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Micro Powder injection molding (uPIM) is a cost-effective technique for
producing small, complex, precision parts in high volumes from ceramic and
metal nanoparticles. This study focuses on research conducted on fabrication of
Micro Ceramic Arrays (MCAs) parts using pPIM. MCAs are widely used as the
major components and design features for many microsystems in various
applications, such as micro fluidics, micro optics, micro heat exchangers, micro
transducers, micro reactors, medical instruments and devices, IC packaging, etc.
However, lots of defects are associated while molding these MCAs with micro
features. These defects can be avoided by carefully studying the part geometry,
feedstock properties and studying the effect of change in processing parameters
on the fill of micro features. In this study we dealt with all the three methods to
avoid defects with a concentration on effect of feedstock properties on defect
occurrence. In order to have a good understanding of the uPIM process and to
provide the necessary data for simulation studies, characterization of the
feedstock is essential. In this thesis, characterization of feedstock consisting of
alumina nanopowder (average particle size of 400 nm) with ethylene-

propylene/wax (Standard Mix) and polyacetal binder systems (Catamold AO-F,



BASF) for pPIM is reported. It is found that the Standard Mix system has lower
viscosity and heat capacity compared to the Catamold AO-F. However, it can be
inferred from the results that Catamold AO-F fills the microcavities (50pum) in a
more efficient way, despite having a higher viscosity at higher shear rates. These
results from Moldflow Simulations were further varied using experimental

platforms and scanning electron microscopy.
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CHAPTER 1: INTRODUCTION

1.1 Powder Injection Molding
1.1.1 Background

Powder injection molding (PIM) is a fast-developing powder-forming
technique used to fabricate small and hard-to-manufacture parts with complex
tfeatures. 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 [1, 2, 3] . 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 [4, 5]. 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 [6, 7].

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
modern concurrent engineering concepts thus hindering further growth of this

highly versatile technology [8, 9, 10]. To overcome the problem, extensive



researching is being undertaken to understand various fundamental aspects of
PIM 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

[11, 12].

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 [13].
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. Moldflow Plastic Insight (MPI) is also one of the softwares that can be used
to simulate the PIM process very well. This study exhibits Moldflow’s ability to
accurately predict the 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 [14, 15].

1.1.2 Micro Powder Injection Molding

Micro-systems and related products will have increasing applications and
potential huge markets in the new millennium. Micro-systems can be used in the
fields of information and communication technology, medical and
biotechnology, and micro-sensor and micro-actuator technology. Economic

success of micro-systems technology requires cost-effective fabrication in large
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series as well as a great diversity of materials-processing technologies.
Techniques such as X-ray lithography, electro-forming, micro-molding and
excimer laser ablation are used for the production of microcomponents out of
silicon, polymer and a limited number of pure metals or binary alloys [16, 17].
However, the production cost is very high in most cases, and the materials
available are also limited. To overcome these drawbacks, micropowder injection
molding (uPIM), a variant of powder injection molding (PIM), has been
developed in recent years [18, 19]. uPIM inherits the features of conventional PIM
such as low production cost, shape complexity, applicability to many materials,
good tolerance and good mechanical properties.

The pPIM process enables the use of a wide range of materials such as
those with high strength, hardness or other functional properties, which will
broaden the applications of microcomponents. Currently, existing commercial
feedstocks have some limitations in filling microstructures with high aspect ratio
and hence, feedstock specifically for uPIM is required [20, 21, 22]. Unlike PIM
feedstock, more stringent requirements are required for uPIM feedstock from the
perspectives of powder, binder system and mixing. In the case of powder, small
particle sizes are necessary as they: (a) contribute to smaller structural details,
higher aspect ratio and better shape retention of microstructures 23, 24], (b) give
fairly isotropic behaviour [25, 26] and (c) yield better surface finish [27, 28]. As
for the binder system, firstly, sufficiently low viscosity is desired for complete
filling of the microcavities during injection molding. Secondly, molded
microstructures with high strength at the mold temperature are imperative to
enable successful demolding [29, 30]. Thirdly, the binder system has to allow for
pressure free, complete debinding and sintering without deformation in the
submillimeter range [20, 26]. After the selection of appropriate powder and
binder system, mixing of the powder and binder system are conducted to form

the feedstock for injection molding. A suitable powder loading (powder-binder
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ratio) has to be established. This is not only because the feedstock directly
influences the subsequent processing steps but also due to the fact that fine
spaces or interstices between small particles, where the binder must flow, make
mixing more difficult [28, 31]. During mixing, insufficient binder will induce
incomplete wetting of the powder surface that leads to molding difficulty. This is
particularly important in pPIM since smaller particle size generally demands a
larger amount of binder to wet the free surface and the filling of the microcavities
is more sensitive to viscosity change. In contrast, excessive binder will lower the
viscosity of the feedstock, and this may cause powder-binder separation under
high stress during molding [32]. On the other hand, molded microstructures with
low strength may cause demolding problems as they may break or be distorted
during demolding [31, 33]. Lower powder content will also cause the sintered
microstructures as well as the overall dimensions to undergo higher shrinkage.
The most important properties of the feedstock are its homogeneity and
rheological behaviour [34]. Table 1 shows some related studies in the field of

binders for uPIM.



Table 1: Different binder systems for uPIM feedstocks

Binders used

Summary

Polyvinyl acetate (PVA) +
Water, Ethylene vinyl
acetate (EVA) + Paraffin
Wax (PW) and
Polyacrylonitrile (PAN) +
EVA + High Density
Polyethylene (HDPE)

A water-soluble binder system consisting of PVA was
found to be unsuitable for pPIM, as the viscosity was too
high and the surface finish of the micro-components was
poor. In the case of the PW + EVA binder system, thermal
de-binding caused slumping problems. A binder system
comprising PAN + EVA + HDPE proved to be suitable for
use due to easy flowability in the micro cavities and easy

de-binding of the binder at a later stage.

Cellulose acetate butyrate
(CAB) and poly(ethylene
glycol)(PEG)

This blend exhibited low enough viscosity to make
homogeneous feedstock for pPIM. Shape maintenance
during the extraction of binder by water was excellent,
and final sintered parts had excellent dimensional stability
(#0.3%) and high sintered density over 98%. Also the
injection cycle time was comparable to that of commonly

used wax-based feedstock.

[37]

Paraffin wax

HDPE

eW) +

The mold filling behavior was better than other binders
used in previously mentioned studies; however, the
shrinkage in the part was fairly high. It was also found out
that less temperature of debinding increase the bending
strength which is very important in the technological lines

producing tools by pPIM method.

438,
39]

PW + PEG + Low Density
Polyethylene (LDPE) +

Polypropylene (PP)

Good flowability in micro cavities and good shape
retention were found. However, the shrinkage in the final

sintered part was high.
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Table 2: Some of the debinding and sintering methods used for pPIM feedstocks

Debinding process

Summary

Single-step thermal
debinding at 800°C was
carried out for 150

minutes.

The binders used were PEG and CAB. No residue of
PEG was found at 420°C. Complete removal of
CAB/PEG binders was observed at 800°C with lots of
sink marks on the final part. This sink marks are due to
the higher debinding temperatures and short time of

exposures.

[41]

Multiple-step debinding
was conducted at 6500C

for 90 minutes.

In this study PVA, EVA, PW and PAN were the binder
systems used. The binder removal was conducted in
stages, such that after every stage the shape of the part is
retained by other binder. It was observed that removal of
PW shows the maximum amount of change in
dimension of the part. This method was found to be
expensive compared to single-step thermal debinding

method.

Thermal debinding

under inert atmosphere.

This study involved the use of PW as a binder. Inert
atmosphere was helpful to increase the evaporation of
PW at slower rates to maintain the dimensions of the
final part. The final part was found to have fairly high

density compared to other thermal debinding methods.

[43,
44]

Multiple-step debinding
combined with inert

atmosphere.

PAN and LDPE were the binders used in this study.
Removal of LDPE was attainable at 320 °C while the
temperature was raised to 450°C to remove PAN. Inert
atmosphere helps the removal of binder slowly,
maintaining the dimension of the final part. The final
part was found to have highest density compared to

other thermal debinding methods.




1.2 Micro Fluidic Devices and Microchannel Arrays (MCAs)

One of the major applications of the pPIM is the micro fluidic devices.
Figure 1 gives the different areas where pFluidic devices are used. MCAs fall in
the Nano/MEMS and energy applications of the pFluidic device. These
applications require higher temperature sustainability and hence, MCAs made

up of alumina were studied in this thesis.
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Figure 1: Different applications of pFluidic device

MCAs have been widely used as the major components and design

features for many microsystems in various applications, such as micro fluidics,
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micro optics, micro heat exchangers, micro transducers, micro reactors, medical
instruments and devices, IC packaging, and so on.

The advantage of MCA is obvious. With its the microstructure, MCA has a
large surface area to volume ratio, which can significantly improve the system
performance in terms of greater material utilization, lower energy cost, more
efficient and precise thermal management. One of most important applications of
MCAs is micro fluidic devices, which have been considered for many products of
today and the future. An example of this type of application can be found in
inkjet products, the thermal or Piezo print heads, which are made of many micro
fluidic channels, chambers and nozzles, (Figure 2 and Figure 3). Today’s print
heads are able to delivery the ink droplets with the weight of a few nano grams

to the paper in the on-demand printing process.

Figure 2: Micro fluidic chambers in inkjet print head



Figure 3: Ink ejected from nozzle

1.2.1 Other uPIM Applications

The other applications of pPIM (which are not studied in this thesis) 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). pPIM has its applications in the electronics industry, mechanical
parts, armaments industry, household products, medical appliances, automotive
parts, tooling, sporting goods and many more. Figure 4 shows some of the
complex parts that have been manufactured using pPIM. Table 3 gives some

examples of the applications of puPIM in the present-day industry [45, 46].

With the capability of utilizing a wide range of materials and also its
ability to form complex shapes, uPIM has the potential of providing mass-

fabrication solution to several innovative multi-scale technologies.



10

4)

Figure 4: Sample components produced using micro 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 gear.



Table 3: The wide range of uPIM applications separated by related industry.

Industry

Applications

Electronics

printer components
printed circuits

digital cameras

disk drive components
heat sinks

Mechanical

weaving machine components
welding nozzles

heat-engine components
small transmission parts

lock mechanism

Armaments

rifle sights

magazine catch

trigger and trigger guard
rocket guidance components
projectile stabilizer fin

Tools

investment casting core
drill bits

wood cutting bit
machining tools

Medical

orthodontic bracket
orthopedic implants
forceps

surgical equipment

Automotive

valves

injection nozzles
transmission parts
airbag components
seat worm gear

Consumer

electrical tooth-brush micro-gears

watch components
hair-cutting shears

Sports

spikes/cleats
bicycle parts
ski-bindings
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1.3 The uPIM Process

As depicted in Figure 5, the steps involved in fabricating a part using

uPIM are:

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 if necessary.

The part thus made from this process has features of micron meter
measurements. Hence it differs from PIM process of making parts with larger
dimensions (in centimeters).

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 volume % 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. [47]
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Organic Fine
Binder Powder

, Feedstock

Preparation

Injection
Molding
= Wy
Solvent Thermal
Debinding Pre-sintering
°
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.
°
°
Sintering
Finished part having
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Figure 5: Schematic diagram of the pPIM processing steps making part having
micro features.
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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 [48, 49]. 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 [50, 51].

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
tirst 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.
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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 [52]. 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. A typical injection

molding cycle is depicted in Figure 6.

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 PIM 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 [53, 54]
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Molten feedstock
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Figure 6: 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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1.4 Problem statement & Mold-filling stage:

The mold-filling stage is when the molten feedstock in the barrel is
injected into the mold cavity via the sprue, runners and gates. This stage is one of
the most vital stages in the injection molding process and controlling this stage is

very critical to successfully mold a part [55, 56].

The problem specifically associated with this study (ceramic MCA) is the
uneven filling of the cavity. The part shown in Figure 7 is the part used in this
study. The details of the part dimensions will follow in Chapter 2. However, to
define the problem statement to the readers, Figure 7 and 8 are added here. The

part has microchannels of 50um and a bulk substrate in millimeters.

Fill tirne
= [0 3786]s]

MOLDFLOW PLASTICS INSIGHT ] Scale (0.2 in)

Figure 7: A typical schematic of the MCA part used in the study
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Figure 8 is a self explanatory diagram. It shows the filling behavior of the
feedstock into the cavity. It shows that the bulk substrate of the MCA fills much
faster than the microchannels of the MCA. This particular flow pattern causes

uneven filling and cooling in the part leading the various different defects shown

in Figure 9.

[s]

0.0994 I

Fill time = 0.09s

Figure 8: Definition of the problem statement
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Figure 9 shows some of the defects that may occur if the process

parameters are not defined correctly.

Figure 9: Material inhomogeneity in micromolding nanoparticulate suspensions:

[A] incomplete mold fill, [B] ejection crack, [C] porosity distribution.

The study conducted in this thesis is to avoid such defects occurring in

ceramic MCAs via simulations and experimentation.

1.5 PIM Simulation

1.5.1 Numerical Modeling and Simulation

CAE (computer-Aided Engineering) has been widely adopted and proved
to be an important tool for industry and academic researches. By using CAE
tools for PIM study, the part and mold designs can be effectively evaluated in
design phase. The process variables can be developed and refined according to
the simulation results even before the parts are made. The advanced CAT tool
makes researches conducted in a more cost-efficient way. Two objectives for
modeling and simulation developed have been set for this research. The first

objective is to study flow behaviors of the suspension melt in mold cavities to
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assist the powder injection molding process development for ceramic
Microchannel Arrays (MCAs). The second propose is to study the process
conditions that may contribute the macro scale material homogeneity issue such
as short shots; and also to study the special melt flow effects that may be directly
associated with the particle migration behaviors in microchannels such as the

frozen and slip layers [57].

1.5.2 Modeling tools

Two modeling tools have been used for this research, Moldflow Plastic
Insight (MPI) and PIM Solver. The former is a well known and a true solid
modeling CAE tool broadly used by industry for plastic processing, especially
the plastic injection molding. By using MPI, the injection molding process
simulations can be carried out on the single solid model, in which the bulk and
micro cavities are meshed with solid elements of the different resolution to
achieve required precession and simulation efficiency. The tool is able to predict
melt flow behaviors and potential defect under simulated process conditions.
While MCI has strong ability in 3-D cavity melt flow simulation, it falls short in
dealing with suspension materials (powdered metal and ceramic feedstock) and
post PIM processes such as debindind and sintering. On the other hand, PIM
Solver is a CAE tool, which is specifically designed for Powder Injection Molding
(PIM). Like MPI, PIM Solver can accurately predict molding pressure, material
velocity, and temperature profiles throughout the flow region. It can also track
defects such as short shots, weld lines, air traps, and incomplete mold fills. The
software composes two operation modules: PIM Solver Post and PIM Solver Pre.
The former is used to construct the model and run the filling analysis. The latter
is used to display the results of the analysis. The short fall for current version of

PIM Solver is that the simulation analysis is based on 2.5-D modeling, which
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limits the application in some complex cavity designs. Neither is these two CAE
tool able to simulate the particle migration suspension in melt flow under high
pressure, temperature and shear rate. Nor can they predict the material

homogeneity of molded parts at green or sintered state.
1.5.3 Flow Model Development

The injection molding process can be divided into several stages including
filling, packing and cooling. Each of these stages may affect material
homogeneity and the dimensions of the modeled parts after ejection. In the
filling stage, the hot suspension melt is injected into the cavity by the applied
pressure. After the cavity is completely filled, additional melts is pushed into the
cavity at the hold pressure to compensate the volume shrinkage of the melt
during solidification. Ideally, once the gated is frozen, the packing phase stops
and the cooling phase begin. In the cooling phase, the melt solidifies further until
the preset ejected temperature is reached, and then the part is separated from the
mold and ejected [57, 58]. There are set of non-Newtonian flow mechanic

equations used in simulation of each of these process stages.
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1.6 Goal of the Study
To understand the process of pPIM (mold filling) with the help of

computer simulations (Moldflow Plastic Insight) for ceramic microchannel arrays
by investigating materials, processing and part designing issues.

Steps required to reach the goal were,

1. Prepare an alumina feedstock based on paraffin wax and polypropylene as
binders for comparison with polyacetal based commercially available feedstock.
2. Characterize the rheological and thermal properties of the two alumina
feedstocks.

3. Use the measured properties of the alumina feedstocks to analyze the mold-
filling behavior in microchannel arrays using computer simulation.

4. Study the effect of processing parameters and part geometry on mold-filling
behavior in microchannel arrays.

5. Conducte molding trials with the two alumina feedstocks on microchannel
array.

6. Experimentally compare the differences in the molded microchannel array

parts to understand the implications of the computer simulations.

Figure 10 gives the schematic view of the steps taken to reach the goal.



Prepare alumina feedstock based

on paraffin wax and

polypropylene as binders for
comparison with polyacetal
based commercially available

Conduct molding trials
with the two alumina
feedstocks on MCA. Study
the difference in molded
parts
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feedstock
i L Characterize
Goals of the rheological and
IID Study <::3 thermal
properties of the
U two alumina
feedstocks

Analyze the mold-filling
behavior of the two alumina
feedstocks in microchannel
arrays using computer

Figure 10: An approach towards reaching the goals of the study
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CHAPTER 2: SIMULATION STUDIES & EXPERIMENTAL

METHODS

This section describes the simulation technique and the experimental

method used for micro powder injection molding in this thesis.

2.1 Simulation method

For over two decades, Moldflow’s software solutions have brought the
promise of “better, faster, cheaper” plastic products to major companies in
various industries around the world. Designs for molds and products ranging
from toys to automotive and aerospace components to medical parts and many
others have been simulated and optimized prior to production, saving

manufacturers hundreds of thousands of dollars every year.
2.1.1 Injection Molding
The injection molding process can be broken into three phases:

Filling phase.
Packing phase.

Cooling phase.
2.1.1.1 Filling phase

During the filling phase, plastic is pushed into the cavity until the cavity is
just filled. As plastic flows into the cavity, the plastic in contact with the mold
wall quickly freezes. This creates a frozen layer of plastic between the mold and

the molten plastic. At the interface between the static frozen layer and the
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flowing melt, the polymer molecules are stretched out in the direction of flow.
This alignment and stretching is called orientation. Figure 11 show how the flow
front expands as material from behind is pushed forward. This outward flow is
known as fountain flow. The edges of the flowing layer come into contact with
the mold wall in a near perpendicular direction and freeze. The molecules in the
initial frozen layer are therefore not highly orientated, and once frozen, the

orientation will not change.

Figure 11: Fountain flow while feedstock melt fills the cavity

The red arrows show the flow direction of the molten plastic. The dark blue
layers against the mold walls show the layers of frozen plastic. The green arrows

indicate the direction of heat flow from the polymer melt into the mold walls.

The frozen layer gains heat as more molten plastic flows through the
cavity, and looses heat to the mold. When the frozen layer reaches a certain
thickness, equilibrium is reached. This normally happens early in the injection

molding process, after a few tenths of a second.
2.1.1.2 Packing phase

The packing phase begins after the cavity has just filled. This involves
further application of pressure to the material in an attempt to pack more
material into the cavity, in order to produce uniform shrinkage at reduced levels

and consequently, reduce component warpage.
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Once the material has filled the mold cavity and the packing phase has
begun, material flow is driven by the variation of density across the part. If one
region of a part is less densely packed than an adjacent region, then polymer will
flow into the less dense region until equilibrium is reached. This flow will be
affected by the compressibility and thermal expansion of the melt in a similar

way to which the flow is affected by these factors in the filling phase.

The material's PVT characteristics provide the necessary information
(density variations with pressure and temperature, compressibility and thermal
expansion data) so that when combined with the material viscosity data accurate

simulation of the material flow during the packing phase is possible.

Figure 12 shows the difference between the end of the filling phase (left image)

and the end of the packing phase (right image).

Figure 12: Difference between the end of the filling phase and end of packing
phase

In practice, due to limitations of pressure and available unfrozen flow channel, it
is not possible to pack enough material into the mold to fully compensate for
shrinkage. The uncompensated shrinkage must be allowed for by making the

cavity bigger than the desired part size.
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2.1.1.3 Cooling phase

The cooling phase occurs after the end of packing. The cooling phase is the
period of time from the end of packing to the instant that the mold clamp opens.
Cooling of the plastic occurs from the commencement of the filling phase, so that
this phase can be considered as the extra time required, after the packing time, to
cool the part sufficiently for ejection. This does not necessarily mean that all
sections of the part or runner system need be 100% frozen. The material at the
center section of the part wall reaches its transition temperature and becomes

solid during cooling time.

The rate and uniformity at which the part is cooled affects the finished molding
quality and production costs. Mold cooling accounts for more than two-thirds of

the total cycle time in the production of injection molded thermoplastic parts.
2.1.2 Meshing

Analyzing a model is a complex operation. Modeling the way molten
plastic (a non Newtonian fluid) flows, especially through complex model

geometry, is difficult.

To overcome these issues, a part is divided into smaller elements that are joined
together. The result is a mesh. Temperature, pressure and velocity of flow are
then calculated for each element within the mesh. The cumulative effect is a

representation of the whole model.

There are three different types of mesh used in MPI: Midplane, Fusion and 3D.
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2.1.2.1 Midplane mesh

Historically, a part was meshed by determining the thickness of the part
and then assigning a surface plane through the middle of the thickness. This
surface was then meshed with triangular elements (Figure 13) that are joined

along their edges and corners (called nodes).

Figure 13: Cross-section of an image from midplane meshing

At each node, the thickness of the part at that point is recorded. Analysis
then incorporates this measurement by dividing the thickness of the part into
thin layers called laminae. This gives a defined part volume for calculations to be

performed on.

2.1.2.2 Fusion mesh

A fusion mesh represents a solid CAD model by covering the surface of
the model with triangular elements. The locations where the corners of adjacent
triangles meet are called nodes (Figure 14). The model could be visualized as a

hollow body covered with a surface shell.
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Figure 14: Cross-section of an image from fusion meshing

When analyzing a part, the volume of the model is represented by layers or
laminae through the thickness of the part (typically 10 or more laminae through a
thickness). To build these laminae, it is important that there are matching
elements on the opposite face of the part. These matched elements ensure the
alignment of element laminae (a stack of triangular wedges) through the
thickness. These laminae permit an accurate representation of thin cross
sectioned parts, where there is a rapidly changing characteristic profile (for

example, temperature, and flow front velocity).

2.1.2.3 3D mesh

A 3D mesh represents the CAD model by filling the volume of the model

with four-node, tetrahedral elements (Figure 15).



30

Figure 15: Cross-section of an image from 3D meshing

3D meshes work well for parts that are "thick and chunky" because tetra give a
true 3D representation of the model. Analysis of a 3D mesh uses mathematical
equations without the assumptions used for midplane or fusion mesh. The
additional computational time this requires necessitates a less refined mesh. This
makes 3D mesh more appropriate for thick, complicated shaped models, while

midplane and Fusion mesh are more applicable for thin-walled, shell like parts.

2.1.3 Important Definition:

Fill Time: The time required for the polymer melt to completely fill the cavity.
Time to Freeze: The time required to completely freeze the polymer melt inside the cavity.
Meaning of colors here:

LOW HIGH

Figure 16: Meaning of colors in MPI

Gate: The location(s) where polymer is injected into the mold cavity (Figure 17).
Each polymer injection location will inject plastic at the same pressure. This
pressure increase is generally linear during the injection period, unless an end-

of-fill spike occurs.
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Figure 17: Gate locations
Why injection locations are important

The positioning of injection locations plays an important role in the effects of
material orientation on part warpage. In some cases, changing the gate position
is the only way of controlling orientation effects to produce a satisfactory design.
The essence of proper gating is to avoid problems associated with overpacking,

such as variation in shrinkage and product sticking in the cavity.

2.1.3.1 Design Rules
Gate centrally to provide equal flow length

Centralized gates provide equal flow lengths to all extremities of the part.
This results in more even packing in all directions and a lower shrinkage

difference, which lead to a higher quality part and lower rejection rate.
Gate symmetrically to avoid warpage

Symmetrical parts should be gated symmetrically to achieve balanced flow and

avoid differential shrinkage and subsequent warpage of the part.
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Gate into thicker sections for better filling and packing

Place polymer injection locations in thicker regions of the part, preferably at a
spot where the function and appearance of the part are not impaired. This leads
the material to flow from the thickest areas to the thinnest areas, and helps
maintain the flow and packing paths. Gating into thinner sections can result in

hesitation or sink marks and voids
Gate long, narrow parts from an end for uniform flow

When a long narrow part is centrally gated, packing near the gate and variable
molecular or fiber orientation throughout the part will cause differential
shrinkage, which will warp the part. Gating a long part at one end will provide a
uniform molecular and fiber orientation in the length direction. Although the
end with the gate will be packed more than the opposite end, the resulting

difference in shrinkage will not cause warpage (Figure 18).

«5—

Figure 18: Best gate location
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Position the gate away from load-bearing areas

The high melt pressure and high velocity of flowing material at a gate causes that
area to be highly stressed. For this reason, you should locate the gate away from

load-bearing areas.
Where to put polymer injection locations

One of the goals in selecting polymer injection locations is to ensure that all flow
paths in the cavity fill at the same time (balanced flow paths). This prevents
overpacking along the flow paths which might otherwise fill first. Altering the
polymer injection location can also be used to change the position of weld lines
and air traps, and reduce hesitation and other molding problems. In some cases

it may be better to have more than one polymer injection location.

Number of injection locations

There are no exact rules for determining the number of polymer injection
locations, as each part is different. However, there are some general factors to

consider helping make this decision.

Flow length refers to how far the polymer must flow from the polymer

injection location (Figure 19).

D -

Figure 19: Flow length
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Generally, parts with thicker walls can have longer flow paths than thin-walled
parts as the material will flow more easily in the thicker regions. The flow
characteristics of the plastic material affect how far material will flow for a given
thickness and the shorter the flow length, the more gates required to fill a part.
Each material has its own flow length. The materials datasheets from material
suppliers contain information on flow lengths which can be achieved for each

specific material at a range of thicknesses.

Very large parts, thinner walled parts and higher viscosity materials will

typically require more gates to fill a part.

2.1.3.2 Part volume

Generally, parts with larger volumes require more polymer injection locations to

fill properly.
What you should do

First, try a single gate in the flow centroid of the mold, and check that all flow

paths fill at nearly the same instant in time.

If this criterion cannot be met with a single gate, then try using multiple gates
(Figure 20). Mentally, divide the part mold into sub-moldings, with a gate
positioned at the flow centroid of each sub-molding or in the middle of one side.
The runner system dimensions should be set up so that each sub-molding is

filled at nearly the same instant in time.



35

Figure 20: Multiple gate locations

The positions of the gates should achieve both uniform and acceptable values of
shrinkage across the part. In some cases where thick and thin sections are
present, it is good practice to position the gate nearer thicker sections, in order to
avoid insufficient packing caused by premature freezing of the material between

the gate and the thicker regions.
2.1.4 Selecting the material

This topic describes some important material characteristics to consider
before selecting a thermoplastic material grade. The material that you select will

depend on the characteristics that you require.
Crystallinity

The crystallinity of a material identifies the state of the polymer at processing
temperatures, and can range from amorphous to crystalline states. Amorphous
polymers are devoid of any stratification, and retain this state at ambient
conditions. Crystalline polymers have an ordered arrangement of plastic
molecules, allowing the molecules to fit closer together. Therefore, they are more
dense than amorphous polymers. The rate of crystallinity is a function of
temperature and time. Rapid cooling rates are associated with lower levels of

crystalline content and vice versa. In injected molded parts, thick regions cool
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slowly relative to thinner regions, and therefore have a higher crystalline content

and volumetric contraction.
Mold and melt temperature

The mold temperature is the temperature of the mold where the plastic touches
the mold. Mold temperature affects the cooling rate of the plastic, and cannot be
higher than the ejection temperature for a particular material. The temperature of
the molten plastic is the melt temperature. Increasing the melt temperature
reduces the viscosity of a material, which also reduces shear stress. This results in
less material orientation during flow. Additionally, the material is hotter which
decreases the frozen layer thickness. Decreasing the frozen layer means that

shear is less since the constriction to flow is less.
Thermal properties

The specific heat (Cp) of a material is the amount of heat required to raise the
temperature of a unit mass of material by one degree Centigrade. It is essentially
a measure of a material's ability to convert heat input to an actual temperature
increase. It is measured at zero pressure and a range of temperatures, or
averaged across the temperature range of 50°C to the material's maximum

processing temperature.

The thermal conductivity (k) of a material is the rate of heat transfer by
conduction per unit length per degrees Celsius. It is essentially a measure of the
rate at which a material can dissipate heat. It is measured under pressure and at
a range of temperatures, or averaged across the material's melt temperature

range. The unit of measure is W/m-C, Watts per meter Celsius.
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Viscosity

The viscosity of a material is a measure of its ability to flow under an applied
pressure. Polymer viscosity is dependent on temperature and shear rate. In
general, as the temperature and shear rate of the polymer increases, the viscosity
will decrease, indicating a greater ability to flow under an applied pressure. The
material database provides a viscosity index for materials, in order to compare
ease of flow. It assumes a shear rate of 1000 1/s and indicates the viscosity at the

temperature specified in brackets.
PVT data

To account for material compressibility during a flow analysis, Moldflow
provides PVT models. A PVT model is a mathematical model using different
coefficients for different materials, giving a curve of viscosity against pressure
against temperature. An analysis based on PVT data is more accurate but
computationally intensive - through iterations for temperature and pressure per
node. However, this makes it particularly suited to complex models that have

sudden and large changes in thickness.
Shrinkage

As plastics cool, there is a significant change in their dimension, due to
volumetric shrinkage. The main factors that affect shrinkage are cool orientation,

crystallinity, and heat concentrations.
Optical

Transparent plastic under stress can exhibit stress birefringence, where the speed

of light through the part depends on the polarization of the light. Birefringence
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can result in the transmission of unevenly-polarized light and in double images.

Some materials are more prone to stress birefringence than others.
Composite materials

Composite materials contain fillers that are added for injection molding. Adding
filler to a polymer can increase the strength of the polymer and ensure that good
quality parts are produced. Most commercial composites contain 10-50% fibers
by weight, which are regarded as being concentrated suspensions, where both
mechanical and hydrodynamic fiber interactions apply. In injection-molded
composites, the fiber orientation distributions show a layered nature and are

affected by the filling speed, the processing conditions and material behavior.

2.1.5 Moldflow Plastics Insight (MPI)

Moldflow Plastics Insight (MPI) helps you determine the ideal
combination of part geometry, material, mold design and processing conditions

that will produce quality finished parts.
The main tasks that you will perform when you use MPI are:
1) Importing a model into MPI.

2) Creating a mesh to represent the model geometry (also known as meshing the

model).
3) Repairing the mesh if it contains errors (we are not going to do this in our lab)
4) Modeling the mold (cavity layout, feed system and cooling).

5) Analyzing the study.
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6) Viewing and interpreting the results of the analyses

7) Adjusting the molding parameters based on the analysis results.
2.1.5.1 Importing a model

MPI needs a model to analyze.

A model of the part needs to be imported into MPI for analysis. This model is
saved into a Project. A project is used to store studies. Each study is a version of
the original imported model and can be analyzed with different combinations of
features such as injection locations, processing parameters, runner/cooling
configurations, material, analysis sequences etc. Analysis results for a study are
stored in separate files from the study and are linked to the study in the project.

You can generate a new study at any time by using File «Save Study As.

For file management reasons, most users create a new project for each mold

analyzed. Method to create a new project and import a study into it is as follows:

Creating a new Project

1.  Click File +New Project. The Create New Project dialog appears.

2. Enter Getting Started in the Project name text box.

Note that the Create in text box outlines the pathway to where the project
will be stored, and that the new Project name you have entered is included
in this description. MPI has created a subfolder called "Getting_Started" for

the new project.
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3.  Click OK.

A new project called Getting Started is created and opened in MPL

Ensure the Tasks tab is selected. This is located at the top of the white Project
Study Pane on the left hand side of the window. The Getting Started project you

have just created is now listed in this section.
You will now import a study into the project you have just created.

Importing a study

1.  Click (File =Import).
2. Select the file you got it in iges format.

The model is read in, and a new study is automatically created in the

"Getting Started" project. This is illustrated in the Project View pane.

2.1.5.2 Model manipulation

In this task we will look at the tools that are available to rotate and zoom in and

out of sections of the model you open in the previous task.

Ensure the model from the previous task is open.

1.  Click the Rotate icon which is located on the Viewer toolbar. (View

=Toolbars =Viewer). Click anywhere on the model and, with the left mouse
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button held down, move the mouse. The model will pivot around a central

point. This is useful when investigating the geometry of the part.

2.1.5.3 Generating Fusion mesh

You will now generate a fusion mesh for this part.

1. In the Study task pane, double click Create Mesh..
This has the effect of opening the Tools tab Generate Mesh pane.

2. Click Mesh Now. The generation of the mesh will take a short time.

3. Rotate and zoom in on the part to investigate the mesh, especially at
rounded corners and thin edges.

4. In the Study Tasks pane, note that the third line down now identifies the
mesh as Fusion and the model is made up of approximately 14,500

elements

Notice in the Project View pane that there is a “F” symbol next to the study
name. This shows you that you have selected a Fill analysis for that study. When
the analysis has been run and results are available, the inside of the symbol is

colored in.

When analyzing a part from an imported CAD model, it is recommended to
always start with a basic filling ("Fill") analysis to checking the filling pattern,

injection pressure, the location of air traps or weld lines, etc. Once you are
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satisfied with the filling parameters for the part, you can run a full Flow analysis

(filling + packing phase), and then further analyses such as cooling or warpage.
2.1.5.4 Selecting a Material

In this task, you will select a molding material based on:

o Supplier name.

o Trade name.

o Family of polymer.

 Filler material requirements.

o Comparison of similar material properties.

1. Ensure the model from the previous task is open.

Note that in the Study Task pane, the default material Generic PP:

Generic Default is selected.

This part has a specified material, Tenite LDPE 1870 from Eastman

Chemical Products that needs to be used for analysis.

2. Double click on Generic PP: Generic Default and the Select Material
dialog appears.

3. Click the Manufacturer drop-down list.

4. Either scroll up or down the list until you find Eastman Chemical
Products or type east in the list box and the supplier will be selected.

5. Type ten in the Trade name drop-down box.

There are several Tenite materials available.
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10.

11.

Either click the drop-down arrow and select the required material, or
press the up and down keys on your keyboard until the desired material
Tenite LDPE 1870 is shown in the box.

Click Details and the material properties are displayed.

Click the Recommended Processing tab and note the recommended mold
surface temperature of 40° Celsius and a Melt temperature of 220° Celsius.

Click OK. Twice.

The selected material is displayed in the Study Tasks pane.

Double click on  (Process Settings) and note how the recommended
process settings for the selected material are now listed at the top of the
Process Setting Wizard - Fill Settings dialog.

Click Cancel to remove the dialog.

2.1.5.5 Designing a cooling circuit

In this task, you will design a simple cooling circuit layout using the Cooling
System Wizard. The Wizard cannot create all possible features of a cooling
system, but it is excellent for creating a quick initial layout that can serve as the
basis for a more complex cooling system, for example, including bubblers, baffles

and other cooling aids.

1.

Ensure the project you created in task 1 is open.

Note: The Cooling Circuit Wizard requires that the part lies in the XY

plane.
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10.

Click  (Front View).

From the Tools pane, click (Move/Copy) and select (Rotate)

Select All from the Selection toolbar (View Toolbars Selection).
(Alternatively Edit Select All).

Select Z Axis from the dropdown list and enter 90 in the Angle box.

Click Apply.

Rotate the model 90° around the X axis using the previous two steps as

reference.

The XY plane is now parallel with the top surface of the model. Click

Close on the Tools pane.

Click Cooling Circuit Wizard from the Modeling toolbar (View Toolbars
Modeling).

The first page of the Cooling Circuit Wizard appears. This is used to
specify the layout of the cooling circuits, in particular the channel
diameters, the distance from the part surface to the cooling circuits and

the alignment of the circuits relative to the part.

Enter the following values on the first page of the Cooling Circuit Wizard:
o Channel diameter: 6 mm
o How far above and below: 15 mm
o Ensure that the Y alignment option is selected.

Click Next to move on to the next Wizard page.

The second page of the Wizard is used to specify the number of channels,

and their spacing relative to one another and the part.
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11.

12.

13.

14.

Enter the following values:
o Number of channels: 4
o Distance between channel centers: 40
o Distance to extend beyond part: 20.

Click Preview.

The bottom of the Wizard has two additional options. Delete existing
circuits first, which is active by default, and will remove any existing
cooling circuits from the model before creating the new circuits. Connect
channels with hoses allows the Wizard to apply the optional Hose
attribute to the connecting end segments of the cooling channel; for this
exercise, leave the check box deselected. Cooling circuit segments with the
Hose attribute will have a heat transfer effectiveness of zero and therefore

not contribute to the cooling of the part.
Click Finish.

Rotate the model to visually inspect the cooling system. Your model

should now look as shown in the image below.

Tip: If you did not obtain the required results, click  (Undo) to remove

the cooling system, click (Modeling Cooling Circuit Wizard) to
restart the Wizard. The Wizard remembers all the settings you last used so

simply step through the Wizard pages and make adjustments as required.

It appears that the distance between cooling channels might to large.

Alter the distance between cooling channels to 30mm using the above




46

instructions.

You will now inspect the coolant inlet parameters automatically applied
by the Wizard and the change the coolant inlet temperature in both

circuits to 30°C.

15. Select and then click one of the light blue coolant inlet symbols to select it.
They are situated at the start of the cooling circuits.

16. Right-click and select Properties.

You will see the coolant is water and a default coolant temperature has

been applied.

17. Change the coolant inlet temperature to 30°C, enter Water - 30 degrees in
the Name box, and click OK.

18. Click on the other coolant inlet symbol (Edit Assign Property). From the
list of properties in the Assign Properties dialog list, select the entry Water

- 30 degrees, and click OK.

2.2 Microchannel Arrays design

Ceramic microchannel arrays (MCAs) were designed as the experiment
samples for conducting the research. To make MCA study samples, an advanced
experiment platform of the pPIM was developed, which included Arburg
powder injection molding machine, the precision micro cavity mold, a built-in
sensor system and the fast data acquisition module. The pPIM process was
developed such that the selected critical process parameters would have effects
on material heterogeneity of the molded MCA parts. The numerical simulation

tool, Moldflow, was studied and used for assistance in the mold design, process
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development, and study of the physical condition for binder and powder
separation. As the most important contribution of this research, different
analytical test methods were investigated and developed for material
homogeneity characterization using green and sintered MCA components.

To carry out the research, experiment samples must be carefully designed
with specific geometry and dimensions. The following criteria were used for
selection of the sample designs.

1. Microfeatures with geometrical dimensions less than 0.5 mm

2. Enough suspension melts flow distance with a large flow path ration
(L/T)

3. Multi-scale structure design to explore the volume depended share rate
effects.

4. Significant contributions for science and techno development from the

research conducted with designs.

Based on the sample design criteria, the ceramic microchannel arrays
(MCAs) were selected for conducting the material homogeneity research (Figure

21).

Figure: 21: Experiment part design
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The study sample, designed for investigating the green material
homogeneity of micro and macro scale from ceramic PIM, has the shape of a
rectangular block, which comprises two structures, the bulk substrate and the
micro channel arrays. Both macro and microscale material homogeneity studies
were conducted on MCA micro features with macro scale study focusing on
channel filling defects such as the short shot and microscale study on the particle
and binder separation. MCA as the main study features was carefully designed
with specific geometry and dimensions in terms of different channel wall width,
thickness, channel width, and channel length. The flat pad (circular shape) at the
end of the part was designed for landing the thermal sensor tip in the model
cavity for process monitoring. The bulk size of the small parts with 50pm ribs
was about 2.5 x 8 x 1.5 mm (width x length x thickness), with an approximate
volume of 48 mm3 and the weight of 0.12g. The small part was also designed
with the aspect ratio of 2:1 for the microchannel walls and the large flow path
ratio of L/ T = 80 (length/thickness).

Table 4 gives the process conditions used for simulation studies of the ceramic

microchannel array part.
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Table 4: The process conditions used for simulation studies of the ceramic

microchannel array part for Catamold AO-F and Standard Mix

Processing Conditions Catamold AO-F & Standard Mix
/model design
Dosage Rate 10cm’ /s
Injection Pressure 60 MPa
Holding Pressure 120 MPa
Mold Temperature 150°C
Melt Temperature 1900C
Number of Gates 1
Bulk Thickness 1.5mm

A typical image from the MPI is shown in Figure 22.

Fill time
= [1.3786]=]

MOLDFLOW PEASTICS INSIGHT I Scale (0.2 in)

Figure 22: Typical image of the part from MPI
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2.3 Materials

Although there is a relatively wide range of materials available for pPIM,
it is necessary to focus on powders of small particle size. The starting powder
requirements for pPIM are much more stringent than that used for conventional
PIM. For example, the particle size should be at least about one order of

magnitude smaller than the minimum internal dimension of the microscale part.

2.3.1 Binders
There have been studies on different binder systems in the past. [59, 60]

studied the effect of different binder mixtures on the rheological properties of the
feedstock using Polyvinyl acetate and Cellulose acetate butyrate as the binder
systems. The feedstocks used in this research are the commercially available
alumina-polyacetal feedstock (Catamold AO-F, BASF) and an in-house product,
Standard Mix, comprising of alumina-propylene/paraffin wax (Composition is
given in Table 5), both containing about 56 vol.% solids loading. The binder used
in the Standard Mix is a blend of Proflow 3000 by Polyvisions, Fusabond-E MB
226D by Dupont, Paraffin Wax MP 130°C by Stevenson-Cooper, and Stearic Acid
by Fisher Scientific.

Table 5: Composition of Standard Mix and Catamold AO-F

Catamold
Composition Standard Mix AO-F
(Vol %)
Supplied b
Alumina 56.1 PP Y
BASF
Proflow 3000 15.4
contains
stearic Acid 22
Polyacetal
Fusabond-E MB 226D 4.4
as a binder
Paraffin Wax 22.0
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For preparing the standard mix, the binder components were added in

progressively, starting with the binder component with the highest melting

point. According to the thermal properties of the binder components, the mixing

temperature was set higher than the highest melting point, but lower than the

lowest degradation temperature of the binder components. The A16SG

nanopowder and the binder system were mixed in Haake Rheocord mixer for 30

minutes at 150 °C. Mixing speed was kept at 50 rpm. The purpose of the

components in Standard Mix’s composition is as follows:

Proflow 3000 is a polypropylene copolymer having a melt index of 2600
g/10 min when measured in accordance with ASTM D1238 at 230 °C and
216 kg.

Stearic Acid is used as a processing aid.

Paraffin Wax is the major binder composition in Standard Mix’s formula.
Fusabond-E MB 226D is a modified polyolefin comprising of high density
polyethylene grafted with maleic anhydride.

+

The conductive

particulate of A new alumina-

alumina - oxygen bond is
+ formed

heat and mechanical

shear

The Fusabond E-MB226D bond thus tormed prevents the powder and binder

segregation in these kinds of feedstocks.

2.3.2. Powder

Although there is a relatively wide range of materials available for pPIM,

it is necessary to focus on powders of small particle size [61]. The starting

powder requirements for pPIM are much more stringent than that used for
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conventional PIM. For example, the particle size should be at least about one
order of magnitude smaller than the minimum internal dimension of the micro
part [62]. Both of these feedstocks (Standard Mix and Catamold AO-F) contain
alumina powder A16 SG, supplied by Almatis, with an average diameter of 400
nm. The published density of the alumina powder is 3.9 g/cm3. The density and
particle size were determined by a pycnometer and the particle size was
measured using a particle size analyzer. Alumina powder was selected because
of its higher service temperature and thermal conductivity at lower costs. Figure
23 and 24 give the Ashby’s plots for Alumina showing the comparison of

properties with other available materials.

Normal density concrete

" Alumina

] 5 : : :
=Z1000 | S M\l |

Maximum Service Temperature

0.01 01 1 10 100 1000 10000
Price (GBP/Ib)

Figure 23: Ashby’s plot of maximum service temperature vs price.
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Figure 24: Ashby’s plot of thermal conductivity vs price.

This powder is dry milled in alumina lined batch ball mills using alumina
media. The grinding process eliminates the porous agglomerates formed during
the calcination process resulting in optimal products for achieving the targeted
alumina application properties. The calcination process used to produce the
grinding feedstocks is carefully monitored and controlled to achieve the chemical
purity and crystal structure required to consistently achieve the desired end
product properties. The properties of the Almatis alumina powder used in this
study are given in Table 6 and Figure 25 shows the SEM image of the Alumina

used.
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Spum

Figure 25: Scanning electron micrograph (SEM) of the alumina (A16SG)

Table 6: Properties of the Almatis alumina powder

Properties Value

% Composition of Al,O3 99.8
Surface Area BET (m2/g) 8.9
Wet - 325 Mesh Sleve (%) 99.6
Sedigraph d90 (um) 1.5
Green Density (g/cc) 217
Shrinkage (%) 17.7
Firing Temperature (°C) 1540

The feedstocks used in this research included a commercially available
alumina-polyacetal feedstock (Catamold AO-F, BASF) and an in-house product
Standard Mix of alumina-propylene/paraffin wax, both containing about 56
vol.% solids loading. Both of these feedstocks contain alumina powder, (A165G
supplied by Almatis for Standard Mix), with the median particle size of ~ 400

nm.

2.3.3. Feedstock

Feedstock preparation for Powder Injection Molding is a very crucial step

since deficiencies in quality of the feedstock cannot be corrected by subsequent
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processing adjustments. Hence, it is important that the feedstock is homogeneous
and free of powder-binder separation or particle segregation. The quality of the
feedstock in the mixing process depends on numerous parameters such as
mixing time, mixing temperature, sequence of material addition, powder size
and shape, formulation of binder, shear rate, and powder loading.

The pPIM feedstock represents a balanced mixture of powder and binder.
The amount of binder depends on the powder particle packing, since filling all of
the void space among the powder particles is necessary to maintain a low
viscosity. There are three possible situations for a given powder-binder mixture,
as sketched in Figure 26. When the powder loading is higher than the critical
loading, there is no sufficient binder to fill into the space among powder particles
[63, 64]. Therefore, there are voids formed in the feedstock (Figure 26(a)). The
feedstock has a high viscosity and is thus difficult to be molded. There is a
critical powder loading at which the binder is just sufficient to form a strong,
absorbed layer on the powder particles and to completely fill the inter-particulate
voids (Figure 26(b)). It represents the densest packing of powder particles. When
the powder loading is lower than the critical loading, there is too much binder in

the feedstock (Figure 26(c)).

Void particle binder

{c)

Figure 26: Three possible situations in a powder-binder mixture: (a) excess of

powder, (b) critical and (c) excess of binder [65].
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Before mixing, the alumina powder will be dried in a vacuum oven at a
temperature of 80°C for 12 h to remove moisture.

Mixing experiments were conducted in a Haake rheocord 90 torque
rheometer. A pair of roller rotor blades were used and the powder loading were
carried out at 10 grams/ min to facilitate homogeneous mixing of the powder
and binder components. Mixing speeds to be used are 30 and 50 rpm, and the
mixing temperature used was 110°C. The mixing bowl was heated up to the
required temperature of 110°C, while the mixing speed was set to the required
value of 50 rpm. When the required mixing temperature was reached, all the
binder components were loaded into the bowl and mixed until temperature
equilibrium is achieved. The alumina powder is then loaded into mixing bowl
and mixed at the required mixing temperature.

The given composition of the Standard Mix was selected keeping in mind
to get a shear thinning behavior. The learnings form the literature review showed
that shear thinning behavior of the feedstock might fill the micro-cavities in a

more efficient manner.

2.4 Characterization & Properties of the feedstocks

After several trial runs, the basic injection molding process for alumina
MCAs was set. All the material characterization was carried at DatapointLabs at
Ithaca, NY.

The details of all the testing carried out at DatapointLabs is given in
Appendix I and Appendix II.

Several test techniques were explored through this research for green
ceramic material homogeneity and mold filling study. They included rheological

and thermal properties.
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The mix (Standard Mix) thus prepared was characterized using
Differential Scanning Colorimeter (DSC) and Thermogravimetric Analysis
(TGA). The runs were conducted at a rate of 10°C/min raise in temperature. It
can be seen in Figure 27 that % weight loss is around 16% which corresponds to
around 84 weight % (~56.1 volume %) alumina in the mix. Also, according to
DSC, the binder melts at around 55°C and the four different components of the
binder degrade at above 250°C. It is important to note that Standard Mix was
prepared as the same powder-binder composition as of Catamold AO-F for one-

to-one comparison of the two feedstocks.
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Figure 27: TGA and DSC studies of the Standard Mix

2.4.1 Rheological Studies

The rheological characteristics of the feedstock were examined on a
Gottfert rheograph 2003 capillary rheometer at different shear rates and
temperatures. The testing was carried out in accordance with ASTM D 3835. The

temperatures were between the highest melting temperature and the lowest
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degradation temperature of the binder system. The barrel of inner diameter of 1
mm and die length of 20 mm was used. The preheating time was kept at 6
minutes.

The viscosity of feedstock decreases with increasing shear rate. Normally,
feedstock which exhibit shear thinning flow behavior during molding eases mold
filling and minimizes jetting. Figure 28 shows the relation of viscosity against

shear rate and temperature.
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Figure 28: Relationship between viscosity (Pa-s) and shear rate (s) for Catamold
AO-F and Standard Mix at varying shear rates.
The rheological data was fitted to a modified Cross-WLF equation (equation 1)

and was used for further analysis in a Moldflow package.

(7. P) \
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T=Dy+D3xP
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1nois the zero-shear rate viscosity, y is the shear rate, T is the temperature, p is the
pressure, n , T, D1, Dy, D3, A1 and Az are model constants. Most feedstocks
exhibit two regimes of flow behavior: Newtonian and shear thinning. Newtonian
behavior occurs at low shear rates, when the shear-stress-to-shear-rate
relationship is linear. At higher shear rates, the viscosity decreases as the shear
rate increases; this behavior is called shear thinning. In the Cross-WLF equation,
the transition between the Newtonian and shear thinning regimes is
characterized by the parameter, t". T° represents the shear stress at which the
onset of shear thinning behavior occurs. The value of (1 - n), where n is a power-
law coefficient in this model, represents the slope of the shear thinning curve.
The remaining constants are used to model the zero-shear rate viscosity, 1o . The
parameter, Tp, characterizes the temperature sensitivity of np. This tends to
depend on temperature, especially near T;. Table 7 gives the value and definition
of these constants for both the feedstocks used.

Table 7: Value and definition of different constants for Catamold AO-F and
Standard Mix

Coefficients Definition Catamold AO-F | Standard Mix
(ST units) (SI units)
n Power law index 0.48 0.23
T (Pa) Constant with Weissenberg- 24820 9400

Rabinowitsch correction at user's
specification during data fit; this

value is used for material database.

D1 (Pa-s) Scale factor for viscosity 1.27E+14 1.67E+15

Ds (K) Glass transition temperature at zero 263 263

gage pressure

A WLF temperature shift factor 30.72 28.40

Az (K) WLF temperature shift factor 51.6 51.6
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2.4.2 Thermal Conductivity

A K-System II Thermal Conductivity System was used to evaluate the
thermal conductivity of the feedstocks. The testing was carried out in accordance
with ASTM D 5930. The initial temperature was 190 °C and final temperature
was 30 °C. The probe voltage was kept at 4 V and acquisition time of 45 s.

Figure 29 shows the comparison of the thermal conductivity of the two
feedstocks. The Catamold AO-F has a higher thermal conductivity than the
Standard Mix.

4.4
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Figure 29: Thermal conductivity of Catamold AO-F and Standard Mix as a

function of temperature.
2.4.3 Specific Heat

Specific heat measurements were carried out on Perkin Elmer DSC7
equipment in accordance with ASTM E 1269. The testing was done on a 11.85 g
sample with the initial temperature of 190 °C and final temperature of 20 °C. The

cooling rate was kept constant of 20 °C/minute.
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The Catamold AO-F feedstock containing polyacetal has a higher specific
heat value compared to the Standard Mix. Figure 30 shows the comparison of the

specific heat for the two feedstocks.
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Figure 30: Specific heat as a function of temperature for the Catamold AO-F and

the Standard Mix.

2.4.4 Pressure-volume-temperature behavior

A Gnomix PVT apparatus was used to find the PVT relationships of the
feedstock materials. The test was carried out in accordance with ASTM D 792.
The pellets were dried for 4 hours at 70 °C under vacuum. The measurement
type used was isothermal heating scan with a heating rate of approximately
30C/minute.

The pressure-volume-temperature (PVT) behavior of Catamold AO-F and
Standard Mix (Figure 31), gives the specific volume changes of the melt in cavity

as the function of cavity pressure and temperature.
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Figure 31: PVT relationships for the Catamold AO-F and the Standard Mix

Table 8 gives the values and definition of different PVT coefficients for the

Catamold AO-F

and the Standard Mix.

Table 8: PVT coefficients for Catamold AO-F and Standard Mix.

Coefficients Definition Catamold Standard Mix
AO-F

b5 (K) Crystallization temperature 4.360E+02 3.322E+02

b6 (K/Pa) Pressure sensitivity of b5 6.000E-08 1.800E-07

blm (m3/kg) Tait constants for melt 3.827E-04 4.015E-04

b2m (m3/kg-K) Tait constants for melt 1.258E-07 2.027E-07

b3m (Pa) Tait constants for melt 3.970E+08 2.953E+08

b4m (1/K) Tait constants for melt 2.174E-03 4.709E-03

bls (m3/kg) Tait constants for solid 3.692E-04 3.893E-04

b2s (m3/kg-K) Tait constants for solid 8.316E-08 5.312E-08

b3s (Pa) Tait constants for solid 7.000E+08 6.574E+08

b4s (1/K) Tait constants for solid 5.947E-03 3.868E-06

b7 (m3/kg) Transition of specific volume from 1.347E-05 1.223E-05
solid to melt

b8 (1/K) Transition of specific volume from 2.702E-01 9.116E-02
solid to melt

b9 (1/Pa) Transition of specific volume to melt 1.926E-08 2.052E-08
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2.5 Processing

The experiment platform used for micro powder injection molding study
consisted of powder injection molding machine, which was able to mold
microfeatures at the dimension scale of less than 100 micron maters; a precision
micro mold system, which was designed with multiple cavities for different
MCAs with the channel width of 50, 100, and 500 pm; the build-in sensor system
to monitor the micro cavity temperature and pressure in process and the fast
data acquisition module to record and display the process condition at the real

time

2.5.1 Powder Injection Molding Machine

ALLROUNDER 270C is a fully hydraulic injection molding machine from
Arburg Co, Germany (Figure 32). The machine has the clamping force up to 800
kN, and its specifications are given in Table 9. In order to mold powdered
ceramic or metal feedstock, the injection cylinder was made from special
abrasive-resistant material titanium diboride (TiB2). With the screw of 20 mm or
smaller size the machine is capable for the minimal shot weights required by
micro cavity injection. There is also a built-in vacuum system with the machine

to help venting air tapped in the micro mold cavities.



Figure 32: Powder injection molding machine used in the
study, ALLROUNDER 270C from Arburg

Table 9: Major technical data of Arburg injection molding machine (270/300)

64

Technical | (Max) | Technical Data | (Max) | Technical (Max)
Data Data
Clamping 300 | Screw dia, mm 20 Back 350
force, kN pressure, bar
Closing force, 35 Effective Length, 25 Nozzle force, 40
kN L/D kN
Open stroke, 350 | Screw Stroke, 100 | Nozzle 180
mm mm retraction,
mm
Ejector force, 30 | Injection 2500 | Nozzle 600
kN Pressure, bar heating, W
Ejector stroke, | 125 | Injection flow, 56

mm

cm3/s
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2.5.2 Precision micro mold system

The stand-alone mold (OMNI 8”x8” 2 plates system) has an insert with
three cavities for micro arrays in different size (Figure 33). A Dutchman
mechanism was constructed in mold and used to determine which cavity would
be active and to be filled in the molding process (Figure 34). The test component

design was of multi-scale

A side, micro
arrays cavity

Figure 33: A and B plates of the test mold

DUTCHMAN

Figure 34: Mold runners and Dutchman
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structure. The cavity for the bulk substrate (body) was on the B side (plate), the
cavity of the MCA configuration was located on the A side (plate) to help the
melt flow to the microchannels. The cavities were designed with gas vents and
vacuum paths to improve degassing for fast melt fill, which are critical in the
pPPIM process to reduce voids and microfeature short shot (Figure 35).

WATER
/ LINE IN/

out

VACUUM
FOR 100
pm PART

VACUUM
FOR 50 pm
PART

Figure 35: Cavity vents, vacuum paths, and water channels

The mold was fabricated at the tooling division of Hewlett-Packard
(Corvallis, OR). The water lines of the mold were designed for two different
applications, cooling water or heating path depending on injection molding
materials and process conditions. The water cooling can be used for plastic
injection molding with relative low mold temperature required for process. In
the case of pPIM, higher mold temperature was often required to reduce the
frozen layer effect (mold temperature of 150°C for BASF Catamold AO-F
feedstock for example). To heat up the mold, four cartridge heaters, two in each

plate, were placed in the water lines for pPIM. The water paths are located



67

beneath the outside surface and close to cavities, represented as blue lines in
Figure 35, which will help the localized heat transfer, minimum core
temperature, and fast heating. When the mold is closed, the mold cavity
temperature may rise up to 150°C in 15 minutes at full power heating. The AC
powered cartridge heaters used a voltage transformer and temperature controller
to maintain the required temperature level and to prevent over heating. The
mold assembly also used two ceramic plates, one for each side of the mold, for

providing thermal insulation to the mold bases.

To investigate the feasibility of the feedstock for pPIM, subsequent
processing steps were conducted. MCA of 50 pm microchannels were
successfully injection molded. The experimental level values were chosen mainly
based on the moldflow simulation. Table 10 and Table 11 gives the processing

conditions used for Catamold AO-F and Standard Mix.

Table 10: Processing conditions used to mold 50 pm MCA
Catamold AO-F & Standard

Processing Conditions

Mix
Screw Speed 40 RPM
Back Pressure 1 MPa

Circumferential Speed 2.5 m/min (20 mm screw)

Injection Filling Time 0.4 second
Dosage Rate 10cm’ /s
Injection Pressure 60 MPa
Holding Pressure 120 MPa
Mold Temperature 150 oC

Cooling Time

3 second (air cooling)
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Table 11: Cylinder Zone temperatures

Temperature (°C)

Zones Zone 1 Zone 2 Zone 3 Zone 4 Zone 5
Catamold AO-F 175 175 180 180 185
& Standard Mix

The part geometry and processing conditions were kept similar for both the
feedstocks to study the effect of material property on filling of microchannels.
The MCA thus made is shown in Figure 36. Figure 37 shows the 50um channels
on the MCA.

Figure 36: Ceramic injection molded alumina microchannel arrays
(MCAsS) used in this study



Figure 37: The 50pm channels on the MCA
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CHAPTER 3: RESULTS & DISCUSSION

The aim of this section of the thesis is to identify the significant

parameters affecting the mold filling of the MCA.

3.1 Material Properties

The objective in injection molding is to achieve complete cavity filling
without short shots while avoiding the molding defects such as flash, sink mark,
warpage, and demolding damage. To meet the objective, the material properties
of feedstock melt (Section 2.4) are critical in addition to the appropriate machine
setting and process parameters selection. The properties included thermal
conductivity, coefficient of thermal expansion, transition temperature, specific
heat, material flow behavior, viscosity at high shear, and PVT (pressure, volume

and temperature) thermodynamic property.

3.1.1 Rheological properties:

For experimental purposes, the values of the rheological property’s
constants were varied in Moldflow software to see the effect of individual
parameters/constants on microchannels fill. The variation in the property of
Catamold AO-F is reported here. The Standard Mix also followed the similar
behavior as Catamold AO-F.

Figure 38 shows the screen shot of the viscosity coefficients changed in
MPI. Figure 39 shows the change in viscosity as a function of shear rate by
changing the value of n, t'and D: individually for Catamold AO-F. n was
changed from 0.4766 to 0.8766, 1* was changed from 24820 to 248 and D: was
changed from 1.27e+14 to 1.27e+10 for Catamold AO-F. It was observed that

increasing the value of n and t° increases the Newtonian behavior of the



feedstock. However, increasing the value of Di, decreased the Newtonian

behavior of the feedstock.
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Figure 39: Change in viscosity constants influence the behavior of viscosity v/s

shear rate.

experimentally, B, C, & D represents change in n, t° & D1 respectively.

A:

represents the data for the Catamold AO-F generated

Moreover the Standard Mix is also expected to show the same trends with

change in n, T & Di. Hence, the mold filling studies were carried out on

Catamold AO-F to see the effect of change in these parameters to the flow in

microchannels. Figure 40 shows the effect of change in n and t'on the filling

behavior in microchannels. It was found that increasing the values of n and "

increased the flow of feedstock into the microchannels.
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Figure 40: Effect of change in viscosity constants on flow in microchannels.

In other words, the feedstock showing Newtonian behavior shows a
higher flow in the microchannels than a feedstock having non-newtonian
behavior. A possible reason may be the build up in cavity pressure which forces

the feedstock to flow into the thin microchannels.

3.1.2 PVT properties:

PVT helps to understand the compression and temperature effects during
a typical injection molding cycle. The hold pressure should be chosen
appropriately referring to the PVT-diagram so that the residual cavity pressure is
near atmospheric pressure before demolding.

The diagram shown in Section 2.4.4 was made based on a modified Tait
model, which is a two-domain empirical model, which defines two different

domains, above and below a transition temperature?,. The model parameters

were determined by testing for the selected feedstock. A typical molding cycle
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with Catamold AO-F and Standard Mix can be described using PVT-diagram as
follows:
1. The melt is injected at a processing temperature at 175°C up to 185°C. The
pressure is built up when the injection forces the melt through the runner system
to begin filling the cavity (A)
2. The bulk cavity is filled. The melt in the cavity is compressed until the
maximum pressure (hold pressure of 120 MPa) is reached. There is no noticeable
cooling in this process stage (A-B).
3. Switchover from injection to holding stage after the hold pressure is attained.
The melt begins to cool off and passes through the crystallization under constant
hold pressure. In this stage, the specific volume drops (shrinkage) and more
melt material flows in from barrel (B—C).
4. After the crystallization ending point C, the pressure starts to drop from
cooling while volume is maintained. The gate is frozen and the cavity is sealed
(D).
5. The pressure continues to drop and the material keeps cooling while volume
remains constant (D—E). When atmospheric pressure is reached at point E the
part separates from cavity wall and ready for ejection.
6. The ejected green part continues to cool and shrink to room temperature
If the hold pressure is too high, the part will still be under pressure when
the mold temperature has been reached, which may cause part ejection and
stress relaxation problems. The higher slope in the PVT plot for the Standard Mix
(Figure 42) implies higher possibility for shrinkage in the final part.
The famous Tait equations have been used widely in representing the
volumetric behaviors of feedstocks as a function of temperature and pressure,
but not for cooling rate. The Tait equation can be expressed as shown in equation

2:
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v(T,P)= {UO(T)X(I—Cxln[1+BPT

Where v is the specific volume in cm3/g, T is the temperature in °C, P is the
pressure in MPa, C is a dimensionless constant, B (T) is a temperature dependent
parameter with the same dimension as pressure, vo and v are the specific
volumes at room temperature and at temperatures above the transition
temperature respectively. Specific volume at temperatures higher than the
transition temperature is given by equation 3.
T>T,0,(T)=bl,+b2, xT ...... (3)
Where T* is any specific temperature above the transition temperature.

B (T) can be expressed as shown in equation 4.

B(T)=b3, xe(-b4,xT")...... (4)
However, the specific volume at transition temperature is considered to be zero
while heating the feedstock. It is represented with equation 5.

v, (T,P)=0......(5)
The specific volume at temperatures lower than the transition temperature is
given by equation 6, where the feedstock is in solid and semi-solid state.
T<T,,0,(T)=bl +b2 xT" ....... (6)

Here, B (T) can be expressed as shown in equation 7.

B(T)=b3, xe(-b4,xT") ...... (7)
Here, T* is any specific temperature below the transition temperature. The
specific volume while cooling is given as shown in equation 8.

O (T,P)=bTxe(b8xT" —b9xP)...... (8)

The subscripts, m and s, refer to the melt and solid states.

Following were some common observations from the PVT diagrams:
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* Both Melt and Solid compressibility is very high for Standard Mix
feedstock.

+ Standard Mix might have high shrinkage after cooling.

* However, it is possible to compress the Standard Mix hard in the melt
stage with higher holding pressures

* In general, when the pressure is increased, more thermal energy is
required to get the chains moving, hence a higher Tg is found at higher
pressures.

* This effect becomes significant when a polymer melt is cooled under
pressure.

*  When cooling under pressure, the polymer melt will solidify at a higher

temperature than it would if being cooled at a lower pressure.

However, there was hardly any change in the microchannel fill was
observed by changing these constants by 10% from the experimental values for

both the feedstocks.

3.1.3 Specific Heat:

The effect of change in specific heat was studied in the mold filling
behavior of Catamold AO-F and Standard Mix. Figure 41 shows the comparison
of the percentage fill in microchannels to bulk as a function of time with different
values of specific heat for Catamold AO-F. The Standard Mix also showed the

similar trend (data not shown here).
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It was found that decrease in specific heat of catamold by approximately 4

times decreases the flow in microchannels as shown in Figure 41.

3.1.4 Thermal Conductivity:

Catamold AO-F is found to have higher melt thermal conductivity than

Standard Mix. The thing to be noted here is that, even though the alumina

concentration in both the feedstocks is the same, the thermal conductivity of

Catamold AO-F is higher than Standard Mix. This is due to the higher melt

thermal conductivity of Polyacetal (binder used in Catamold AO-F) than Paraffin

Wax (binder used in Standard Mix). This leads to slower removal of heat from

the Catamold AO-F than the Standard Mix during the molding cycle, when the

melt and mold temperature were kept constant for both the feedstocks. This led
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to faster and more uniform filling of microchannels for the Catamold AO-F

compared to the Standard Mix.

3.2 PROCESSING PARAMETERS
3.2.1 Injection Speed

An increase in the injection speed increases the amount of the feedstock
flowing into the microchannels. Figure 42 shows the gradual increase of injection
speed and its effect on the flow of feedstocks in the microchannels.

However, it is recommended to process these feedstocks at less injection
speeds to avoid powder and binder segregation. In this experiment, the

Moldflow simulations were carried out keeping the injection speed of 10 cm3/s.
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Figure 42: A - injection speed of 1cm3; B - injection speed of 10cm?; injection

speed of 100cm3.

3.2.2 Packing Pressures

Different packing pressures profiles were tried using MPI to see the effect
on flow of feedstocks in microchannels. However, the pressure profiles did not
seem to affect the flow in microchannels. Figure 43 shows the print screen of the

MPI software while changing packing pressures.
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pressures
3.2.3 Melt Temperature

It was found that higher melt temperatures caused a higher flow of
feedstock into the microchannels. Figure 44 shows the effect of changing melt
temperature on microchannels, bulk and complete fill of the part. Figure 45
shows the actual amount of the material flowing through the different sections of
the part per unit area per unit time. The study was done for both the feedstocks,
however, only the data for Catamold AO-F is reported here. Standard Mix also

followed the same trend.
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82

It is obvious that the amount of the material flowing through the
microchannel increases by increasing the melt temperature. The same trend is

shown graphically in Figure 46.
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Figure 46: Effect of melt temperature on microchannels to bulk fill for Catamold

AO-F

3.3 Part Geometry
3.3.1 Bulk thickness

In order to avoid defects like incomplete mold fill, some studies on part
geometries were conducted. Percentage of microchannels fill to bulk fill was
quantified using Moldflow Plastic Insight (MPI) for parts having different bulk
thicknesses. Parts with various thicknesses of the bulk were studied using MPI. It
was found that decreasing the bulk thickness, increased the amount of feedstock

flow into the microchannels. A possible reason for this observation is that
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decreasing the bulk thickness increases the cavity pressure and forces the
feedstock to flow into the microchannels. The Catamold AO-F was observed to
move faster into the microchannels compared to the Standard Mix as shown in
Figure 47. Figure 48, 49 and 50 shows the same part with 0.25mm, 0.5mm and
1.5mm thick bulk from MPI for Catamold AO-F feedstock.

® Thin bulk (0.25mm} m Thicker bulk (3.5mm} ® Thinbulk (0.25mm)  m Thicker bulk {0.5mm)
= Thickest bulk (1.5mm} m Thickest bulk {1.5mm}
120 120
X [Catamold AO-F = Standard Mix
00 00
230 Lgo
T T
£ £
860 g 60
2 5
Ea0 | Ea0
s s
Z20 Z20
=x =x
0 - o |
1 2 3 4 5 At specific lacations from the start of 5
At specificlocations from the start of microchannles
microchannles

Figure 47: Comparison of bulk thicknesses for Catamold AO-F and Standard Mix



@ o Fill time

LA (RN ot W .
¢ & l"‘ ¢ ”"\ 1 Il1r r‘f"‘ I | '|'lj' rl-"\ | Illru'_ "1\ 39
L0 s 0y Y
MoLoriow Pusmcs Insionr® ' Seale (B mm) W .

Figure 48: 0.25 mm thick bulk from MPI



Bkl A . , . Fill ime
) ‘,\ {; o "y
¥ \ ¥ b F FLANEN, - =
k-__\u‘ N i L) < A {_\ﬁ"‘ Wy \\1"‘ \_'0 \‘]3 \ 3[ ]
|'\( q("‘- {"ﬁ- f‘l' i < ﬁ.(?"ll i {'-"'ll. ' ,ff‘ll.

Sl NI ’
AT [ .
% ST S I g oot i . %
M) e g AL
MoLorow PusTics Iesighr™ " Beale (B mm) N

Figure 49: 0.5 mm thick bulk from MPI

85



Erets
)
B A
__.\_}.-‘C. e
(.\1.’\('_'::'7"'
> o
< [ : A

N O
MbLpriow Pusncs IksiguT®

A LY
" Beale B mm)

Figure 50: 1.5 mm thick bulk from MPI

3.3.2 Microchannel end

A simulation run was also conducted by cutting a triangle in the bulk of

the part.

This experiment was done to see the effect of change in shapes of bulk on the

flow of feedstocks in microchannels. Figure 51A shows the cut of 0.5mm x

0.5mm on a 0.5mm thick bulk. Figure 51B shows the cut of 0.5mm x 2mm on a

0.5mm thick bulk. Similarly, Figure 51C shows the cut of 0.25mm x 8 m on a

0.5mm thick bulk. All these three change in the shape of the bulk did happen to

make any difference in the flow of the feedstocks in the microchannels.
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Figure 51: A - shows the cut of 0.5mm X 0.5mm on a 0.5mm thick bulk; B - shows

the cut of 0.5mm X 2mm on a 0.5mm thick bulk; C - shows the cut of 0.25mm x 8

m on a 0.5mm thick bulk.

3.3.3 Multiple gates

Figure 52 shows the effect of multiple gates on the flow of feedstocks in

microchannels. However, it is observed that multiple gate entry as shown in
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Figure 52 does not make any difference in the flow of feedstocks in

microchannels.
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Figure 52: A - single gate entry; B - multiple gate entry

3.4 SUMMARY OF SENSITIVITY ANALYSIS
All the material parameters (viscosity, PVT, thermal conductivity, specific
heat), processing parameters (melt and mold temperature) and part geometry

were varied by 10% each about their experimental values to study their effect on
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the filling of the microchannels. Appendix III gives the details of the variations
conducted. The 6 main parameters identified after this sensitivity analysis are
shown in Table 12.

The negative values in the Table 12 shows the % increase in the mold
filling time of the experimental part, compared to the mold filling time when the
parameters are not changed. On the other hand, the positive values denote the %
decrease in the total fill time of the cavity, compared to the mold filling time
when the parameters are not changed. The table gives the trend followed by both
the feedstocks (Catamold AO-F and Standard Mix) studied in the research.

Table 12: Results of the sensitivity analysis

% Increase or Decrease in the total mold filling
time of the experimental part
;1;' Property Decreasing the Increasing the
experimental value of | experimental value of
the property by 10% the property by 10%
1 Thermal Conductivity 0.0 20.1
2 Specific Heat -20.3 0.0
Al - WLF temperature
3 shift factor -40.2 20.1
4 | Melt Temperature - 190°C -19.9 20.1
5 | Mold Temperature - 150°C -80.7 0.2
Bulk thickness of the part -
6 1.5mm 15.2% -10.8%
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It is found that, increasing the experimental value of the thermal
conductivity by 10% seems to have faster filling of the mold (decrease in the total
fill time by 20.1%) which in turn fills the microchannels faster.

If the specific heat of the feedstocks is decreased by 10%, then the total fill
time is observed to increase by 20.3%. This increase in total fill time leads to
slower fill of the microchannels.

Similarly, decreasing the mold temperature further below 150°C by 10%,
increases the total fill time by 80.7%. This means that the microchannels fill
further slower than they were filling at 150°C. However, increasing the mold
temperature by 10% above 150°C seems to have nearly no change in the total fill
time of the cavity.

Similarly, the other parameters can be interpreted, where Al (WLF
temperature shift factor) and melt temperature seems to have significant effect
(decrease in the flow in the cavity or increase in the total fill time) by decrease
their experimental value by 10%. However, bulk thickness of the part if

decreased by 10%, the flow in the microchannels increases rapidly (by 15%).

By the end of Chapter 3, the first 3 steps leading towards the goal of the
study were finished. The goal, to understand the process of nPIM (mold filling)
with the help of computer simulations (Moldflow Plastic Insight) for ceramic
microchannel arrays by investigating materials, processing and part designing

issues was near from this point of the thesis.
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CHAPTER 4: COMPARISON OF FEEDSTOCKS IN MCA

This chapter focuses on comparing the flow of two different feedstocks
into the microchannels. The feedstock which basically fills the microchannels
faster would be a better feedstock among the two. Let us know observe carefully
the flow progress of feedstock in the microchannels in section 4.1. The thing to be
noted is that, the section 4.1 shows the filling pattern of Catamold AO-F, and the

Standard Mix follows the same trend as well.

4.1 PROGRESSIVE FILLING OF MICROCHANNELS

Figure 53A, 53B and 53C shows the progressive filling of the
microchannels from Moldflow simulations for Catamold AO-F at a melt
temperature of 190°C. Figure 53A in shows that after the bulk is filled half way
then the microchannels start to fill. Figure 53B and 53C maintain the same
momentum as Figure 53A. The microchannels are filled at the last which causes
uneven filling of feedstock in the part. This uneven filling leads to uneven

cooling and stress generation in the MCA.



92

Figure 53A: Progressive filling of microchannels using Catamold AO-F at a melt

temperature of 190°C from Moldflow simulations.
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Figure 53B: Progressive filling of microchannels using Catamold AO-F at a melt

temperature of 190°C from Moldflow simulations.
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Figure 53C: Progressive filling of microchannels using Catamold AO-F at a melt

temperature of 190°C from Moldflow simulations.

After having seen the flow pattern in the microchannels, now, let us

compare the two feedstocks used in the study in section 4.2 and 4.3.
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4.2 Comparison of feedstocks in microchannels - through
simulations

To compare the two feedstocks, it was necessary to compare them using
their experimental values for all the properties. Hence, all the properties shown
in Appendix I and II were fed in the Moldflow Plastic Insight. Also, we could not
have experimentally changed the part geometry (bulk thickness) due to the mold
that we had. The only thing that we could have changes is either the melt or the
mold temperature. We decided to compare the two feedstocks by keeping every
other parameter based on the experimental values and just changing the melt
temperature.

Analysis of MCAs using Moldflow simulations were quantified and are
shown in Figure 54. It was found that at a given melt temperature, the amount of
feedstock flowing in the microchannels per unit area and per unit time was
greater for Catamold AO-F than the Standard Mix. However, (Figure 55) the flow

in the bulk for both the feedstocks remained nearly the same.

# Standard Mix s Catamold AQ-F # Standard Mix # Catamold AO-F
120 " 250 :
Melt Temperature 170 C Melt Temperature 190 C
£iw 2200
w w
g )
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£ 0 &, 100
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0.1 0125 015 017 019  0.199 0.05 006 007 008 009 010
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Figure 54: Comparison of Catamold AO-F and Standard Mix in microchannels
and bulk at melt temperature of 170°C and 190°C.
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Figure 55: Comparison of Catamold AO-F and Standard Mix in microchannels
and bulk at melt temperature of 190°C

4.3 Comparison of feedstocks in microchannels - through

experimentations

Simulation results showed that Catamold AO-F shows better filing of
microchannels compared to Standard Mix. Similar results were explored with
experimentations. Figure 56 shows the cross-section of the microchannel of the
molded MCA using Catamold AO-F as well as Standard Mix. The top and
bottom surfaces of the microstructures molded using Catamold AO-F are fairly
flat with sharp corners (Figure 56A) compared to the Standard Mix (Figure 56B).
This indicates the good filling of the microchannels during injection molding for

Catamold AO-F than Standard Mix.
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Figure 56: A and B are the cross-sections of the MCA molded using Catamold

AO-F and Standard Mix respectively.

Thus the simulation results were validated using the experiments. The
possible reasons for the better filling of the microchannels for Catamold AO-F
might be;

1) Higher viscosity leading to higher pressure in the cavity. This high pressure
pushes the feedstock into the microchannels leading to faster filling.

2) Higher thermal conductivity of the Catamold AO-F leads to faster
solidification of feedstock in the microchannels. This prevents the feedstock to
flow back into the bulk from the microchannels after the pressure is reduced in

the cavity.

Further, the microchannels ribs were ion milled and a SEM study was
done to find the particle density in the microchannels ribs (Figure 57). It was
found that both the system have fairly same amount of powder (alumina)

flowing into the microchannels. The waxy layer on the surface of the ribs, as seen
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in Figure 57B is for due to the melting of the paraffin wax due to ion milling of

the ribs.

Figure 57: A and B are the cross-sections of the microchannels ribs after ion

milling for Catamold AO-F and Standard Mix respectively.

By the end of Chapter 4, all the steps defined to reach the goal of
understanding the process of uPIM (mold filling) with the help of computer
simulations (Moldflow Plastic Insight) for ceramic microchannel arrays by
investigating materials, processing and part designing issues were reached.
Chapter 5 gives few recommendations as to how effectively an MCA part can be

filled in the field of uPIM.
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CHAPTER 5: CONCLUSIONS & FUTURE WORK

5.1 Conclusions

This research emphasizes the effect of the polymer system (polyacetal and
wax) on the mold filling abilities of the powder-polymer suspension during the
fabrication of microchannel arrays (MCAs) by uPIM. Three aspects to avoid some
of the mold filling defects in MCA’s (material properties, processing parameters

and part geometry,) were studied thoroughly in this research.

® The following relationships were observed with materials-related parameters:
- Viscosity of the feedstock plays an important role to fill the
microchannels. Newtonian behavior (power law index, n ~ 1) of the
feedstocks is important for better and faster filling of microchannels.
- Sensitivity analysis showed that the thermal conductivity if increased by
10% of the experimental value, increases the flow of feedstock in the
microchannels by 20% or more.
- Pressure-Volume-Temperature (PVT) relationships are important to
predict the filling behavior using simulation software.
® Melt and solid compressibility is higher for Standard Mix feedstock
compared to Catamold AO-F.

®* When the pressure is increased, more thermal energy is required to
get the chains moving, hence a higher Tg is found at higher pressures
for both the feedstocks.

- Decrease in the specific heat by 10%, decreases the flow of feedstock into

the microchannels by 20% according to the sensitivity analysis.

e The following relationships were observed with processing-related

parameters:
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- Melt temperature and mold temperature are the most crucial processing
parameters to avoid defects. Higher the melt temperature better is the
feedstock flow into the microchannels. Mold temperature upto 150°C
shown to have increase in the flow of feedstocks (Catamold AO-F and
Standard Mix) in the microchannels. Further increase in mold
temperatures does not make any significant change.

- High injection pressure and clamp force are required to produce MCAs.
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.

® Designing the MCA part places an important role to decrease the number of
defects while molding.
— Thinner the bulk section better is the flow of feedstock in the
microchannels.
- Any modifications in the part design which will help to decrease the
number of defects, can be done using SolidWorks and later by using

Moldflow Plastic Insight.

Table 13 gives few recommendations to make an effective ceramic MCA part

using Catamold AO-F and Standard Mix.
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Table 13: Recommendation to mold a MCA with minimum defects for both the

feedstocks
Input (Increase | Output (Flow
or Decrease in the
from microchannels Aspects
Sr. | Properites/Parameters/ | experimental | asa function of
No. Geometry values) fill time)
1 | Thermal Conductivity
T 1 Material
2 Specific Heat i i
Properites
3 Power law index, n T T
Melt Temperature - T
4 190°C T Processing
Mold Temperature - parameters
5 150°C | Il
Bulk thickness of the
L T Part Geometry
6 part - 1.5mm

e Comparison of the feedstocks for the mold filling time:

- The Viscosity of the Standard Mix drops rapidly with the increase in the

shear rate when compared to Catamold AO-F. This high viscosity of

Catamold AO-F builds enough pressure inside the mold cavity to push

the feedstock into the microchannels leading to better filling of

microchannels.

Whereas, the specific volume of the Catamold AO-F drops rapidly with

decreasing temperature and increasing pressure compared to Standard

Mix. Thus the shrinkage in Catamold AO-F is lesser than Standard Mix




102

and hence it might give better dimensional retention and hence better
parts.

- Catamold AO-F has higher thermal conductivity compared to Standard
Mix. This leads to faster solidification of feedstock in the microchannels
for Catamold AO-F which prevents the feedstock to flow back into the

bulk from the microchannels after the pressure is reduced in the cavity.

5.2 Future work

There is a need to extend the study of MCAs after debinding and sintering
steps. The conclusion of one feedstock better than the other might completely
change after debinding and sintering steps. Hence, it becomes extremely
important to study the MCAs after these two processing steps.

Also, further study and characterization is essential to conclude if one
feedstock is better than other;

1) Alumina to carbon ratio in the ribs and in the bulk using x-ray photoelectron
spectroscopy (XPS)
2) Optical profilometry to observe the dimensions of the 50um MCA for the

green and the sintered parts.

It will be important to predict the material properties of the PIM
feedstocks in the long run. Knowing the properties of the feedstocks without
actually testing it, along with simulation studies will cut down the experimental
section in this field significantly. This will give faster results in less time and the

chance of hitting the product to the market will be fasters as well.

The current study only investigated MCA having following facts,

1) Feedstock has 56 vol. % alumina loading,
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2) The average diameter of the alumina particles is 400 nm,
3) Feedstocks used polyacetal and wax binders,
4) Only one type of geometry for MCA was studied,
The results from this study might not address the mold filling problems if
any of the above parameters is changed. For example,
1) Use of different powder like stainless steel or titanium
2) Use of different binders or different binder concentration for polyacetal and
wax binders
3) Different geometries, etc.
An entirely new set up of results and investigation is required for above

mentioned few cases.

Further investigation in all the above mentioned points might further give

significant contribution to the filed of pPIM.
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APPENDIX
Section I:

Raw Data: Standard Mix

All the tests were done at Datapoint Labs and following are the results for

Standard mix for various
tests,

C-MOLD/Moldflow TestPak™ Results

= 13071.21000.udi

__f.fahmis EPropertgr & T-CODE . Value Units
Filling & Cooling CrossWLF Model (01313):
n D-23220
T G 401E+03 Pa
D1 1.673E+15 Pars
D2 263 K
D3 0 KiPa
A1 28.40
AZ E1.60 K
Juncture Loss Constants (01360}
c1 Pa™{1-C2)
c2
Meit Density (01000} 2335 kg/m®
Meit Specific Heat (31100) 1301 MkgK
Melt Thermal Conductivity (01200) 1.355 WiimeK
Transition Temperature (01500} 325 K
Specific Heat Table {01101) See Page 7
Thermal Conductivity Table (D1201) See Page 8
Post-Filling Two-Dormain Tait PYT Model {07004
b5 3322E+02 K
[+15] 1.800E-07 KfPa
bim 4.D15E-04 Mifkg
b2m 2 027E-07 rkgeK
B3m 2 953E+D8 Pa
L=t 4 TO9E-D3 1K
B1s 3 B93E-04 mikg
b2s 5.312E.08 m oK
b3s 6.57T4E+08 Pa
bds 3_BEEE-0E 1/
b7 1.223E-05 m kg
ba 9 116E-D2 1/
ba 2.052E-08 1/Pa
Shrink ! Warp - Anigotropic Mechanical Properties (01602)
Uncorrected Stress Modulus E, {fiow direction) MPa
Moduius E: (fransverse direction) MPa
Foisson's ratio v,.
Poisson's ratio v;
EE.hear Modulus G MPa
EAnis{:-trop'lc Thermal Expansion (01702)
CLTE o, {fiow direction) ® 10E-6°C
CLTE o (fransverse direction) x 10E-6/°C

TEEFaNE ™ £ & Irademark of Datapointiats. C-MOLD and MoidNow ane ragemands of Moidfow Corgoration,



Viscosity
Method ASTM D 3835-02
Determination of Properties of Polymenc
Materials by Means of a Capillary Rheometer
Instrument Goettfert Rheograph 2003 Capitlary Rheometer
Specimen type pelleis
drying none
cther preparation none
Parameters initial pressure 0 MPa
|arrel dizmeter 12 mm
die entry angle 180 °
die inner diameter 1 mm
die length 20 mm
preheating time & min
Data Correction Rabinowitzch
Precizion temperature +-0.1°C
die inner diameter +/- 0.00ES mim
die length +/-0.025 mm
Uncertainty per standard
Viscosity Data
140 *C 165 “C 190 *C
Shear Rate Viscosity ' Shear Rate Viscosity |Shear Rate| Viscosity
s" Pas g” Pas g" Pas
206 34683 116 744 07 202 39590
5398 193.87 5a7 14631 123 540 55
810 16064 1040 101.54 1204 Tas5T
17254 9495 2056 57.892 1768 59.08
3463 5573 344 4054 3622 35.08
7885 33.30 7350 2587 T9EE 2057
16265 1967 14454 16.89 15398 13.29
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Paolymer rheology charactenizes
the complex fow behavior of
plastics. A capliary rheometer
MEeasUres viscosiy as a funciian
of femiperature and shear rate.
The Goefifert fheomefar wiizes
ainsct measuramsant of mefi
pressures through 3 sids
mownted pressure transducer

Dats are madeled using

i ek i S
equations.
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Viscosity Continued

Cross/WLF Model (C-MOLD, Moldflow)
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Coefficients (51 units)

f023220
: 7,17 & |
H(T~FJ=%-W?-‘EW ™ 040143
1+}/%.ﬁ D4 E'I.ETE'—‘:S
T Dz (263
(  a(r—=D;) ( A1 (2840
Mo\T ) =Dy exp/—— 21| A2 1518
A, +(T-D,) 518
Viscosity vs Shear Rate
10000 ¢
B O140°C
\ 5165 °C
1000 | : -
- E 190 °C
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o
@
Z 100 L
5 E
[=1
3
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Shear Ratz (37)
Viscosity vs Temperature
10000 ¢
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o
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f
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10k —— 102-1
—— 1000 =-1
—— 10000 5-1
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Specific Heat

Method Based on ASTM E 1269 - 05
Determining Specific Heat Capacity by
Differantial Scanning Calorimetry
Instrument Perkin Elmer DSCT
Specimen type pellets
drying none
cther preparation cut from peliet
Parameters purge gas M2
pUrge gas purity 5009 %
purge gas rate 25 milfrmin
cooling rate 20 *Clmin
inifial temperature 150 °C
final temperature 20 °C
equilibration imes 4 pnin
sample weaight 11.85 mg
sampls pans Al voiatile
Calibration Standards [temperature In, Zn
heat flow In
specific heat sapphirs
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Heat capacidy is a themodynamic
guantity and is 3 measures of the
amount of heat retained by the
matanial. The D50 can measure
this propeny over a range of
femperafures and i both solid
and melf states.

’“@5.‘ Two peaks were observed. Transition analysis temperatures and specific heat data are for larger peak.

Transition Analysis

extrapoiated onzet

peak
extrapelated end

52°C
47 °C
35 °C
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Specific Heat Continued

Specific Heat Data

.T-emp Cp
o JikgK
180 1258 2500
116 1214
57 1137
47 1996 =000 .
25 1148 ' / '
32 1352 o , A
30 1297

Specdific Heat (J/kg+K)
=
= |
I
|
|
|
I
I
I

o 50 100 150 200
Temperature (°C)



Thermal Conductivity

Method ASTM D 5930 - 01
Thermal Conductivity of Plastics by Meanz of a
Transient Line-Source Technigue
Instrument K-System |l Thermal Conductivity Svatem
Specimen type pelietz
drying none
other oreparation none
Parameters calibration material 60,000 catk PDMS
probe constant 0743
proke fength S0 mm
ioading temperature 170 °C
inifial temperature 180 °C
final temperature 30.°C
probe voltage 4V
acquisition time 45 =
Uncertainty per standard

WNOTE: Thermal conductivity may be too high for Moldflow sinulation

Thermal Conductivity Data

Temp k
i 2 Wim=K
194 1.253
184 1.404
164 1408
144 1.444
125 1.580
105 1.950
24 2326
G4 2.447
43 2.158
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Thermal canductivify is &
measure of the rate of heat
conduction of the matenal, itisa
critical property for heat fransfar
calcwlations. The fine-souwrce
method maasures theamal
conductivity én both meit and sobid
siate.

4.00
£
= 3.00
=
2 <o
§ 200 -
:_é} *
T 1.00 e
gt
o
=

0.00

] 100 200 a0

Temperature (*C)



PVT
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¢ Method Non-standard.
Pressure-specific volume-temperature
measurements using high-pressure difatometry
Instrument Gnomix PYT apparatus PVT data are squation-of-state
Specimen type petlefs m#:mc m::;;"fﬂd
drying 4 hrs, T0°Clvacuum volumelnic expansion of the
other preparation cut from pellets miatenal. Dilatomety measures
Parameters solid density method | ASTM D752 e e
imrnersicn liguid water temperatures and pressures.
pv T confining fluid METCUry
max temperature 190 °C
measurement type izothermal heating scan
heating rate approx. 3 “Cimin
Initial Solid Density
Density 23°C | 2530 kgim3
Pressure-Volume-Temperature Data
Specific Volume cmig
Temp Pressure MPa
o 0 a0 120 160 200
3z 0.3891 0.38564 0.3839 02819 03805 03750
41 03911 0.3874 0.3846 0.3826 03307 0.3753
51 03846 03899 0.3859 0.3831 03814 03758
S5 03970 0.3916 0.3859 03836 03817 0:.3800
7 04042 0.3992 03922 03872 03838 3811
baa 04070 0.4010 03958 02833 03352 03848
101 04102 0.4034 0.3987 0.3549 0.3920 0.3895
116 04136 04080 0.4006 03965 0.3933 0.3905
131 D4174 0.4085 0.4028 02034 0.3048 03920
146 04213 04121 0.4060 04015 0.3978 (3845
161 0.423% 0.4135 0.4077 04025 0.3940 (3559
176 04268 0.4155 04092 04041 04002 03969
191 0.42594 0.4173 0.4108 04056 0.4014 03960




Modified Two-Domain Tait Model (C-MOLD, Moldflow)
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044 -
[ m0MPa
I #40 MPa
D43
E 80 MPa s -3
120 MPa 8.
& 042 % 160 MPa L1 —
S [ | T
£ ® 200 MPa oo Fﬂff ¥
o 041 f —— — =R
E i B _,‘-F" " e
3 : F i e —
= 5 - = i ___,_.-o-"' o e g
g B4 —r —T % x---'x"_i .
ﬁ : i S __,_,---"'----_'_*'___,—-x'_ _-_! I _!____ J—
@ pag [ A e
[ & - /"'_--‘_
- :'_F:r”'f __!f
038 |
par L
o 50 100 150 200

Ternperature (*C)

Modified Two-Domain Tait Equatmn

ulT. pl=u, [Tkl - Chul+—fj+u[1" plTipl=5b+bp

B(T)
Br T>T,(p):u,(T) =B, + b, (T —5,), BT )= b, e
for T=TplvT)=5,+5, (T—5) B|T)=5b, expl—

Mpdel Terms Units
specific volume, v crmdlg

pressure, P MPa
temperature, T | g

Coefficients

b5  |5.92E+01
b6  |1.80E-01
bim  |4.015E-01
b2m |2.027E-04
b3m  [2.953E+02
b4m  |4.709E-03
bis  |3.893E-01
b2s |5.312E05
b3s  |B.5TAE+D2
b4s  [3.BEBEOS

b7 |1.27E-02

b8  |9.116E-02

b9  |2.052E-02

(—B,, T8 )L ulT. p)=0
b T =5, ). v,(T, p)=b, explb, (T —b,)—b,p)
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No-Flow Temperature

+ Methad non-standard
Meoidflow specification; no-flow temperature
defined by extrudate flow < 2 mmimin
Instrument Goettfert Capillary Rheometer The no-ficw temperature provides
Sigcciey type polica imperates of g ek DuePog
drying nons the test, & molten specimen is
other preparation nomne cocled under constant load; the
Parameters =quivalent load 172 kg ol
barrel diameter 12 mm
initial pressure 0 MPa
test temperaturs 140 °C
dwefl time & min
die innsr diameter 1 mm
die length 20 mm
die entry angls 180°°
Results

Mo-Flow Temperature | 114°°C
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Section II:
Raw Data: Catamold AO-F

All the tests were done at Datapoint Labs and following are the results for
Standard mix for various tests,

C-MOLD/Moldflow TestPak™ Results
< DTSg284FIT °

Analysis Property & T-CODE Value  Units
Filling & Cooling Cross/WLF Model (01313): == ="
n 0.47658
E 2. 482E+04 Pa
D1 1.277E+14 Pa-s
o2 263 K
D3 0 KiPa
Al an.72
A2 51.60 K
WJuncture Loss Constants (01360):
c1 Pa~{1-C2)
c2
Meit Density (01000) 2581 kg/m™
Melt Spacific Heat {01100) 1352 Jikg-K
Melt Thermal Conductivity (01200) 2477 Wim-K
Transition Tempearature (01500) 416 K
Specific Heat Table (01101) Sea Page
Thermal Conductivity Table (01201} Sea Page
Post-Filling Two-Domain Tait PVT Model (01004):
b5 4. 3B0DE+02 K
b6 6.0D0E-D8 K/Pa
bim 3.827E-04 m kg
b2m 1.258E-07 m ikgK
B3m 3.970E+08 Pa
b4m ZATAE-D3 VK
bis 3.692E-04 miikg
b2s 8.316E-08 mkg-K
b3s T.0D0E+08 Pa
bds 5.047E-03 1K
b7 1.347E-05 m’fkg
b8 2.702E-01 /K
B _ ha 1.926E-08 1/Pa
Shrink [ Warp - Anisotropic Mechanical Propartias (01602)
Uncorrected Stress Modulus E, (flow direction) MPa
Modulus E: (transverse direction) MPa

FPoisson's ratio vz
Poisson’s ratio vas

Shear Modulus G MPa
Anisotroplc Thermal Expansion (01702)

CLTE oy {flow direction) x 10E-6/"C
CLTE o (transverse direction) x 10E-6/°C

TesiPaks ™ is a trademark of DatapoiniLabs, C—.MOLI:F;R‘JG maéwwmmmm Corporahon



Moldflow TestPak™ Results

« [DT59254 ASC

Thesa properiies ars used In MP) 2.x and earfier.

MF/Flow & Cool

PVT

Extensional
Viscosity

ThermalData Rp—
‘Thermal Conductivity 2177 WimeK
[Specific Heat 1382 JkgeK
|Melt Density 2581 kg/m®
No-Flow Temperature 1585 *C
{Ejection Temperature 1’38 C
Viscosity Standard Points -
Temparature Shear Rata Viscosity
T s Pass
0 1000 2677
200 100 550.4
200 1000 185.9
200 10000 515
220 100 517.2
(Ll : 1000 _ 1852
PVT Standard Points _
?'Earr.l.p‘amture Pressure Specific Velume
e MPa mfkg
30 8 0.0003529
T 0 0.0003827
136 a 0.0003664
157 0 00003723
a0 160 0.0003581
a8 160 0.0003551
172 160 0.0003670
163.1 1] 0.0003831
1727 160 00003727
168 ] 0.0003833
20 1] 0.0003883
186 160 0.0003737
201 ) 160 . 0.0003749
al
az
a3
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Viscosity
Method ~ ASTMD3835-96 o
Determination of Properties of Polymeric
— Materials by Means of a Capillary Rheometer
Instrument iGnqj'tPert Rheograph 2003 Capillary Rhecmeter
Specimen typﬂ | pellets
|drying (2hrs 100°C / vac
‘other preparation | none
Parameters inifial pressure | 0 MPa
‘barrel diametar | 12 mm
?dia entry angle 180 °
die inner diameter 1 mm
dia length 20 mm
preheating time I & min
Caacomecion  Rabrewinch
Precision ~ temperaure | +-01°C
die inner diameter | +-0.0069 ram
-die length | +-0.025 mm
Uncertainty per standard .

Mote: Pressure unstable during 185 / 200°C testing. No degrading seen in strand.

Viscosity Data _ _ S
ey | gy L ggees
Shear Rate, Viscosity Shear Rate Viscosity Shear Rate Viscosity
s | Pas s Pas S | Pas
T ag| 134386 45 101743 49 76174
69 1065.92 72 82571 75 62255
128|  762.73 128 625.87 130,  480.48
242 58863 5635 9233 E
579 437.74| 14954 4390 |
1191 32808 !

2494,  234.83
8636|  113.49)
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Viscosity Continuodd

Cross/WLF Model (C-MOLD, Moldfiow) Coefficients (Sl units)
7.(T) : n 047658
T, = —"1——— , where ™ 24820929
1+FM DI |1.277E+14
T ' Dz 263
[ A(r-b,) Al 130.72
e 2.8 |
(T)=Diew(=—m }H Az iste
Viscosity vs Shear Rate
10000 ¢ I f
; - o170 °c
J ‘o185°C.
1000 G e N
7 S200EE
é_‘f'_ I
g ey S
g : T
P |
23 ‘|
1 it i ' .[
10 100 1000 10000 100000
Shear Rate (27}
Viscosity vs Temperature
10000 ¢ | - |
—— 100 5-1
—— 1000 s-1 .
1000 - { ——10000s-1 |
g 1 :
e
=
: _
R I —— ; |
1|:| Los L L | . L N ran] | L I| PR

160 165 170 175 180 185 190 1495 200 2085 210
Temperature {"C)



Specific Heat

Method Based on ASTM E 1269 - 01
Determining Spacific Heat Capacity by
Diffecantial Scanning Galorimetry

Instrument _ Perkin Elmer DSC7
Specimen type i
drying
__ __other preparation
Parameters ipurge gaé
Epurge gas purity
{purge gas rate
|cooling rate

iin'rtiﬂl temperature

{final temperature

|equilibration times

‘sample welght
. cample pans
Calibration Standards temperature

heat flow
ol _ specific hoat _
Transition Analysis
extrapolated onset | 143 °C
peak 139 °C
Sxirapolatedend L

peliets
alelpl=]
\cut from pellst _
| M2
99.99 %
25 miimin
20 "Clmin
200 "G
20 'C
4 min
.71 mg

Al volatile

In, Zn
I
__Sapphire
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S E!|: Hesl Continug oo

Specific Heat Data
Temp @ Cp
"G JkgeK
190 13se G000 ||
166 | 1329 - !
148 i 1303 5000
138 | BATH
125 | 1389 =
| x°
el 1234 ..%‘ 4000 i-
30 | 1016 = 3
5-"-; 3000
3
o 2000 \ L
1000 | I—-""'-__
0
0 &0 100 150

Temperature (*C)



127

Thermal Conductivity

Method 'ASTM D 5930 - 01
{Thermal Conductivity of Plastics by Means of a
[Transient Line-Source Technique

Instrument  K-System |l Thermal Conductivity System
Specimen type pellats
idrying [2hrs 100°C f vac
Parameters \calibration material 180,000 cstk PDMS
probe constant | 0704
‘probe langth 50 mm
'loading temperature 170 *C
initial temperature 200 *C
final temparature 20 °C
probe voltage 4V
acquisition tme 45 5
Uncertainty _persangard
Thermal Conductivity Data
Temp =k
Lt WimK 8.00 —
203 | 2208 ¥ 7.00 | [| !|
183 | 2145 g i [ | {
18 | 2108 E 1
143 2625 5 2 | |
123 | 3893 S 400 ® !
102 | 3537 E S . 3 .| Il
61 3.343 T 10 " | ) 5 II
0. EE 1.00 | |
“s | |
0.00
0 50 100 150 200 250

Temperature {°C)
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= 2}

Method MNon-standard.
| Pressure-specifio volume-temperature
|measurements using high-pressure dilatomatry

Instrument Gromix PVT apparatus _
Specimen type | bar N
drying ‘2 hrs. @100°C wivacuum
—— other preparation _\cut from .5" x 2.6" bars
Parameters ‘solid density methad ASTM D792 '
immersion liquid [ water
!va confining fluld | mercury
max temperature 200 °C
measuremeant type lizothermal heating scan
heating rate | epprox. 3 "Cimin___

Inilial Solid Density
Densiyawre =~ |  27SaNghl

Pressure-Volume-Tem pe_lfature _Da_ta

Specific Volume cm3/lg - -
Temp Pressure MPa
G 0 40 80 120 160 200

" s3 03608 03595 03586 03578 03571 03563
68 0.3614 0.3602 03593 03584 03575  0.3568
a3 0.3623 0.3610 03600 03591 03582 03574
98 0.3635 0.3620 0.3609 03599 03589  0.3580
113 0.3649 0.3630 03617 03606 03596  0.3587
127 0.3666  0.3643 03628 03616 036805 03595
142 0.3686 0.3659 0.3642 03627 03615  0.3603
157 03717 03683 03661 03644 03629 03816
172 0.3844 0.3800 03770 0373 03655  0.3635
186 0.3864 0.3816 0.3785 03760 03737 03718

201 03884 03832 03788 03773 03750 03729
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Modified Two-Domain Tait Model (C-MOLD, Moldflow) Model Terms _ Units
specific volume, v | em3ig
W(T, p)=u, (T 1—cmE1+Lﬁ)+u 7, p)T(p)= b +b .
for T >T,(p): 0, (T)=b,, + &, (T —b,). B(T)=b, exp(~ b, (T~ b)) v(T.p)=0 temperatrs, T | *°C
for T'= I;{p:l . 1),.,{]")= b, +b, (T—b), B{T)= by, mq:’[:_ b«{T = b:J)' L, [:-T- Pj =& exp{bx(.'i’”—bsj—b.,p}
“5 mO MPa h
0.39 #40 MPa Coefficients
: 80 MPa FI b5  1.630E+02
= 0.39 F o TNMPH }: 2 bé -6.000E-02
= —— o % 160 MPa [ _—~& bim :3.82?5—131
§ " E] ezoomea JI B b2m  1.258E-04
15} o I . H
g o038 F - b3m  3.970E+02
;3 o : "/ | .f':r'“'* bdm  2.174E-03
g W )/!,j il bis | 3.692E-01
'g 0.a7 = b2s 3.316E-05
: o ,f* b3s  |7.00DE+02
0.36 : : bds  5.947E-03
036 E BT |1.347E-02
: b8  |2.702E-01
035 B 1 S + . _ bS  [1.926E-02
a 50 100 150 200 250
Temperature {“C)
Moldfiow PVT Model Model Terms  Units
) 5 aT specific volume, v m3kg
Upper P erature region; u-ﬂ' P +a3+p pressure, B Ba
, L ayF i _temperature, T e
lower temperature region” & P + preesr +a; explaT - a7
hourdary condidon: & =4 + &7
> ET mowes _ Coefficients
0.39 | &40 MPa b1 -2.T1TE+09
ose Bl mowra = B2 1.667E+07
7 F| c1zompa - H'/r atu  1.533E+07
E 038 H  xi60MPa e a2u 2. 809E+01
E 0.38 | 8200 MPa r," Jl' i - adu 2. 046E+08
5 L f |if--r adu  |4.250E+10
= ; Bl |
S 097 = ,: 7 =et? atl  [6.093E+08
= g Lar a2l  |Z8Z3E+01
T 037 E e R |
- 2 ~£,§//} a3l |4.721E+08
0.36 E . adl  [1.701E+10
036 E . asl  5418E17
3 ; a6l 1.605E-01
0.35 C L a7l  1.540E-08
i & a0 65 s a5y —2 _1.540E-08

Temperatura (°C)
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non-standard
Moldflow specification; no-flow temperature

defined by extrudate flow <2 mm/min

:I;lsh'urnenl _E_I_i‘_»clétrl’grl_ Capillary Rheometar
Specimen type pellets
drying 2hrs 100°C / vac
- otherpreperalion | nons
Parameters equivalent load 172 kg
barrel diameter 12 mm
initial pressure 0 MPa
test temperature 170-°C
dwell tima & min
die innar diameter 1 mm
die length 20 mm
e _|die entry angla 180 ° N
Results
No-Flow Temporature | 185C_

No-Flow Temperature
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Section III:
Sensitivity Analysis

All the parameters were changes systematically by 10% each about their

131

experimental values. Following figure just gives a snapshot of how the

parameters were changed.

(EECTIDTW———— 1y

oo AT=70(C)
nT=180(C]
*T=190(C)
 T=200(C]

Viscosity [Pa-s)

Viscosity [Pa-s]

1000

2

AT=170[C)
m T=180[C)
®T=190[C)
* T=200(C)

Tau= 24820
(
w000 7 T N ! ¥ ¥ 1o
o5 0000 o000 1000808
!iMuRwll-st
& o . [ | :...- Pa 014008
|| T e P 10 Vo005 0 [iames  Peai]
01 [T377e0id Pani) 0z [ K 01000
b2 !m (113 |-
| = m‘:?m p2 o E/Pa 010 005)
m [ 1040000) » |_mr2 o
A R 10 20000 e mm‘m
it Viacosdy | N_]
£t oot mdoumation. | oL il
(o] coms | e | m—p

T
10.00 1000 10000

2x Shear Rate [1/5]

teo |
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The negative values in the following Table shows the % increase in the
mold filling time of the experimental part compared to the mold filling time
when the parameters are not changed. On the other hand, the positive values
denote the % decrease in the total fill time of the mold compared to the mold

filling time when the parameters are not changed.

Decrease by Increase by
Sr. No. Property 10% 10%
1 Thermal Conductivity 0.0 20.1
2 Specific Heat -20.3 0.0
3 Al - WLF temperature shift factor -40.2 20.1
4 Melt Temperature - 190C -19.9 20.1
5 Mold Temperature - 150C -80.7 0.2
6 Melt Density -0.2 0.0
7 bim (PVT) 0.4 0.2
8 b5 (PVT) -0.2 0.4

There were many more parameters varied, but they hardly had any effect on the

total fill time by changing their experimental values by 10% each.
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