cavity begins to fill, and continues to do so until

switch over occurs. Improper specification of the P1 can result in several types of

defects in the molded component. A mold cavity can be over packed, creating a

flash or it can also be under packed, resulting in a short shot. Other mold filling

problems include jetting and formation of weld lines. The unit of measurement

of P1 is 'Megapascal' (MPa).

3.3.2. Clamping Force (fe):

The The clamping force is the force required to hold the mold plate

together to facilitate defect-free mold filling. In common practice, the f is usually

specified as a fraction of the P1. Clamping force is proportionally related to the

projected area of a part, the larger the projected area the more clamping force

that is needed and vice versa. This is an important factor while selecting a

molding machine for a given mold specification. Too low a clamping force can

lead to flashing or non-filled parts, while its over-specification results in an

increase in power consumption and possibly a reduction in mold life. Thus,

operating in the optimal range is of foremost importance. The unit of

measurement of f is in ton.

3.3.3. Maximum Wall Shear Stress (Irnax):

Shear stress is force between layers of material that causes the layers to

initiate motion. Maximum Shear Stress, 'max, occurs at the gates and at the mold
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walls when the molten feedstock flows into the mold cavity. A sufficiently high

shear stress can create a phenomenon called shear thinning that can decrease the

viscosity of the feedstock material. This phenomenon reduces the effort needed

to fill a mold cavity. The reduced viscosity restructures the macromolecules as

well as the particles in the feedstock. The shearing also results in the frictional

heating of the feedstock, which helps in lower initial melt temperature

requirement. The unit of measurement of Tmax is also MPa.

3.3.4. Melt Front Temperature Difference (LMFT):

Uniform temperature throughout the part is important to produce a

quality part. At the end of filling, all areas of the filled cavity should have similar

temperatures. A large L\MFT leads to uneven cooling of the part, leading to the

formation of residual stresses. These residual stresses may deform the part on

ejection or while the sintering stage. The unit of measurement of iMVIFT is °C

3.3.5. Cooling Time (t):

Mold cooling accounts for a major part in the injection molding cycle

(more than two thirds of total cycle time). Cooling time, tc, is a function of mold

wall temperature, melt temperature, material properties and part wall thickness.

is essential to have uniform cooling to reduce residual stresses and maintain

dimensional accuracy and stability to improve part quality. While for production,

reasons it is best to keep the shortest t but if it is too short, the parts could have

defects. Some of the common defects seen due to pre-mature part ejection are

warpage and sink marks. Parts sticking to the mold may occur, leading to

problems while ejection. Cooling time is measured in seconds (s).

3.3.6. Maximum Shear rate (Ymax):
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Shear rate is a measure of the rate feedstock is deformed and forced to

flow into a die cavity. It has units of inverse seconds. Actually it is the shear

strain rate, representing the sheared change in length divided by the original

length in unit time. For PIM shear rates of several thousand per second are

normal. At high shear rates sufficient heat can be added to the feedstock melt to

allow processing with no additional external heat input. Every material has a

critical shear rate. Above this rate, the feedstock tends to become inhomogeneous

i.e. powder-binder separation occurs. The effect of the high shear rates may be

local, such as at the gate, and only confined to the area where the problem

occurred.

3.3.7. Standard Deviation Of MFA And MFV:

During injection molding, the melt spreads out from the gate into the

mold cavity in different directions by splitting into streams. For uniform freezing

of the melt, all melt fronts should spread inside the cavity with constant velocity.

The melt streams may divide into a number of streams if and when they come

across obstructions in their path which also results in variation in the MFV. The

melt velocity may also vary due to variations of the wall thickness and the mold

surface temperature. From Figure 7 it is seen that the cross section of melt stream

or melt front keeps changing depending on the geometry of melt flow during its

passage through the mold. Therefore, velocity of melt front changes as the MFA

(cross section area of moving melt front) changes during the passage of melt

through the mold. MFV depends on MFA and the set injection speed on machine

control. It can be observed that MFV increases when melt divides around any

obstruction, as MFA is reduced while passing around the slot. This increase in

MFV, in turn, increases surface stress and orientation resulting in warpage.

Hence, it becomes necessary to have a uniform MFV in the melt front which can
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be implemented by using varying injection rates. The MFA is measured in mm2

and the MFV is measured in mm2/s.

With the exception of the standard deviations of melt front area and

velocity, the values for the remaining output parameters were generated by

performing the flow analysis of the mold-filling stage using the PIMSolver/Pre®.

The standard deviations were calculated by performing time integration of the

instantaneous melt front areas and melt front velocities from the flow analyses

results.

To define the baseline parameters, the simulations were performed on the

part which is hardest to mold i.e. the 1 mm lamina. The initial processing

conditions for the sequence was with = 1.2 s, Tm = 130°C, T =30°C and SO =

97%. This run resulted in a short shot. Further runs were conducted by

systematically varying one variable at a time and these were progressively

conducted till complete a complete mold-fill was achieved. The details of the

short shot experiments are provided in the Appendix A. Complete mold fill was

achieved with tf 1s, Tm = 140 °C, T =45°C and SO = 97%. These conditions

along with the 1 mm plate thickness represent the worst-case-scenario or the

lower bound for this simulation study.

The processing conditions were varied over three different levels each and

these levels were based on the above limiting conditions, material properties and

typical values used in practice. For example the levels of the T, were selected

based on the available operating range for the binder system used, which was

between 130 °C 180 °C. Below this range, the binder is a solid and above this

range degradation/bum-out of the binder occurs. Table 6 gives the matrix of the



input factors and their respective levels. Based on this matrix, 81 runs were

required to be conducted for each individual plate thickness to evaluate the

effects of each processing conditions. The trial-and-error approach tends to be

very time consuming and unsystematic which warranted the use of design of

experiments (DOE). The DOE helped to systematically perform the analysis with

the smallest number of experiments and also with economy of time, money and

materials.
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Table 6: The matrix showing the four processing conditions and their. Based on
this matrix, 243 simulation runs would have to be performed to cover every

combination.

Plate thickness: 3 mm, 2 mm, 1 mm

Processing conditions

°C

Switchover (% ram stroke)
0.97 0.98 0.99

Mold temp Mold tema Mold tem
45 50 55 45 50 55 45 50 55

Filling
time(s)

1
Melt
temp

140 1 1028 37 46 55 64 73

151120293847566574
160
-
3 12 21 30 39 48 57 66 75

0.9 Melt
temp

j- 77
160 6 15 24 33 42 51 60 69 78

0.8 Melt
temp

--Th---
150817 26 35 44 5371 80
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3.4. Design of Experiments

The Taguchi method's orthogonal array based design of experiments was

used for optimizing the processing conditions. The Taguchi method, also known

as the "Robust Design method", focuses on improving the fundamental function

and designing a product or process robust to the variations in the process

conditions. This method is used to reduce product cost, improve quality, and

simultaneously reduce interval time during product development process.

[Taguchi 19871

The experiments were conducted based on 'Orthogonal Array' which is

balanced with respect to all control factors and yet has minimum number of

experiments to be performed. This is a derivative of the fractional factorial

design. For this study we used the L9 orthogonal array designs for the four

factors each at three levels i.e. 34 factorial designs. Table 7 shows the L9

orthogonal array design.

The four input processing conditions were the control factors and the ten

output parameters were taken as the optimizing characteristics. In the Taguchi

Method, the optimization procedure involves the determination of 'best' levels of

control factors. The 'best' levels of control factors are those that maximize the

'Signal-to-Noise (S/N)' ratios. The Signal-to-Noise ratios are log functions of

desired output characteristics [Taguchi 19871.
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Table 7: The L9-Taguchi array, with nine runs and variable parameters A = Fill
time (s), B = Feedstock melt temperature (°C), C = Mold wall temperature (°C)

and D = Switch over position (% of the ram stroke)

L9 (34) ORTHOGONAL ARRAY ACTUAL VALUES

Run No. A B C D tf (s) Tm (°C) T (°C) SO (%)
1 1 1 1 1 1.0 140 45 97
2 1 2 2 2 1.0 150 50 98
3 1 3 3 3 1.0 160 55 99
4 2 1 2 3 0.9 140 50 99
5 2 2 3 1 0.9 150 55 97
6 2 3 1 2 0.9 160 45 98
7 3 1 3 2 0.8 140 55 98
8 3 2 1 3 0.8 150 45 99
9 3 3 2 1 0.8 160 50 97



The calculations were done to determine the optimal levels of the process

parameter for each output parameter [Taguchi 19871. The output metrics had to

be individually optimized as a single common objective function to be optimized

there does not exist. The objective function was to maximize the (S/N) ratio for

each parameter. The (S/N) ratio is a statistical quantity representing the power of

a response signal to the power of the variation in the signal due to noise [Ross et.

al. 1988]. The (S/N) is derived from the loss function and depending on the

optimization objectives, it takes different forms. Maximizing the (S/N) ratio

results in the minimizing of any property which is sensitive to noise. In this

study, the larger-the-better characteristic of the (S/N) ratio was preferred

because a high value of (S/N) implies that the signal is much higher than the

uncontrollable noise factors. The (S/N) ratios are calculated using Equation 20

and measured in unit decibels (db).

= -10 Log10 [mean sum of squares of the measured data]NJ Eq.20

The data was then analyzed using the statistical methods of ANOM

(ANalysis OfMeans) and ANOVA (ANalysis OfVAriance). Note that each

experiment was conducted with the combination of different factor levels. To

separate the individual performance of each independent variable the

performance values for the corresponding level settings were added up. The sum

gave the average performance over a number of experimental runs. The ANOM

was used to optimize the process for the performance metric.

The ANOVA is a statistical technique that takes the variation into account

to calculate the differences in the average performance of the groups. In the case

of orthogonal arrays, it is be used to assess the significant parameters and their
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relative contributions to the variations in the observed parameter. These relative

contributions help to identify which factors mainly influence the part's

sensitivity to noise.

3.5. Short Shot Simulations

The simulation runs that were conducted to ensure complete mold-filling

with the worst-case scenario make up the short shot sequence. The worst-case

scenario here is defined as the conditions with which the getting a completely

filled part is the toughest. The thinnest geometry (1 mm plate thickness), lowest

feedstock melt temperature (140 °C), lowest mold-wall temperature (45 °C) and

highest fill time (1.0 s) combine to make-up the worst-case scenario. The worst-

case scenario is used to define the lower bound of the processing window for the

present molding conditions which include the molding machine, feedstock,

molding unit and geometry.

3.5.1. Effect Of Processing Conditions On Short Shot

Evolution:

The effect of varying process conditions were investigated by using a

process window approach to these simulation runs. The simulations runs for the

1 mm were first grouped according to the ifiling times. Each group comprised of

runs in which the mold temperature and the melt temperature were

systematically varied for a given fill time. The melt temperature was varied in a

range between 130 °C to 160 °C with an increment of 5°C. The mold temperature

was varied from 30°C to 55 °C with an increment of 5 °C. The fill timeswere

varied from 1.2 s to 0.8 s with a decrement of 0.1 s.
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3.5.2. Effect Of Reducing Part Thickness On Short Shot

Evolution:

The short shot simulations were also performed on the 2 mm and the 3

mm plate thicknesses. These simulations pm-pointed the process conditions'

combinations at which short shots first begin to occur for each plate thickness.

These simulations were aimed at investigating the influence of reducing

thickness on the occurrence of short shots.

By systematically varying the process conditions (melt temperature, mold

temperature and fill time), the progressive short shot sequence was achieved.

The feedstock melt temperature was varied from 130 °C to 160 °C with an

increment of 5 °C. The mold wall temperature was varied from 30°C to 55°C

with an increment of 5 °C. At higher thicknesses, the cavity could be filled over

larger ranges of fill times. To compensate for this, the range and the incremental

step for the fill times varied with the thickness.

3.5.3. Effect Of Surface Geometry (Microchannel Features)

On Short Shot Evolution:

To investigate the effect of surface geometry, the mold filling was

performed on a 1 mm plate with six channel-like features of 0.25 mm depth on

either faces of the plate (Figure 15). The process conditions for the nine runs were

kept the same as the orthogonal array used for the Taguchi experiments (Table 7).

The results of these nine mold-filling simulations were then compared with the

corresponding nine simulation runs performed on the plain 1 mm plate

geometry.



The mold-filling trials were also performed on three other microchannel

geometries to demonstrate the effect of features during mold-filling. The

maximum wall thickness for any of the sample geometries was 1 mm. The

surface features ranged from 0.25 mm deep to through channels. Figures 18(a) to

18(c) show the three microchannel geometries. The mold filling was performed at

a feedstock melt temperature of 140 °C, mold wall temperature of 40 °C, fill time

of 1 s and a switch over position of 98% of the ram stroke. As a basis for

comparison, the mold filling was also performed on a 1 mm featureless plain

plate with the same process parameters.
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(a) (b)

(c)

Figure 18: Some sample micro-channel geometries investigated in this study. (a)
A ribbed micro-channel geometry having uniform wall thickness of 1 mm. (b) 1

mm thick micro-channel geometry with six slot-like features. (c) Cross-flow
micro-channel geometry with a plate thickness of 1 mm (in red), blind channel of

depth 0.5 mm (in blue) and two through holes (in white).



3.5.4. Effect Of Delivery System On Short Shot Evolution:

To investigate the effect of delivery system on the occurrence of defects

like short shots and weld-lines, seven delivery systems designs were studied.

The 1 mm micro-channel plate was used as the specimen geometry for this

investigation. The delivery system includes the sprue, the runner(s) and the gate.

The delivery system is the means by which the molten feedstock is transferred

from the barrel to the mold cavity. Figure 19 to Figure 21 show the seven

different delivery system designs for the micro-channel geometry that were

employed in the investigation.

The simulation parameters were kept the same as for the previous

simulations (the molding machine, feedstock material properties, binder material

properties, mold properties). To maximize the chances of getting a fully formed

part, extreme mold-filling conditions (i.e. high Tm and T and short ft) were used

for the simulations. The feedstock melt temperature was set at 160 °C. The mold

wall temperature was maintained at 75 °C. The filling time was set at 0.8 s.

The main consideration while choosing the type of gates was the very thin

cross section combined with wide surface area of the micro-channeled plate

geometry. Film-type gates are well-suited for filling such cavities and hence were

employed for all seven delivery system designs. The only variation in the gate

design was the number of gates included. Designs 4 and 5 included just double

film gates where as the remaining five designs had single gates. More details of

the delivery systems are provided along with the Figure 19 to Figure 21.
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Figure 19: Single edge-gated delivery system with the runner attached to the film
gate (0.25 mm) along its entire length. Design (1) 12 mm runner; (2) 6 mm runner;

(3) 8 mm runner with sprue tapering from 12 mm to 8 mm.
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Figure 20: Double edge-gated delivery system with the runners attached to the
film gates (0.25 mm) along their entire length. Design (4) 12 mm runner diameter,

sprue diameter tapers from 10 mm to 14 mm and Design (5) 6 mm runner
diameter, sprue diameter tapers from 6 mm to 12 mm.
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Figure 21: Single edge-gated delivery system with the branched runners attached
to the film gate (0.25 mm) at four points (4 pseudo-gates). (a) 10 mm runner

length and (b) 5 mm runner length



3.6. PIM Experiments

Experiments were conducted to compare PIMSolver models' prediction of

the flow behavior of feedstock melt into the mold cavity. The experimentation

was performed to provide correspondence to the simulation results. The details

of the experimental set-up have been providedbelow.

3.6.1. Experimental Set-up

The material used for the injection molding experiments was an agar-

based 17-4Ph stainless steel feedstock (RTPMIM 17-4PH X 101308) from RTP

Company. The feedstock is a premixed compound of fine 17-4PH stainless steel

powder and a water-based binder. As it is water-based, the temperatures needed

for molding is comparatively lower than normally used for other feedstocks. The

feedstock properties have been characterized by the manufacturer using a series

of standard tests. The datasheets for the feedstock material are provided in

Appendix D.

The experiments were performed on a 60-ton Engel injection molding

machine. These experiments were performed at Nypro, Oregon. Figure 23 shows

the picture of the injection molding machine. It has a horizontal injection unit

and the screw is hydraulically powered. Table 8 gives the injection molding

machine's specifications.

The tooling for the experimentation was an experimental plaque provided

by Hewlett-Packard. This mold had a single cavity with a single sprue, a curved

runner and a film gate. Figure 25 shows the part drawing for the experimental
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plaque. The dimensions of the plaque were 3.5" x 3.5" x 0.04" or 88.9 mm x 88.9

mm x 1 mm.

To measure the performance and control the injection molding process,

the 'Stroke/Velocity Sensor' was mounted on the injection unit of the molding

machine. Figure 24 shows the picture of the sensor, manufactured by RJG

Transducers and its mounting position on the injection unit. The sensor provides

feedback on several experimental parameters including injection velocity, shot

volume, cushion, plasticizing rates, among others.

The experiments were primarily conducted to study the mold-filling

behavior of the feedstock melt into the thin cavity. A study on progressive filling

of the material was performed by decreasing the amount of material shot into the

mold cavity. The amount of material was controlled by decreasing the distance

the screw travels forward (feed stroke) for each run. A stroke length of 1.4 in.

was required to achieve complete mold filling (Run 11 and 12 in Table F-i). The

stroke was decremented by 0.05 in., for each successive run, to 0.53 in., when the

melt just barely entered the mold cavity (Run 49 and 50 in Table F-i). The inlet

feedstock melt temperature was maintained at 82.22 °C or 180 °F. The mold wall

temperature was maintained at 18.3 °C or 65°F.



71

Picture courtesy: www. engeirnachinery. corn

Figure 22: A 60-ton Tiebarless Engel horizontal injection molding machine on
which the experiments were performed.

InjectionUnit

Mold ________________

Picture courtesy: www.rjginc.com

ocity

Figure 23: Stroke/Velocity Sensor from RJG transducer which was mounted on
the injection unit of the molding machine to give feedback on the injection

velocity, shot volume, cushion, and plasticizing rates
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7.62 mm Nozzle Runner Nozzle

1.0mm

Figure 24: Part drawing for the 1-11' test-plaque used for the experimentation.
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Table 8: Specifications for the 60-ton Engel injection molding machine, on which
the experiments were performed (as provided by Nypro).

Injection Machine Parameter Value

Maximum Injection Pressure 152 MPa

Maximum Clamping Force 60 tons

Maximum Injection Speed 130 mm/s

Screw Diameter 25 mm

Maximum Injection Stroke 100 mm
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3.6.2. Simulation Procedure

The parameters used in the PIMSolver simulations were chosen to be as

close as possible to those in the PIM experiments. The experimentally measured

parameters like thermal conductivity and heat capacity of the feedstock were

used for the simulations. The datasheets for the feedstock provided in the

Appendix D give the measurement techniques used to evaluate the material

properties.

Some of the material characteristics, like the constant feedstock yield

strength, slip layer and slip velocity parameters, needed to accurately perform

the PIMSolver simulations have not been characterized. These material

characteristics have been approximated based on suggestions from PIM experts

and the feedstock manufacturer. The reason for the missing material properties is

because the feedstock was characterized for simulating the PIM process

specifically using the Moldflow and C-Mold simulation packages. These

software packages are used to simulate and design the plastic injection molding

process have also been used by several companies to simulate the PIM process.

The viscosity was described by the Cross-WLF model (Eq. 2 to Eq. 5).

Table 9 contains the 17-4PH stainless steel feedstock material data used for

running the PIMSolver simulations. The geometry for the experimental plaque

was created using the graphics editing tool of the PIMSolver and it was meshed

using PlMSolver's meshing tool. Figure 25 shows the meshed geometry used for

the simulations. Appendix F contains the detailed '.inp' (input) file used to

perform the PIMSolver simulations.
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Figure 25: The meshed part geometry created using the PIMSolver's graphics-
editing and meshing tools. The geometry was used to simulate the experiments.
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Table 9: 17-4PH Stainless steel feedstock material properties (as provided by
RTP Company)

Density p 3975 kg/m3

Specific heat capacity Cp,f 944 J/kgK

Thermal conductivity k 6.1 W/mK

Transition temperature Tg 35°C

Eject temperature Te 30 °C

Feedstock Viscosity: Cross-
WLF model

n 0.2108

24450 Pa

Al 41.47

A2 516 K

Dl 3.168 x l5Pa.s

D2 273K

D3 0K/Pa
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Chapter 4: Results And Discussion

The results have been presented in three sections. The first section studies the

influence of thickness variation on the pressure-related, temperature-related and

the velocity-related output parameters. The second section investigates the

defects formed caused by varying the process parameters, part thickness, surface

geometry and delivery systems. The third section focuses on the PIM

experiments and the comparison with the simulation results.

4.1. Effect Of Varying Thickness On Process Parameters
The nine simulation runs were conducted for each plate thickness, based

on the orthogonal array and the corresponding output parameter values were

tabulated. The same procedure was repeated for all the three thicknesses. Table

10, 11 and 12 give the pressure-related, temperature-related and velocity-related

output parameter values respectively, for the 3 mm plate, 2 mm plate and 1 mm

plate. The results of the Taguchi method, along with the Effects plots have also

been summarized in the Appendix C. PIMSolver® was used for running the

matrix experiments. These simulations predicted the flow paths, pressure,

temperature profiles and the other process factors that were of interest to the

mold-filling process.



Table 10: Pressure-related output parameter values from the simulation runs for
the three plate thicknesses.

Plate Run No. P1 (MPa) f (ton)

3 mm

1 7.18 2.04 0.18
2 6.63 1.86 0.17
3 6.14 1.76 0.16
4 7.18 2.00 0.18
5 6.25 1.75 0.17
6 6.63 1.85 0.17
7 6.72 1.87 0.19
8 7.35 1.77 0.18
9 6.38 1.78 0.17

2mm

1 12.92 3.28 0.20
2 11.92 3.03 0.19
3 11.40 3.36 0.19
4 13.00 3.26 0.20
5 11.10 2.74 0.19
6 12.34 3.15 0.19
7 11.85 3.38 0.21
8 13.50 3.96 0.21
9 11.55 2.92 0.19

1 mm

1 38.78 12.52 0.65
2 32.49 9.95 0.31
3 28.91 8.51 0.28
4 34.34 10.36 0.32
5 28.15 8.35 0.29
6 36.89 11.63 0.46
7 29.42 8.68 0.29
8 38.73 10.52 0.39
9 30.32 7.91 0.28
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Table 11: Temperature-related output parameter values from the simulation runs
f or the three plate thicknesses.

Plate Run No. AMFT (°C) t (s)

3mm

1 13.32 2.82
2 14.57 3.43
3 15.64 4.43
4 10.39 3.29
5 11.33 4.30
6 13.35 3.07
7 7.59 4.15
8 9.62 2.95
9 10.05 3.56

2 mm

1 39.69 1.25
2 43.19 1.53
3 46.02 1.97
4 33.80 1.46
5 37.12 1.91
6 43.30 1.37
7 28.39 1.84
8 34.52 1.31
9 36.84 1.58

1 mm

1 82.02 0.31
2 87.38 0.38
3 91.45 0.49
4 75.24 0.37
5 80.15 0.48
6 98.43 0.34
7 66.57 0.46
8 85.58 0.33
9 89.62 0.40



Table 12: Velocity-related output parameter values from the simulation runs for
the three plate thicknesses.

Plate Run No. y (s-1) aMFA (mm2) oMFV (mm/s)

3mm

1 2825.80 120.89 24.78
2 2827.70 112.31 10.40
3 2846.50 113.51 10.58
4 3173.30 115.66 11.87
5 3106.20 122.53 32.77
6 3083.00 112.52 11.69
7 3471.20 116.87 23.59
8 3603.10 114.13 13.51
9 3489.10 121.62 34.62

2mm

1 4294.10 82.36 33.01
2 4299.40 75.56 10.72
3 4317.00 76.27 11.12
4 4829.40 77.76 12.58
5 4659.50 81.01 25.91
6 4808.70 75.77 12.01
7 5292.00 75.51 13.29
8 5430.90 78.04 14.68
9 5264.90 80.65 22.85

1 mm

1 8734.60 43.29 29.39
2 8796.90 38.80 11.03
3 8579.50 39.09 11.03
4 9728.20 39.37 13.79
5 9310.70 41.41 37.23
6 9841.50 39.60 12.92
7 10441.00 39.85 23.29
8 11126.00 34.08 17.98
9 10392.00 40.52 20.54
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4.1.1. Pressure-Related Parameters

The pressure-related parameters determine the force required for mold

filling. The influence of changing process conditions and part thickness on the

pressure-related parameters will be presented and discussed in this section. The

pressure-related output parameters include injection pressure (P), clamping

force (fe) and maximum wall shear stress (Imax).

4.1.1.1. Injection Pressure (Pt)

Figure 26 shows the injection pressure with the different simulation cases

for the three thicknesses. The injection pressure increases with the decrease in

plate thickness. Jnjection pressure shows a relatively small increase when the

plate thickness is reduced from 3 mm to 2 mm when compared to when the plate

thickness is reduced from 2 mm to 1 mm, where the increase is more pronounced.

For example, mold-filling with the processing conditions, Tm = 140 °C, T =45°C,

tf = 1.0 s, SO = 97%, required a
P1 of 7.18 MPa, 12.92 MPa and 38.78 MPa for 3 mm,

2 mm and 1 mlxi plates respectively. The same trend was seen for all the 9 sets of

simulation cases. Table 10 summarizes the injection pressures for all the

simulation runs.

The injection pressure needed to fill one part (i.e. one mold cavity)

determines the number of parts that can be produced simultaneously using

multi-cavity molds. Each injection molding machine is limited by a maximum

injection pressure that it can apply. For the molding machinemodeled in our

simulations, the maximum injection pressure was taken as 157 MPa. Based on

this value, the number of mold cavities can be determined.
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Figure 26: Injection pressure variation for the three different thicknesses



For example, for the case presented above, the injection pressure needed to fill a
3 mm part was 7.18 MPa. Assuming that there is no pressure drop occurring in

the delivery system (runner, sprue and gate) then the maximum number of

allowable cavities is 21 cavities. Similarly for the 2 mm plate, the number of

cavities is limited to 12 cavities and for a 1 mm plate, there can be only 4 cavities.

Figure 27 shows the pressure distribution in cavity at the end of mold-

filling for the three plates. The process conditions were the same for three

simulation runs with Tm = 140 °C, T =45°C, tf 1.0 s,SO = 97%. The patterns

are almost similar for the three plates. The highest pressure is at the gates and

there is a gradual decay as the melt moves farther and farther away from the

gates. The pressure completely decays as the feedstock-melt reaches the farthest

corners (opposite to the gate as shown in Figure 27) of the mold cavity. One key

aspect to be pointed out here is the amount pressure drop from the gate to the

extreme points. For the 3 mm plate the pressure drop is from 7.21 MPa to 0 MPa.

For the 2 mm plate the pressure drop is from 12.8 MPa to 0 MPa and the same for

the 1mm plate is from 38.3 MPa to 0 MPa. For defect-free molding this pressure

drop should be low.

As part thickness reduces, more effort is needed to push the molten

feedstock into the cavity due to the reduced cross-sectional area. This problem is

compounded by the increase in the percentage of the frozen layer. Figure 28

compares the frozen layer distributions at the end of the mold-ifiling for the

three plates. For the 3 mm plate, the maximum frozen layer fraction is 5.39% of

the cavity thickness (Tm = 140°C, T = 45°C, tf = 1.Os, SO = 97%).
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Figure 27: Comparison of injection pressure distribution across the mold cavity
for the three plate thicknesses with same set of process conditions (Tm = 140 °C,

T = 45 °C, tf = 1.0 s, SO = 97%)
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Figure 28: Comparison of frozen layer percentage contours across the mold
cavity for the three plate thicknesses with same set of process conditions (Tm =

140°C, T = 45°C, tf = 1.Os, SO = 97%)



3.83E+O1 I 28E*0I 721 E+OO

3.40E+Ol
1 14E+Ql 641 E00

10.46% filled 52.40% filled 95.90% filled298E*0l I95--00 SISIE*CILI

2.55E+01 8 53EOO 4.81EOO r

213E 01 IE 40lE0lJ

1.70E+0l 5 68E+Ci __.k 3 21E00

1 mm 2 mm 3 mm
i28E*O1 4 26E*00 2.40E-00

85lE00 284E+oo 1,SOE+00

4.26E+00 I 42E*00 8.02E-01

0.00E+00 o oo+oo 0.00 E400

Figure 29: The percentage of cavity filled and pressure distributions for
the three plate thicknesses at an injection pressure of 7 MPa with same process

conditions (Tm = 140 °C, T 45 °C, tt = 1.0 S, SO = 97%)



With the same processing conditions, for the 2 mm plate, it is 8.95% and for the 1

mm plate the maximum frozen layer fraction is 100% i.e. the melt has completely

solidified.

Figure 29 shows the percentage of the mold cavity filled with an injection

pressure of 7 MPa for the three plate thicknesses. The processing conditions are

the same for the three simulations with Tm = 140 °C, T 45 °C, tf = 1.0 S, SO =

97%. For the 3 n-un plate 95.90% of the cavity is filled, 52.4% for the 2 mm plate

and just 10.46% for the 1 mm plate. As the plate thickness increases, the

resistance to the flow decreases, which in turn makes the mold-f ffling easier.

Figure 30 shows the injection pressure variability over the three plate

thicknesses. The increase in the amount of injection pressure needed for mold-

filling, as the thickness reduces, is also accompanied by an increase in its

variability. The injection pressure ranges from 6.14 MPa to 7.35 MPa for the 3

mm plate, with a standard deviation of 0.43 MPa. For the 2mm plate this range

is from 11.10 MPa to 13.50 MPa, with a standard deviation of 0.82 MPa. For the

1mm plate, the injection pressure ranges from 28.15 MPa to 38.78 MPa having a

standard deviation of 4.24 MPa. Figure 31 individuallycompares injection

pressure with filling time, feedstock-melt temperature, mold wall temperature

and switch-over respectively. These comparisons give an estimate to the source

of the variability seen in Figure 30. It can be seen that injection pressure mainly

varies with varying mold wall temperature in comparison to the other three

processing variables i.e. P1 shows most sensitivity to T settings during molding

of the thin part.
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From the ANOVA, relative contributions of each process parameter were

calculated. Figure 32 gives the relative contributionof each process parameter to

the variation seen in the injection pressure. This is compared for the three plate

thicknesses. Table C-15 in Appendix C gives the relative contributions to Pi by

the four input parameters. For the 3 mm plate, the significant factors that affected

the injection pressure were mold wall temperature and feedstock-melt

temperature at 36% and 38% respectively. But at a thickness of 2 mm, the effect

of the mold wall temperature becomes more significant at 45% and for the 1 mm

plate, the mold wall temperature was the single most significant factor that

affected the injection pressure at about 68% and the next significant being

feedstock-melt temperature at about 15.6%. This confirms the trend shown in the

Figure 31. It can be summarized that mold wall temperature control is the most

critical factor to maintain a steady injection pressure at lower part thicknesses.

Based on the Taguchi method, the optimization of
P1 was done for the

three plates using the ANOM. Figure C-2 in Appendix C shows the Effects plots

of the (S/N) ratios of P1 with corresponding levels for the three plate thicknesses.

The optimum levels for the injection pressure for the three plates have been

summarized in Table C-14 in the Appendix C. The process parameter level

corresponding to the highest (S/N) ratiowas chosen as the optimum level (the

circled points in Appendix C). In the present processing window the optimum

levels, corresponding to the injection pressure, for the 1 mm plate were fill time

of 0.8 s, feedstock-melt temperature of 160 °C, mold wall temperature of 50 °C

and a switchover point of 97% of the ram stroke. Similarly the optimum levels

for the 2 mm plate were fill time of 1 s, feedstock-melt temperature of 160 °C,

mold wall temperature of 50°C and a switchover point of 97% of the ram stroke

and for the 3 nm-i plate were fill time of 1 s, feedstock-melt temperature of 160 °C,

mold wall temperature of 50°C and a switchover point of 97% of the ram stroke.
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4.1.1.2. Clamping Force (f)

This second pressure-related parameter behaves similar to the previous

parameter, injection pressure. Clamping force is dependant on the area of the

molded part and the injection pressure. As the P1 increases, the f also increases.

In general practice, f is usually specified as a percentage of P1. Figure 33 shows

the clamping force with the different simulation cases for the three thicknesses.

The clamping force increases with the decrease in plate thickness. Similar to

injection pressure, clamping force shows a relatively small increase when the

plate thickness is reduced from 3 mm to 2 mm when compared to when the plate

thickness is reduced from 2 mm to 1 mm, where the increase is more pronounced.

For example, the clamping force required for mold-filling with the processing

conditions, Tm = 140 °C, T =45 °C, t = 1.0 s,SO = 97%, was 2.04 tons, 3.28 tons

and 12.52 tons for 3 mm, 2 mm and 1 mm plates respectively. The same trend of

increasing clamping force with decrease in part thickness was seen for all the 9

sets of simulation cases. Table 10 summarizes the clamping force for all the

simulation runs.

Similar to the maximum injection force, the maximum clamping force of

an injection molding machine also limits the number of cavities that can be there

in a multi-cavity mold. For the simulations, the maximum allowable clamping

force was taken to be 25 tons. Based on this value, the number of mold cavities

can be determined. For example, for the previously discussed case, the clamping

force needed to fill a 3 mm part was 2.04 tons. The maximum number of

allowable cavities is then 12 cavities. Similarly for the 2 mm plate, the number of

cavities is limited to 7 cavities and the 1 mm plate is limited to only a single

cavity mold based on the clamping force needed to fill one part.
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It is evident from this analysis that a high clamping force is an important

requirement for producing high aspect ratio microfluidic components.

Figure 34 plots clamping force and its variability for the three plate

thicknesses. It seen that with decrease in plate thickness, an increase in the f is

accompanied by an increase in its variability. For the 3 mm plate the range of the

clamping force is from 1.75 ton to 2.04 ton, a standard deviation of 0.11 ton. The

range of f for a 2 mm plate is from 2.74 ton to 3.96 ton, a standard deviation of

0.35 ton. For the 1 mm plate, this range is from 7.91 ton to 12.52 ton, a standard

deviation of 1.59 ton.

Figure 35 individually plots clamping force with filling time, feedstock-

melt temperature, mold wall temperature and switch-over. These comparisons

give an approximate trend of the source of the variability seen in Figure 33.

Similar to injection pressure, at lower plate thickness clamping force seems to be

mainly affected by mold wall temperature in comparison to the other three

processing variables i.e. f shows most sensitivity to T setting during mold

filling of the thin part.

The comparisons of the relative contributions of the individual process

parameters to the variation seen in the clamping force are shown in Figure 36.

Table C-15 in Appendix C summarizes the relative contributions to f by the four

input parameters. For the 3 inn-i plate, the feedstock-melt temperature was the

most significant factor at 50%, with mold wall temperature and fill time being the

next two most significant parameters at 23% and 25% respectively. For the 2 mm

plate, the switchover position becomes the most significant parameter at 38%,

with fill time at 24% and mold wall temperature at 26% affecting the clamping
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force almost equally. But, for the 1 mm plate, the effect of the mold wall

temperature became more significant at about 51%. Fill time and feedstock-melt

temperature contributed to about 20% each and switch over was the least

significant factor at a mere 3%. This confirms the trend shown in the Figure 35

which clearly showed the clamping force to be most affected by the mold wall

temperature for the 1 mm plate. Thus we can summarize that the mold wall

temperature control is most critical factor to maintain a steady clamping force at

lower part thicknesses. Fill time and feedstock-melt temperature play a relatively

more significant role compared to switchover position.

Figure C-3 in Appendix C gives the effects plot of the (S/N) ratios of f

with corresponding levels for three different plate thicknesses based on the

ANOM calculations. The optimum levels for the f for the three plates have been

summarized in Table C44 in Appendix C. In the present processing window the

optimum levels corresponding to f, for the 1 mm plate were fill time of 0.8 s,

feedstock-melt temperature of 160 °C, mold wall temperature of 50 °C and a

switchover point of 97% of the ram stroke. Similarly the optimum levels for the 2

mm plate were fill time of 0.9 s, feedstock-melt temperature of 160 °C, mold wall

temperature of 50°C and a switchover point of 97% of the ram stroke and for the

3 mm plate were ff1 time of 0.8 s, feedstock-melt temperature of 150 °C, mold

wall temperature of 50°C and a switchover point of 98% of the ram stroke.
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4.1,1.3. Maximum Wall Shear Stress (Tmax)

Maximum wall shear stress is the third pressure-related output parameter

and also responds similarly to thickness reduction as shown earlier by injection

pressure and clamping force.

Figure 37 shows the maximum wall shear stress with the different

simulation cases for the three thicknesses. Like injection pressure, the maximum

wall shear stress increases as the plate thickness decreases. The Tmax value for the

first case for the 1mm plate with the processing conditions, Tm = 140 °C, T

45 °C, ti = 1.0 s, SO = 97%, was relatively very high at 0.65 MPa. Cases 6 and 9

also resulted in relatively higher Tmax values when compared to the other runs for

the same thickness. These high values correspond to the lowest mold wall

temperature of 45 °C. The remaining cases followed a relatively consistent the

trend of increase inTm with a decrease in plate thickness. Table 10 summarizes

the maximum wall shear stress for all the simulation runs.

Figure 38 shows the distribution of wall shear stress in cavity at the end of

mold-filling for the three plates. The process conditions were the same for three

simulation runs with Tm = 140 °C, T =45°C, tf = 1.0 s, SO = 97%. The patterns

for the 3 mm and 2 mm plate are almost similar. But the distribution pattern for

the 1 mm plate is distinctively different and has two localized high wall shear

stress points where the possibility of having defects are very high. A high value

of wall shear stress may lead to defects like powder-binder separation or

cracking. Also an uneven wall shear stress pattern may also result in

inhomogeneous distribution of the powder which will result in density gradients

in the final part.
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From Figure 39, it seen that with decrease in plate thickness, an increase in
the is accompanied by larger variability of the max, especially for the 1 mm

plate. It shows a standard deviation of 0.12 MPa which is relatively very high

when compared to the standard deviation of 0.1 MPa shown by the 2 mm and 1

mm plates.

Figure 40 individually plots clamping force with filling time, feedstock-

melt temperature, mold wall temperature and switch-over. These comparisons

give an approximate trend of the source of the variability seen in Figure 39.

Similar to the previous pressure-related parameters, for the 1mm plate thickness

mold wall temperature shows a distinct influence on the maximum wall shear

stress in comparison to the other three processing variables i.e. r shows most

sensitivity to T setting during mold filling of the thin part.

The comparisons of the relative contributions of the individual process

parameters to the variation seen in the maximum wall shear stress are given in

Figure 41. Table C-15 in Appendix C summarizes the relative contributions to
t by the four input parameters. It is seen that as the thickness reduces, the

sensitivity of the maximum wall shear stress to feedstock-melt temperature

decreases and the sensitivity towards mold wall temperature increases. For the 3

mm plate, the feedstock-melt temperature was the most significant factorat 67%,

with fill time and mold wall temperature being the next two most significant

parameters at 21% and 10%, respectively. For the 2 mm plate, the feedstock-melt

temperature is again the most significant parameter with 38%. Switch over

position with 27% is the next most significant parameter. Fill time and mold wall

temperature contribute almost equally with about 18% each.
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for the I mm plate, the effect of the mold wall temperature is the most significant

at about 52%. Fill time and feedstock-melt temperature were the next significant

factors with 19% and 16% respectively. This confirms the trend shown in the

Figure 40 which clearly showed the maximum wall shear stress to be most

affected by the mold wall temperature for the 1 mm plate. In summary, similar to

the other two pressure-related parameters, proper specification of the mold wall

temperature plays a critical role in controlling the wall shear stress.

Figure C-4 in Appendix C shows the effects plot of the (S/N) ratios of Tm

with corresponding levels for three different plate thicknesses based on the

ANOM calculations. The optimum levels corresponding to maximum wall shear

stress for the three plates have been summarized in Table C-14 in Appendix C.

For the present processing window the optimum levels corresponding to

maximum wall shear stress, for the 1 mm plate were fifi time of 0.8 s, feedstock-

melt temperature of 160 °C, mold wall temperature of 50°C and a switchover

point of 97% of the ram stroke. Similarly the optimum levels for the 2 mm plate

were fill time of 1 s, feedstock-melt temperature of 160 °C, mold wall

temperature of 55°C and a switchover point of 97% of the ram stroke and for the

3 mm plate were fill time of 1 s, feedstock-melt temperature of 160 °C, mold wall

temperature of 50 °C and a switchover point of 97% of the ram stroke.
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4.1.2. Temperature-related Parameters

The temperature-related output parameters determine the distribution of

temperature in the molded part and also controls the processing time. The

temperature-related output parameters included the melt front temperature

difference (AMFT) and the cooling time (tv).

Uniform temperature distribution of the feedstock-melt in the mold cavity

during the mold filling is very critical. Uneven temperature distributions lead to

formation of residual stresses which may lead to warpage or cracks during the

later-on stages. Long cooling times increase the over-all processing time of the

injection molding cycle. Hence it should be kept as short as possible.

4.1.2.1. Melt Front Temperature Difference (LtMFT)

Figure 42 shows the melt-front temperature difference for the different

simulation cases for the three thicknesses. The iMFT showed an increase with

the decrease in plate thickness. For example, mold-filling with the processing

conditions, Tm = 140 °C, T 45°C, tf = 1.0 s, SO = 97%, showed a i\MFT of 13°C,

40°C and 82°C for 3 mm, 2 mm and 1 nim plates respectively. The same trend

was seen for all the 9 sets of simulation cases. A key result was regarding the

cases which showed the highest E1MFT for the three plates. Cases 3, 6 and 9

showed the highest values of the iMFT and these corresponded to the highest

melt temperature level of 160 °C. The vice-versa of this observation was also true,

with the lowest I.MFT corresponding to the cases with the lowest melt

temperature level of 140 °C. This shows that the L\MFT is mainly influenced by

the melt temperature. Table 11 summarizes the melt front temperature

differences for all the simulation runs.
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Figure 43 compares the melt front temperature distribution in the mold

cavity at the end of mold-filling for the three plates. The process conditions were

the same for three simulation runs with Tm = 140 °C, T 45°C, tf 1.0 s,SO =

97%. For the 3 nim plate, the patterns suggests that the melt front remain at the

initial temperature of 140 °C till almost 50% of the mold cavity and then it

gradually drops down to about 130 °C as the mold front reaches the end of the

cavity (JMFT - 10 °C). The melt front temperature for the 2 mm plate remains at

140 °C till about 40% into the mold cavity and then drops down to about 110 °C

at the end of the mold cavity (AMFT 20 °C). For the 1 mm plate the melt

remains at the inlet melt temperature of 140 °C till about 20% of mold fill and

then drops down to about 64°C at the end of the mold-cavity (E!MFT 76 °C).

This drop in the MFT is mainly due to the faster cooling of the melt in thinner

cross sections as the surface area is increases with reduction in cavity thickness.

This phenomenon will be seen more clearly while discussing the cooling time in

the next section.

The variability of the AMFT increased with the decrease in plate thickness,

as seen in Figure 44 which has the LMFT for the three plates. The standard

deviation of the AMFT for the 3 mm plate was 2.62 °C with a high of 15.64 °C and

a low of 7.59 °C. For the 2 mm plate the standard deviation was 5.55 °C, high of

46°C and a low of 29°C. The 1 mm plate had the highest standard deviation of

9.41 °C with a high of 98.43 °C and a low of 66.57 °C.
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Figure 45 individually plots melt front temperature differencewith filling

time, feedstock-melt temperature, mold wall temperature and switch-over for the

three plate thicknesses. From these comparisons some initial inferences can be

drawn about the response of the input parameters to varying thickness. It can be

seen that for the 3 mm plate, melt front temperature difference showed a clear

increase as the fill time reduced and it did not show any other clear sensitivity

trends with the other input parameters. For the 2 mm plate, however, both fill

time and feedstock melt temperature show a clear influence on the melt front

temperature difference. As these parameters increased, so did the melt front

temperature difference. The other two input parameters did not show any clear

influence. For the 1 mm plate, feedstock-melt temperature seems to be the most

influential factor as melt front temperature difference clearly increased when the

Tm increased. The mold wall temperature and fill time also show some influence,

but to a lesser degree than melt temperature.

The comparison of the relative contributions of the individual process

parameters to the variation of the AMFT is summarized in Figure 46. Table C-15

in Appendix C gives the relative contributions to AMFT by the four input

parameters. As the thickness reduces, the influence of fill timeon mold wall

temperature reduces and that of the feedstock-melt temperature increases. The

ANOVA confirms the observations from Figure 45. For the 3 mm plate, fill time

is the most influential factor at about 60%, with lesser influence shown by

feedstock-melt temperature at 29% and even lesser by mold wall temperature at

10%. For the 2 mm plate, the fill time and feedstock-melt temperature were the

most significant with relative contributions of 47% and 40% respectively. For the

1 mm plate, the effect of the feedstock-melt temperature is the most significant at

about 52%. Mold wall temperature with about 27% and fill time with about 20%
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were the next significant contributors. In summary, for thicker plates, fill time

specification is the most critical parameter and for thinner plates, feedstock-melt

temperature control becomes crucial to control the melt front temperature
difference.

Figure C-5 in the Appendix C gives the effects plot of the (S/N) ratios for

optimizing the AMFT based on the ANOM calculations. The optimum levels for

the melt front temperature difference for the three plates have been summarized

in Table C-14 in Appendix C. In the present processing window the optimum

levels corresponding to mold wall temperature, for the three plate thicknesses

were tf of 0.8 s, Tm of 140 °C, T of 50°C and a SO point of 99% of the ram stroke

i.e. fast filling, lower feedstock-melt temperature, intermediate mold wall

temperature and a late switchover ensures optimal MvIFT.
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Figure 46: Comparison of relative contributions of the process parameters to melt
front temperature difference during the mold-filling of the three different plates
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4.1.2.2. Cooling Time (ta)

Figure 47 shows the cooling times for the different simulation cases for the

three thicknesses. The cooling time showed a decrease as the thickness of the

plate reduced from 3 mm to 1 mm. Continuing with the previously used sample

case with the processing conditions, Tm = 140 °C, T 45 °C, tf 1.0 S, SO = 97%,

the 3 mm plate took a maximum of 2.8 s to cool. For the 2 mm plate, the cooling

time was 1.3 s and for the 1 mm plate, a cooling time of 0.3 s. This trend of

reduction in cooling times was seen for all the 9 sets of simulation cases. A key

observation in the results were cases 3, 5 and 7 showed the longest cooling times

for all three thicknesses and these corresponded to the highest mold wall

temperature level of 55 °C. The vice-versa of this observation was also true, with

the shortest cooling time corresponding to the cases with the lowest mold wall

temperature level of 45 °C. We can infer from this that cooling time is sensitive to

the changes in the mold temperature. Table 11 summarizes the cooling times for

all the simulation runs.

Figure 48 shows the cooling time distribution inside the mold cavity. The

longest cooling times were at the gate node. From comparing the three contour

plots it can bee seen that as the thickness reduced, the areas farther away from

the gate cool more quickly. Figure 49 gives the average temperature of the

feedstock-melt at the end of the mold filling stage. Comparing the cooling time

and average temperature plots, it is clear that the low temperature areas cool the

earliest. Now comparing the cooling time contour and the frozen layer

distribution (Figure 28) we can see that for the completely solidified part in the 1

mm plate corresponds to the locations with the shortest cooling times. This can

be attributed to the increase in the surface area to cavity volume ratio. As the

molten feedstock has more surface area to dissipate the heat for a given volume.



5

4

3

2

1

0

114

Cooling Time
1<

----

A-----------------/ / " / \ 3mm\/ ' / 2<
, \/ \ ,

--------------------------- /
1

1 -------------------------------------
* 2 inni

* # S..
1 mmo------------o----o

0 1 2 3 4 5 6 7 8 9 10

Cases

Figure 47: Comparison of cooling time for the three different thicknesses



115

313E-01 125E*OO 282E+OO

278E4]1 l2OEOO 277E*OO

34 E4JI 1 5EOO 273E+OO

209E01 I 1OE.cD 269E*OO

I :::::I

1 mm 2 mm 3 mm
1 44E-01 9.479-Cl 2 56E-OO

G9CE-02 8.97E-Cl 252EOO

3 47E-02 8 465.01 2 47E-0O

U.00E*U( 7.95601 2 43E+0O

Figure 48: Comparison of cooling time contours across the mold cavity for the
three plate thicknesses with same set of process conditions (Tm = 140 °C, T =

45 °C, tf = 1.0 s, SO = 97%)

1 40E+02 1 40E+122 1 405+02

1 30E+02 1 33E+02 1 30E+02

06+02 1.ZOE+02 1 29E+02

1 096+02 1 l8E*02 I 24E-'-02

9916+01 1115+02 1 185+92

It
8890+01 l23E-+U2 136+02

1 mm 2 mm 3 mm
787E-+01 9.5$E+01 107E*02

85E+01 8 85E*01 1.02E*02

583E+IJI 8.12E+01 9.065+01

4 816+431 7.9551-01 91151-01

Figure 49: Comparison of average temperature contours across the mold cavity
for the three plate thicknesses with same set of process conditions (Tm 140 °C,

T = 45 °C, tf = 1.0 s, SO = 97%)



116

The variability of the t decreases with the increase in plate thickness, as

seen from Figure 50. For the 3 mm plate the variability, quantified by the

standard deviation, is 0.6 s, with a high value of 4.4 s and a low value of 2.8 5.

The cooling times for the 2 mm plate showed a standard deviation of 1.6 s, high

of 2s and a low of 1.3 s. Finally the 1 mm plate showed the lowest, almost

negligible standard deviation of 0.07 s.

Figure 51 individually plots cooling time with filling time, feedstock-melt

temperature, mold wall temperature and switch-over for the three plate

thicknesses. These plots indicate that the cooling time is mainly affected by the

mold wall temperature for all the three plate thicknesses and there is also some

influence shown by the feedstock-melt temperature, but to a much lesser degree

compared to the influence of the mold wall temperature.

Table C-15 in Appendix C summarizes the relative contributions to

cooling time variations by the four input parameters. From comparisons of the

relative contributions of the individual process parameters, shown in Figure 52,

an interesting observation was made. The relative contributions of all the input

parameters remained same irrespective of the plate thickness. The influence of

mold wall temperature was most significant for all three plate thicknesses at

about 82% and the next significant contributor was feedstock-melt temperature

at about 17%. Fill time and switch over positions were relatively insignificant.

This trend was the same for all the plate thicknesses. It can be summarized that

irrespective of the part thickness, the mold temperature control is the most

critical factor to the cooling time of thepart.
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Figure C-6 in Appendix C shows the effects plot of the (S/N) ratios for

optimizing the t based on the ANOM calculations. The optimum levels for the

cooling time for the three plates have been summarized in Table C-14 in

Appendix C. In the present processing window the optimum levels

corresponding to cooling time, for the three plate thicknesses were tf of 1.0 s, Tm

of 140 °C, T of 45°C and a SO point of 98% of the ram stroke i.e. slow filling,

low feedstock-melt temperature, low mold wall temperature and an intermediate

switchover ensures optimal t.
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4.1.3. Velocity-related Parameters

The velocity-related parameters give an indication of the amount of

deformation that might be seen in the mold part. Controlling these parameters

help in minimizing those deformations or trying to make them uniform in the

part. The velocity-related parameters include the averages and standard

deviations of the melt front velocity (MFV) and melt front area (MFA).

4.1.3.1. Maximum Shear Rate (Ymax)

Figure 53 shows the maximum shear rate with the different simulation

cases for the three thicknesses. As the plate thickness decreases the maximum

shear rate increases. Continuing with the same sample case (Tm = 140 °C, T =

45 °C, h = 1.0 s, SO = 97%) as the previous sections,
'max response to changing

plate thickness can be seen. The resulting values of Ymax were 2826 s', 4294 s1

and 8735 s1 for the 3 mm, 2 mm and 1 mm plates respectively. The
Yrnax

increased across the 9 simulation runs for all three plate thicknesses. This

indicates that the Yrnax might be influenced by the reduction of fill time. The fill

times reduced from 1 s to 0.8 s over the 9 simulation cases. Table 12 summarizes

the maximum shear rate for all the simulation runs.

Figure 54 shows the shear rate distribution in cavity at the end of mold-

filling for the three plates. The process conditions were the same for three

simulation runs with Tm = 140 °C, T = 45 °C, tf 1.0 s, SO = 97%. The patterns

for the 3 mm and 2 mm plate are almost similar. The shear rates across the whole

cavity are uniform except near the gate and in the corners opposite to the gate.

The location of the Ymax consistently occurred at the gate for all 27 simulation
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runs. Another consistent trend was the time of occurrence of
'i'max In most cases

it occurred at the instant just before the complete mold-filling (mostly after the

switch over occurred) was achieved. The two exceptional cases were Case 6 for

the 3 mm plate and the Case 9 for the 1 mm plate where the Yrnax occurred earlier

to switch-over. The shear rate is an important factor to be measured. Regions of

high shear rates may show powder-binder separation. So it is always good to

keep this value under check.

Figure 55 shows the maximum shear rate variability over the three plate

thicknesses. The variability of
'max increased with decrease in plate thickness.

The standard deviation for the maximum shear rate for the 3 mm plate was 302 s
1, with a high of 3603 s1 and a low of 2826 s-1. For the 2 mm plate Ymax ranged

from 5431 s-i to 4294 s-i, with a standard deviation of 450 s'. For the 1 mm plate

this range was between 11126 -1 and 8580 s-1, with a standard deviation of 882 s-i.

Figure 56 individually compares maximum shear rate with filling time,

feedstock-melt temperature, mold wall temperature and switch-over respectively.

These comparisons give an estimate to the source of the variability seen in Figure

55. Filling time appears to influence the maximum shear rate the most and there

is a slight influence shown by the switchover point too. The other parameters do

not visibly show much of effect on the maximum shear rate.
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The relative contributions of the individual process parameters to the

maximum shear rate variation have been plotted in Figure 57. The values have

been tabulated in Table C45 in Appendix C. The influence of filling time was

most significant for all three plate thicknesses. With a steady decrease as the

plate thickness reduced. For the 3 mm plate the contribution of filling time was

about 85%, 83% for the 2 mm plate and about 69% for the 1 mm plate. The

relative contribution of the feedstock-melt temperature increased as the plate

thickness reduced. It contributed a mere 3% for the 3 mm plate, 7% for the 2 mm

plate and increased to 16% for the 1 mm plate. Switchover position contributed

to about 8%, 9% and 11% for the 3 mm, 2 mm and 1 mm plates respectively. The

feedstock-melt temperature was the least significant contributor. These trends

substantiate the observations previously made from Figure 54. It can be

summarized that irrespective of the part thickness, the filling time is the most

critical factor to the shear rate variation during the mold-filling of the part.

Figure C-7 in Appendix C gives the effects plots for the optimization of

the based on Taguchi method. The optimum levels for the maximum shear rate

for the three plates have been summarized in Table C-14 in Appendix C. lEn the

present processing window the optimum levels corresponding to maximum

shear rate, for the 1 mm plate were fill time of 1.0 s, feedstock-melt temperature

of 160 °C, mold wall temperature of 50°C and a switchover point of 97% of the

ram stroke. Correspondingly for the 2 mm plate were fifi time of 1.0 s, feedstock-

melt temperature of 150 °C, mold wall temperature of 50 °C and a switchover

point of 97% of the ram stroke and for the 3 mm plate, a fill time of 1.0 s,

feedstock-melt temperature of 160 °C, mold wall temperature of 50 °C and a

switchover point of 99% of the ram stroke.
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4.1.3.2. Standard Deviation Of Melt Front Area (rMFA)

The oMFA was calculated based time integration of the melt front area

from the simulation output. This parameter indicates how evenly the melt front

advances into the mold cavity. A high value of oMFA may lead to powder-

binder gradients and low value gives a smooth and uniform fill of the mold

cavity.

Figure 58 shows the oMFA for the different simulation cases for the three

plate thicknesses. The oMFA reduces with the reduction in the plate thickness.

Considering the same sample case (Tm = 140 °C, T 45°C, tf = 1.0 s,SO = 97%),

the oMFA was 121 mm2, 82 mm2 and 43 mm2 for the 3 mm, 2 mm and the 1 mm

plates respectively. The oMFA similarly decreased with thickness for the rest of

the cases. Table 12 summarizes the values oMFA for the 27 simulation cases.

Figure 59 shows the variability of the oMFA over the three thicknesses.

The decrease in plate thickness does not visibly increase or decrease the

variability of oMFA. The variability slightly decreases with the decrease in plate

thickness. For the sample case, the variability was 4.04 mm2, with a high of 123

mm2 and low of 112 mm2 for the 3 mm plate. A standard deviation of 2.63mm2

for the 2 mm plate, with a high of 82 mm2 and a low of 76 mm2 and 2.5 mm2 for

the 1 mm plate, with a high of 43 mm2 and a low of 34 mm2.

Figure 60 has the oMFA individually plotted with filling time, feedstock-melt

temperature, mold wall temperature and switch-over for the three plate

thicknesses. Switch over position seems to influence the the oMFA the most and

not much can be inferred about the other parameters.
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The comparison plot of the relative contributions for the individual

process parameters are shown in Figure 61. The values have been summarized in
Table C-15 of Appendix C. The relative contribution of the switch over position

was the most significant of the input parameters irrespective of the plate

thickness. This confirms the observation made in Figure 60. For the 3 mm plate

the switch over position contributed about 55%, 64% for the 2 mm plate and

about 40% for the 1 mm plate. The relative contribution of the feedstock-melt

temperature increased as the plate thickness reduced. It contributed about 15%

for the 3 mm plate, 16% for the 2 mm plate and increased to 26% for the 1 mm

plate. The contribution of mold wall temperature remained relatively same

contributing to 14%, 18% and 12% for the 3 mm, 2 mm and 1 mm plates

respectively. The filling time contributed to about 15%, 2% and 22% for the 3 mm,

2 mm and 1 mm plates respectively. In summary, irrespective of the part

thickness, the switch over position is the most critical factor to the standard

deviation of the melt front temperature area during the mold-filling of the part.

Figure C-8 in the Appendix C gives the effects plots of the (S/N) ratios for

optimizing the oMFA based on the ANOM calculations. The optimum levels

corresponding to the optimized oIMFA have been given in Table C-14 in

Appendix C. For the present processing windowthe optimum levels

corresponding to the oMFA, for the 1 mm plate were fill time of 1.0 s, feedstock-

melt temperature of 160 °C, mold wall temperature of 55 °C and a switchover

point of 98% of the ram stroke. Correspondingly forthe 2 mm plate were fill time

of 1.0 s, feedstock-melt temperature of 160 °C, mold wall temperature of 50 °C

and a switchover point of 99% of the ram stroke and for the 3 mm plate, a fill

time of 1.0 s, feedstock-melt temperature of 160 °C, mold wall temperature of

45°C and a switchover point of 98% of the ram stroke.
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different plates
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4.1.3.3. Standard Deviation Of Melt Front Velocity(rMFV)

The oMFV was calculated based time integration of the melt front velocity

from the simulation output.

Figure 62 shows the standard deviation of MFV for the different

simulation cases for the three plate thicknesses. The standard deviation of MFV

does not vary much as the thickness of the part is reduced. Considering the same

sample case (Tm = 140 °C, T = 45 °C, tf = 1.0 s, SO = 97%), the oMFV was 24.8

mm/s, 33 mm/s and 29.4 mm/s for the 3 mm, 2 mm and the 1 mm plates

respectively. When compared to remaining six cases, the oMFV values for the

cases 1,5 and 9 are relatively high for all three plate thicknesses. These cases

correspond to early switchover position of 97%. This might be an indication of

switch over position exerting some influence on the oMFV. Table 12 summarizes

the values oMFV for the 27 simulation cases.

Figure 63 shows the variability of the oMFV over the three thicknesses.

The oMFV variability is consistently large for all the three plate thicknesses. The

variability almost remains the same as the plate thickness decreases. For the

sample case, the variability of oMFV was 9.8 mm/s, with a high of 35 mm/s and

low of 10 mm/s for the 3 mm plate. For the 2 mm plate a standard deviation of 8

mm/s, with a high value of 33 mm/s and a low value of 10.7 mm/s. For the 1

mm plate the variability was 9 mm/s, with a high of 37.2 mm/s and a low of 11

mm/s.

oMFV is individually plotted in Figure 64 with filling time, feedstock-melt

temperature, mold wall temperature and switch-over for the three plate
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parameter responses for varying plate thickness
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thicknesses. The switchover position seems to be the most influential parameter

for all the plate thicknesses. The other three parameters do not demonstrate any

clear trends of influence on the oMFV.

The relative contributions of the individual process parameters are plotted

in Figure 65. The values have been tabulated in Table C-15 in Appendix C. The

influence of switchover position was most significant for all three plate

thicknesses. For the 3 mm plate SO contributed about 52%, 62% for the 2 mm

plate and about 40% for the 1mm plate. The relative contribution of the mold

wall temperature was about 14% for the 3 mm plate, 18% for the 2 mm plate and

increased to 22% for the 1 mm plate. Feedstock-melt temperature contributed to

about 9%, 16% and 22% for the 3 mm, 2 mm and 1 mm plates respectively. The

filling time contributed 26%, 4% and 17% for the 3 mm, 2 mm and 1 mm plates

respectively. The significance of switchover position substantiates the

observations previously made from Figure 64. It can be summarized that

irrespective of the part thickness, the filling time is the most critical factor to the

oMFV during the mold-filling of the part.

Figure C-9 in Appendix C gives the effects plots for the (S/N) ratios for

optimizing the oMFV based on the ANOM calculations. Table C-14 in Appendix

C gives the optimized levels for the three plates. In the present processing

window the optimum levels corresponding to oMFV, for the 1 mm plate were ifil

time of 0.8 s, feedstock-melt temperature of 150 °C, mold wall temperature of

45°C and a switchover point of 98% of the ram stroke. Correspondingly for the 2

mm plate were if! time of 1.0 s, feedstock-melt temperature of 160 °C, mold wall

temperature of 50 °C and a switchover point of 99% of the ram stroke and for the

3 mm plate, a fill time of 1.0 s, feedstock-melt temperature of 160 °C, mold wall

temperature of 45°C and a switchover point of 99% of the ram stroke.
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Figure 65: Comparison of relative contributions of the process parameters to
standard deviation of melt front velocity during the mold-filling of the three

different plates
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4.2. Defect Formation: Short Shot Evolution study

4.2.1. Effect of Processing Parameters

The short sequence comprised of runs in which the mold temperature and

the melt temperature were systematically varied for a given fill time. The melt

temperature was varied in a range between 130 °C to 160 °C with an increment of

5 °C. The mold temperature was varied from 30°C to 55°C with an increment of

5 °C. The fill times were varied from 1.2 s to 0.8 s with a decrement of 0.1 s. The

switchover position was kept at 97% of the ram stoke position for all the runs.

Based on the outcome of the simulations, the runs were sub-divided into 'Filled'

and 'Short shot' runs. The 'Filled' category corresponded to those runs for a melt

temperature, melt temperature and fill time combination which resulted in the

cavity being completely filled. If the cavity was not filled, the corresponding run

was sub-grouped into the 'Short shot' category. When a short shot resulted, the

corresponding percentage of the cavity volume filled was noted. Table 13

summarizes the simulation runs for the 1 mm plate.
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Figure 67 individually plots the mold temperature and melt temperature

for each fill time. The solid blue points correspond to the runs that resulted in a

complete fill and the unfilled red points correspond to the runs that resulted in a

short shot. For example, the simulation run with the mold temperature of 30 °C,

melt temperature of 130 °C and a fill time of 1.2 s resulted in a short shot. The

corresponding point on the plot is represented by an unfilled red point. The

other points were plotted in the similar way. A line has been drawn through the

points where the combination of mold temperature, melt temperature and fill

time first resulted in complete mold-filling. It can be seen that as the fill time

reduced, the complete mold filling was achieved at lower mold and melt

temperature combinations.

The individual plots in Figure 67 have been summarized in Figure 68.

Figure 68 shows a process window for the mold-filling of a 1 mm plate with the

present combination of the molding machine and feedstock. Figure 68 plots mold

temperature and melt temperature for the 1 mm plate and the contours depict

the boundary above which complete mold-filling occurs for that fill time. Based

on the plot one can alter the process settings by choosing process parameters

with which complete mold-filling was achieved. The use of the contour plot

maximizes the chances of getting a fully formed part.
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Table 13: The short shot simulation sequence for the 1 mm plain plate geometry

Run # t (s) Tm (°C) T (°C) Result % filled P1 (MPa)
1 1.2 130 30 Short shot 76.03 45.92
2 1.2 130 35 Short shot 81.34 43.60
3 1.2 135 30 Short shot 79.65 46.67
4 1.2 135 35 Short shot 81.77 42.20
5 1.2 140 40 Short shot 91.6 42.39
6 1.2 140 45 Fill 100 39.36
7 1.2 150 30 Short shot 81.8 45.09
8 1.2 150 35 Short shot 85.69 40.70
9 1.2 150 40 Short shot 92.83 41.80

10 1.2 130 45 Fill 100 40.65
11 1.2 130 50 Fill 100 34.16
12 1.2 135 45 Fill 100 14.35
13 1.2 145 40 Short shot 94.92 44.71
14 1.2 145 45 Fill 100 39.06
15 1.2 150 45 Fill 100 38.06
16 1.2 155 40 Short shot 96.13 44.01
17 1.2 155 45 Fill 100 38.03
18 1.2 160 40 Short shot 95.82 42.436
19 1.2 160 45 Fill 100 38.27
20 1.1 130 30 Short shot 81.26 45.68
21 1.1 130 35 Short shot 85.28 43.03
22 1.1 135 30 Short shot 82.22 44.54
23 1.1 135 35 Short shot 90.56 45.15
24 1.1 135 40 Short shot 96.78 45.90
25 1.1 140 35 Short shot 91.73 44.67
26 1.1 140 40 Short shot 96.97 45.06
27 1.1 140 45 Fill 100 39.69
28 1.1 150 30 Short shot 84.16 44.63
29 1.1 150 35 Short shot 90.62 42.75
30 1.1 150 40 Short shot 99.26 42.88
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Table 13: continued...

Run # tf (s) Tm (°C1 T (°C) Result % filled P1 (MPa)
31 1.1 130 40 Short shot 95.48 45.97
32 1.1 130 45 Fill 100 40.67
33 1.1 135 45 Fill 100 40.20
34 1.1 145 35 Short shot 87.84 4.19
35 1.1 145 40 Short shot 97.37 44.88
36 1.1 150 45 Fill 100 38.58
37 1.1 155 35 Short shot 91.9 43.40
38 1.1 160 35 Short shot 94.18 44.98
39 1.1 160 40 Fill 100 40.86
40 1.1 145 45 Fill 100 39.27
41 1.1 155 40 Fill 100 39.06
42 1 130 30 Short shot 85.66 47.57
43 1 130 35 Short shot 94.31 47.82
44 1 130 40 Fill 100 43.40
45 1 130 45 Fill 100 39.79
46 1 135 30 Short shot 88.47 46.20
47 1 135 35 Short shot 97.57 48.39
48 1 135 40 Fill 100 43.31
49 1 140 30 Short shot 86.44 44.29
50 1 140 35 Short shot 97.31 47.62
51 1 140 40 Fill 100 42.16
52 1 140 45 Fill 100 38.78
53 1 145 30 Short shot 91.02 46.00
54 1 145 35 Short shot 98 46.73
55 1 145 40 Fill 100 41.75
56 1 150 30 Short shot 92.28 47.89
57 1 150 35 Short shot 95.36 45.07
58 1 150 40 Fill 100 41.21
59 1 150 50 Fill 100 32.49
60 1 160 55 Fill 100 28.91
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Table 13: continued...

Run # tf (s) Tm (°C) T (°C) Result % filled P1 (MPa)
61 1 155 30 Short shot 92.74 46.17
62 1 160 30 Short shot 90.83 43.80
63 1 155 35 Fill 96.6 46.62
64 1 160 35 Fill 96.58 44.86
65 1 155 40 Fill 100 40.92
66 1 160 40 Fill 100 40.32
67 0.9 130 30 Short shot 96.49 50.37
68 0.9 130 35 Short shot 99.44 47.51
69 0.9 135 30 Short shot 93.54 49.26
70 0.9 135 35 Short shot 99.53 45.93
71 0.9 135 40 Fill 100 42.59
72 0.9 140 30 Short shot 98.75 49.56
73 0.9 140 35 Fill 100 43.93
74 0.9 140 50 Fill 100 34.34
75 0.9 145 30 Short shot 95.44 49.01
76 0.9 145 35 Short shot 99.88 43.89
77 0.9 150 30 Short shot 96.66 48.67
78 0.9 150 35 Short shot 99.53 43.74
79 0.9 150 55 Fill 100 28.15
80 0.9 160 45 Fill 100 36.89
81 0.9 130 40 Fill 100 43.57
82 0.9 145 40 Fill 100 41.88
83 0.9 150 40 Fill 100 40.97
84 0.9 155 35 Fill 100 43.08
85 0.9 160 30 Short shot 96.25 47.77
86 0.9 160 35 Short shot 99.92 42.85
87 0.9 160 40 Fill 100 40.28
88 0.8 130 30 Short shot 96.66 51.38
89 0.8 135 30 Short shot 97.09 50.90
90 0.8 135 35 Fill 100 44.58
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Table 13: continued...

Run # tf (s) Tm (°C) T (°C) Result % filled P1 (MPa)
91 0.8 140 30 Fill 100 41.4
92 0.8 140 55 Fill 100 29.42
93 0.8 145 30 Short shot 99.5 46.4
94 0.8 145 35 Fill 100 43.55
95 0.8 150 30 Short shot 98.87 45.96
96 0.8 150 45 Fill 100 38.73
97 0.8 160 50 Fill 100 30.32
98 0.8 130 35 Fill 100 45.10
99 0.8 150 35 Fill 100 42.85

100 0.8 155 30 Short shot 98.65 46.00
101 0.8 160 30 Short shot 99.29 44.04
102 0.8 155 35 Fill 100 42.04
103 0.8 160 35 Fill 100 41.46
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4.2.2. Effect Of Part Thickness

By systematically varying the process conditions (melt temperature, mold

temperature and fill time), the progressive short shot sequence was achieved.

The feedstock melt temperature was varied from 130 °C to 160 °C with an

increment of 5 °C. The mold wall temperature was varied from 30°C to 55°C

with an increment of 5 °C. At higher thicknesses, the cavity could be ifiled over

larger ranges of fill times. To compensate for this, the range and the incremental

step for the fill times varied with the thickness.

The results were tabulated in Table 14. The simulation runs were

separated (as in the previous section) into two categories. The first category

comprised of those runs which resulted in short shots (incomplete mold-filling)

and the second category comprised of those runs which resulted in a completely

filled cavity. The maximum injection pressure required for each mold-filling run

was tabulated. The percentage of the mold cavity volume filled, for a mold-filling

run with a corresponding set of process condition was also tabulated. For

example, for the simulation Run No. 30 (Table 14) with a fill time of 2.5 s, a melt

temperature of 135 °C and a mold temperature of 30°C, the result was a short

shot with 98.96% of the mold cavity volume being filled.

Figure 69 shows the mold temperature and fill time plot for the 1 mm, 2

mm and the 3 mm plates. The solid points denote a run in which complete filling

was achieved and the unfilled points denote a short shot run. The differentiating

aspect of the three plate thicknesses is the effective fill time ranges. With

increasing plate thickness, the fill time ranges drastically increased.
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Figure 67: Mold vs. melt temperature plot showing short shot boundary for
varying fill times for the mold-filling of a 1 mm plate
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Table 14: The short shot simulation sequence for the 2 mm plain plate geometry

Run # ti (s) Tm (°C) T (°C) Result % filled P1 (MPa)
1 0.8 130 30 Fill 100.00 15.59
2 0.8 140 50 Fill 100.00 12.24
3 0.8 140 55 Fill 100.00 11.85
4 0.8 150 45 Fill 100.00 13.50
5 0.8 160 50 Fill 100.00 11.55
6 0.9 130 30 Fill 100.00 15.60
7 0.9 140 50 Fill 100.00 13.00
8 0.9 150 55 Fill 100.00 11.10
9 0.9 160 45 Fill 100.00 12.34

10 0.9 160 55 Fill 100.00 10.83
11 1.0 130 30 Fill 100.00 15.79
12 1.0 130 35 Fill 100.00 15.28
13 1.0 140 45 Fill 100.00 12.92
14 1.0 145 45 Fill 100.00 13.12
15 1.0 150 50 Fill 100.00 11.92
16 1.0 150 50 Fill 100.00 11.66
17 1.0 150 45 Fill 100.00 16.64
18 1.0 160 55 Fill 100.00 11.40
19 1.0 160 50 Fill 100.00 11.51
20 1.0 160 55 Fill 100.00 10.76
21 1.1 130 30 Fill 100.00 15.95
22 1.2 130 30 Fill 100.00 16.34
23 1.3 130 30 Fill 100.00 16.51
24 1.4 130 30 Fill 100.00 16.56
25 2.0 130 30 Fill 100.00 18.60
26 2.3 135 30 Fill 100.00 18.20
27 2.5 135 35 Fill 100.00 17.62
28 2.5 140 35 Fill 100.00 17.04
29 2.5 140 40 Fill 100.00 15.42
30 2.5 135 30 Short shot 98.96 18.23
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Table 14: continued...

Run # tf (s) Tm (°Ct T (°C) Result % filled P1 (MPa)
31 3.0 140 40 Fill 100.00 16.15
32 3.0 145 40 Fill 100.00 16.03
33 3.0 130 30 Short shot 92.41 20.11
34 3.0 135 30 Short shot 96.08 19.97
35 3.0 135 35 Short shot 97.93 17.85
36 3.0 140 35 Short shot 99.00 17.24
37 3.5 140 40 Fill 100.00 16.21
38 3.5 145 45 Fill 100.00 14.60
39 3.5 135 30 Short shot 84.34 18.24
40 3.5 135 35 Short shot 93.56 18.94
41 3.5 140 35 Short shot 95.35 19.20
42 3.5 145 40 Short shot 99.86 15.89
43 4.0 145 45 Fill 100.00 15.17
44 4.0 150 45 Fill 100.00 14.87
45 4.0 140 40 Short shot 96.08 17.73
46 4.4 150 50 Fill 100.00 12.32
47 4.5 145 45 Short shot 98.94 15.51
48 4.5 150 45 Short shot 99.01 14.99
49 5.0 150 50 Fill 100.00 12.90
50 5.5 150 50 Fill 100.00 13.46
51 5.5 155 50 Fill 100.00 12.94
52 6.0 155 55 Fill 100.00 6.92
53 6.0 150 50 Short shot 99.19 13.53
54 6.0 155 50 Short shot 99.67 13.00
55 6.5 155 55 Fill 100.00 6.81
56 7.0 155 55 Fill 100.00 6.49
57 7.0 160 55 Fill 100.00 6.45
58 7.5 160 55 Fill 100.00 6.43
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Table 15: The short shot simulation sequence for the 3 mm plain plate geometry

Run # tc (s) Tm (°C) T (°C) Result % filled P1 (MPa)
1 0.80 130 30 Fill 100 8.49
2 0.90 130 30 Fill 100 8.35
3 1.40 130 30 Fill 100 8.39
4 2.00 130 30 Fill 100 8.41
5 3.00 130 30 Fill 100 8.98
6 4.00 130 30 Fill 100 9.87
7 4.50 130 30 Fill 100 10.26
8 5.00 130 30 Short shot 99.25 10.29
9 5.00 135 30 Fill 100 10.08

10 5.50 135 30 Short shot 99.01 10.08
11 5.50 135 35 Fill 100 9.55
12 6.00 135 35 Fill 100 9.53
13 6.00 140 35 Fill 100 9.48
14 6.50 135 35 Short shot 97.69 9.83
15 6.50 140 35 Short shot 98.04 9.56
16 6.50 140 40 Fill 100 9.04
17 7.00 140 40 Fill 100 8.94
18 7.50 140 40 Short shot 99.36 8.98
19 7.50 145 40 Fill 100 8.82
20 8.00 140 40 Short shot 97.99 9.23
21 8.00 145 40 Short shot 97.6 9.03
22 8.00 145 45 Fill 100 8.12
23 8.50 145 45 Fill 100 8.14
24 9.00 145 45 Fill 100 8.14
25 9.00 150 45 Fill 100 8.06
26 9.50 145 45 Short shot 98.83 8.35
27 9.50 150 45 Short shot 99.52 8.23
28 9.50 150 50 Fill 100 6.29
29 10.00 150 50 Fill 100 6.51
30 10.00 155 50 Fill 100 6.47
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Table 15: continued...

Run # tf (s) Tm (°C) T (°C) Result % filled P (MPa)
31 10.50 150 50 Fill 100 6.69
32 10.50 155 50 Fill 100 6.54
33 11.00 150 50 Fill 100 6.87
34 11.00 155 50 Fill 100 6.73
35 11.50 150 50 Fill 100 7.08
36 11.50 155 50 Fill 100 6.84
37 12.00 155 50 Fill 100 6.81
38 12.50 150 50 Fill 100 7.07
39 13.00 155 50 Fill 100 7.16
40 13.00 155 55 Fill 100 2.84
41 13.50 155 55 Fill 100 2.9
42 14.00 155 55 Fill 100 2.85
43 14.50 155 55 Fill 100 2.68
41 15.00 155 55 Fill 100 2.64
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In the present window of feedstock melt temperature and mold wall temperature,

for the 1 mm plate the fill times ranged between 0.8 s and 1.2 s, with some sims

resulting in short shots and some runs resulting in complete fills. With the same

process parameters, complete filling was achieved for all simulation runs for the

2 mm and 3 mm plates. For the 2 mm plate, with the lowest melt temperature of

130 °C and lowest mold temperature, short shot first occurred with a fill time of

3.5 s and for the 3 mm plate short shot first occurred with a fill time of 5 S.

Figure 69 summarizes the short shot sequence for all three plate

thicknesses. The mold temperature and the fill time are plotted with the solid

points representing completely filled runs and the short shots are represented by

the unfilled points. From this comparison it can be seen that the short shots occur

at shorter fill times as the plate thickness reduce. This phenomenon can be

attributed to the increased surface area of the mold cavity for the thin plate. The

high surface area resulted in faster dissipation of the feedstock heat which in

turn led to premature solidification of the melt. Shorter fill times, lesser than 1.2 s,

were needed to keep the feedstock in the molten condition in order for it to

completely fill up the mold cavity. On the one hand, shorter fill times solve the

problem of short shots, but lead to other problems like powder-binder separation

which may result from the high shear rates created by the high fill velocities.

Another requirement of fast filling is the need for high injection pressures and

higher clamping forces. It is evident from the above analyses that special

equipment like, Rapid Thermal Response (RTR) molding is needed for molding

thin walled parts with high aspect ratios.
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4.2.3. Effect Of Surface Geometry

Table 16 shows the results of the 9 simulation runs and also has the values

for the simulation runs for the plain 1 mm plate. The mold filling simulations

were performed on a 1 mm plate with six channel-like features of 0.25 mm depth

on either faces of the plate (Figure 15). The process conditions for the nine runs

were kept the same as the orthogonal array used for the Taguchi experiments

able 7). The results of these nine mold-filling simulations were then compared

with the corresponding nine simulation runs performed on the plain 1 mm plate

geometry. The effect of surface geometry on mold-filling was investigated based

on the quality of fill (short shot and/or weld-lines), injection pressure and

clamping force.

All nine runs conducted on the channeled geometry resulted in weld-lines

for the channel geometry. Run 1 and Run 6 resulted in short shots for the

channeled geometry. For the plain plate geometry, there were no weld-lines for

any of the 9 runs and also the cavity got filled completely each time. It can be

concluded that the geometry influenced the quality of the mold-filling as the

chances of formation of defects increased.

Figure 71 plots the maximum injection pressures over the 9 runs for both

the plain and channeled 1 nun plate geometries. For all the 9 runs, the channeled

geometry required higher injection pressure for the filling of the mold cavity. It

can be concluded that as the number of features increase more the effort will be

needed to fill the cavity. This underlines the need for specialized equipment, like

high injection pressure capacity molding machines for efficiently filling high-

aspect components with micro-scale features.
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Table 16: Mold-filling simulation results for the plain 1 mm plate and the
channeled 1 mm plate.

Run
No.

t
(s)

Tm

(°C)
T

(°C)
so
(%)

Fill Quality P1 (MPa) f (ton)

Plain Channel Plain Channel Plain Channel

1 1.0 140 45 97 Fill Short Shot 38.78 38.57 12.52 10.05

2 1.0 150 50 98 Fill Fill +Weld line 32.49 35.55 9.95 12,82

3 1.0 160 55 99 Fill Fill Weld line 28.91 29.49 8.51 7.78

4 0.9 140 50 99 Fill Fill +Weld line 34.34 37.68 10.36 10.15

5 0.9 150 55 97 Fill Fill +Weld line 28.15 30.15 8.35 7.90

6 0.9 160 45 98 Fill Short Shot 36.89 37.72 11.63 10.16

7 0.8 140 55 98 Fill Fill +Weld line 29.42 31.58 8.68 7.71

8 0.8 150 45 99 Fill Fill +Weld line 38.73 41.13 10.52 11.42

9 0.8 160 50 97 Fill Fill +Weld line 30.32 33.18 7.91 8.91

Prsure fMP]
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Figure 70: Short shot and weld-lines resulting from the mold filling simulation
for the 1 mm channeled plate with feedstock melt temperature = 140 °C, mold

wall temperature = 45 °C, fill time = 1.0 s and switch over = 97%
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channeled geometry for the nine mold-filling simulation runs.



Figure 72 plots the clamping force over the 9 runs for both the 1 mm plate

geometries. There are no clear trends seen in terms of whether or not the

channels have any effect on the clamping force.

The mold-filling trials were also performed on three other microchannel

geometries to demonstrate the effect of features during mold-filling. As a basis

for comparison, the mold filling was also performed on a 1 mm featureless plain

plate with the same process parameters. The mold filling was performed at a

feedstock melt temperature of 140 °C, mold wall temperature of 40 °C, fill time of

1 s and a switch over position of 98% of the ram stroke.

The results for the mold-filling simulations for the sample micro-channel

geometries are shown in Figures 74, 75 and 76. As seen from Figure 73, the mold-

filling simulation for the featureless 1 mm plate geometry, resulted in a complete

cavity filling. Figure 74 shows the screen shot of the mold-filling simulation for

the ribbed geometry. This simulation run resulted in a short shot with only about

50% of the mold cavity being filled. Figure 75 shows the screen shot for the mold

filling simulation for the slot-like microchannel geometry which also resulted in

a short shot. The melt front froze with just about 30% of the cavity being filled.

Figure 76 shows the mold-ifiling simulation screen shot for the cross-flow micro-

channel geometry. The cavity was about 95% filled when the short shot occurred.

Weld-line defect was also seen at the channel features. These simulation runs

clearly show that the presence of surface features affected the mold-filling when

compared to the mold-filling of the plain plate.
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Figure 73: A complete fill result for the 1 mm plain plate geometry with
processing conditions of fill time of 1 s, feedstock-melt temperature of 140 °C,

mold-wall temperature of 50 °C and a switch over position of 98% of ram stroke.
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Figure 74: A short shot result for the ribbed geometry with processing conditions
of fill time of 1 s, feedstock-melt temperature of 140 °C, mold-wall temperature

of 50 °C and a switch over position of 98% of ram stroke.
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processing conditions of fill time of 1 s, feedstock-melt temperature of 140 °c,

mold-wall temperature of 40 °C and a switch over position of 98% of ram stroke.
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4.2.4. Effect Of The Delivery System

To investigate the effect of delivery system on the occurrence of defects

like short shots and weld-lines, seven delivery systems designs were studied.

The 1 mm micro-channel plate (Figure 15) was used as the specimen geometry

for this investigation. Figure 19 to Figure 21 show the seven different delivery

system designs for the micro-charmel geometry that were investigated. The

simulations were performed with a feedstock melt temperature of 160 °C, a mold

wall temperature of 75 °C and a filling time of 0.8 s.

The screenshots for the mold-filling simulations for the seven delivery system

designs have been presented in Figures 77 through 79. Table 17 summarizes the

results of the mold-filling simulation runs for the seven different delivery

systems. It is clear that only certain delivery system designs facilitate complete

mold-filling of the cavity. Another aspect which was seen was the amount of

injection pressure or clamping force needed to fill the given part. Based on the

simulation results summarized in Table 17, Design 7 was the most optimal

delivery system as it required the lowest injection pressure of 55.5 MPa and the

lowest clamping force of 11.5 tons, to achieve complete mold filling.

The two short shots that resulted corresponded to the double gated

designs, Design 4 and Design 5. In both these cases the clamping force exceeded

the machine capacity of 25 tons. One of the causes for this short shot might be

because the direction of the sprue was perpendicular to the plane of the plate.

Another drawback of the double gated system is that weldlines cannot be

avoided. Weld-lines occur when two opposing melt fronts meet inside the mold

cavity. The regions around these weld-lines tend to be weaker than other sections
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of the molded part. The number of weld-lines is determined by the number of

gates and also by the number of mold-inserts. If G is the number of gates and C

is the number of inserts, then the number of weidlines, N is given by N = C + G -
1. For example, consider the mold-filling result for Design 6. The number of

(pseudo) gates, C is 4 and the number of inserts, C is 6 (one insert for each

channel). Thus the number of weldlines, N should be 6+4-1 9, which is what

is seen from the screenshot in Figure 79. The position of the gate(s) also

determines the severity and location of the weldlines. It is almost impossible to

avoid weidlines when there are inserts. But by varying the gate position, material

flow characteristics (feedstock viscosity) and processing parameters, the weld-

line strength could be increased.

It is preferable to employ a single gated system to avoid the issue of two

or more opposing melt front thus working around the problem of weld lines.

Another modification would be the use of variable ram speed proffle. Currently

for the simulations, a constant profile was employed. Maintaining a high mold

temperature is the most common remedy for increasing weld-line strength. It can

also be concluded that while molding a high aspect ratio part with

microchannels, there is a high chance of having weld-line defects, in addition to

the possibility of the occurrence of short shot.
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Figure 77: Screenshots of the cavity pressure distribution at the end of mold-
filling. Complete filling resulted for all three designs, but weld-lineswere also

seen at the microchannel-like features.
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Figure 78: Screenshots of the cavity pressure distribution at the end of mold-
filling. Short shots resulted for both the designs due to the clamping force

exceeding the machine's capacity of 25 tons. Weld-line formed where the two
melt fronts met, in the Design 5.
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Table 17: The summary of the mold-filling simulations for the seven delivery
system designs simulations performed with a feedstock melt temperature of 160

a mold wall temperature of 75 °C and a filling time of 0.8 s..

Design # Result % of cavity filled P1 (MPa) f (ton)*
1 Fill +Weld lines 100 63.2 23.1
2 Fill +Weld lines 100 68.5 18.7
3 Fill +Weld lines 100 59.9 16.7
4 Short Shot 88.27 46.1 > 25
5 Short Shot 95.49 55.2 > 25
6 Fill +Weld lines 100 58.6 12.5
7 Fill +Weld lines 100 55.5 11.5

* Note: Maximum clamping force of the machine = 25 tons.



167

4.3. PIM Experiments

The PIM experiments were performed with the 17-4PH stainless steel

feedstock at Nypro, Oregon using the experimental plaque from Hewlett

Packard. Figure 80 shows a completely formed part with the delivery system,

from the experimental runs. As the 17-4PH feedstock is water-based, it was

molded at relatively lesser effort than the normal PIM feedstocks. This feedstock

could be molded at low melt temperatures of 160 °F to 200 °F and with mold

temperatures of 50 °F to 75 °F.

During the experimental runs, several defects including short shots,

flashing and powder-binder separation were observed. These defects may be

because of low melt temperature or mold temperature or it might be a result of

early part ejection. Due to the thin cross section and a high surface area, the part

showed warpage after it was ejected from the mold (Figure 81). As the part was

molded at low temperatures it was still very soft when it was ejected at the room

temperature. Hence part ejection and part handling after molding was a serious

issue. Figure 82 shows the picture of some of the defects that were seen. The

ejector pin marks on the surface of the part caused due to the part being still soft

while being ejected. Flashing was also seen in most of the runs, either at the

delivery system or at the part edges. This might have been caused due to

inadequate clamping force or because of the wearing of the mold edges. Another

defect seen was the powder-binder separation at the gate region.
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Figure 80: A completely formed 3.5 in. x 3.5 in. x 1 in. part produced using the
experimental mold.

Figure 81: Warpage of the part after ejection.
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Figure 82: Defects like flashing, powder-binder separation and ejector pin marks
seen during the mold-filling experiments.
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The mold-filling behavior was studied by performing a series of

progressive mold-filling runs. Table F-i in Appendix F contains the details of

these progressing filling runs. Figure 83 shows the picture of these deliberate

short shot runs placed on top of each other. It can be seen that the melt evenly

fills the mold cavity.

The percentage of the cavity filled for each short shot run was

approximately calculated using a 10 x 10 spatial grid (Figure 84). The contours

for each short shot run was traced and placed over the spatial grid. Based on the

number of squares covered, the fill area was approximated.

The simulation was performed with a melt temperature was 180 °F, mold

temperature of 65 °F and with a filling time of 1.11 s. These were the same

molding conditions used for the progressive filling experimental runs. The

predicted melt-front positions during the filling of the cavity at twenty instances

of the fill time have been shown in Figure 85a. Figure 85b shows the traced

contours of the deliberate short shot experiments. It can bee seen that both these

contours are fairly similar, with the simulation slightly over-predicting the filling

behaviour. The difference between the experimental and the numerical results

can be explained by the lower injection rates caused by deliberate short shot-ing.

The simulation results correspond to the filling contour with a preset filling time

of 1.11 s which corresponds to a preset filling rate. With the deliberate short shot

experimentation, the amount of inertia build-up by the molding machine reduces

as the stroke length is reduced. Also a more accurate feedstock material data

would predict the filling behavior with more accuracy.
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Figure 83 : Deliberate short shot runs performed to study the mold-filling
behavior
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Figure 84: The spatial grid used to approximate the percentage of the cavity
volume filled for each deliberate short shot run.
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Figure 85: (a) Simulation predicted and (b) experimental melt-front positions
during mold filling
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Table 18 gives the comparison of the percentage of the cavity filled at

approximately the same instances for the simulation and for the deliberate short

shot experiments. Figure 86 plots the fill time versus the percentage of the cavity

volume filled using the simulation predictions and the experimental runs.

PIMSolver slightly over-predicted the filling behaviour when compared to

the experimental result. The discrepancy between the measured and predicted

values may be due to several reasons. The first cause for this discrepancy is the

location of the transducer which gathered the experimental values. It was placed

on the barrel of the injection unit. It is a well known fact that at the highest

injection pressure is seen at the nozzle, when the melt is squeezed into the mold

cavity. If the data is gathered at this location, closer correspondence is expected

between the experimental and predicted values. Another source for this

discrepancy may be due of the lack of the feedstock material data corresponding

to the slip layer and slip velocity. An injection pressure prediction without taking

into consideration the slip phenomena will mostly be higher than the actual

value. The slip phenomenon causes the melt to flow more easily into the mold

cavity and hence would require lesser effort than without slippage.

The mold-filling simulation assumed no pressure loss in the delivery

system, which might be another reason for the injection pressure being over-

predicted by the PIMSolver. Typically there is significant pressure drop seen in

the delivery system. The position of sensors along the delivery system and the

mold cavity can accurately measure this pressure drop and can be utilized to run

the simulations.
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Figure 86: Comparison of the predicted mold filling pattern and the
experimental result. The melt temperature was 180 °F, mold temperature was

65 °F and the fill time was 1.11 S.
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Table 18: The comparison of the predicted and experimental results for the
percentage mold cavity filled. The melt temperature was 180 °F, mold

temperature was 65°F and the fill time was 1.11 S.

Experiments Simulation
Sequence 1 Sequence 2 Average

Fill
Time (s)

Calculated
Volume

Filled (%)

Fill
Time

(s)

Volume
Filled

(%)
Run
#

Fill
Time (s)

Run
#

Fill
Time (s)

NA 0.28 NA 0.28 0.28 0.00 0.26 0.00
49 0.39 50 0.37 0.38 8.00 0.35 9.28
47 0.45 48 0.43 0.44 13.00 0.42 17.21
45 0.47 46 0.43 0.45 15.00 0.44 20.04
43 0.5 44 0.49 0.50 19.00 0.48 23.81
41 0.56 42 0.54 0.55 22.00 0.53 30.77
39 0.62 40 0.61 0.62 25.00 0.57 34.75
37 0.64 38 0.62 0.63 30.00 0.61 39.89
35 0.7 36 0.69 0.70 35.00 0.65 44.92
33 0.71 34 0.72 0.72 39.00 0.70 50.79
31 0.72 32 0.73 0.73 44.00 0.73 54.15
29 0.77 30 0.74 0.76 51.00 0.75 56.71
27 0.83 28 0.82 0.83 55.00 0.81 63.83
25 0.84 26 0.83 0.84 62.00 0.83 66.96
23 0.85 24 0.86 0.86 69.00 0.88 72.23
21 0.94 22 0.94 0.94 75.00 0.92 77.47
19 0.96 20 0.97 0.97 82.00 0.96 82.19
17 0.98 18 1.01 1.00 89.00 1.01 87.44
15 0.99 16 1.04 1.02 95.00 1.06 93.59
13 1.07 14 1.09 1.08 97.00 1.09 97.39
11 1.09 12 1.11 1.10 100.00 1.13 100.00
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Chapter 5: Conclusions

The research study presented in the previous sections provided several

important conclusions pertaining to material-geometry-process interactions

governing the fabrication of thin walled high aspect ratio parts for MECS

applications using PIM. They are:

In general, a steep increase in process variability was observed as the plate

thickness reduced. Therefore, process control becomes very crucial for

molding thin walled high aspect ratio parts.

The following relationships were observed with pressure-related parameters:

- Mold temperature control is most crucial as it contributes more than 50%

to the total variability of the individual process-related parameters.

- High injection pressure and clamp force are required to produce thin

walled high aspect ratio components. As a result, there is an increased

tendency to form defects such as short shots, jetting, powder-binder

separation and flashing due to sub-optimal selection of process

parameters or feedstock material design.

- During mold-filling, very high shear stresses will result around the gate

region when compared to the other regions in the mold cavity. The

regions of high shear have a higher possibility of having the defect of

powder-binder separation.

The following relationships were observed with temperature-related

parameters:
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- As the thickness reduces, surface area of the cavity increases leading to

very short cooling times. To ensure complete cavity filling before the

material cools down, high melt temperature and mold temperature will

be required.

Mold temperature mainly controls the cooling time of the part.

- Large melt front temperature differences (as high as 100 °C) seen for

thin-walled parts. A high AMFT gives rise to residual stresses which may

lead to defects including part warpage and cracking. It can be concluded

that such possibility of such defects are high during producing thin

walled high aspect ratio parts with microfluidic features.

The following relationships were observed with velocity-related parameters:

- Switch over position and mold temperature are significant to the

velocity-related parameters.

- Maximum shear rate showed a 100% increase as the part thickness

reduced 1 mm.

- During mold-filling the maximum shear rates are seen at the gate. The

regions of high shear have a higher possibility of having the defect of

powder-binder separation.

The effective operating region to produce a completely filled part is small for

a thin walled high aspect ratio component. This emphasizes the need for tight

process control during producing thin walled high aspect ratio components

with microfluidic features
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There is an increased possibility of occurrence of defects like short shots or

weld-lines, for the thin-walled high aspect ratio parts with micro-fluidic

features.

The simulation package PliviSolver® closely (± 5%) predicts the mold-ifihing

behavior observed in empirical results.
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Chapter 6: Future Work

The present study was successful in laying down the framework for researching

into the field of PIM designing for microfluidic devices. The investigated a wide

variety of issues related to "concurrently" solving an engineering problem which

is based on machine, material and geometry interactions. The study has mainly

addressed various issues related to injection molding stage of the PIM process

for fabricating thin-walled and high aspect ratio multi-scale components using

stainless steel. The effects of thickness reduction and presence of fine surface

features, on processing conditions during the mold-filling stage, were

investigated and the results were presented and analyzed. The use of the

Taguchi method to investigate the NM process has been presented. The CAE tool

was compared with empirical results and they closely matched.

The current DOE performed using the Taguchi method only investigated

the first order interactions of the process conditions. One avenue for future work

would be to extend the current study by studying the higher order interactions.

The Taguchi L27 Orthogonal array can be used to study these higher order

interactions.

The study should be extended by performing PIM experiments to study

the effect of processing conditions during the mold-filling stage. It would be

useful to compare the empirical results with the trends seen from the predictions.

The experiments may also shed more light on other defects like powder-binder

separation, warpage, flashing and other problems which are found by visually

inspecting the molded part.
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The comparison of the empirical and predicted results resulted in the

PlMSolver slightly over-predicting the filling behaviour. The order of magnitude

of the predicted values of the peak injection pressure was same in the cases of the

simulation and experiment. But the simulation over-predicted the required

injection pressure. These discrepancies between the measured and predicted

values may be due to several reasons. The first cause for this discrepancy is the

location of the transducer which gathered the experimental values. It was placed

on the barrel of the injection unit. It is a well known fact that at the highest

injection pressure is seen at the nozzle, when the melt is squeezed into the mold

cavity. If the data is gathered at this location, closer correspondence is expected

between the experimental and predicted values. Future PIM experimental

investigations should look at locating the transducers in the mold cavity to get

more accurate measurements of the material-filling, packing and cooling

behavior.

Another source for this discrepancy may be due of the lack of the

feedstock material data corresponding to the slip layer and slip velocity. An

injection pressure prediction without taking into consideration the slip

phenomena will mostly be higher than the actual value. The slip phenomenon

causes the melt to flow more easily into the mold cavity and hence would require

lesser effort than without slippage. More closely corresponding values are

expected to be predicted by performing the simulation with material data got

from characterization tests specifically for simulating the PIM process using the

PIMSolver®.

The mold-filling simulation assumed no pressure loss in the delivery

system, which might be another reason for the injection pressure being over-
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predicted by the PIMSolver. Typically there is significant pressure drop seen in

the delivery system. The position of sensors along the delivery system and the

mold cavity can accurately measure this pressure drop and can be utilized to run

the simulations.

The current mold-filling study can be extended to study the packing and

the cooling stages during injection molding. The PIMSolver® contains the

simulation modules which can be used to simulate the packing and cooling

stages. The current simulations can be used for the extension study. Future

research can be conducted to investigate the debinding and the sintering of the

thin-walled high-aspect ratio micro-fluidic devices. The investigations may be

conducted to study the use of other materials like ceramics for the fabrication of

microfluidic devices. Another area of future work would be related to the actual

fabrication of the micro-fluidic components using PIM.



182

Bibliography

Adamowicz, John, "ARBURG, INC. Powder injection molding design
possibilities", International journal ofpowder metallurgy, 1997, vol. 33, pp. 17-19

Alcock, Jeffrey; Stephenson, David, "Powder injection moulding: Some novel
developments", Materials world: the journal of the Institute ofMaterials, 1996, vol. 4,
pp. 629-630

Ballard, Clifford; Zedalis, Michael, "Advances in powder injection molding",
Conference proceedings at ANTE C 98,1998, vol. 1, pp. 358-361

Barriere, T.; Gelin, J.C.; Liu, B., "Experimental and numerical investigations on
properties and quality of parts produced by MIM", Powder metallurgy, 2001, vol.
44, pp. 228-234

Barriere, Th.; Liu, B.; Gem, J.C., "Determination of the optimal process
parameters in metal injection molding from experiments and numerical
modeling", Journal of materials processing technology, 2003, vol. 143-144, pp. 636-
644

Benzler, T. ; Piotter, V.; Hanemann, T.; Mueller, K.; Norajitra, P.; Ruprecht, R.;
Hausselt, J., "Innovations in molding technologies for microfabrication",
Micromachining and microfabri cation process technology V: 20-22, 1999, vol. 3874, pp.
53-60

Bhave, Prashant, "Metal injection molding standards review", International
journal of powder metallurgy, 1990, vol. 26, pp. 277-280

Beebhas, C. Mutsuddy; Renee G. Ford, Ceramic injection Molding, Chapman and
Hall, London, 1995.

Bigg, D.M.; Barry, R.G., "Rheological analysis as a tool to predict quality in
powder injection molding", Conference proceedings at ANTE C 98, 1998, vol. 1, pp.
997-1000

Biovol, V.V.; Kowaiski, L.; Duszczyk, J.; Katgerman, L., "Comparison of
numerical codes for simulation of powder injection moulding", Powder metallurgy,
2003, vol. 46, pp. 55-60



183

B. K. Paul, R. B. Peterson," Microlamination for microtechnology-based energy,
chemical, and biological systems", American Society ofMechanical Engineers,
Advanced Energy Systems Division, 1999, vol. 39, pp. 45-52

B. K. Paul, J. S. Thomas, "Thermally-enhanced edge registration for aligning
metallic microlaminated devices", Technical Paper - Society of Manufacturing
Engineers. MS, MSO2-182, 2002, pp. 1-8

Bose, Animesh, "Technology and commercial status of powder-injection
molding", JOM: the journal of the Minerals, Metals & Materials Society, 1995, vol. 47,
pp. 26-30

Chen, S.C,; Chen, Y.C.; Cheng, N.T.; Huang, Ming-Shyan, "Simulation of
injection-compression mold-filling process", International communications in heat
and mass transfer, 1998, vol. 25, pp. 907-917

Edirisinghe, M. J.; Evans, J. R. C., "Rheology of Ceramic Injection Moulding
Formulations", British ceramic, transactions and journal, 1987, vol. 86, pp. 18-22

Edirisinghe, Mohan J., "Ceramic injection moulding. The effect of powder
surface area", Structural ceramics processing, micros tructure and properties, 1990, pp.
257-262

Edirisinghe, Mohan J., "Effect of processing additives on the properties of a
ceramic-polymer formulation", Ceramics international, 1991, vol.17, pp. 89-96

Edirisinghe, Mohan J., "Injection moulding of ceramics", Metals andmaterials: the
journal of the Institute of Metals, 1990, vol. 6, pp. 367-370

Edirisinghe, Mohan J., "Thermolysis of plastically formed ceramics: Modeling
and computer simulation", Materials and manufacturingprocesses, 1997, vol. 12, pp.
109-16

Fox, R.T.; Moller, J.C.; Najmi, L.A.; Lee, D., "Structured approach to injection
molding of powder-binder mixtures", Powder Injection Molding Symposium, 1992,
pp. 313-325

Fox, Richard T.; Lee, Daeyong, "Optimization of metal injection molding.
Experimental design", International journal of powder metallurgy, 1990, vol. 26, pp.
233-243



Gelin, J.C.; Barriere, 1.; Dutilly, M., "Experiments and computational modeling
of metal injection molding for forming small parts", CIRP Annals Manufacturing
Technology, 1999, vol. 48, pp. 179-182

German, Randall M., "Identification of the effects of key powder characteristics
on powder injection molding", Powder Injection Molding Symposium, 1992, pp.1-
15

German, Randall M., "Importance of particle characteristics in powder injection
molding", Reviews in particulate materials, 1993, vol. 1, pp. 109-190

German, Randall M., "Scientific status of metal powder injection molding",
International journal of powder metallurgy, 2000, vol. 36, pp. 31-36

German, Randall M., "Technological barriers and opportunities in powder
injection molding", Powder Metallurgy International, 1993, vol. 25, pp. 165-169

German, Randall M., Powder Injection Molding, Metal Powder Industries
Federation, Princeton, NJ, 1990.

German, Randall M., Powder Metallurgy Science, 2nd edition, Metal Powder
Industries Federation, Princeton, NJ, 1994.

German, Randall M.; Cornwall, Robert G., "Summary report on the worldwide
market and technology for injection molding of metals and ceramics", Advances
in powder metallurgy & particulate materials: proceedings, 1997, vol. 3, pp. 18-3-18-8

German, Randall M.; Cornwall, Robert G., "Worldwide marketand technology
for powder injection molding", International journal of powder metallurgy, 1997, vol.
33, p.4

Haiqing, Gong, "Procedure for characterising the fountain effect in the filling of a
complex mold", Journal ofmaterials processing technology, 1993, vol. 38, pp. 41-50

Hanson, Andrew D.; Perruzza, Steven C., "Optimizing component designs for
metal injection molding", International journal ofpowder metallurgy, 2000, vol. 36,
pp. 37-42

Hens, K.F. ; Lee, D., "Process analysis of injection molding withpowder
products", Advances in powder metallurgy, 1991, vol. 2, pp. 127-140



185

Hens, K.F. ; Lee, D.; Lin, S.T.; German, R.M., "Injection molding of powders into
complex shapes", Advances in powder metallurgy, 1990, pp. 283-298

Hieber, C.A.; Shen, "A Finite-Element/Finite-Difference Simulation of the
Injection Molding Filling Process", Journal ofnon-Newtonian fluid mechanics, 1980,
vol. 7, p. 1

Hieber, C.A.; Shen, S. F., "Flow analysis of the non-isothermal two-dimensional
filling process in injection molding", israel journal of technology, 1978, vol. 16, p.
248

Holme, J.D., "Powder injection moulding. Still waiting in the wings", Materials
world: the journal of the Institute ofMaterials, 1993, vol. 1, pp. 552-554

Hwang, C.J.; Kwon, T.H., "A full 3D finite element analysis of the powder
injection molding filling process including slip phenomena", Polymer engineering
and science, 2002, vol. 42, pp. 33-50

lacocca, R.G., "Critical assessment of characterization tests needed to support
powder injection molding component fabrication", Reviews in particulate materials,
1994, vol. 2, pp. 269-314

Jiang, Bing-Yan; Zhong, Jue; Huang, Bai-Yun; Qu, Xuan-Hui; Li, Yi-Min,
"Element modeling of FEM on the pressure field in the powder injection mold
filling process", Journal ofmaterials processing technology, 2003, vol. 137, pp. 74-77

Krug, S.; Evans, ).R.G., "Methods of assessing gate solidification time in ceramic
injection moulding", Ceramics international, 1999, vol. 25, pp. 661-666

Krug, S.; Evans, J.R.G.; ter Maat, J.H.H., "Jetting and weld lines in ceramic
injection moulding", British ceramic transactions, 1999, vol. 98, pp. 178-181

Krug, S.; Evans, J.R.G.; ter Maat, J.H.H., "Residual stresses and cracking in large
ceramic injection mouldings subjected to different solidification schedules",
Journal of the European Ceramic Society, 2000, vol. 20, pp. 2535-2541

Krug, 5; Evans, J.R.G.; ter Maat, J.H.H., "Predicting the viscosity of ceramic
injection moulding suspensions", Journal of the European Ceramic Society, 2001, vol.
21, pp. 2275-2283



Kulkarm, Kishor M., "Metal powders and feedstocks for metal injection
molding", International journal ofpowder metallurgy, 2000, vol. 36, pp. 43-52

Kwon, T.H.; Ahn, S.Y, "Slip characterization of powder/binder mixtures and its
significance in filling process analysis of powder injection molding", Powder
technology, 1995, vol. 85, P.45

Kwon, T.H.; Park, J.B., "Finite element analysis modeling of powder injection
molding filling process including yield stress and slip phenomena", Polymer
engineering and science, 1995 vol. 35, pp. 741-753

Lanteri, B; Burlet, H.; Poitou, A.; Campion, I, "Powder injection molding: An
original simulation of paste flow", European journal of mechanics. A, Solids, 1996,
vol. 15, pp. 465-485

Li, Song-Lin; Li, Yi-Min; Qu, Xuan-Hui; Huang Bai-Yun, "Rheological properties
of metal injection molding feedstock", Transactions ofNonferrous Metals Society of
China, 2002, vol. 12, pp. 105-108

Lin, Tony, "Quality Improvement of an Injection-Molded Product Using Design
of Experiments: A Case Study.", Quality engineering, 2003, vol. 16, p. 99

Liu, Z.Y. ; Loh, N.H.; Tor, S.B.; Khor, K.A.; Murakoshi, Y.; Maeda, R.; Shimizu, T.,
"Micro-powder injection molding", Journal of materials processing technology, 2002,
vol. 127, pp. 165-168

Loh, N.H.; Tor, S.B.; Tay, B.Y.; Murakoshi, Y.; Maeda, R, "Micro powder injection
molding of metal microstructures", Materials scienceforum, 2003, vol. 426-432, pp.
4289-4294

Najmi, L.A.; Lee, D., "Analysis of mold filling for powder injection molding
processes", ANTEC 191: In search of excellence: conference proceedings, 1991, vol. 37,
pp. 508-511

Najmi, Liaquat Au; Lee, Daeyong, "Simulation of mold ifiling for powder
injection molding processes", Advances in powder metallurgy, 1990, pp. 299-311

Nomura, Hiroyuki; Maeda, Yasubiro; Wade, Noboru; Ohara, Masaki,
"Characteristics of metal powder injection into cavity", First International
Conference on Processing Materials for Properties, 1993, pp. 701-704



187

Packham, D. E.; Evans, J. R. G.; Davies, P. R., "Effect of CoolingRegime and
Temperature on the Adhesion of Polyethylene to Metals", Proceedings of the
Society of Photo-optical Instrumentation, 1987, pp. 3-1-3-8

Piotter, Vo;Benzler, Tobias; Hanemann, Thomas; Woelimer, Heinz; Ruprecht,
Robert; Hausselt, Juergen, "Innovative molding technologies for the fabrication
of components for microsystems", Design, test, and microfabrication of MEMS and
MOEMS, 1999, vol. 3680, pp. 456-463

Piotter, Volker ;Merz, Lothar; Ruprecht, Robert; Hausselt, Juergen, "Current
status of micro powder injection molding", Materials science forum, 2003, vol. 426-
432, pp. 4233-4238

Piotter, Volker ;Merz, Lothar; Ruprecht, Robert; Hausselt, Juergen, "Current
status of micro powder injection molding", Materials science forum, 2003, vol. 426-
462, pp. 4233-4238

Piotter, Volker; Benzler, Tobias; Hausselt, Juergen, "PIM looks for role in the
micro world", Metal powder report, 1999, vol. 54, pp. 36-39

Poliska, Csaba; Gacsi, Zoltan; Reger, Mihaly, "The in situ' investigation of
solidification", Materials science forum, 2003, vol, 414-415, pp. 455-460

Qu, Xuanhui; Li, Yimin; Yue, Hongsheng; Mao, Jinying; Thu, Lei; H, "Numerical
simulation of feedstock-melt filling in cylindrical cavity with solidification in
powder injection molding", Transactions of Nonferrous Metals Society of China, 1998,
vol. 8, pp. 544-549

R.T. Fox; J.C. Moller, L.A. Najmi, D. Lee, "A Structured Approach to Injection
Molding of Powder-Binder Mixtures", Powder Injection Molding Symposium, 1992,
pp. 230-end

Reddy, J. Janardhana; Ravi, N.; Vijayakumar, M., "Simple model for viscosity of
powder injection moulding mixes with binder content above powder critical
binder volume concentration", Journal of the European Ceramic Society, 2000, vol.
20, pp. 2183-2190

Resende, Luis Mauricio; Klein, Aloisio Nelmo; Prata, Alvaro Toubes,
"Rheological properties of granulometric mixtures for powder injection
molding", Advanced powder technology II: Proceedings of the 2nd International, 2001,
189-191, pp. 598-603.



Rhee, Byung Ohk; Chung, C.I., "Effects of the binder characteristics on binder
separation in powder injection molding", Powder Injection Molding Symposium,
1992, pp. 131-153

Rosner, M.J. ; Zheng, X.; Kojima, M.; Posteraro, R.A.; Lindt, J.T., "Note on the
rheology of powder injection molding compounds", Powder Injection Molding
Symposium, 1992, pp. 451-470

Schaller, Th.; Bohn, L.; Mayer, J.; Schubert, K, "Microstructure grooves with a
width of less than 50 .tm cut with ground hard metal micro end mills", Precision
engineering, 1999, vol. 23, pp. 229-235

Schenck, Andrew; Martomk, Brian, "Powder metal injection molding-the effect
of runner design on filling imbalances at different fill speeds", ANTE C 2003:
annual technical conference : May 4-8, Nashville, 2003, vol. 3, pp. 3358-3362

Schumacher, Christoph, "Powder injection moulding for novel part shapes",
KunststoffePlast Europe : KU, 1999, vol. 89, pp. 23-25

Shaw, Heidi M.; Edirisinghe, Mohan J., "Removal of binder from ceramic bodies
fabricated using plastic forming methods", American Ceramic Society bulletin, 1993,
vol. 72, pp. 94-99

Shin, Suho; Lee, Woo II, "Analysis of the non-isothermal mold filling process
using finite element method", Journal of materials processing & manufacturing
science, 1995, vol. 3, pp. 333-357

Stedman, S.J.; Evans, J.R.G.; Woodthorpe, J., "Method for selecting organic
materials for ceramic injection moulding", Ceramics international, 1990, vol. 16, pp.
107-113

Tomlin, Ted A., "Metal injection molding: Medical applications", International
journal of powder metallurgy, 2000, vol. 36, pp 53-57

Tor, S.B. ; Loh, N.H.; Khor, K.A.; Yoshida, H., "Effects of gate size in powder
injection molding", Materials and manufacturing processes, 1997, vol. 12, pp. 629-
640



189

Tsugawa, Daisuke; Yokouchi, Hirotaka, "Analysis of flow of polymer melt in
molds considering temperature distribution on injection molding", Journal of the
Japan Society of Precision Engineering, 1992 vol. 58, pp. 2031-2036

Veltl, G.; Hartwig, Th.; Petzoldt, F.; Kunze, H.-D, "Investigations on metal
injection molding of 316L stainless steel", Materials and manufacturing processes,
1995, vol. Vol. 10, pp. 425-438

Vervoort, P.J.; Vetter, R.; Duszczyk, J., "Overview of powder injection molding",
Advanced performance materials, 1996, vol. 3, pp. 121-151

Wang, C.M.; Leonard, R.L.; McCabe, T.J., "Computational analysis of fluid flow
and heat transfer in the powder injection molding process", Powder injection
molding: proceedings of the 1993 International, 1993, vol. 5, pp. 31-44

Wang, C.M.; Leonard, R.L.; McCabe, T.J., "Prediction of defect formation in
powder injection molding by computer simulation technique", P/M in aerospace,
defense, and demanding applications, 1993, pp. 85-92

Wei, Wen-Cheng J.; Wu, Rong-Yuan; Ho, Sah-Jai, "Effects of pressure parameters
on alumina made by powder injection moulding", Journal of the European Ceramic
Society, 2000, vol. 20, pp. 1301-1310

Yu, Liyong; Koh, Chee Guan; Lee, L. James; Koelling, Kurt W.; Madou, Marc J,
"Experimental investigation and numerical simulation of injection molding with
micro-features", Polymer engineering and science, 2002, vol. 42, pp. 871-888

Zhang, T.; Evans, J.R.G., "Properties of a ceramic injection moulding suspension
based on a pre-ceramic polymer", 4th International Symposium on Ceramic
Materials and Components for Engines, 1992, p. 569

Zhang, T; Evans, J.R.G., "Mechanical properties of injection moulding
suspensions as a function of ceramic volume fraction and temperature", Journal of
the European Ceramic Society, 1991, vol. 7, pp. 155-163

Zhang, T; Evans, J.R.G., "Thermal expansion and equation of state for ceramic
injection moulding suspensions", Journal of the European Ceramic Society, 1990, vol.
6, pp. 15-21



190

Zhang, T; Evans, J.R.G.; Dutta, K.K., "Thermal properties of ceramic injection
moulding suspensions in the liquid and solid states", Journal of the European
Ceramic Society, 1989, vol. 5, pp. 303-309



191

APPENDICES



192

Appendix A: Short shot sequence samples

The short shot simulations help us to find out whether the given set of conditions,

including process, material and geometric conditions, results in a completely

filled mold cavity. As the thickness of the cavity reduced to 1 mm, the process

conditions had to be pushed to their limits to ensure a complete mold fill. Short

shots occur when the feedstock melt solidifies prematurely before completely

filling up the mold cavity. This may be caused by several factors like insufficient

melt and mold temperatures, insufficient injection pressure, high viscosity of the

feedstock melt etc. As the cavity thickness reduces, the amount of surface area

for a given volume also increases. This in turn increases the rate of heat transfer

from the melt to the mold walls. Hence at lower thickness, the feedstock-melt

cools quicker and hence chances of short shots occurring also increases.

The simulation runs that were conducted to ensure complete mold-filling

with the worst-case scenario make up the short shot sequence. The worst-case

scenario here is defined as the conditions with which the getting a completely

filled part is the toughest. This includes the thinnest geometry (1 mm plate

thickness), lowest feedstock melt temperature (140 °C), lowest mold-wall

temperature (45 °C) and highest fill time (1.0 s). The worst-case scenario makes

up the lower bound of the processing window for the present molding

conditions which include the molding machine, feedstock, molding unit and

geometry. The simulation snap-shots have been provided in the next few pages

which depict the position of the melt front at the end of the mold-filling stage.

The caption under each snap shot corresponds to the melt temperature, mold

temperature, fill time and the resulting percentage of cavity filled for each run.
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Appendix B: Micro-Fluidic Design Samples

As a part of this study, several micro-fluidic designs were investigated. Figures

B-i through B-9 show the part drawings for nine microfluidic component

designs. These designs provide a platform for present and future micro-fluidics-

based applications. These components are currently being fabricated using

various micro-fabrication techniques like, laser machining and precision micro-

milling. The present study proposes the use of PIM for fabricating such

microfluidic components. The molding simulations were performed on some of

the designs (designs in Figures B-5, B-8 and B-9) to investigate the effect of the

microchannel features on the processing conditions during the mold cavity

filling.

Figure B-i and B-2 show two parallel flow microfluidic components which

are being currently researched for the use in the advanced microchannel

hemodialyzer. The maximum part thickness is about 1 mm. The microchannel

depth is 125 microns and is 250 microns wide. This component is currently being

fabricated using micro milling technique.

Figure B-3 shows the conceptual design for a microfluidic platform which

is currently being researched to be used in several applications including medical,

energy-related and for environmental protection. Figure B-4 shows the exploded

view of the sandwiched plate. The component is a 70.12 mm x 70 .12 mm square

with a thickness of 1 mm. This component has been specifically designed to be

fabricated using PIM.
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Figures B-5 and B-6 show the part drawings for cross-flow microfluidic

heat exchanger components. These components are currently being fabricated

using laser machining. The microchannels are present on only one surface. The

maximum part thickness is 1 mm and the channel depth is 250 microns.

Figuers B-7 and B-8 show the conceptual drawings for two microfluidic

geometries which were proposed for the advanced microchannel hemodialyzer.

Each have a maximum thickness of 1mm and a channel depth of 250 microns.
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Appendix C: Calculations for the Taguchi Method

1) ANOM: The (S/N) ratios.

Sample calculation for highlighted value in Table C-i is for fill time of 1 s

(factor-level)

[(7.18)2 + (6.63)2 + (614)2
(s/N) = 10 Log10

[ 3
] = 16.44 Eq. C- 1

In Eq. C-i, '7.18', '6.63' and '6.14' are the injection pressures corresponding

to the simulation runs with the first factor i.e. fill time, in its first level i.e.

1.0 s. These values correspond to the first, second and third simulation

runs. The remaining (S/N) ratios are similarly calculated using the

remaining eleven factor-level combinations.

2) ANOM: Average (S/N) ratio for each factor.

Sample calculation for highlighted value in Table C-2: Average of the

three levels of fill time.

(-16.44) + (-16.49) + (-16.66) = 16.53 Eq. C- 2Average
3

The (S/N) ratios of each factor are averaged over their respective levels.

Note that the averages of all four factors add-up to the same value, as the same

nine values of the output metric (injection pressure) were used in the calculations.
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Table C-i: The ANOM and ANOVA calculation summary for the injection

pressure for the 3 mm plate thickness. The highlighted value is the (S/N) noise

ratio for the injection pressure to the ff1 time of is.

P1 (3mm) Levels Fill,/ Melt Mold SO Total

S/N
1 -16.44; -16.93 -16.96 -16.38
2 i64 -16.56 -16.08 -i6.74
3 -16.66 -16.10 -16.55 -16.47

Average -16.53 -16.53 -16.53 -16.53 -16.53
R 0.22 0.83 0.88 0.35 2.29

Contribution % 0.iO 0.36 0.39 0.15 i.00

Table C- 2: Calculating the average (S/N) ratios for each factor.

P1 (3mm) Levels Fill Melt Mold SO Total

S/N

______________

1 -16.44 -16.93 -16.96 -16.38
2 -16.49 -16.56 -16.08 -16.74

-16.10 -16.55 -16.47

Average -16.53 -16.53 -16.53 -16.53 -16.53
R 0.83 0.88 0.35 2.29

Contribution 0.10 0.36 0.39 0.15 1.00
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3) Control factor effect piot

The (S/N) ratios for each factor were plotted against their levels. Figure C-

1 plots the (S/N) ratio for the three injection pressure for the 3 mm plate.

The optimal levels were identified as the level of each factor having the

highest (S/N) ratio. From the control effect plot, the optimal levels chosen

correspond to a fill time of 1 s, feedstock melt temperature of 160 °C, mold

-wall temperature of 50°C and switch over position of 97% of the ram

stroke.

4) Optimal Signal-to-Noise Ratio ((S/N)0t):

To verify the optimality of the levels, the optimal (S/N) ratio is calculated.

If this predicted value is higher than the average (S/N) ratio, then the

levels are optimal. The optimal (S/N) was predicted based on polynomial

regression. The regression model is given in equation 2.

= + B0 + CO3, + 3i Eq. C- 3

5) Confirmation runs:

The simulation is conducted using these optimal factor levels to confirm

the ANOM result. Table C-4 gives the result for the sample calculation.



-16.0

-16.2

-16.4

-16.6

-16.8

-17.0

3mm () (.T

imal levels

A

1 2 3

Levels

215

Figure C-i: Control factor effect plot/Main effects plot for S/N ratio for injection
pressure to mold the 3mm plate.
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Table C- 3: Calculation of the optimal Signal-to-Noise ratio, using the optimal
factor levels of the process parameters.

P1 (3mm) Levels Fill Melt Mold SO Total

S/N
1 46,44 -16.93 -16.96 46.38
2 / -16.49 -16.56 -16.08 /-16.74
3 -16.66 -16.10 -16.55

/
-16.47

Average / -16.53 -16.53/ -16.5 -16.53
R / 0.22/ 0.8" 0.35/ 2.29

Contribution %/ 0.1,0' 0.j6 çXS9 1.00

.1...... ./.. ,. .1....
(-16.53), -15.41

Table C- 4: The optimal levels and the confirmation simulation result.

Factor tf Tm T Predicted P1 with Corresponding
(S/N)opt opt levels (S/N)

Optimum is 160C 50C
f

0.97 -15.41 6.24 MPa -15.90level
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ANOVA: Percentage contribution

6) Sum-of-Squares (R):

The sums of squares/variance for each factor were calculated.

7) Total Sum-of-Squares:

The total sum of squares was calculated by summing up the individual

sums of squares.

8) Relative Contribution:

The last row of the table indicates the percent contribution of the

individual factor. It is got by dividing individual variance with the total

variance. In the example, the mold wall temperature contributes the most,

39 %. The contribution of feedstock melt temperature was 36%,

contribution of switch over is 15% and that of fill time is 10 %.
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Table C- 5: ANOVA calculations. Individual contribution of the factors to the
total variance in the objective function.

P1 (3mm) Levels Fill [4e1\ \Mold SO frotal

S/N
1 -16.44 6.93\ -.96 -16.38

2 -16.49 6.56 \ -16 -16.74

3 -16.66
/

16.10 -16.55\ -16.47

Average .L6.53 '4,1&5 ;16...5

R 022
-1

0S 0.5 229
Contribution % 010 036 0 9 015 1 00

0
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Similar calculations were performed for all the output metrics and plate

thicknesses and the results were tabulated. Table C-6 to Table C-13 gives the

ANOM and ANOVA calculations for injection pressure, clamping force,

maximum wall shear stress, melt front temperature difference, cooling time,

maximum shear rate, standard deviation of melt front area and standard

deviation of melt front velocity, respectively. Figure C-2 to Figure C-9 gives the

main effects plots for the (S/N) ratio for the output parameters over the three

plate thicknesses. Table C-14 summarizes the optimal processing conditions

based on the ANOM calculations.

Using the ANOVA, relative contributions of each process parameter were

calculated. Table C-15 summarizes the ANOVA results for the three plate

thicknesses. It provides the relative contribution (in percentage) of each

individual process parameter to the changes seen in the corresponding output

metric. The most significant contributor is highlighted in red and the least

contributing factor is highlighted in blue.
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Table C- 6: The ANOM and ANOVA calculation summary for the injection
pressure for the three plate thicknesses.

Injection Pressure Levels

1

S/N 2

3

Average

Sum of Squares (R)

Relative Contribution

1

S/N 2

3

Average

Sum of Squares (R)

Relative Contribution

1

S/N 2

3

Average

Sum of Squares (R)

Relative Contribution

1 mm

Fill Melt Mold SO

-30.41 -30.62 -31.62 -30.13

-30.35 -30.33 -29.19 -30.57

-30.26 -30.06 -30.19 -30.31

-30.34 -30.34 -30.34 -30.34

0.15 0.56 2.43 0.43

0.04 0.16 0.68 0.12

2 mm

-21.63 -21.99 -22.22 -21.46

-21.67 -21.68 -21.17 -22.01

-21.78 -21.41 -21.69 -21.61

-21.69 -21.69 -21.69 -21.69

0.15 0.59 1.05 0.55

0.06 0.25 0.45 0.24

3 mm

-16.44 -16.93 -16.96 -16.38

-16.49 -16.56 -16.08 -16.74

-16.66 -16.10 -16.55 -16.47

-16.53 -16.53 -16.53 -16.53

0.22 0.83 0.88 0.35

0.10 0.36 0.39 0.15

Total

-30.34

3.58

1.00

-21.69

2.33

1.00

-16.53

2.29

1.00
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Figure C- 2: Injection pressure optimization by Taguchi method
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Table C- 7: The ANOM and ANOVA calculation summary for the clamping
force for the three plate thicknesses.

1 mm
Clamping Force Levels Fill Melt Mold SO Total

S/N

1 -20.17 -20.34 -21.23 -19.45

2 -20.02 -19.61 -18.60 -19.78

3 -19.06 -19.29 -19.41 -20.01

Average -19.75 -19.75 -19.75 -19.75 -19.75

Sum of Squares (R) 1.11 1.05 2.64 0.33 5.13

Relative Contribution 0.22 0.20 0.51 0.07 1.00

2mm

S/N

1 -10.16 -10.39 -10.75 -9.46

2 -9.66 -10.11 -9.96 -10.92

3 -10.61 -9.93 -9.73 -10.05

Average -10.14 -10.14 -10.14 -10.14 -10.14

Sum of Squares (R) 0.95 0.46 1.02 1.47 3.89

Relative Contribution 0.24 0.12 0.26 0.38 1.00

3 mm

S/N

1 -5.50 -5.89 -5.49 -5.35

2 -5.42 -5.07 -5.08 -5.30

3 -5.13 -5.09 -5.47 -5.40

Average -5.35 -5.35 -5.35 -5.35 -5.35

Sum of Squares (R) 0.37 0.82 0.41 0.05 1.66

Relative Contribution 0.23 0.50 0.25 0.03 1.00
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Figure C- 3: Clamping force optimization by Taguchi method
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Table C- 8: The ANOM and ANOVA calculation summary for the maximum
wall shear stress for the three plate thicknesses.

1 mm
Maximum Wall

Shear Stress Levels Fill Melt Mold SO Total

S/N

1 8.31 8.20 6.21 8.55

2 9.20 9.66 10.91 9.72

3 10.02 9.67 10.41 9.26

Average 9.18 9.18 9.18 9.18 9.18

Sum of Squares (R) 1.72 1.47 4.69 1.18 9.06

Relative Contribution 0.19 0.16 0.52 0.13 1.00

2 mm

S/N

1 14.16 13.79 13.98 14.30

2 14.22 14.12 14.07 13.89

3 13.93 14.40 14.26 14.12

Average 14.10 14.10 14.10 14.10 14.10

Sum of Squares (R) 0.29 0.60 0.28 0.42 1.60

Relative Contribution 0.18 0.38 0.18 0.26 1.00

3 mm

S/N

1 15.27 14.66 15.05 15.13

2 15.14 15.13 15.20 15.12

3 14.97 15.59 15.12 15.13

Average 15.13 15.13 15.13 15.13 15.13

Sum of Squares (R) 0.30 0.93 0.15 0.01 1.39

Relative Contribution 0.22 0.67 0.10 0.01 1.00
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Table C- 9: The ANOM and ANOVA calculation summary for the melt front
temperature difference for the three plate thicknesses.

1 mm
Melt Front

Temperature
Difference

Levels Fill Melt Mold SO Total

S/N

1 -38.78 -37.42 -38.93 -38.47

2 -38.49 -38.52 -37.92 -38.47

3 -38.05 -39.38 -38.47 -38.39

Average -38.44 -38.44 -38.44 -38.44 -38.44

Sum of Squares (R) 0.72 1.95 1.01 0.00 3.69

Relative Contribution 0.20 0.53 0.27 0.00 1.00

2mm

S/N

1 -32.65 -30.54 -31.82 -31.56

2 -31.57 -31.62 -31.24 -31.53

3 -30.38 -32.44 -31.54 -31.50

Average -31.53 -31.53 -31.53 -31.53 -31.53

Sum of Squares (R) 2.26 1.90 0.58 0.03 4.78

Relative Contribution 0.47 0.40 0.12 0.01 1.00

3mm

S/N

1 -23.21 -20.14 -21.55 -21.21

2 -21.31 -21.34 -20.86 -21.29

3 -19.10 -22.15 -21.21 -21.13

Average -21.21 -21.21 -21.21 -21.21 -21.21

Sum of Squares (R) 4.11 2.00 0.70 0.09 6.90

Relative Contribution 0.60 0.29 0.10 0.01 1.00
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Figure C- 5: Melt front temperature difference optimization by Taguchi method
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Table C- 10: The ANOM and ANOVA calculation summary for the cooling time
for the three plate thicknesses.

1 mm
Cooling Time Levels Fill Melt Mold SO Total

S/N

1 8.21 8.52 9.71 8.19

2 8.17 8.16 6.43 8.19

3 8.15 7.85 8.39 8.15

Average 8.18 8.18 8.18 8.18 8.18

Sum of Squares (R) 0.06 0.68 3.28 0.00 4.01

Relative Contribution 0.01 0.17 0.82 0.00 1.00

2 mm

S/N

1 -3.84 -3.52 -2.34 -3.86

2 -3.88 -3.88 -5.61 -3.85

3 -3.89 -4.20 -3.65 -3.90

Average -3.87 -3.87 -3.87 -3.87 -3.87

Sum of Squares (R) 0.05 0.67 3.27 0.00 4.00

Relative Contribution 0.01 0.17 0.82 0.00 1.00

3 mm

S/N

1 -10.88 -10.57 -9.38 -10.90

2 -10.92 -10.93 -12.65 -10.90

3 -10.93 -11.24 -10.70 -10.94

Average -10.91 -10.91 -10.91 -10.91 -10.91

Sum of Squares (R) 0.05 0.67 3.27 0.00 4.00

Relative Contribution 0.01 0.17 0.82 0.00 1.00
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Figure C- 6: Cooling time optimization by Taguchi method
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Table C-il: The ANOM and ANOVA calculation summary for the maximum
shear rate for the three plate thicknesses.

1 mm
Maximum Shear

Rate________Levels Fill Melt Mold SO Total

S/N

1 -78.79 -79.65 -79.87 -79.51

2 -79.67 -79.73 -79.47 -79.79

3 -80.55 -79.62 -79.66 -79.71

Average -79.67 -79.67 -79.67 -79.67 -79.67

Sum of Squares (R) 1.75 0.11 0.40 0.27 2.53

Relative Contribution 0.69 0.04 0.16 0.11 1.00

2 mm

S/N

1 -72.68 -73.60 -73.67 -73.48

2 -73.56 -73.58 -73.51 -73.69

3 -74.53 -73.59 -73.59 -73.59

Average -73.59 -73.59 -73.59 -73.59 -73.59

Sum of Squares (R) 1.86 0.03 0.15 0.21 2.24

Relative Contribution 0.83 0.01 0.07 0.09 1.00

3 mm

S/N

1 -69.05 -69.95 -69.98 -69.91

2 -69.88 -70.00 -69.91 -70.08

3 -70.93 -69.91 -69.97 -69.87

Average -69.95 -69.95 -69.95 -69.95 -69.95

Sum of Squares (R) 1.89 0.10 0.07 0.18 2.22

Relative Contribution 0.85 0.04 0.03 0.08 1.00
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Table C- 12: The ANOM and ANOVA calculation summary for the standard
deviation of melt front area for the three plate thicknesses.

1 mm
Std Dev of Melt

Front Area Levels Fill Melt Mold SO Total

S/N

1 -32.12 -32.21 -31.78 -32.41

2 -32.07 -31.59 -32.06 -31.46

3 -31.60 -31.98 -31.94 -31.91

Average -31.93 -31.93 -31.93 -31.93 -31.93

Sum of Squares (R) 0.51 0.62 0.29 0.94 2.36

Relative Contribution 0.22 0.26 0.12 0.40 1.00

2 mm

S/N

1 -37.84 -37.90 -37.92 -38.21

2 -37.86 -37.86 -37.79 -37.77

3 -37.85 -37.79 -37.84 -37.57

Average -37.85 -37.85 -37.85 -37.85 -37.85

Sum of Squares (R) 0.02 0.11 0.12 0.44 0.68

Relative Contribution 0.02 0.16 0.18 0.64 1.00

3 mm

S/N

1 -41.25 -41.42 -41.27 -41.70

2 -41.35 -41.31 -41.41 -41.17

3 -41.40 -41.28 -41.32 -41.13

Average -41.33 -41.33 -41.33 -41.33 -41.33

Sum of Squares (R) 0.15 0.15 0.13 0.53 0.96

Relative Contribution 0.15 0.15 0.14 0.55 1.00
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Figure C- 8: Standard deviation of melt front area optimization by Taguchi
method
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Table C- 13: The ANOM and ANOVA calculation summary for the standard
deviation of melt front velocity for the three plate thicknesses.

1 mm
Std Dev of Melt
Front Velocity Levels Fill Melt Mold SO Total

S/N

1 -23.69 -26.50 -25.56 -29.01

2 -25.48 -25.79 -26.54 -22.91

3 -26.23 -23.11 -23.30 -23.47

Average -25.13 -25.13 -25.13 -25.13 -25.13

Sum of Squares (R) 2.54 3.39 3.24 6.10 15.27

Relative Confribution 0.17 0.22 0.21 0.40 1.00

2mm

S/N

1 -23.97 -24.95 -25.10 -28.61

2 -23.95 -24.07 -23.89 -22.08

3 -24.33 -23.23 -23.26 -21.56

Average -24.08 -24.08 -24.08 -24.08 -24.08

Sum of Squares (R) 0.37 1.72 1.84 6.52 10.45

Relative Confribution 0.04 0.16 0.18 0.62 1.00

3mm

S/N

1 -22.90 -25.61 -23.95 -29.66

2 -24.39 -24.42 -26.09 -21.53

3 -26.95 -24.21 -24.21 -23.05

Average -24.75 -24.75 -24.75 -24.75 -24.75

Sum of Squares (R) 4.05 1.40 2.14 8.13 15.71

Relative Contribution 0.26 0.09 0.14 0.52 1.00
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method
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Table C- 14: Optimal processing conditions based on ANOM calculations.

3mm

Parameters tf (s) Tm (°C) T (°C) SO (%)

P1 1.0 160 50 97

0.8 150 50 98

1.0 160 50 97

AMFT 0.8 140 50 99

1.0 140 45 98

max 1.0 160 50 99

aMFV 1.0 160 45 99

uMFA 1.0 160 45 98

2mm

Parameters tf (s) Tm (°C) T (°C) SO (%)

P1 1.0 160 50 97

0.9 160 55 97

Tm 1.0 160 55 97

AMFT 0.8 140 50 99

t 1.0 140 45 98

max 1.0 150 50 97

c,MFV 1.0 160 50 99

iMFA 0.9 160 55 99

1mm

Parameters tf (s) Tm (°C) T (°C) SO (%)

P1 0.8 160 50 97

f 0.8 160 50 97

0.8 160 50 97

AMFT 0.8 140 50 99

1.0 140 45 98/99

1.0 160 50 97

aMFV 0.8 150 45 98

aMFA 1.0 160 55 98
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Table C- 15: Summary of relative contributions (percentage) of individual
process parameters to changes seen in the respective output parameter

3mm

Parameters tf Tm T SO
P1 9.61% 36.37% 38.55% 15.48%

22.63% 49.77% 24.80% 2.79%

Tm 21.40% 67.25% 10.43% 0.92%

AMFT 59.59% 29.04% 10.09% 1.27%

t 1.24% 16.88% 81.79% 0.09%

84.85% 4.30% 2.93% 7.92%

aMFV 25.76% 8.89% 13.59% 51.75%

aMFA 15.44% 15.22% 13.86% 55.48%

2mm

Parameters tf Tm T SO
P1 6.25% 25.15% 44.95% 23.66%

24.40% 11.85% 26.08% 37.66%

tmax 18.45% 37,88% 17.60% 26.08%

AMFT 47.37% 39.77% 12.21% 0.65%

1.24% 16.88% 81.79% 0.09%

82.82% 1.12% 6.73% 9.32%

oMFV 3.58% 16.41% 17.60% 62.41%

aMFA 2.34% 15.62% 18.20% 63.84%

1mm

Parameters tf Tm T SO
P1 4.31% 15.56% 67.97% 12.17%

21.69% 20.45% 51.34% 6.52%

max 18.98% 16.20% 51.84% 12.98%

AMFT 19.62% 53.02% 27.33% 0.03%

t 1.34% 16.89% 81.76% 0.01%

max 69.23% 4.33% 15.67% 10.78%

aMFV 16.64% 22.21% 21.22% 39.93%

aMFA 21.64% 26.38% 12.12% 39,86%

Most Significant Parameter
Least Significant Parameter
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Appendix D: 17-4PH stainless steel feedstock data sheets
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Preliminary Product Data

RTPMIM 17-4PH X 101308
Metal Injection Molding

Aqueous Agar Binder
Improved Gel Strength
Stainless Steel 174 PH

FEEDSTOCK PROCESSING ENGLISH SI METRiC
lrjection Pressure 1000.10001) psI 7-69 MPa
Injection Cylinder Temperature 160.200 F 71-93 C
Mold Temperature 50-60 F 10-16 C
Sinteriog Temperature 2426 F 1330no
Sinteving Atmosphere Hydrogen Hti1rOgen

FEEOSTOCK PROPERTIES & AVERAGE VALUES OF SPECIMENS

Moisture Content 7.8 8,2% 7.8 8.2% NA
Capillary Viscosity © 1000 sec-I 1000-3000 Poise 100-300 Pa-sec 0-3835

SINTERED PROPERTIES
(Slntered Properties are dependent on sintering conditions and specific parts)
Sintered Density
Sintered Shrinkege for 040 in (10 mm) section

MECHANICAL

>98.5%
016 -'0.18 in/in

>98.5%
16 18% 0955

(Sintered and heat tempered t 1025°C)
Ultimate Tensile Strength 152 ksi 1048 MRs A-370
Yield Strength (0.2% offset) 142 ksi 979 MPa A-370
Tensile Elongation 10% 10% A-370
Reduction in Area 23% 23 % A-370
Hardness, RockwellC 36 38 E-18

(Sintered, HIP and heat tempered tl 1025°C)
Ultimate Tensile Strength 165 ksi II3TMPa A-370
Yield Strength (0.2% offset) 160 ksi I I03MPa A-370
Tensile Elongation 13% 13 % A-370
Reductlorr in Area 36% 36 % A-370
Hardness, Rockwell C 38 38 E-18

(Reference wrought heat tempered r 1025°C)
Ultimate Tensile Strength 155 ksi 1070 MPa A-370
Yield Strength (0,2% offset) 145 ksi 1000 MPa A-370
Tensile ElongatIon 12% 12% A-370
Reductlon in Area 45% 45 % A-370
Hardness. Rockwell C 35 35 E-18
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01313

02 IO
24458404 Ps
3.16E+15 Pss
27308+02 K

000E+00 K/Ps
4,. 14Th-gIl
5160E+0l K

01360
Ps(I.C2)

01000 458
0110 944 J!kg.K
01210 61 W/tjK
OIWO 273 K
01101 Seep
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PROPERT1E$ OF P7-4
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Specific Heat 800 3/kgK

Melt Daeaity 48* kg/mi
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*0 1000 1M3
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Appendix E: Input Files for PIMSolver simulations

The PlMsolver requires three input files to run a mold-ifiling simulation. They

are the ".inp", ".msh" and ".prj" files.

The .inp file contains the analysis parameters required to run the

simulations. The .inp file for the mold-filling simulation used model the

deliberate short shot experiment has been provided below. It consists of five

blocks:

1. MTRL: material properties of feedstock and binder

2. MOLD: material properties of mold

3. CLNT: material properties of coolant

4. MACH: basic information on powder injection molding machine

5. PRCS: processing conditions of powder injection molding

The .inp file:

MTRL 15 Material Properties
10000 5 Material Description

P17-4
STSI 7-4PH
Agar - Water
58.1%
Latitude

11100 1 Constant Feedstock Density
4.5880E+03

11110 13 2-domain Modified Tait Density
2. 1540E-04
4.0540E-08
6.0090E+08
2.0890E-04
2. 1540E-04
3.5850E-08
6.2490E+08
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4.9650E-04
3.1700E+02
2.5000E-08
0.0000E+00
0.0000E+00
O.0000E+00

11200 1 Constant Feedstock Specific Heat
9.4400E+02

11300 1 Constant Feedstock Thermal Conductivity
6.1000E+00

11400 5 Modified Cross Feedstock Viscosity
0. 0000E+00
0.0000E+00
0.0000E+O0
0.0000E+00
0.0000E+0O

11410 7 Cross-WLF Feedstock Viscosity
2.1080E-01
2.4450E+04
4.1470E+01
5.1 600E+01
3.1680E+15
2. 7300E+02
0.0000E+00

11500 1 Constant Feedstock Yield Stress
0.0000E+00

12100 3 Slip Velocity (Alphal, Betal, Ml)
0.0000E+00
0.0000E+00
0.0000E+00

12200 3 Slip Layer (Alpha2, Beta2, M2)
0.0000E+00
0. 0000E+00
0.0000E+00

13100 1 Constant Binder Density
0. 0000E+00

13200 1 Constant Binder Specific Heat
0.0000E+00

13300 1 Constant Binder Thermal Conductivity
0.0000E+00

13400 5 Modified Cross Binder Viscosity
0. 0000E+00



0.0000E+00
0.0000E+00
0.0000E+00
0.0000E+00

14100 1 Transition Temperature (1E)
O.0000E+00

MOLD 2 Material Properties
15000 3 Material Description

Mold-2
HP-13
Nypro

15100 1 Constant Mold Thermal Conductivity
1.0484E+02

CLNT 5 Material Properties
16000 3 Material Description

Cool ant-i
Water
Ceta Tech

16100 1 Constant Coolant Density
9. 7371E+02

16200 1 Constant Coolant Specific Heat
4.1950E+03

16300 1 Constant Coolant Thermal Conductivity
6.8800E-0i

16400 1 Constant Coolant Viscosity
3. 6500E-04

MACH 5 Injection Molding Machine
21100 1 Maximum Injection Pressure (MPa)

1.51 72E+03
21200 1 Maximum Clamping Force (Ton)

6.0000E+02
21300 1 Maximum Injection Speed (mm/s)

1 .3000E+02
21400 1 Screw Diameter (mm)

2.5000E+01
21500 1 Maximum Injection Stroke (mm)

L0000E+02
PRCS 13 Processing Conditions

31100 1 Filling Time
1.1100E+00

31105 1 Speed Control (1.0=Max Mach Inj Speed; 2.OFilling Time)
2.0000E+00
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31110 10 Ram Speed Profile(%)
2.0000E+0l
1 .0000E+02
4.0000E+01
1.0000E+02
6.0000E+01
l.0000E+02
8. 0000E+01
L0000E+02
1.0000E+02
1 .0000E+02

31120 1 F/P Switch Over by Volume Filled
9.8000E01

32100 1 Inlet Melt Temperature (1E)
8.2220E+01

32200 1 Constant Mold Wall Temperature (1E)
1.830E+01

32300 1 Eject Temperature (1E)
1.8301E+01

33100 1 Packing Time (sec)
2.0000E+00

33200 1 Packing Type(L0=Max Mach Inj Press; 2.0=F/P Switch-Over Press)
2.0000E+00

33210 10 Packing Pressure Profile (%)
2.0000E+01
1.0000E+02
4.0000E+01
1 .0000E+02
6.0000E+01
1. 0000E02
8.0000E+01
1 .0000E+02
1.0000E+02
1. 0000E+02

34100 1 Cooling Time (sec)
1.3000E+02

35100 1 Coolant Inlet Flow Rate (cc/sec)
2.0000E+02

35200 1 Coolant Inlet Temperature (1E)

1. 0000E+01
PARA 4 Numerical Parameters

41100 1 Number of Layers Across Full-Gap Thickness
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40
41200 1 Number of Outputs In Filling

40
41300 1 Number of Outputs In Packing

40
45000 1 Material Flag

0
ENDF

The .prj is the analysis project file. This contains information about where

all the files related to the particular simulation run are located. The .prj file for

the mold-filling simulation run used model the deliberate short shot experiment

has been provided below.

The .msh file contains the geometric and mesh data required to simulate

the mold-filling process. The .msh file for the mold-filling simulation run used

model the deliberate short shot experiment has been provided below. It consists

of seven blocks:

1. NUMB: number of elements, nodes, injection nodes, and physical

property tables

2. NORM: mold open direction

3. ENTR: injection node

4. CLIO: coolant inlet node

5. EPRP: element physical property table

6. ELEM: element number and connectivity

7. NODE: node number and coordinate
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Appendix F: Raw data of the experimental runs conducted at Nypro
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Table F-i: Progressive filling sequence.

Transfer
(mm)

Sequence 1 Sequence 2
Run
#

Fill time
(s)

Run Fill time
(s)

0.32 11 1.09 12 1.11

0.37 13 1.07 14 1.09
0.42 15 0.99 16 1.04
0.47 17 0.96 18 1.01

0.52 19 0.98 20 0.97
0.57 21 0.94 22 0.94
0.62 23 0.85 24 0.86
0.67 25 0.84 26 0.82
0.72 27 0.83 28 0.83
0.77 29 0.77 30 0.74
0.82 31 0.72 32 0.73
0.87 33 0.71 34 0.72
0.92 35 0.7 36 0.69
0.7 37 0.64 38 0.62
1.02 39 0.62 40 0.61
1.07 41 0.56 42 0.54
1.12 43 0.5 44 0.49
1.17 45 0.47 46 0.53
1.22 47 0.45 48 0.49
1.27 49 0.44 50 0.39



Table F-i: Summary of the results of the first set of experimental runs performed to study the influence

of varying processing conditions.

Run

Melt
temp

Mold
temp

Fill
speed

Fill
Time

effective
. .viscosity

. .during fill

Fill
rate

Fill
speed
actual

Shot
volu
me

fill
shear
rate

Injection
pressure
integral

of
hydraulic
pressure

Volu
me

.mtegr
al

Peak
flow
rate

Peak
.hydraulic

pressure

Injection
peak

pressure
(calculate
d plastic
pressure)

peak
.veloci

ty

peak
volu
me
for

inj
ion

injection
integral -

hydraulic
pressure for
entire cycle.

F °F mn's s psi-sec iWse in/s
:

/sec psi-sec CU..ifl Cu psi psi in/s cu in psi-sec

A 190 65 1.5 1.14 8256.22 0.76 0.99 4.48 0.94 14545.87 2.16 1.32 1119.05 13764.29 1.73 0.81 17753.51367
B 190 65 1 1.66 13751.06 0.49 0.65 4.97 0.58 20265.54 2.55 0.98 1241.76 15273.63 1.29 0.85 23508.83594
C 190 65 2 0.83 5909.92 1.01 1.33 4.30 1.30 12125.11 1.96 1.65 1047.62 12885.71 2.17 0.79 15283.22949
D 190 75 1 1.83 12758.32 0.49 0.64 4.93 0.59 19220.28 2.56 0.90 1138.28 14000.83 1.18 0.84 22358
E 190 75 2 0.81 5706.81 1.02 1.33 4.34 1.28 11825.19 2.02 1.60 970.70 11939.56 2.10 0.80 14961.20508
F 190 75 1.5 1.13 7640.12 0.76 1.00 4.73 0.95 13852.94 2.16 1,32 1061.36 13054.67 1.73 0.81 17268.72656
G 190 55 1 1.81 13586.69 0.50 0.65 4.54 0.59 20004.31 2.48 0.91 1263.74 15543.96 1.19 0.84 22921.04688
H 190 55 1.5 1.13 8494.82 0.75 0.99 4.81 0.91 14840.43 2.24 1.34 1178.57 14496.43 1.76 0.83 18242.39844
1 190 55 2 0.82 6184.31 1.01 1.32 4.14 1.29 12476.90 1.97 1.68 1128.21 13876.92 2.21 0.79 15573.95801
j 185 55 1 1.72 14473.23 0.50 0.66 4.60 0.59 20977.48 2.56 1.21 1293.04 15904.40 1.59 0.85 23878.27734
K 185 55 1.5 1.15 8502.21 0.75 0.99 4.50 0.94 14889.87 2.17 1.32 1196.89 14721.70 1.74 0.81 18086.16016
L 185 55 2 0.84 6326.13 1.00 1.32 4.35 1.28 12674.33 1.98 1.61 1145.60 14090.93 2.12 0.79 16005.60156
M 185 65 1 1.79 14482.75 0.49 0.64 4.79 0.57 20934.90 2.55 1.01 1276.56 15701.65 1.32 0.85 24062.05469
N 185 65 1.5 1.16 8610.44 0.75 0.98 4.72 0.92 14902.55 2.19 1.29 1127.29 13865.66 1.69 0.81 18132.46484
0 185 65 2 0.84 5932.93 1.00 1.32 4.22 1.28 12160.56 1.99 1.70 1041.21 12806.87 2.23 0.79 15285.5332
P 185 75 1 1.81 12537.64 0.49 0.65 4.77 0.59 18930.89 2.57 0.99 1136.45 13978.30 1.30 0.84 21956.00195
Q 185 75 1.5 1.14 7758.21 0.75 0.99 4.60 0.93 13982.33 2.19 1.41 1056.78 12998.35 1.86 0.81 17166.13281
R 185 75 2 0.84 5822.45 1.00 1.31 4.32 1.27 11914.97 1.97 1.63 998.17 12277.47 2.14 0.79 15272.94531
S 180 55 1 1.8 17141.63 0.49 0.64 4.79 0.58 24378.41 2.55 1.00 1547.62 19035.71 1.31 0.86 27476.82227
T 180 55 1.5 1.16 10603.59 0.74 0.97 4.81 0.93 17395.31 2.15 1.35 1470.70 18089.56 1.77 0.81 20860.14648
U 180 55 2 0.8 7595.66 1.02 1.34 4.35 1.29 14169.08 1.99 1.64 1375.46 16918.13 2.16 0.80 17489.69922
V 180 65 1 1.76 14138.79 0.50 0.65 4.81 0.58 20727.11 2.57 0.92 1286.63 15825.55 1.21 0.86 23936.00977
W 180 65 1.5 1.15 8859.96 0.76 0.99 4.54 0.94 15314.05 2.17 1.31 1209.71 14879.40 1.72 0.81 18643.92188
X 180 65 2 0.84 6252.95 1.01 1.33 4.53 1.29 12507.34 1.97 1.66 1092.49 13437.64 2.18 0.79 15881.99805
P 180 75 1 1.8 14310.10 0.49 0.65 4.48 0.59 20958.81 2.50 0.99 1284.80 15803.02 1.30 0.85 23785.81445
Z 180 75 1.5 1.1 8288.49 0.75 0.99 4.45 0.93 14599.43 2.23 1.33 1096.15 13482.69 1.75 0.82 17576.20508

Al 180 75 2 0.84 6030.80 1.00 1.32 4.14 1.28 12238.46 1.97 1.69 1049.45 12908.24 2.22 0.79 15338.04981



Table F- 2: Summary of the results of the second set of experimental runs performed to study the influence

of varying processing conditions.-
Run

Melt
temp

______

Mold
temp

______

Fill
speed

Fill
Time

________

effective'°'
during fill

Fill
rate

Fill
speed
actual

Shot
volu
me

fifi
shear
rate

Injection
pressure
rntegral

of
hydraulic
pressure

Volum
e

integral

Peak
flow
rate

Peak
hydraulic
pressure

Injection
peak

pressure
(calculate
d plastic
pressure)

peak
veloci

peak
volu
me
for

inject
ion

Injection
-

hydraulic
assure for

entire cycle.

°F °F nmfs s psi-sec__-i-_
Cu

ii(se hfs Cu.
.m. 1/sec psi-sec cu.ln -

sec
Cu

iWsec
psi psi lfl/s cu in psi-sec

A 190 65 1.5 1.14 8116.48 0.75 0.99 4.61 0.94
___

14351.63 2.18 1.33
____

1036.63 12750.55 1.75 0.81
__

17765.375
13 190 65 1 1.76 14109.41 0.49 0.65 5.03 0.59 20603.25 2.55 0.89 1255.49 15442.58 1.17 0.85 23846.6992
C 190 65 2 0.81 6166.14 1.01 1.33 4.19 1.27 12351.15 2.01 1.57 1039.38 12784.34 2.06 0.80 15539.9414
D 190 75 1 1.82 12431.48 0.50 0.65 5.06 0.59 18820.38 2.56 0.98 1121.79 13798.08 1.28 0.85 22187.3378
E 190 75 2 0.8 5726.29 1.02 1.34 4.19 1.30 11963.17 1.98 1.67 1064.10 13088.46 2.20 0.79 15065.9970
F 190 75 1.5 1.07 7839.34 0.77 1.01 4.55 0.95 14066.93 2.16 1.17 1083.33 13325.00 1.54 0.81 17421.8183
C 190 55 1 1.79 13137.36 0.50 0.66 4.82 0.60 19676.89 2.48 0.91 1215.20 14946.98 1.19 0.84 22930.9414
H 190 55 1.5 1.14 8683.17 0.75 0.99 3.81 0.91 15092.43 2.24 1.29 1190.48 14642.86 1.70 0.83 17817.1992
I 190 55 2 0.83 6040.10 1.01 1.32 4.15 1.28 12203.25 1.98 1.73 1039.38 12784.34 2.27 0.79 15378.7959
J 185 55 1 1.82 14290.89 0.49 0.65 4.81 0.59 20874.05 2.55 0.99 1284.80 15803.02 1.30 0.84 23835.0136
K 185 55 1.5 1.15 8488.28 0.75 0.99 4.65 0.94 14883.02 2.16 1.29 1181.32 14530.22 1.70 0.81 18379.2871
L 185 55 2 0.81 M06.76 1.02 1.34 4.23 1.28 12680.58 2.02 1.71 1124.54 13831.87 2.25 0.80 15937.9453
M 185 65 1 1.74 14109.68 0.50 0.65 5.07 0.59 20473.90 2.56 0.99 1209.71 14879.40 1.30 0.85 23667.6679
N 185 65 1.5 1.15 8470.10 0.75 0.98 4.51 0.93 14738.99 2.18 1.33 1115.38 13719.23 1.75 0.81 17868.0488
0 185 65 2 0.81 5966.38 1.02 1.34 4.22 1.29 12162.20 2.01 1.61 1034.80 12728.02 2.12 0.80 15279.9628
F 185 75 1 1.7 12666.72 0.50 0.66 4.86 0.60 19039.38 2.57 0.89 1142.86 14057.14 1.16 0.85 22094.4043

185 75 1.5

No Data available. Shortage of material

R 185 75 2
55 1

TF 180 55 1.5U18055 2
V180 65 1

W 180 65 1.5 1.14 I 9172.77 I 0.76 I 0.99 I 4.50 I 0.94 I 15601.25 I 2.17 I 1.33 I 1223.44 I 15048.35 I 1.75 I 0.81 I 18817.9531
X180 65 2

No Data available. Shortage of material.
118075 1

180 75 1.5
Al 180 75 2

I.,'




