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Ceramic injection molding (CIM) is a high volume, near net shaping process
used to manufacture ceramic parts with complex features and shapes. In CIM
design it is important to understand the molding behavior as a function of
powder-polymer (feedstock) composition in order to achieve desired part
dimensions and properties, at high production rates. Standard practices in CIM
product design typically involve performing multiple trial-and-error molding
experiments for various feedstock compositions. Alternatively, CIM design
simulations can be performed to reduce the iterations. However, they require
the measurement of physical, thermal and rheological feedstock properties and
the availability of such data is limited. Currently there is no reliable design
approach available to perform mold-filling simulations for compositions that
differ from those with measured feedstock properties. The present work
develops and evaluates a new method to estimate feedstock properties critical
to performing CIM simulations. The method utilizes the material properties of
ceramic fillers from literature along with experimental measurements of an

unfilled wax-polymer binder system.



The current work is divided into three parts. In the first part, nine different
ceramic feedstocks and a wax-polymer binder, whose material properties were
measured by our research group, formed the basis for this study. Experimental
and estimated feedstock properties of these nine systems were compared to
quantitatively evaluate the quality of correspondence. The second part uses the
measured and estimated physical, thermal, and rheological properties for an
aluminum nitride feedstock to perform mold-filling simulations to compare the
differences in the output of CIM simulations based on the input feedstock
property data from experiments and estimates. The third part examines the
merits of CIM simulations to predict mold-filling behavior by conducting
injection-molding experiments for an aluminum nitride feedstock. The findings
from the current study can be used to improve CIM design practices and serve
as a guide for estimating ceramic feedstock properties to conduct mold-filling

simulations.
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Chapter 1: Material Properties in Ceramic Injection Molding

1.1 Introduction

Ceramic injection molding (CIM) is a net-shaping process used to manufacture
ceramic parts with diverse size, shape, complexity, material composition, and
microstructures. The CIM process is economical to manufacture parts at high
production volumes. Complex shapes manufactured using CIM have
applications in a wide variety of sectors, for instance the medical, electronics,

and consumer industries as shown in Figure 1.1

Figure 1.1. Complex shapes manufactured by CIM: (a) orthodontic bracket
made from alumina (©Morgan Advanced Materials, used with permission), (b)
aluminum nitride heat sink substrates, and (c) zirconia mounting bracket
(©Ceramco, used with permission)

The CIM process can be divided into four basic steps. In the first process step,
ceramic powder is compounded with a polymer (binder) to make a ceramic
feedstock. In the second step, the ceramic feedstock is injection molded into a
part of desired shape. Subsequently, the polymer phase is removed from the
molded part (debound) and finally sintered under controlled time, temperature
and atmospheric conditions to get a final part with desired dimensions, density,
microstructure and properties.

In CIM design, it is important to identify an appropriate powder-binder ratio for
the feedstock so that a part can be easily injection molded a part with desired
final part properties. Standard practices in CIM product design often involve
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multiple trial-and-error experiments to identify an optimum feedstock
composition. Alternatively, CIM simulations can be utilized to reduce the
expensive iterations early in the design and manufacturing cycle. In order to
perform CIM simulations, measurements for feedstock properties are required.
Feedstock properties crucial for performing CIM simulations include physical,
thermal and rheological characteristics. However, the data for such properties is
not widely available and are expensive to compile. There is currently no
reliable method available to estimate these feedstock properties.

During the course of research, a first journal paper published as a part of my
master’s research involved an in-depth literature search to evaluate models for
each thermal, physical and rheological property [1]. The selected models were
curve fitted to experimental data on filled polymers and a coefficient of
determination was calculated for data from each material system. The results of
the analysis helped select models that had general applicability for a wide range
of highly filled powder-polymer mixtures.

The selected models were used to predict the effect of powder content on the
feedstock property data for two aluminum nitride-polymer mixtures and
published in two additional journal papers [2, 3]. The predicted properties over a
range of powder volume fractions helped to quantitatively understand the
influence of material composition on mold-filling behavior using computer

simulations performed with Autodesk Moldflow software [2-4].

The present work develops a new protocol to estimate feedstock properties and
use them to perform CIM simulations with the help of ceramic filler material
properties found in literature along with experimental measurements on an
unfilled wax-polymer binder system. It is expected that the findings from this
dissertation will be useful in revamping CIM design and manufacturing practices
and serve as a guide for determining feedstock properties to routinely conduct

mold-filling simulations.



3

Chapter 2 of this thesis evaluates nine different ceramic feedstocks and a wax-
based polymer binder system and formed the basis for this study. Experimental
and estimated feedstock properties of these nine systems were compared to
look at the nature of the scatter in estimations. Regression analysis indicated
the suitability of models for estimating material properties such as density,
specific heat, specific volume, and viscosity. However, additional
experimentation and model development would be required for properties such
as thermal conductivity. The study presented in the Chapter 2 has been
prepared for submission to the journal, Materials and Design.

Chapter 3 evaluates the use of the feedstock property estimation approach
identified in Chapter 2 to estimate physical, thermal, and rheological feedstock
properties for an aluminum nitride (AIN) feedstock. The AIN feedstock property
estimates were compared to experimental measurements. Mold-filling
simulations were performed for a set of process input parameters and heat-sink
substrate geometries to compare the differences in the output of PIM
simulations using the feedstock property data from experiments and estimates.
Chapter 3 has been prepared for submission to the journal, Powder
Technology.

Chapter 4 evaluates the merits of CIM simulations in predicting mold filling
behavior by conducting injection-molding experiments. Aluminum nitride
feedstock of 80.5 wt.% was compounded using a twin-screw extruder and
injection molded into a tensile bar geometry. Injection molding experiments
were performed using the AIN feedstock at various melt temperatures and
injection pressures to obtain complete and partially filled tensile bar parts. Mold-
filling simulations were performed using experimentally measured and
estimated AIN feedstock properties for the tensile bar geometry used during the
injection molding experiments. The AIN feedstock properties were estimated
using the method presented in Chapters 2 and 3. A comparison between

injection molding experiments and simulations was made to understand the
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effectiveness of PIM simulations in predicting molding behavior. Chapter 4 has
been prepared for submission to the journal, Materials and Manufacturing
Processes.

Appendix A contains the raw experimental data for the feedstock and binder
properties that were used in conjunction with semi-empirical models to obtain
the results in Chapters 2, 3 and 4. Appendix B contains the ceramic filler data
collected from literature that were used in conjunction with semi-empirical
models to obtain the results in Chapters 2, 3 and 4. Appendices C, and D
summarize the detailed procedures for the extraction of curve-fitting
parameters. Appendix E presents the scanning electron micrographs (SEM) for
sintered green micromachined AIN samples.
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Chapter 2: Material Property Design in Ceramic Injection Molding

Abstract

Ceramic injection molding (CIM) is a near-net shaping process used to
manufacture ceramic parts with complex shapes and features at high
production volumes. Standard practices in CIM product design involve multiple
trial and error experimentations for each process step. Process steps in CIM
include feedstock formulation, mold design, injection molding, debinding and
sintering. The current design approach to facilitate injection molding
experiments involves mold filling computer simulations. However, the mold
filing design simulations require material property data and feedstock
composition as inputs. Even with carefully designed experiments and
simulations, poor structural properties and molding defects are found in CIM
parts. A probable cause for this can be related to incorrect feedstock
composition. Currently there is no reliable design approach to perform mold
filling simulations for compositions that differ from the measured feedstock
properties. In the present work, semi-empirical models are used to estimate
feedstock properties with the help of material properties of ceramic fillers from
literature along with limited experimental measurements. In the current work,
nine different ceramic feedstocks and a wax-based polymer binder whose
material properties were reported in literature by our research group formed the
basis for this study. Experimental and estimated feedstock properties of these
nine systems were compared to look at the nature of the scatter in estimation.
As a case study, experimental and estimated feedstock properties of AIN were
used to perform mold filling simulations for predicting mold filling behavior. The
findings from the current study can be used to improve CIM design practices
and serve as a guide for using literature ceramic filler properties to conduct

mold filling simulations.
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2.1. Introduction

Ceramic injection molding (CIM) is a net shaping process that manufactures
commercial products with diverse size, shape, complexity, material
composition, and structure. Figure 2.1a shows alumina bobbin fabricated from a
CIM process, Figure 2.1b shows a detector component made from alumina,
Figure 2.1c shows an auger bit made from alumina, and Figure 2.1d shows a
circuit coverlid made from alumina (©Ceramco images used with permission).
Figure 2.1e shows a PIM heat sink geometry made from aluminum nitride that
has 10 mm long and 2 mm hexagonal fins. Figure 2.1f shows a mounting
bracket made from zirconia, Figure 2.1g shows an octahedron made mullite,
Figure 2.1h shows a sensor caps made from zirconia, and Figure 2.1i shows a

swirl baffle made from alumina (©Ceramco images used with permission).

Ceramic injection molding (CIM) is a net shaping process that manufactures
commercial products with diverse size, shape, complexity, material
composition, and structure. Figure 2.1a shows alumina bobbin fabricated from
a CIM process, Figure 2.1b shows a detector component made from alumina,
Figure 2.1c shows an auger bit made from alumina, and Figure 2.1d shows a
circuit coverlid made from alumina (©Ceramco images used with permission).
Figure 2.1e shows a PIM heat sink geometry made from aluminum nitride that
has 10 mm long and 2 mm hexagonal fins. Figure 2.1f shows a mounting
bracket made from zirconia, Figure 2.1g shows an octahedron made mullite,
Figure 2.1h shows a sensor caps made from zirconia, and Figure 2.1i shows a

swirl baffle made from alumina (©Ceramco images used with permission).

Ceramic injection molding is a multi-step complex process. To successfully
fabricate a part it is important to optimize variables for each process step. In the
first step, ceramic powder and polymer binder are mixed uniformly to form a
ceramic feedstock. This is typically done with a twin-screw extruder. In the
feedstock-compounding step it is crucial to identify the precise powder to binder
ratio. This will correlate to how well a feedstock can be injection molded. The
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extruded feedstock is pelletized and transported to a molding machine where a
desired shape can be acquired. Variables such as the part geometry, mold
design, material properties, process parameters, and feedstock homogeneity
will determine the success of mold filling. Once the part is successfully molded,
the polymer binder is removed by thermal or solvent extraction methods
(debinding). In this step, retention of shape and surface texture are important.
Debinding parameters will depend on process variables such as debinding rate,
temperature, solvent, and the type of polymer/binder system. When most of the
polymer is removed the part is then sintered to near-full density. Sintering
process variables include time-temperature-rate conditions, sintering aid,

material properties, and structural integrity [1].

2.1.1 Sintered material properties of ceramics

Properties of sintered ceramic materials are used to select the optimum ceramic
material for a particular application. Table 2.1 presents physical, thermal, and
mechanical properties for sintered ceramics. The included compounds are
alumina (AlO3), silicon carbide (SiC), zirconia (ZrO;), silicon nitride (Si3Na),
barium titanate (BaTiOs3), titanium nitride (TiN), mullite (3Al203.2SiO;), and
aluminum nitride (AIN). Ceramics typically have low densities (Table 2.1)
between 2200 and 6030 kg/m® a high hardness (Knoop) from 750 to 2530
kg/mm?, high compressive strength between 970 and 4600 MPa, and moderate
flexural strength from 90 to 1150 MPa. The relatively low density and favourable
mechanical properties make ceramics the material of choice for a variety of
applications. Ceramics (Table 2.1) also have lower dielectric constant values
(3.8 to 10) making them excellent insulators. An exception to this is BaTiOs, an
excellent dielectric material, which has a dielectric constant of 3000. In short,
ceramic materials can perform under extreme conditions such as high

temperature, corrosive or abrasive environments, and high loads [1-5].
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2.1.2 Applications of ceramic injection molded products

As stated previously, CIM product applications are diverse since ceramics offer
a wide range of material properties. The majority of CIM applications can be
found in industrial, transportation, electrical, medical, communications, lighting,
textile, and consumer industries (Table 2.2). Typically, CIM products are made
from alumina, silicon carbide, aluminum nitride, silica, and zirconia (Table 2.2).
CIM industrial applications [6—10] such as stator, turbine blades, bearings, and
aerofoil casting cores are generally manufactured from SiC, SisN4, Al,O3, ZrO;
and 3Al203.2Si0,. This is due to their high mechanical and thermal properties
(Table 2.1), low cost, and chemical stability [6—10].

CIM medical and dental applications [8,11-16] such as implants, endoscopic
cutters, catheter tips, prosthetic replacements, orthodontic brackets, and dental
abutments are generally fabricated from SizN4, Al203, and ZrO, (Table 2.2) due
to their excellent mechanical properties (Table 2.1) and chemical stability
[8,11-16]. Most CIM communication applications [17-19] such as connectors
for telecom, ferrules, and optical sleeves are manufactured from ZrO, (Table
2.2) due to its excellent mechanical properties (Table 2.1) and chemical stability
[17-19]. CIM electrical applications [8, 11-16] such as RF insulators [8] are
typically made from Al,O3 due to its ideal insulation properties (Table 2.1). AIN
is preferred for heat sinks and electronic packages[20, 21] (Table 2.2) due to its
high thermal conductivity and low values of coefficient of thermal expansion
(CTE). The CTE of AIN is also close to silicon’s CTE (Table 2.1) making it an
ideal choice of material for electronic packaging.

General applications of CIM in transportation include glow plugs, gear wheels,
valve seats, breaking pads, and turbocharger rotors [22—26]. These products
are usually manufactured from SiC, SisN4, Al2O3, and ZrO, due to their good
mechanical, thermal, and electrical insulation properties (Table 2.1) in addition
to low cost and chemical stability[22—26]. In consumer industry, CIM products
are manufactured for making cups, injection printheads, luxury pen bodies,
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control switches, watch components and battery covers for mobile phones
(Table 2.2) [8,27-29]. Due to the complex nature of the CIM process and its
wide range of application the technology for fabricating parts from various
material systems must be precise, cost effective, and produce defect free
products.

2.1.3 Design requirements for CIM

Manufacturing defect free parts of high quality often poses a challenge to
design and process engineers. Defects can occur at any part of the CIM
process and are often resolved by trial and error experimentation which can be
time consuming and expensive. The appearance of defects and sub-standard
part quality are typically due to poor setup of the injection molding process
parameters, feedstock composition and properties, inhomogeneous feedstock
formulation, and improper mold design. A more efficient way to reduce molding
defects and improve part quality is to conduct simulations with the help of
computer aided engineering (CAE) design tools [30—42].

2.1.4 Mold filling simulations

The mold filling simulations are performed using CAE design software like
Autodesk Moldflow, Sigmasoft, PIMsolver, and Modelx3D. These computer
simulations need reliable feedstock property data and process parameters as
input variables to simulate injection molding behavior. With the help of these
simulations, design engineers can analyse mold filling dynamics, identify defect
evolution, and optimize process parameters. Figure 2.2 shows the use of mold
filling simulations to study a variety of design geometries with part dimensions
ranging between 5 mm and 200 mm along with various material systems such
as AIN, 3Al;03.2SiO2, SisN4, AlO3z, SiC, and ZrO, composites. Mold filling
simulations can be used to study the filling behavior in design geometries with
an array of feature sizes. Complex geometries of a few millimetres can be
modeled (Figure 2.2A, 2D, 2F) and simple design geometries (Figure 2.2B,
2C, and 2E) with feature sizes of 10 mm or above can also be simulated.
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In literature there is a limited database of feedstock properties that can be used
in CAE design simulations. Sometimes, even after experimentally measuring
feedstock properties and conducting simulations the expected mold filling
results will not become apparent due to improper feedstock composition
(powder/polymer ratio). Therefore, a technique to estimate ceramic feedstock
properties and further use them to conduct mold filling simulations will be
presented in this work.

In order to estimate ceramic feedstock properties pre-selected semi-empirical
models were used along with ceramic filler properties gathered from literature.
Further comparisons of experimentally measured feedstock properties with
estimated feedstock properties were conducted to look at the nature of scatter
in estimates. Comparative mold filling simulations using estimated and
experimental feedstock properties as inputs were used to look at the influence
of scatter in estimates on predicting mold filling behavior and output
parameters. It is anticipated that the current material property design method
will serve as step towards reducing the high level of trial and experimentation
prevalent in CIM industry.

2.2 Feedstock properties

Feedstock properties required to simulate mold filling behavior include physical,
thermal, rheological, and pressure-volume-temperature (PVT) parameters. A
limited database of ceramic feedstock properties is available to perform mold-
filling simulations. Experimental feedstock properties of various ceramic
material systems were obtained from our research groups’ previous work.
Feedstock properties were estimated using pre-selected semi-empirical models
and ceramic filler properties. By comparing estimated and experimental ceramic
feedstock properties the scatter in estimates was studied.
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2.2.1 Ceramic feedstocks

The experimental feedstock properties of various ceramic material systems
were obtained from our research groups’ previous work [30,35,36,43—49]. The
ceramic material systems considered for this study included silicon carbide,
aluminum nitride, silicon nitride, mullite composite, zirconia composite, alumina,
and barium titanate (Table 2.3). All ceramic feedstocks contain a common wax
polymer binder (Table 2.3). The considered ceramic systems for the current
study comprise a large majority of ceramic systems used in CIM (Figure 2.3)
[50].

2.2.2 Powder composition and particle attributes

The ceramic powder content in the feedstock ranged between 0.79 and 0.90
weight percent (Table 2.3). A co-rotating twin-screw extruder (Entek
Manufacturing) was used to extrude all ceramic feedstocks. The ceramic
feedstocks compositions are shown in Table 2.3. There are two types of
ceramic powder considered for this study: 1) monomodal (microscale powders)
and 2) bimodal (mixture of microscale and nanoscale powders). The average
particle size of the microscale ceramic powders ranged between 0.7 and 1.1 ym
and average particle size of nanoscale ceramic powders ranged between 20
and 50 nm. The amount of nanoscale ceramic powder in a system ranged
between 14 and 19 weight percent of the powder.

2.3 Ceramic feedstock property measurements and estimates

The experimentally measured solid density, melt density, specific heat, and
thermal conductivity reported in our previous work [41,42,44,46,51,52] for
various ceramic feedstocks and binder at 300K are represented in Table 2.4.
Measurements were made at Datapoints Labs (Ithaca, NY). The ceramic
feedstock properties are measured for silicon carbide, aluminum nitride, silicon
nitride, mullite composite, zirconia composite, alumina, and barium titanate
systems (Table 2.4) with each feedstock made from a common wax polymer
binder.
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Viscosity measurements were made for shear rates between 10-1000 s™ in
conjunction with temperatures of 415 and 425 K for silicon carbide, aluminum
nitride, silicon nitride, mullite composite, zirconia composite, alumina, and
barium titanate (Table 2.5) ceramic feedstocks. The viscosity-shear rate-
temperature dependence for all ceramic feedstocks is presented in Table 2.5.

Specific volume measurements were made for temperature ranges between
330 and 290 K with pressures from 0 to 200 MPa for silicon carbide, aluminum
nitride, silicon nitride, mullite composite, zirconia composite, alumina, and
barium titanate (Table 2.6) ceramic feedstocks. Temperature- specific volume-
pressure dependence for all ceramic feedstocks is presented in Table 2.6.

The included feedstock property measurements serve as a basis for
comparison with the estimated feedstock properties. To estimate ceramic
feedstock properties semi-empirical equations, binder properties, and filler
property data are required as inputs.

2.3.1 Semi-empirical models

Feedstock properties can be estimated using semi-empirical models
[41,42,45,53]. Table 2.7 shows the semi-empirical models used in this study to
estimate various feedstock property and are selected based on our previous
work [40]. The selection criteria for using these models is based on an in-depth
analysis of various published models fitted to data on feedstock properties
experimentally measured by our group [40]. The semi-empirical models use
filler and binder properties to estimate feedstock properties.

2.3.2 Filler properties of ceramics

A literature survey was conducted to find typical values of filler material
properties at 300 K and the findings are summarized in Table 2.8. More than 50
peer reviewed journal papers and several books published in the past 60 years
were reviewed to find the filler properties for ceramic material systems

represented in Table 2.3. The filler property values that were reported for 300 K
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were selected to maintain the consistency in comparison between experimental

and estimated feedstock properties.

A total of 78 filler solid density values were gathered for the seven ceramic
systems in Table 2.8, with 5-20 data points per ceramic system. The solid
density for the fillers ranged between 2980 and 6910 kg/cm3. A total of 52 filler
specific heat values were gathered for the seven ceramic systems in Table 2.8,
with 5-16 data points per ceramic system. The specific heat capacity values for
the fillers were reported between 390 and 830 J/kg-K. A total of 68 filler thermal
conductivity values were gathered for the seven ceramic systems in Table 2.8,
with 5-18 data points per ceramic system. The thermal conductivity for the fillers
ranged from 3-300 W/m-K. In order to estimate specific volume over a range of
temperatures during injection molding simulations an assumption was made
that the solid density of the filler does not change with temperature. Another
reason for this assumption is the lack of data reported in the literature for

specific volume of ceramic fillers over a range of temperatures.

2.3.3 Density

Density measurements and estimations were conducted for silicon carbide,
aluminum nitride, silicon nitride, mullite composite, zirconia composite, alumina,

and barium titanate feedstocks with a wax polymer binder.

Density measurements

The feedstock solid density measurement was performed using Archimedes
principle in accordance with ASTM D792. Measurements for density data are
reported in Table 2.4 [43,44,46—48]. The solid density values for ceramic
feedstocks ranged between 2020 and 3590 kg/m® and binder density was 870
kg/m?. The feedstock melt density was measured using a capillary rheometer in
accordance with ASTM D3835 [43,44,46-48] The melt density values for
ceramic feedstocks ranged between 1850 and 3370 kg/m> and binder melt
density was 700 kg/m?.
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Density estimates

An inverse rule of mixture (Equation 1) was used to estimate solid density of
AIN feedstock. This equation is suitable for predicting powder-polymer density
at higher weight fractions of fillers [40]. Equation 1 provides a coefficient of
determination (R?) of 0.97 when fitted to literature data on measured powder-
polymer densities (50-70 wt%) [40]. The solid density for various feedstocks
was estimated using the filler mass fractions from Table 2.3, the binder density
from Table 2.4, the filler solid density from Table 2.8, and using the inverse
rule-of-mixtures model represented by Equation 1 (Table 2.7). In
manufacturing feedstock formulation is represented by weight. However,
volumetric comparisons are often useful when examining powders of differing
densities. The volumetric fractions for powder and binder were calculated from
the mass fraction using Equation 2 and 3 (Table 2.7). The solid densities
estimated for different feedstocks were plotted against the experimental
feedstock solid density (Table 2.4) as shown in Figure 2.4. A coefficient of
determination (R?) value exceeding 0.97 was obtained for Figure 2.4, which
indicates a good fit and applicability of Equation 1 to predict PIM feedstocks

densities from literature filler density values.

2.3.4 Specific heat

Specific heat measurements and estimations were conducted for silicon
carbide, aluminum nitride, silicon nitride, mullite composite, zirconia composite,

alumina, and barium titanate feedstocks with a wax polymer binder.

Specific heat measurements

Specific heat measurements of all feedstocks were made using differential
scanning calorimetry (DSC)[43,44,46—48]. The specific heat values for ceramic
feedstocks ranged between 940 and 3300 J/kg-K and specific heat value for the
polymer binder was 1240 J/kg-K.
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Specific heat estimates

Several mathematical models published in literature that can estimate specific
heat of a powder-polymer mixture include: rule of mixture model, modified rule
of mixture model, and the Christensen model [40]. In the present study a
modified rule of mixture model (Equation 4) was used to estimate specific heat.
Equation 4 provides R? values ranging from 0.92-0.97 when fitted to literature
data on measured powder-polymer specific heats of five 47-75 wt.% filled
material systems [40]. The specific heats for various feedstocks were estimated
using the filler mass fractions from Table 2.3, the filler and binder specific heats
from Table 2.4 and then by using Equation 4. The specific heats estimated for
different feedstocks were plotted against experimental feedstock specific heat
(Table 2.4) as shown in Figure 2.5. A coefficient of determination (RZ) value
exceeding 0.64 indicates a reasonable fit and applicability of the model to
predict specific heat in PIM feedstocks. A probable cause for reasonable values
of R? can be attributed to a large standard deviation of +2-12% observed in the
filler specific heats values presented in Table 2.8.

2.3.5 Thermal conductivity

Thermal conductivity measurements and estimations were conducted for silicon
carbide, aluminum nitride, silicon nitride, mullite composite, zirconia composite,

alumina, and barium titanate feedstocks with a wax polymer binder.

Thermal conductivity measurements

A transient line-source technique was used to make the thermal conductivity
measurements (ASTM D5930) for all ceramic feedstocks. Measurements were
performed on a K-system |l thermal conductivity from 190°C to 30°C [43,44,46—
48]. The thermal conductivity values for all ceramic feedstocks ranged between
1.0 and 3.8 W/m-K.
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Thermal conductivity estimates

The Maxwell model, Bruggeman model, and Modified Lichtenecker model can
be used to estimate thermal conductivity.[40] In the present study a Bruggeman
model (Equation 5) was used to estimate thermal conductivity of AIN feedstock
[40]. The thermal conductivity for various feedstocks were estimated using the
filler volume fractions from Table 2.3, the binder thermal conductivity from
Table 2.4, the filler thermal conductivity from Table 2.8, and semi-empirical
model represented by Equation 5. The thermal conductivity estimated for
different feedstocks were plotted against the experimental feedstock thermal
conductivity (Table 2.4) as shown in Figure 2.6. A coefficient of determination
(R?) value of 0.23 indicates only a poor predictive ability of the model used. One
source of error can be attributed to the large standard deviation of 4-33%
observed in the filler thermal conductivity values obtained from the literature.
These may be substantially different from the actual values of thermal
conductivity for the fillers in the feedstock. Other models may provide a better
prediction of the thermal conductivity of PIM feedstocks compared to Equation
5, or additional experimentations may be needed.

2.3.6 Viscosity

Viscosity measurements and estimations were conducted for silicon carbide,
aluminum nitride, silicon nitride, mullite composite, zirconia composite, alumina,
and barium titanate feedstocks with a wax polymer binder for various shear

rates and temperatures.

Viscosity measurements

A capillary rheometer was used to measure viscosity of all ceramic feedstocks.
ASTM D3835 standard was used for conducting the measurements [43,44,46—
48]. Tests were run for temperatures between 415 K and 430 K at shear rates
between 10s” and 10*s™. The viscosities for various ceramic feedstocks for a
range of shear rates and temperature are shown in Table 2.5 [43,44,46-48]. A
typical representation of viscosity shear rate dependence for 415 K and 425 K
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is shown in Figure 2.7. It can be observed that viscosity decreases with
increase in shear rate for all material systems representing shear thinning
behavior. The inset image in Figure 2.7 represents the common binder
viscosity plotted as a function of shear rate for temperatures of 415 and 425 K

and shows a similar shear thinning behavior.

Viscosity estimates

The Chong model, Eiler model, Mooney model, and Simplified Krieger
Dougherty model can be used to estimate viscosity [40]. In the present study,
the Simplified Krieger Dougherty model (Equation 6) was used to estimate
viscosity. Equation 6 provides R? values ranging from 0.94-0.99 when fitted to
literature data on measured powder-polymer viscosity of three 10-60 vol.% filled
material systems [40]. The viscosity for various ceramic feedstocks was
estimated using a simplified Krieger Dougherty model (Equation 6). The
feedstock viscosity was estimated by taking maximum filler content as 0.64
while using the feedstock and binder viscosity values at different shear rates
from Table 2.5 in tandem with Equation 6. The experimental feedstock
viscosity is plotted as a function of estimated feedstock viscosity for different
material systems as shown in Figure 2.8. Viscosity decreases with increase in
shear rate for both experimental and estimated viscosity. The lowest values of
viscosity for each material system correspond to 10%s™ shear rate while the
highest viscosity values correspond to 10s™ shear rate. The coefficient of
determination (R2) value of 0.6 supports the general applicability of the
approach to predict the viscosity of PIM feedstocks. To improve viscosity
estimations across all shear rate and temperature ranges is a part of our future

research article.

2.3.7 Specific volume

Specific volume measurements and estimations were conducted for silicon

carbide, aluminum nitride, silicon nitride, mullite composite, zirconia composite,
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alumina, and barium titanate feedstocks with a wax polymer binder for various

pressures and temperatures.

Specific volume measurements

Measurements for specific volume as a function of temperature and pressure
were made using a high-pressure dilatometry. Tests were performed at
temperature ranges between 298K and 543K and pressure ranges between
OMPa and 200MPa. Typical representation of specific volume for different
ceramic feedstocks at various temperatures and pressures are shown in Table
2.6 [43,44,46-48]. The specific volume for all feedstocks typically increased
with an increase in temperature and decreased with an increase in pressure
(Figure 2.9). Three distinct zones are observed in Figure 2.9 that represent
solid, transition, and melt regions. The solid region occurs at low temperatures
(300-320K) for all material systems while melt region occurs at high
temperatures (360-450K) for all material systems. The transition region lies
around 350 K for all material systems.

Specific volume estimates

A simple rule of mixture (Equation 7) was used to estimate specific volume of
AIN feedstock. It is suitable for predicting powder-polymer specific volume at
higher weight fractions of fillers [40]. It is suitable for predicting powder-polymer
specific volume at higher weight fractions of fillers [42]. Equation 7 provides an
R? value of 0.99 when fitted to literature data on measured powder-polymer
densities of two 20-80 wt.% filled material systems [40]. The specific volume for
various feedstocks was estimated using the filler mass fractions from Table 2.4,
binder specific volume at different temperature and pressures from Table 2.7,
filler specific volume (as the reciprocal of density) from Table 2.8, and a rule-
of-mixtures equation represented by Equation 7. The specific volume
estimated for different feedstocks were plotted against the experimental
feedstock specific volume (Table 2.6) as shown in Figure 2.10. It can be

observed that there is an increase in estimated specific volume with an increase
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in temperature. A decrease in estimated specific volume is observed with an
increase in pressure for all material systems. This trend is similar to that
observed for experimental specific volume (Figure 2.9). A coefficient of
determination (R?) value exceeding 0.98-0.99 indicates a good fit and the
applicability of Equation 7 to predict specific volume for PIM feedstocks.

2.4 Mold-filling simulations for AIN

As a case study, mold filling simulations for estimated and experimental
feedstock properties of AIN were performed to understand the influence of
scatter in feedstock property estimates on mold filling behavior. Mold filling
simulations were performed using Autodesk Moldflow Insight software. The
input parameters for mold filling simulations require properties like specific heat,
thermal conductivity, viscosity, and specific volume over a range of
temperatures. The feedstock properties were estimated at 300 K since all filler
property data was gathered for 300 K. An assumption was made that a filler's
property does not change with temperature in order to estimate feedstock
properties for a range of temperatures. A reason for this assumption is that
there is not much data available in literature for filler properties over a range of
temperatures. Mold filling simulations require viscosity and specific volume to
be entered as curve fitted constants.

2.4.1 Injection Molding Simulations

A typical heat sink geometry was chosen to conduct mold-filling simulations.
Solidworks was used to design the heat sink geometry. Heat sink geometry was
imported into Autodesk Moldflow to conduct mold filling simulations. Processing
parameters were set at a mold temperature of 35°C, polymer melting
temperature of 150°C, velocity to pressure switchover point at 99% volume
filled, and a fill time of 0.1 seconds. The part was meshed with an automated
solid three-dimensional meshing which makes use of finite element analysis.
Simulations were conducted for fill-and-pack type conditions using estimated
and experimental u-AIN feedstock properties in order to understand the
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injection molding behavior and its packing characteristics. The progressive mold
fill for the heat sink geometry can be seen in Figure 2.11. Part filling takes
place at the center of the cavity where the injection location is located. The flow
front progresses away from the injection location symmetrically, and eventually
fills the entire geometry. The blue contour indicates the first filled region in the
part and the red contour represents the last filled region in the part.

The process output parameters were obtained by performing mold filling
simulations using estimated and experimental p-AIN feedstock properties. A
comparison of simulation output parameters was made to understand the
influence of scatter in feedstock property estimates on mold filling. Figure 2.12
compares selected injection molding simulation output parameters. There is
little difference between estimated and experimental values of part mass and
volumetric shrinkage due to their dependence on density and specific volume
respectively. Both density and specific volume yielded low scatter of values
(Figure 2.3 and Figure 2.10). The differences between estimated and
experimental values of pressure related output parameters such as injection
pressure and clamp force are large because both output parameters are
dependent on viscosity. This can be attributed to a moderate fit of 0.64 obtained
during viscosity estimation.

2.5 Design outlook

Ceramics considered for the current study included silicon carbide, aluminum
nitride, silicon nitride, mullite composite, zirconia composite, alumina, and
barium titanate. These ceramics account for majority of material compositions
(Figure 2.3) that are CIM and form the basis for this study. The ceramic
feedstock composition for the considered systems ranged between 0.51 and
0.61 volume fractions. Silicon carbide, aluminum nitride, silicon nitride, and
barium titanate systems had bimodal particle size distribution. The variation in
feedstock compositions and particle attributes allowed us to examine the
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suitability of the selected semi-empirical models to estimate feedstock
properties.

Ceramic filler properties gathered for considered ceramics from literature have
some variation associated with them (Table 2.8). The variation was observed
between each material system and material property. For instance, thermal
conductivity showed maximum variation in filler property with aluminum nitride
having £33% change. Similarly, specific heat showed a maximum of +12%
change for silicon nitride. Density estimates showed least amount of percent
change in filler property in comparison to thermal conductivity and specific heat.
The maximum reported percent change in density filler property was £1.5% for
silicon carbide.

Consequently, as a result of this variation in filler properties the ceramic
feedstock property estimates were affected. Table 2.9 summarizes the nature
of estimates for each feedstock property estimate in terms of coefficient of
determination (R?) values. It can be observed from Table 2.9 that density and
specific volume tend to have excellent values for estimates with R? of 0.96 and
0.97 respectively. Specific heat and viscosity have moderately good values of
estimates with R? of 0.64 and 0.61 respectively. While, estimates for thermal
conductivity tend to be poor with an R? of 0.23.

To understand the effect of scatter in material property estimates on predicting
mold filling simulations experimental and estimated feedstock properties of y-
AIN were taken as inputs. The output parameters obtained from injection
molding simulations indicate that part weight and percent volumetric shrinkage,
which are functions of density and specific volume respectively, show little
difference between experiments and estimates. Clamp force and injection
pressure, which are functions of viscosity, show comparatively large differences
between experiments and estimates. This large difference indicates that
viscosity estimation needs to be improved and an R?of 0.64 gives poor values
of pressure related mold filling predictions.
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The findings from the current study can be used to improve CIM design
practices and serve as a guide to utilize ceramic filler properties from literature
to conduct mold filling simulations. The models discussed in this review do not
specifically address variations in material properties with particle characteristics
(e.g. shape, size, agglomeration) but can serve as a first step towards
eliminating the trial-and-error procedures currently prevalent in the design of
PIM parts.

2.6 Conclusions

A literature review of the physical, thermal, and rheological properties of
powder-polymer mixtures was conducted. The experimental data for each
material property as a function of filler volume, or mass fraction, was compared
to estimated data from mixture models incorporating literature values of the
corresponding filler properties. Regression analysis indicated the suitability of
models for estimating material properties such as density, specific heat
capacity, specific volume, and viscosity. However, additional experimentation
and model development will be required for properties such as thermal
conductivity. In addition, the variation between literature reports for filler
properties and the actual fillers used in the PIM feedstocks that were selected in
this study is unknown. It is expected that the approach presented in this paper
will avoid expensive and time-consuming trial-and-error iterations currently

prevalent in PIM.
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Material AlbO3 SiC SisN4 | BaTiOz SiO, TiN  3AlIb03.SiO, AIN  ZrO,
Density
[kg/m3][55] 3960 | 3100 | 3200 | 5900 | 2200 | 5220 3200 3260 | 6030
Thermal
Conductivity 40 130 20 3.3 1.7 30 3.5 200 | 2.65
[W/m.K][55]
CTE [10-6* K-
1][55] 74 | 402 | 3.2 - 0.4 9.4 5.3 4.3 9.6
Heat Capacity
[J/kg.KI[55], [56] 780 | 670 | 740 440 690 | 600 760 710 | 480
Compressive
Strength 3790 | 4600 | 1730 - 1040 | 970 1000 2070 | 2900
[MPa][55]
Flexural Strength )
[MPa][55] 550 | 460 | 700 90 100 170 300 [ 1150
Poissons
Ratio[55], [57] 0.22 | 0.14 | 0.25 - 0.17 | 0.25 0.32 0.25 | 0.31
Hardness
(Knoop kg/mmz) 2030 | 2530 | 1380 - 750 | 2160 750 1230 | 1070
[55], [57]
Band Gap - -
[eV][55] - 2.86 - - - 3.40 6.02
Dielectric 10 | 40 | 650 | 3000 |3.80| - 6.50 88 | -

Constant[55]
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Table 2.2. Current applications of CIM technolog
type of component ceramic material reference #

industrial

water pump seals SiC [6]

stators Si3Ng [7]

turbine blades Si3Ng [7]

precision dispension SisN, (8]

nozzles

sensor covers Al,O3 [8]

cutting blades ZrO,-Al,03 [8]

sensor tubes Al,O3 [10]
bearings MgO-ZrO,, Al,O3 [8], [9]

And aorofol castng ores | 20310z (1]

medical and dental

“leedthrough AL:0s [12]

dental abutments ZrOz [13]

orthodontic brackets Al,O3 [8]

dental implants Al;O3 [8]

endoscopic cutters ZrO; [8]

catheter tips ZrO; [8]

prosthetic replacements Al;O3 [14]

tweezers ZrO; [8]

spinal interbody devices SizNg [15]

bone implants ZrOz [16]

communication

connector for telecom ZrOz [17]

ferrules ZrO; [18]

optical sleeves ZrO; [19]

soft magnetic components (Mn,Zn)Fex04 [58]
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Table 2.2 Continued. Current applications of CIM technolog

type of component ceramic material

reference #

electrical
electrical components for
automotive exhaust RF Al,O3 [8]
and electrical insulators
hard disc drive assembly ZrO,-Al;03 [8]
electrical microheater Ba(Zn13Tay3)03 [59]
heat sinks, electronic AIN [25]
packages
transportation
glow plug SizN4 [22]
gear wheel Al;O3, ZrO, [22]
valve seat SIAION, Si3N4 [22]
braking pads Al;O3, ZrO, [22]
valve components SizNg [23]
turbocharger rotors SiC [24]
swirl chambers for high
powered turbocharged SizNg [25]
diesel engines
reonent. e
shafts and ;’j;i‘)ggs in Al,O3, ZrOs, SIC [26]
lighting
industrial lighting Al2O3 [60]
textiles
wire guides Al;O3 [8]
textile thread guides Al,O3, SiC [61]
consumer
cups porcelains [27]
inkjet printheads Al;O3 [62]
luxury pen bodies ZrO,-Al;03 [28]
o uitehes Z0; 29]
watch gears ZrO,-Al;03 [8]
watch cases Zr0O,-Al;03 [28]
battery c;r:/:r: ;‘Zr mobile 710, 28]
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Table 2.3. Experimental feedstock compositions
median filler filler

feedstock feedstock particle mass volume reference
nomenclature size, fraction, fraction, #
X10°m Xs o
microscale silicon carbide J SiC 0.70 0.79 0.52 [43]
microscale-nanoscale .
silicon carbide M-n SiC 0.09 0.85 0.61 [43]
m'Croscrf‘i'tfi j('a“m'”“m u AN 1.10 0.81 053 | [43], [45]
microscale-nanoscale
alurminum nitride p-n AIN 0.10 0.85 0.61 [43], [45]
silicon nitride M-n SizNg 0.13 0.80 0.52 [48]
. . 20%ZrO,-
mullite composite 80%Al,05.2Si0, 0.72 0.85 0.57 [44]
. . . 57%2!’02-
zirconia composite 43%A1,03.2Si0, 0.71 0.84 0.49 [44]
alumina Al,O3 0.40 0.84 0.54 [46]
micloscale-nanoscale | nBaTio; | 020 0.9 0.58 [47]
wax polymer binder binder - 0 0 [43]

Table 2.4. Experimental feedstock properties

solid melt specific thermal
feedstock density, density, heat, conductivity, reference #
kg/m kg/m J/kg.K W/m.K
u SiC 2020 1850 1240 3.80 [43]
M-n SiC 2180 1990 1190 2.90 [43]
J AIN 2150 1940 1200 2.80 [43], [45]
p-n AIN 2310 2140 1390 3.10 [43], [45]
p-n SizNg 2300 2110 1100 1.40 [48]
Al203.2SI0; 2520 | 2290 1050 1.20 [44]
composite
ZrQO, composite 2830 2560 940 0.80 [44]
Al;O3 2580 2340 1200 2.50 [46]
J-n BaTiOs; 3690 3370 3300 1.00 [47]
wax polymer binder 870 700 1240 0.20 [43]
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Table 2.5. Experimental feedstock viscosity for various temperatures and shear

rate
feedstock wscosﬂy, Pa.s reference
i

u SiC 7100 | 1030 150 6600 960 140 [43]
g-n SiC 15550 | 1820 210 14960 1760 200 [43]

u AIN 1470 350 80 1380 330 80 [43], [45]

p-n AIN 34620 | 3910 440 33980 3840 430 [43], [45]
b-n SizNy 45220 | 5080 570 40330 4530 510 [48]
AlO3.25102 | ya950 | 2080 | 220 | 19850 | 2070 | 220 [44]

composite

ZrO, composite 11820 | 1320 150 11630 1300 140 [44]
Al,O3 4680 800 130 4330 740 120 [46]
J-n BaTiO; 6330 790 90 5640 730 90 [47]
wax polymer binder | 140 40 10 60 30 10 [43]

Table 2.6. Experimental feedstock specific volume for various temperatures
and pressures

feedstock me, X10 Tol()kf\’nPa reference
temperature, K i
g SiC 0.50 0.51 0.53 0.49 0.50 0.51 [43]
M-n SiC 0.46 0.47 0.49 0.45 0.46 0.47 [43]
J AIN 0.47 0.49 0.50 0.46 0.47 0.48 [43], [45]
p-n AIN 0.43 0.44 0.46 0.42 0.43 0.44 [43], [45]
M-n SizNy 0.43 0.45 0.46 0.42 0.43 0.45 [48]
ZOO/OZFOQ-
80%A1,03.2Si0, 0.40 0.40 0.42 0.38 0.39 0.41 [44]
57%ZrO5-
43%A1,05.2Si0, 0.35 0.36 0.38 0.34 0.35 0.36 [44]
Al,O3 0.39 0.40 0.41 0.38 0.39 0.40 [46]
p-n BaTiOs; 0.27 0.28 0.29 0.26 0.27 0.28 [47]
wax polymer binder | 1.15 1.22 1.33 1.11 1.14 1.24 [43]
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Table 2.7. Models used in the present study to estimate feedstock properties

property empirical equation equation # reference #
, 1 X, X
density —=—+— 1 [40]
Pc Pp pp
_ Xp/Pp
¢p = 2
volume Xp/pp +Xb/pb
. [40]
fraction by = Xn/Pp 3
§ Xp/pp + Xb /pb
specificheat | €, =[Cy, Xy + Cp X, |+ [1+ 4 Xy X, ] 4 [40]
1
thermal Ap = Ac\ (b /3
conductivity 1—¢p = ( A, — lb> (,TC) ° [40]
b
. . Ne=—""."7
viscosity [ ¢, ] 6 [40]
1-
(;bmax
specific 9
ch))Iume Ve = XU + Up(1 - Xp) [40]

Table 2.8. Literature filler properties of different ceramic systems at 300 K
solid specific thermal
filler density, heat, conductivity, reference #

kg/m® J/kg.K W/m.K
sic 3200450 720470 110£20 3], [5[?]6’][63]‘
[3], [21], [59],
AIN 3300450 800+30 230+70 64), 771192
. [3], [55], [57],
SisNs 3200415 730490 3045 64], [93}-108)
[3], [44], [59],
3A1,03.2Si0, 3000420 760+10 5.141.1 [63], [73],
[99]-[105]
[3], [55], [56],
[63], [64],
Al,O3 3900410 800+20 3010 [72], [73],
[80], [106]—
[113]
[56], [73],
BaTiO; 590010 420430 2.740.1 [102], [114]-
[118]




Table 2.9. Coefficient of determination for different ceramic feedstock material

properties
property R?
density 0.96
specific heat 0.64
thermal conductivity 0.23
viscosity 0.61
specific volume 0.97
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Figure 2.1. Various applications of PIM ceramic parts (© Ceramco, used with
permission) (a) bobbin made from alumina, (b) detector component made from
alumina, (c) auger bit made from alumina, (d) circuit coverlid made from
alumina, (e) PIM heat sink geometry made from aluminum nitride, (f) mounting
bracket made from zirconia, (g) octahedron made mullite, (h) sensor caps made
from zirconia, and (i) swirl baffle made from alumina
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100 mm

40 mm 5mm

200 mm 40 mm

Figure 2.2. Examples of studies on mold —filling simulations for several
applications and material systems (A) AIN heat sink[42], (B) mullite miniature
turbine stator [8], (C) SizsN4 engine component [51], and (D) Al,O3 dental bracket
[54] (E) SiC armor plate (F) ZrO, composite recuperator plate



Figure 2.3. Relative CIM market based on the type of material used [50]
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Figure 2.4. Comparison of experimental with estimated feedstock density of
different ceramic feedstocks at 300 K based on data in Table 2.4 and 8; the

dotted line is a regression line that has an R? of 0.96.
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Figure 2.5. Comparison of experimental with estimated feedstock specific heat
of different ceramic feedstocks at 300K based on data in Table 2.4 and 8; the
dotted line is a regression line that has an R? of 0.64
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Figure 2.7. Plot of experimental viscosity as a function of shear rate for different
ceramic feedstocks at 415 and 425 K and inset experimental binder viscosity as
a function of shear rate based on data in Table 2.5
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Figure 2.11. Progressive mold filling in a heat sink geometry using Autodesk
MoldFlow Insight for experimental u-AIN feedstocks
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Chapter 3: Influence of feedstock property measurements and estimates

on ceramic injection molding simulations for aluminum nitride

Abstract

Powder injection molding (PIM) simulations are useful to identify appropriate
material, process, and geometry variables required for injection molding. PIM
simulations can also be crucial for achieving high production rates when
changes made to feedstock composition or geometry design. PIM simulations
require physical, thermal, and rheological feedstock properties as input data.
However, there is a limited availability of experimental data for such properties
and measuring them for each composition is quite time consuming and
expensive. Recent work by our group developed a method to estimate
feedstock properties using filler properties and semi-empirical models from
literature. The present work estimated physical, thermal, and rheological
feedstock properties based on this approach and compared the estimates with
experimental measurements for an aluminum nitride feedstock. Mold-filling
simulations were performed for a set of process input parameters and heat-sink
substrate geometries to compare the differences in the output of PIM
simulations based on the input feedstock property data from experiments and
estimates. The results helped identify the differences in estimated and
experimental values of feedstock properties that contributed the most to
variations in the predictions from PIM simulations.
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3.1Introduction

Powder injection molding is a near-net shaping process used to manufacture
parts with complex shapes at high production volumes with metals or ceramics.
Computer aided engineering (CAE) tools early in the design stage can enable
the growth in the $2 billion industry [1]. CAE tools are useful to evaluate
appropriate process settings, mold geometry design, and feedstock properties
necessary to manufacture quality parts with no defects [2]-[6]. Common CAE
tools include Autodesk Moldflow, Sigmasoft, PIMsolver, and Modelx3D. CAE
design tools depend on the availability of feedstock property data such as
density, specific heat, viscosity, thermal conductivity, viscosity, and specific
volume. One approach is to measure these feedstock properties for a particular
powder-polymer composition required to perform PIM simulations. Mold
geometry is designed and used along with the feedstock catalog file to perform
injection molding simulations. Complications arise when simulation results
detect poor moldability, or defects in the molded geometry, even after varying
the process settings. The general approach to address these issues would be
to modify mold geometry design or vary the feedstock composition. However,
changes in feedstock composition require a new set of experiments and fresh
measurements of feedstock properties.

A recent paper from our research group evaluated several models to estimate
feedstock properties for any feedstock composition [4]. That study identified
models that appear to best predict thermal, physical, and rheological properties
based on existing literature data on filled polymers. The present study uses
aluminum nitride (AIN) feedstock property estimates based on literature values
for filler properties. These estimates were compared to experimental
measurements of AIN feedstock properties. The goal of the present paper is to
understand the influence of feedstock properties from experiments and

estimates on predictions derived from mold-filling simulations.



60

The current work is divided into three parts. Firstly, aluminum nitride (AIN)
feedstock and a wax-polymer binder system were mixed and experimental
measurements were made for density, specific heat, thermal conductivity,
viscosity, and pressure-volume-temperature parameters [7]. Secondly,
estimates were then made for density, specific heat, thermal conductivity,
viscosity, and pressure-volume-temperature parameters for AIN feedstock
properties. Thirdly, the experimental and estimated feedstock properties were
used to conduct injection molding simulations to compare the differences in

predicting mold-filling behavior.

3.2Injection molding simulations requirements

Powder injection molding simulations requires base feedstock properties, 3D
part geometry, and process settings. Feedstock properties critical for PIM
simulations include solid and melt density; thermal conductivity and specific
heat as a function of temperature; viscosity as a function of temperature and
shear rate; and specific volume as a function of temperature and pressure.
Typically, experimental measurements are made for these feedstock properties
and cataloged into simulation software packages such as Autodesk Moldflow,
Sigmasoft, PIMsolver or Modelx3D. The 3D part geometry is prepared
according to design requirements with a 3D modeling software such as
Solidworks and imported into the PIM simulation software. Process settings for
injection molding simulations include fill time, injection pressure, along with

mold and melt temperatures are specified to obtain mold filling predictions.

3.3 Experimental methods

AIN feedstock and a wax-polymer binder were mixed using a 27 mm twin-screw
extruder with length-to-diameter (L/D) ratio of 40. [7], [8] The AIN feedstock
consisted of a powder—polymer mixture with 80.5 wt.% AIN powders (median
particle size 1.1 ym) and 19.5 wt.% binder. The binder comprised of paraffin
wax, a low-density polyethylene, a modified polypropylene, and stearic acid.
Details of the binder composition and feedstock compounding are provided
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elsewhere. [7], [8] Material property measurements were made for the AIN
feedstock and the unfilled wax-polymer binder for density, thermal conductivity,
specific heat, viscosity, and PVT parameters at Datapoint Labs (lthaca, NY).

The solid density was measured according to Archimedes principle and ASTM
D792 standard. The melt density measurement was done using a capillary
rheometer in accordance with ASTM D3835 [7, 8]. The specific heat was
measured with ASTM E1269 using differential scanning calorimetry (DSC) [7,
8]. The thermal conductivity was measured based on ASTM D5930 using a
transient line-source technique [7, 8]. The viscosity was measured using ASTM
D3835 on a capillary rheometer [7, 8]. The pressure-volume-temperature values
(PvT) were measured according to ASTM D792 using a high pressure
dilatometer [7, 8].

3.3.1 Feedstock property estimation requirements

Aluminum nitride feedstock properties were estimated for density, thermal
conductivity, specific heat, viscosity, and PVT parameters. Select semi-
empirical equations were used that estimate feedstock properties as a function
of composition, AIN filler, and binder property values. Several literature reports
were studied to gather AIN filler property data for density, specific heat, and
thermal conductivity. Filler properties collected from literature were reported for
300 K (Table 3.1). Twenty-two values of density for AIN were gathered from
the literature [1-15]. It can be observed from Table 3.1 that the AIN filler density
was 3300 + 50 kg/m®. The reciprocal of the density values were also used to
estimate the filler specific volume for AIN. Six data points of specific heat for
AIN were gathered from literature [10, 22-24]. It can be observed from Table
3.1 that AIN filler specific heat was 800 + 30 J/kg-K. Eighteen values of thermal
conductivity for AIN were gathered from literature [10, 13, 15, 19-21, 25-28]. It
can be observed from Table 3.1 that AIN filler thermal conductivity was 230 +70
W/m-K.
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Experimentally measured feedstock properties were compared to estimations
based on filler property values for each physical, thermal, and rheological
property using models described in the rest of the sections.

3.3.2 Density

Density measurements are required in injection molding simulations to predict

part weight and variations in density that occur inside the mold geometry.

Density measurements

Table 3.2 summarizes the experimental density of AIN feedstock used in this
study. The solid density of AIN feedstock was experimentally measured to be
2150 kg/m® and melt density was experimentally measured as 1940 kg/m®. The
solid and melt densities of the wax-polymer binder were measured to be 870
and 700 kg/m?®, respectively [7], [8].

Density estimates

An inverse rule of mixture (Equation 3.1) was used to estimate solid and melt
density of AIN feedstock. This Equation 3.has been previously evaluated to be
suiTable 3.for predicting powder-polymer density at higher weight fractions of
fillers [9]. Equation 3.1 provides a coefficient of determination (R2) of 0.97 when
fitted to literature data on measured powder-polymer densities (50-70 wt%).

1 X, X

— = +-F 3.1
Pc Pp exp pp

Xp is weight fraction of AIN filler (0.805), X, is weight fraction of wax-polymer
binder (1- Xp) and p¢, pp exp,» @nd p, represent density of composite, binder, and

filler respectively.

The AIN filler density (p,) values were obtained from literature as listed in Table
3.1. The binder density (p» exp) Value was used from the experimental value in
Table 3.2. The solid and melt density of AIN feedstock was estimated for 22
data points of AIN filler density (Table 3.1). In Table 3.1 the bold numbers
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represent experimentally measured values of p. and pj,..,. The estimated

values of average solid and melt density (p. ) were 2120 kg/m® and 1940
kg/m®. The estimated minimum values for solid and melt density (pc min) Were
2050 kg/m® and 1880 kg/m®. The estimated maximum values for solid and melt
density (pcmax) Were 2150 kg/m® and 1960 kg/m®. The estimated average (p.
avg), Maximum (pc min) @and minimum (pc max) density values from Table 3.2 were

used to create the dataset necessary for performing mold-filling simulations.

The composition of the AIN feedstock is experimentally determined by weighing
the components prior to mixing. Therefore it is useful to report these values on
a on a weight-fraction basis. However, several material properties such as
viscosity and thermal conductivity require volume fraction as basis [9]. To
calculate volume fraction the feedstock solid and binder density in Table 3.1

were used in conjunction with Equations 2 and 3.

¢, = Xy /Py 3.2
P Xp/pp +Xb/pb exp
X
b b/Pb 33

B Xp/pp + Xb/pb exp

¢, and ¢, are binder and powder volume fractions. ¢, was calculated as 0.52

and ¢, was calculated as 0.48.

3.3.3 Specific heat

Specific heat measurements are required in injection molding simulations to

model the heat transfer during mold filling, packing, and cooling stages.

Specific heat measurements

Specific heat measurements were made for the AIN feedstock and the wax-
polymer binder for a temperature range between 280 and 430 K. The data is
represented in Table 3.3. It was observed that the specific heat of the wax-
polymer binder initially increased up to the transition temperature of the binder
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(320K) and showed a decrease in specific heat with further increase in
temperature. The specific heat measurements of AIN feedstock followed a
similar trend to the wax binder system. Specific heat of wax-polymer binder
(c ) ranged between 2080 and 4900 J/kg-K and AIN feedstock (C,

Db exp

ranged between 920 and 2810 J/kg-K [7, 8].

c exp)

Specific heat estimates

Several mathematical models have been published in literature that can
estimate specific heat of a powder-polymer mixture [9]. In the present study, a
modified rule-of-mixtures model (Equation 3.4) was used to estimate specific
heat. Equation 3.4 provides R? values ranging from 0.92-0.97 when fitted to
literature data on measured specific heats of five 47-75 wt.% filled-polymer
systems [9]. The specific heat of AIN feedstock was estimated using Equation
3.4 for 80.5 wt.% AIN feedstock.

Co, = |CpponpXs + CpXp| * [1+ A% X, X, ] 3.4

D¢ Db exp

Xp is weight fraction of AIN feedstock (0.805) and X, is weight fraction of wax-

polymer binder. C o Cpbexp, and Cp, represent specific heats of composite,

binder, and filler respectively. A is a fitting constant for spherical powders with a
value of 0.2.

To make estimates, the specific heat of AIN feedstock for a temperature range

of 280 to 430 K and the polymer binder specific heat (C,, ) for corresponding

temperatures was taken from Table 3.1 [7, 8]. There is a lack of literature data
for specific heat values of AIN over the temperature range of interest. It was
therefore assumed that specific heat of AIN filler remained constant between
280 and 430 K.

The values for AIN filler specific heats (Cpp) were obtained from literature and
are reported in Table 3.1.The binder specific heat (C,, cxp) value for

temperatures between 283 and 423 K were experimentally measured and
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reported in Table 3.3. The specific heat of AIN feedstock was estimated for 6
data points of AIN filler specific heat (Table 3.1). The estimated average

(Cp, ), Maximum (Gp, .. ) and minimum (G, ..) specific heat values from

Table 3.3 were used to create a dataset necessary for performing mold-filling

simulations.

3.3.4 Thermal conductivity

Thermal conductivity measurements are required in injection molding
simulations to model the heat transfer during mold filling, packing, and cooling
stages.

Thermal conductivity measurements

Thermal conductivity measurements for AIN feedstock and the wax-polymer
binder were made for a temperature range between 310 and 440 K.
Representative experimental measurements are shown as bold values in Table
3.4. It was observed that the thermal conductivity of the wax-polymer binder
decreased with an increase in temperature. The thermal conductivity
measurements of AIN feedstock followed a similar trend. The thermal

conductivity of the wax-polymer binder (4, .,,) ranged between 0.162 and 0.195
W/m-K. The AIN feedstock (4, .,) ranged between 2.20 and 4.26 W/m-K [7, 8].

Thermal conductivity estimates

The Maxwell model, Bruggeman model, and a modified Lichtenecker model
have been previously used to estimate thermal conductivity [9]. In the present
study the Bruggeman model (Equation 3.5) was used to estimate thermal
conductivity of 52 vol.% AIN feedstock [9].

1

A=A\ A\ /3

1 — — #) <_b> 35
(nbp (Ap - Ab exp /16

¢, is the volume fraction of AIN feedstock (0.52). A, 4j .xp, and 4, represent

thermal conductivities of the composite, binder, and filler respectively.
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In order to estimate the thermal conductivity of AIN feedstock for a temperature
range of 310 to 440 K, the binder thermal conductivity (4, .,) were taken from
Table 3.4 [7, 8]. The values for AIN filler thermal conductivities (4,) were
obtained from literature and taken from Table 3.1. There is limited availability of
literature data for thermal conductivity of AIN filler for a range of temperature. It
was assumed that thermal conductivity of AIN filler remains constant between
310 and 440 K. The thermal conductivity of AIN feedstock was estimated for 18
data points of AIN filler thermal conductivity (Table 3.1). Table 3.4 shows the
estimated thermal conductivity as a function of experimental thermal
conductivity for a range of temperatures of AIN feedstock. The estimated
average (Acavg), maximum (Ac max), and minimum (Ac min) thermal conductivity
values from Table 3.4 were used to create datasets necessary for performing

mold-filling simulations.

3.3.5 Viscosity

Viscosity measurements are required in injection molding simulations to
understand the flow characteristics of the feedstock melt. It is one of most
important properties required to predict output parameters such as injection
pressure and clamp force.

Viscosity measurements

Viscosity measurements for the AIN feedstock and the wax-polymer binder
were performed for temperatures of 415, 420, 425, and 430 K and shear rates
from 10 to 10* s™ are represented in Figure 3.1. It was observed that the
viscosity of the wax-polymer binder and AIN feedstock decreased with an
increase in shear rate and temperature (Figure 3.1). A representative version of
AIN feedstock viscosity data from Figure 3.1 is shown in Table 3.5.

Viscosity estimates

The Chong model, Eiler model, Mooney model, and Krieger Dougherty model
have be used to estimate viscosity [9]. In the present study, a simplified Krieger
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Dougherty model (Equation 3.6) was used to estimate viscosity. Equation 3.6
provides R? values ranging from 0.94-0.99 when fitted to literature data on
measured viscosity of three 50-60 vol.% filled-polymer systems.

e = nbexp 36

1 ﬁ‘;r

Np exp 1S the viscosity of binder, 7. is the viscosity of feedstock, ¢, is volume

fraction of feedstock, and ¢, is the volume fraction of critically loaded

feedstock.

Viscosity of the AIN feedstock was estimated for 40 different shear rates in
ranges between 10 and 10* s and for temperatures 415, 420, 425 and 430 K
using Equation 3.6 and polymer binder viscoisty (1, exp) values from Figure
3.1. The volume fraction of AIN feedstock (¢,) was calculated to be 0.52 using
Equation 3.2. Viscosity was estimated for ¢,,,, of 0.6, 0.64, and 0.68 critical

filler content.

To perform mold-filling simulations, the viscosity of had to be represented in
terms of fitted constants. A Cross-WLF Equation 3.(Equation 3.7) was used to
extract fitted constants for ¢,,,, 0of 0.6, 0.64, and 0.68.

n= 7 1-n 3.7
e ()

n is the melt viscosity (Pa-s), no is the zero shear viscosity, y is the shear rate

(1/s), " is the critical stress level at the transition to shear thinning and is

determined by curve fitting, and n is the power law index in the high shear rate

regime. Power law index, n is also determined by curve fitting.

The temperature dependence of viscosity of any powder-polymer mixture can

be calculated using Equation 3.8.
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Mo = MaeXP ™ (T —T7) '
T is the temperature (K). T, D; and A, are curve fitted coefficients. A; is the

WLF constant and is assumed to be 51.6 K.

Table 3.6 presents the Cross-WLF constants extracted from experimental
viscosity data of wax-polymer binder (7, .x,) and from estimated viscosity data
using Equations 7 and 8. The values of these constants were obtained by
curve- fitting the estimated viscosity for ¢,,., of 0.6, 0.64 and 0.68 and are

represented as 1¢ max, Nc avg» @Nd N¢ min respectively in Table 3.6.

3.3.6 Specific volume

Specific volume measurements are required in injection molding simulations to
calculate the shrinkage that occurs when a feedstock is cooled from melt

temperature to ambient temperature.

Specific volume measurements

Mold-filling simulations require specific volume data of feedstocks typically for
temperature range between 298 and 453 K and pressure range between 0 and
200 MPa. Experimentally measured values of specific volume for these
temperature and pressure ranges of AIN feedstock and a wax-based polymer-
binder were obtained. Figure 3.2 shows specific volume of AIN feedstock and a
wax-polymer binder for various temperatures and at 100 MPa pressure. A
representative version of AIN feedstock viscosity data from Figure 3.2 is shown
in Table 3.7.

Specific volume estimates

A rule-of-mixtures (Equation 3.9) was used to estimate specific volume of AIN
feedstock. It has been found to be suiTable 3.for predicting the powder-polymer
specific volume at higher weight fractions of fillers [9]. Equation 3.9 provided an
R? value of 0.99 when fitted to literature data on measured specific volume for
two 20-80 wt.% filled material systems [9]. To estimate specific volume for a
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range of temperature and pressure of AIN feedstock a simple empirical
Equation 3.(Equation 3.9) was used.

Ve = XpUp +Up exp(l —Xp) 3.9

To calculate the specific volume of AIN filler, the reciprocal of density of AIN
filler was used (Table 3.1). The density of AIN were gathered at 300 K from 22
values in the literature. Table 3.7 shows estimated and experimental specific
volumes of AIN feedstock as a function of temperatures and pressure. In order
to estimate specific volume of AIN feedstock for a range of temperatures and
pressures, it was assumed that specific volume of AIN filler doesn’t change with

temperature and pressure.

The specific volume for AIN feedstocks was estimated for average, maximum,
and minimum values of AIN filler specific volume. The specific volume of AIN
filler was calculated from the inverse of AIN filler density values from Table 3.1.
Additionally, to perform mold-filling simulations in Moldflow Insight software,
specific volume of AIN feedstock needs to be represented in terms of fitted
constants. A Dual-domain Tait Equation 3.(Equation 3.10) was used to extract
these fitted constants for average, maximum, and minimum AIN feedstocks
specific volumes. Table 3.8 presents the Dual-domain Tait constants extracted
for estimated average vcayg, €stimated maximum vemax, and estimated minimum

Vemin SPecifc volume. These values were obtained using Equation 3.10

v(T,p) =v,(T) [1 —Cln <1 ) + v, (T, p)] 3.10

B(T)

v(T,p) is the specific volume at a given temperature and pressure, v, is the
specific volume at zero gauge pressure, T is temperature in K, p is pressure in
Pa, and C is a constant assumed as 0.0894. The parameter B accounts for the
pressure sensitivity of the material and is separately defined for the solid and
melt regions. For the upper bound when T > T:; (volumetric transition
temperature), B is given by Equation 3.11.
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Up = by + by (T = bs);  B(T) = bypel0amT=0)l 4 (T, p) = 0 3.11

bim bom, bsm, bsm, and bs are curve-fitted coefficients. For the lower bound, when
T < T, the parameter, B, is given by Equation 3.12.

U = bug + byg (T — bs); B(T) = byeelbssT=bsl; 4 (T, p) = b,elbsT-b)~ap)]  3.12

b1s, bas, bss, bss, bs, b7, bg, and bg are curve-fitted coefficients. The dependence
of the volumetric transition temperature T: on pressure can be given by

Equation 3.13

T(p) = bs + bs(p) 13

Dual-domain Tait constants from Table 3.8 were further used to create a
dataset necessary for performing mold-filling simulations.

3.4 Mold-filling simulations

Mold-filling simulations were performed using Autodesk Moldflow software. The
software is capable of simulating results in three-dimension (3-D) and uses a
finite element method (FEM) for calculating velocity, temperature, and pressure
profiles in defined geometry. To analyze FEM results the defined geometry is
dived into smaller elements that are joined together by the means of a mesh.
Results are calculated for each element in the mesh. The typical mesh types
are mid-plane, dual-domain, and 3D in Autodesk Moldflow. Mold-filling
simulations were performed using estimated and experimental feedstock
properties of AIN to understand the influence of scatter in feedstock property
estimates on mold-filling behavior. To understand the effect of complexity of
shapes on mold-filling behavior, two different heats sink geometries were used
for the current study.

3.4.1 Design geometry

Two types of heat-sink substrate geometries were chosen to conduct mold-
filling (Figure 3.3) simulations. Solidworks software was used to design these
heat-sink substrate geometries. A heat-sink substrate without fins (Figure 3.3a)
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and a heat-sink substrate with fins (Figure 3.3b) were designed to understand
the influence of geometry design on injection molding output parameters and
feedstock properties.

3.4.2 Simulation procedure

The two heat-sink substrate geometries described above were imported into the
Autodesk Moldflow software and meshed using a “3D” mesh type to conduct
mold-filling simulations. A 3D mesh type was selected as it provides most
accurate 3D representation of results in thick or thin solid regions in the part
when compared to mid-plane and dual-domain mesh types. A “.udb” catalog file
was created for experimental and estimated AIN feedstock properties presented
in Tables 2, 3, 4, 6 and 8. For the current study, 7 datasets of AIN feedstock
properties were cataloged and their details are listed in Table 3.9. To perform
simulations for each of the 7 datasets, a set of process input parameters were
identified. An injection location was selected at the bottom face of the heat-sink
substrate since it provides uniform flow distribution of melted feedstock
throughout the geometry. Injection molding simulations were performed for
each the 7 datasets presented in Table 3.9.

3.4.3 Process input parameters

The selected input parameters for the current simulation study are represented
in Table 3.10. Injection time was set at 0.1 s, mold and melt temperatures were
set at 308 K and 423 K while velocity to pressure switchover (V/P) point was
selected as 99%. This set of process input parameters were selected as the
injection pressure and volumetric shrinkage results for experimental AIN
feedstock dataset lie in the optimum processing range for both heat-sink
substrate geometries.

3.4.4 Process output parameters

The first set of injection mold simulation comparisons were conducted for the

experimental AIN feedstock property dataset and estimated AIN feedstock
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property datasets 1-3 (Table 3.9). The process simulation results are divided
into flow, temperature, and pressure related output parameter. Dataset 1 in
Table 3.9 represents average estimated feedstock properties for AIN. Dataset 2
in Table 3.9 represents minimum (lowest) estimated feedstock properties for
AIN and Dataset 3 in Table 3.9 represents maximum (highest) estimated
feedstock properties for AIN. It was observed that flow and temperature related
output parameters of estimated Datasets 1-3 had a close match to that of
experimental output parameters. Pressure related output parameters for
Datasets 1-3 were overestimated by a factor of 10 when compared with
experimental dataset output parameters. As suggested in a previous work by
our research group, the cause for such overestimation can be attributed to
sensitivity of viscosity estimates towards pressure related output parameters
[2]. To understand the sensitivity of viscosity on pressure-related output
parameters, Datasets 4-6 were created by substituting estimated feedstock
viscosity with experimental feedstock viscosity data (Table 3.9). The defect

evolution was studied by analyzing location of air traps and weld lines.

Flow-related output parameters

The progressive mold-filling behavior observed by using the experimental
feedstock property dataset for the heat-sink substrate without fin is shown in
Figure 3.4a while progressive mold filling for heat-sink substrate without fin is
shown in Figure 3.4b. A similar progressive mold-filling behavior was observed
for simulations using estimated AIN feedstock property Datasets 1-3 (Table 3.9)
for both the heat-sink substrate geometries.

Temperature-related output parameters

Part weights result comparisons for heat-sink substrate with and without fins are
presented in Figure 3.5. The part weight was determined from the room
temperature density value (Table 3.2) and the total volume defined for the
meshed geometry (Figure 3.3). It was observed that part weights both for
experimental AIN feedstock property dataset (Table 3.9) and estimated AIN
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feedstock property Datasets 1-3 (Table 3.9) were higher for the heat-sink
substrate with fins. This increase in part weights for heat-sink substrate with fins
can be attributed to the increase in part volume due to the addition of fins. Part
weights for the experimental dataset and estimated Dataset 1 were
comparatively similar with an error of 2 % for both the heat-sink substrate
geometries. It was observed that part weight increases with a decrease in
feedstock property estimates. The maximum feedstock property estimate,
Dataset 3 (Table 3.9), has the lowest part weight while the minimum feedstock
property estimate Dataset 2 (Table 3.9) has the highest part weight (Figure
3.5).

Percent volumetric shrinkage result comparisons for the heat-sink substrate
without fins and with fins are presented in Figure 3.6. The volumetric shrinkage
calculations were based on the difference between the PVT state during
molding and the reference state where pressure (P) is 0 MPa and temperature
(T) is at ambient temperature of 298 K (Figure 3.2). For ceramic-filled
polymers, the percent volumetric shrinkages has been reported to range
between 1.2 and 2.4 % [29]. It can be observed from Figure 3.6 that volumetric
shrinkage for the experimental AIN feedstock property dataset is ~ 1.2 % while
volumetric shrinkage from the estimated AIN feedstock property Datasets 1-3
are in the range of 0.98-1.3%. The percent volumetric shrinkage for
experimental dataset and estimated Dataset 1 are comparatively similar with an
error of 0.8 % for the heat-sink geometry without fin and an error of 6% for the
heat-sink substrate with fins. It was observed that shrinkage decreases with a
decrease in feedstock property estimates. The maximum feedstock property
estimates, Dataset 3 (Table 3.9), had the lowest shrinkage while the minimum
feedstock property estimates, Dataset 2 (Table 3.9), had the highest shrinkage
(Figure 3.6).

Packing times result comparisons for heat-sink substrate without fins and with
fins are presented in Figure 3.7. Packing time in injection molding starts when
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the mold is filled completely and ends when the packing pressure is released. In
the packing stage, pressure is applied to the feedstock melt to compress the
polymer so that more feedstock gets filled into the mold. Packing times are
dependent on the heat transfer rate and amount of heat needed to cool the
feedstock from melting temperature to ambient temperature. It can be observed
from Figure 3.7 that packing times for experimental feedstock property dataset
(Table 3.9) and estimated feedstock property datasets 1-3 (Table 3.9) were
comparatively same for both heat-sink substrate geometries. Packing times
showed no sensitivity for estimated datasets 1-3 indicating that variation in
thermal conductivity and specific heat estimates do not correspond to variations
in packing times. If thermal conductivity and specific heat are estimated in same
order of magnitude as that of experimental measurements then the
corresponding packing time estimates can be predicted reasonably well.
Additionally, it was observed that heat-sink substrate with fins have higher
packing times due to their higher volumes.

Pressure-related output parameters

Injection pressure comparisons for both the heat-sink substrate geometries are
presented in Figure 3.8. Injection pressure is the pressure applied to the
feedstock melt by the ram during the mold filling stage that causes the material
to flow inside the cavity and later during packing stage to compress the
feedstock melt inside the cavity. The maximum pressure at the nozzle during
the filling phase when the switch over occurs from velocity filled to pressure
filled (Table 3.10) is referred to as the injection pressure in simulations. Large
pressure gradients during mold filling stage are a sign of flow imbalance due to
improper gate location and very small or very high fill times [30]. Therefore,
identifying minimum injection pressures that provide the least amount of
shrinkage are best for obtaining a quality part with no defects. It can be
observed in Figure 3.8a that injection pressures for estimated feedstock

property Datasets 1-3 are higher by a factor of 10 when compared with injection
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pressures obtained from experimental feedstock property dataset (Table 3.9)
for both heat-sink substrate geometries.

To account for the overestimation in injection pressure, the viscosity estimates
were substituted with experimental values from viscosity measurements and
Datasets 4-6 were created [2]. It can be observed from Figure 3.8b that the
injection pressures for Datasets 4-6 were comparatively close to the injection
pressure obtained from using the experimental feedstock dataset (Table 3.9).
Therefore, an improvement in viscosity estimates is necessary to obtain
accurate injection pressure estimates and is a part of our future study.

Clamp force is another pressure-related output parameter. It is the maximum
force required to keep the mold closed during the filling stage. Clamp force is a
function of injection pressure and the area of the part projected onto the XY
plane. It can be observed in Figure 3.9a that the clamp force for estimated
feedstock property Datasets 1-3 were higher by a factor of ~ 10 when compared
with clamp force obtained from experimental feedstock property dataset (Table
3.9) for both the heat-sink substrate geometries.

To account for the overestimation in clamp force, the viscosity estimates were
substituted with experimental values from viscosity measurements and
Datasets 4-6 were created due to sensitivity of clamp force towards viscosity
[2]. It can be observed from Figure 3.9b that clamp force for Datasets 4-6 were
comparatively close to the clamp force obtained by using the experimental
feedstock dataset (Table 3.9). A further improvement in viscosity estimates is
therefore necessary in order to obtain accurate clamp force estimates and is a
part of our future study.

Defect formation

Air-trap locations observed by using the experimental feedstock property
dataset for the heat-sink substrate without fins are shown in Figure 3.10a while
air-trap locations for the heat-sink substrate with fins is shown in Figure 3.10b.
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A similar pattern of air-trap locations were observed for simulations using
estimated AIN feedstock property Datasets 1-3 (Figure 3.10 c-d) for both the
heat-sink substrate geometries. Air traps are caused due to trapping of air from
converging flow fronts that causes a surface blemish. The air-trap locations
correspond well with the flow front convergence as observed in Figure 3.4.

Weld-line locations observed by using experimental feedstock property dataset
for the heat-sink substrate without fins is shown in Figure 3.11a while no weld
lines were observed for heat-sink substrate without fins is shown in Figure
3.11b. Similar pattern of weld line locations were observed for simulations using
estimated AIN feedstock property Datasets 1-3 (Figure 3.11 c-d) for both the
heat-sink substrate geometries. The absence of weld line formation in the heat
sink geometry without fins can be attributed to the absence of flow front
convergence and can be traced back to Figure 3.4b.

3.5 Conclusions

The present study can be used for a variety of material systems and geometries
early in the PIM design stage. The approach developed in the present study
was found to have the following key attributes:

1. Literature filler properties can be used in conjunction with mixture models to
estimate physical, thermal, and rheological properties of AIN feedstocks.

2. The mold-filling simulation results clearly indicate that a scatter in feedstock
property estimates showed no sensitivity towards predicting flow-related
output parameters and defect formations.

3. Temperature-related output parameters such as part weight, volumetric
shrinkage, and packing time can be predicted with reasonably good
accuracy and an error ranging between 1 to 6%. This further indicates that a
scatter in thermal feedstock property estimates has little sensitivity towards
predicting temperature-related output parameters.

4. Pressure-related output parameters are overestimated by a factor of 10
indicating that a further improvement in estimation of viscosity is needed.
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Table 3.1. Literature filler properties of AIN fillers at 300 K

specific
heat”
Co, s J/kg-
K

solid .
density

thermal
conductivity™*
A, Wim-K

filler reference #

Pys kg/m®

[51-{13], [17],

AIN 3250450 (9] 126]

800+30 23070

o . has 22 data points; *Cy, has 6 data points; *"A; has 18 data points

Table 3.2. Density of AIN feedstock and wax-polymer binder at 300 K

2130+20
730 1940 1940+20

"measured experimentally; *estimated using Equation 3.1 for 22 data points of p,from Table 3.1

Table 3.3. Specific heat of AIN feedstock and wax-polymer binder for
temperature between 283 and 423 K

specific heat C,, temperature, K

Jkg-K 298 331 374

Cop ex 2080 3360 | 4640 3490 | 2530
Pe oxp 920 1110 1090 1130 1210
Cop eet 1050435 | 1240435 | 1570+35 | 1850435 | 115035

‘measured experimentally; *estimated using Equation 3.4 for 6 data points of Cpf from Table 3.1

Table 3.4. Thermal conductivity of AIN feedstock and wax-polymer binder for
temperature between 316 and 436 K

thermal conductivity,

temperature, K

W/m-K 316 356 377 397
Apexp 0.195 0.182 0.176 0.171 0.162
Acexp 4.26 2.23 2.66 2.06 2.50
1 1.82 1.71 1.67 1.62 1.55
c est +0.01 +0.01 +0.06 +0.08 +0.10

‘measured experimentally; *estimated using Equation 3.5 for 18 data points of A¢ from Table

3.1



Table 3.5. VISCOSIty of AIN feedstock as a function of shear rate between 10’
and 10*s™ and a temperature range of 415 - 430 K

shear rate s’
1

V|sc05|ty n., Pa.s @ T=415K

@ ¢m 0.68 | @ Pmax=0.64 | @ Prax=0.60
10 1470 2930 4830 10500
10? 350 890 1460 3170
10° 80 240 390 840
10* 20 60 100 210

shear rate s™
c exp

viscosity ., Pa.s @ T=425 K

+

+

N min. Nc avg ¢ max
@ Prax =068 | @ Pruax=0.64 | @ Pnax = 0.60
10" 1380 810 1330 2890
10? 330 330 540 1170
10° 80 100 160 350
10* 20 30 40 90

shear rate s™
¢ exp

viscosity ., Pa.s @ T= 430 K

@ Pmax=0.68 | @ Pax=0.64 | @ Prax=
10" 1340 400 660 1430
10? 320 190 890 690
10° 80 60 100 230
10* 20 20 30 60

‘measured experimentally; *estimated using Equation 3.6
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Cross
WLF
constants
| n
T*, Pa
D1, Pa.s

| Dy K

A4, K/Pa
| ALK
“calculated from Equation 3.7, 8 and experimental (n,) values from Table 3.5;
*calculated from Equation 3.7, 8 and estimated (.. ) values from Table 3.5

Table 3.6. Cross-WLF constants for AIN feedstock

*
Ncexp

0.38

@ Pmax=0.68 | @ Pmax=0.64

0.40

0.40

85

+
¢ max

@ Pmax = 0.60
0.40

180 58300 26860 16300
8.78x10" 2.23X10™ 2.23X10™ 2.23X10™
263 361.95 360.93 360.17
14.24 48.49 49.55 50.19
51.60 51.60 51.60 51.60
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Table 3.7. Specific volume of AIN feedstock as a function of pressures between
0 to 200 MPa and temperature range of 300 to 450 K

specific volume v, X10™, m“/kg @ P=0 MPa

temperature, K
C mln C qu c max
Veexp @ v=0.30 @ vs=0.32 @ vs=0.44

300 0.47 0.47 0.48 0.58
350 0.49 0.49 0.50 0.60
400 0.50 0.50 0.51 0.61
450 0.52 0.52 0.53 0.63

temperature, K

specific volume v, X10™”, m“/kg @ P =100 MPa

@ ﬁfmlg) 30 @Vﬁfiv%az @vifn;acx).44
300 0.46 0.46 0.47 0.57
350 0.48 0.48 0.49 0.59
400 0.49 0.49 0.50 0.60
450 0.50 0.49 0.50 0.60

temperature, K

specific volume v, X10™, m°/kg @ P =200 MPa

. Ve min' Ve avg Ve max
300 0.45 0.45 0.46 0.57
350 0.46 0.46 0.47 0.59
400 0.47 0.48 0.49 0.60
450 0.48 0.48 0.49 0.60

‘measured experimentally; *estimated using Equation 3.9
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Table 3.8. Dual-domain Tait constants for AIN feedstock

Ve avg
@) vf=0.32

Dual-domain Tait * V¢ min

331

331

bs, K 331 331

be, K/Pa 1.30X107 1.30X107 1.30X107 1.30X107
b1im, m*/kg 4.64X10™ 4.75X10™ 5.77X10™ 4.64X10™
bom, M3/kg.K 1.87X107 1.88X10”’ 1.95X10”’ 1.87X10”7
bam, Pa 2.05X10° 1.79X10° 2.17X10° 1.65X10°
bam, 1/K 4.60X107 3.58X107 6.15X107 2.25X107
b1s, m°/kg 4.55X10™ 4.67X10™* 5.69X10™ 4.56X10™
bas, m*/kg.K 2.05X10” 2.05X10’ 2.05X10’ 2.05X107
bss, Pa 2.52X10° 1.56X10° 1.63X10° 1.31X10°
bas, 1/K 3.01X107° 5.88X107 6.35X107 4.21X107°
bz, m*/kg 5.08X10° 4.73X10° 5.34X10° 4.09X107°
bs, 1/K 8.54X10"" 8.62X10™" 8.97X10™ 8.17X10™
be, 1/Pa 5.06X10°° 5.25X10° 3.53X10° 5.19X10°

“calculated from Equation 3.10-13 and experimental (v.) values from Table 3.7;
*calculated from Equation 3.1-13 and estimated (v, ) values from Table 3.7
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Table 3.9. AIN feedstock datasets used for injection molding simulations

specific -
AIN Eeat** thermal Dual

density’ o+ Cross WLF  domain

feedstock o kgim®  Cp., JIkg- conductivity constants™ Tait

dataset ¢’ Pe> Ae, W/m-K -

constants

experimental | P, .., Coe exp Acexp e exp Ve exp

1 Pc avg Cpc avg Ac avg Nc avg V¢ avg

2 P¢ min Cpc min A¢ min ¢ min V¢ min

3 Pc max Cpc max A¢ max M¢ max Ve max

4 P, avg Cpc avg Ac avg Tc exp Ve avg

S Pc min Cpc min A¢ min Tc exp V¢ min

6 Pc max Cpc max Ac max Ncexp V¢ max

"data from Table 3.2; “data from Table 3.3; "data from Table 3.4;
**data from Table 3.6; and “*data from Table 3.8

Table 3.10. Process input parameters for injection molding simulations
input parameters values

fill time 0.1s

velocity to pressure switch over | 99%
mold temperature 308 K

melt temperature 423 K
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Figure 3.1. Viscosity of AIN feedstock and wax-polymer binder (inset) for a
shear rate range of 10 to 10* s™ and a temperature range between 415 and 430
K.
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Figure 3.2. Specific volume of AIN feedstock for a temperature range of 300 to
450 K and pressures between 0 and 200 MPa.

Figure 3.3. Mold geometry used for injection molding simulation (a) heat-sink
substrate without fins and (b) heat-sink substrate with fins.
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50 %

0 %

Figure 3.4a. General progressive mold-filling behavior observed for heat-sink
substrate without fins.

mold fill, %
| 100 %

50 %

0%

Figure 3.4b. General progressive mold-filling behavior observed for heat-sink
substrate with fins.
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Figure 3.5. Comparison of part weight for heat-sink substrates with fins and
without fins using the experimental feedstock property dataset and estimated
feedstock property Datasets 1-3 (Table 3.9).
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Figure 3.6. Comparison of percent volumetric shrinkage for heat-sink
substrates with fins and without fins using the experimental feedstock property
dataset and estimated feedstock property Datasets 1-3 (Table 3.9).
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Figure 3.7. Comparison of packing time for heat-sink substrates with fins and
without fins using the experimental feedstock property dataset and estimated
feedstock property Datasets 1-3 (Table 3.9).
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Figure 3.8a. Comparison of injection pressure for heat-sink substrates with fins
and without fins using the experimental feedstock property dataset and
estimated feedstock property Datasets 1-3 (Table 3.9).
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Figure 3.8b. Comparison of injection pressure for heat-sink substrates with fins
and without fins geometry using the experimental feedstock property dataset
and estimated feedstock property Datasets 4-6 (Table 3.9).
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Figure 3.9a. Comparison of clamp force for heat-sink substrates with fins and
without fins using the experimental feedstock property dataset and estimated
feedstock property Datasets 1-3 (Table 3.9).
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Figure 3.9b. Comparison of clamp force for heat-sink substrates with fins and
without fins using the experimental feedstock property dataset and estimated
feedstock property Datasets 4-6 (Table 3.9).
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Figure 3.10. Air-trap locations in heat-sink substrates with fins and without fins.
(a,b) for the experimental AIN feedstock dataset and (c,d) for the estimated AIN
feedstock Dataset 1.
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"
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Figure 3.11. Weld-line locations in heat-sink substrates with fins and without
fins. (a,b) for the experimental AIN feedstock dataset and (c,d) for the estimated
AIN feedstock Dataset 1.
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Chapter 4: Simulations And Injection Molding Experiments For Aluminum
Nitride Feedstock

Abstract

Powder injection molding (PIM) simulations are useful at predicting mold-filling
behavior as they aid material, process and part design. To perform PIM
simulations, measurements for feedstock properties such as physical, thermal,
and rheological are required as inputs. The availability of data for such
feedstock properties is limited and fresh measurements are often required in
order to perform PIM simulations for variations in feedstock composition. A
recent study by our group presented a procedure to estimate feedstock
properties and use them in mold-filling simulations. The present work compares
the predictions of PIM mold-filling simulations using experimental and estimated
feedstock properties with injection-molding experiments. Aluminum nitride (AIN)
feedstock of 80.5 wt.% was compounded using a twin-screw extruder and
injection-molded as tensile bars. Injection-molding experiments were performed
using the AIN feedstock at various melt temperatures and injection pressures to
obtain complete and partially filled parts. Simulations were performed using
measured and estimated AIN feedstock properties on the tensile-bar geometry
used during injection molding experiments. Melt temperature inputs were varied

while performing simulations to obtain a process window for complete and



99

4. 1Introduction

Powder injection molding (PIM) is a multi-step process that can be divided into
four basic steps: 1) ceramic or metal powders are mixed with polymer binders
to form a homogenous feedstock using a twin-screw extruder, 2) the feedstock
is injection molded into desired geometries using an injection molding machine,
3) the binder phase is debinded from the molded parts by thermal or solvent
based techniques, and 4) debinded parts are sintered to achieve final parts.
The PIM simulations are generally performed typically after feedstock
compounding to identify appropriate process and geometry attributes for
optimum molding. To perform PIM simulations, feedstock property
measurements for density, thermal conductivity, and specific heat are required
for a range of temperatures, viscosity measurements are required for a range of
shear rates and temperatures, while specific volume measurements are
required for a range of temperatures and pressures [1—-4]. Availability of such
feedstock property data is limited and properties are typically measured for a
particular composition.

Powder injection molding (PIM) is a multi-step process that can be divided into
four basic steps: 1) ceramic or metal powders are mixed with polymer binders
to form a homogenous feedstock using a twin-screw extruder, 2) the feedstock
is injection molded into desired geometries using an injection molding machine,
3) the binder phase is debinded from the molded parts by thermal or solvent
based techniques, and 4) debinded parts are sintered to achieve final parts.
The PIM simulations are generally performed typically after feedstock
compounding to identify appropriate process and geometry attributes for
optimum molding [1]-[12]. Common injection molding simulation tools include
Autodesk Moldflow, Sigmasoft, PIMsolver, and Modlex3D.

To perform PIM simulations, feedstock property measurements for density,
thermal conductivity, and specific heat are required for a range of temperatures,

viscosity measurements are required for a range of shear rates and
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temperatures, while specific volume measurements are required for a range of
temperatures and pressures [1-4]. Availability of such feedstock property data
is limited and properties are typically measured for a particular composition.

A recent work by our group suggests a design method that uses empirical
equations and estimate feedstock properties as a function of composition, filler
properties, and binder properties [17]. This design method employs the use of
available literature filler and binder properties to estimate physical, thermal and
rheological properties for nine different ceramic feedstocks [17]. An extension of
this work outlines a procedure to use feedstock property estimates and perform
mold-filling simulations. It further studies the effect of scatter in estimates to
predict mold filling behavior [18].

In the current work, 80.5-weight percent aluminum nitride (AIN) feedstock was
extruded and injection molded into a tensile geometry. Injection molding was
performed as a function of melt temperatures and injection pressures in order to
get parts with partial and complete mold fills. Feedstock properties for AIN were
measured at Datapoint Labs and estimated using our design procedure for PIM
simulations [5, 6]. To perform PIM simulations a tensile geometry was designed
according to the mold tool dimensions. Simulations were performed using
measured and estimated AIN feedstock properties at various melt temperatures
and injection pressures to obtain complete and partially filled parts.
Comparisons of melt temperatures for simulation and experiments were made
to understand the effectiveness of PIM simulations in predicting mold-filling
behavior.

4.2 Experimental Methods

Commercially available aluminum nitride (AIN) powder (median particle size of
1 ym) and a wax-polymer binder were used as starting materials. The binder is
composed of paraffin wax, low-density polyethylene, polypropylene, and stearic

acid. Details of the binder composition and feedstock compounding are
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provided [19], [20]. A feedstock with 80.5 wt.% AIN powder was compounded
using a 27 mm twin-screw extruder with a length to diameter (L/D) ratio of 40.

Material property measurements were made at Datapoint Labs (Ichata, NY) for
the AIN feedstock and a wax-polymer binder [7, 8]. Solid density measurements
were made for AIN feedstock and wax-polymer binder using Archimedes
principle as laid out in ASTM standard D792. The melt density measurement
was done using a Gottfert Rheograph capillary rheometer in accordance with
ASTM D3835 for AIN feedstock and a wax-polymer binder. A Perkin Elmer
differential scanning calorimetry (DSC) was used to measure specific heats for
AIN feedstock and a wax-polymer binder in accordance with ASTM E1269
standard. Thermal conductivity measurements for AIN feedstock and the wax-
polymer binder were made using a K-System Il thermal conductivity system in
accordance with ASTM standard D5930. Viscosity for AIN feedstock and the
wax-polymer binder was measured according to ASTM D3835 using a Gottfert
Rheograph  capillary rheometer.  Pressure-volume-temperature  (PVT)
measurements for AIN feedstock and the wax-polymer binder were made with a
Gnomix PVT apparatus in accordance with ASTM D792 [7, 8]. The feedstock
property measurements were compared to values estimated using models
listed in Table 4.1.

The AIN feedstock was injection molded into a tensile geometry using an
Arburg 221M injection-molding machine. An injection gate with a size of 6.5 mm
was used to inject the AIN feedstock into the mold cavity. Injection molding
experiments were performed at a set of melt temperatures and injection
pressures to obtain parts with complete and incomplete mold fill (Table 4.2). In
the first molding experiment (Table 4.2) the injection pressure (P;) was set at 38
MPa and melt temperature (T,) was set at 455 K. A total of 50 parts with no
defects were molded during this experiment and a specimen part is shown in
Figure 4.1a. To understand the effect of decreases in injection pressure and
melt temperature on the molding behavior, experiments # 2-4 were performed
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(Table 4.2). For Experiments 2-4 the melt temperatures was decreased from
444 K to 422 K while keeping injection pressure constant at 14 MPa to obtain
parts with incomplete mold fill (short-shot). A total of four to five specimens
were injection molded in each of the experiments 2-4 and sample molded
specimens are presented in Figure 4.2b-d. All injection molding experiments
listed in Table 4.2 were performed at injection speed of 33 cm?®/s, the initial
packing pressure was set at 100% of the injection pressure value for the first
second and then it was reduced to 65% of the injection pressure value for the
next 1.2 s. To calculate the percentage of part filled of the incompletely filled
samples, their weights were compared to those of the filled samples.

To perform mold-filling simulations, the tensile geometry model was imported
into the Autodesk Moldflow software. The tensile geometry was meshed using
an automated solid 3D meshing protocol based on finite element analysis. A
gate size of 6.5 mm was set to perform molding simulations. A fill-and-pack type
process module was selected to perform simulations. Simulations were

performed using measured and estimated AIN feedstock property values.

Simulations were performed on a 3D tensile geometry model designed using
Solidworks in accordance with mold tool design. Dimensions for the tensile
geometry are shown in Figure 4.2. Initial simulations were performed using
Autodesk Moldflow software for injection molding conditions listed in Table 4.2.
Additional simulations for lower values of melt temperature were performed in

case short-shots were not obtained at the melt temperature of 422 K.
4.3 Results and Discussion

4.3.1 Properties

The physical, thermal and rheological properties of AIN feedstock were
estimated using selected empirical models presented in Table 4.1. The
empirical models estimate material properties of feedstocks as a function of

feedstock composition and filler and binder properties. The empirical models
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were selected by performing an in-depth statistical analysis on various
published models that were fitted to literature data on experimentally measured
properties of powder-polymer mixtures [13]. Description of the symbols used in
Table 4.1 and throughout this paper is presented in Table 4.2. The thermal,
physical and rheological properties of the wax-polymer binder and thermal and
physical properties of AIN filler were collected from literature. Filler properties
collected from literature were reported for 300 K.

The solid and melt density of AIN feedstock was estimated using Equation 4.1
for the 22 data points of AIN filler density (3300450 kg/m®) [13—27]. Estimations
were made for the wax-polymer solid and melt density values of 870 and 700
kg/m?® respectively and details for estimation procedure are reported elsewhere
[17-19, 33]. The experimentally measured and estimated values of solid and
melt densities for the AIN feedstock are presented in Table 4.4. The average
values of density estimates and measured values of density from Table 4.4
were used to create a dataset necessary for performing mold-filling simulations.

Furthermore, the densities values of AIN filler and the wax-polymer binder in
conjunction with Equation 4.2 and 3 were used to calculate volume fraction of
the AIN feedstock. Volume fraction values are required to estimate material

properties like viscosity and thermal conductivity.

The specific heat of the AIN feedstock was estimated using Equation 4.4 as a
function of temperature for the six data points of filler specific heats (800130
J/kg.K) [34-36]. Estimations were made for the wax-polymer binder specific
heats reported for temperature between 283 and 430 K. The specific heat
values of the wax-polymer binder used for this estimation ranged between 2080
and 4640 J/kg.K and details for the estimation procedure are reported
elsewhere [17-19, 33]. The experimentally measured and estimated values of
specific heats for the AIN feedstock are presented in Table 4.5. The average

values of specific heat estimates and measured values of specific heats from
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Table 4.5 were used to create a dataset necessary for performing mold-filling

simulations.

The thermal conductivity of the AIN feedstock was estimated using Equation
4.5 as a function of temperature for the 18 data points of filler specific heats
(230170 W/m.K) [21], [24], [26], [30]-[32], [37]-[40] Estimations were made for
the wax-polymer binder thermal conductivity reported for temperature between
310 and 440 K. The thermal conductivity values of the wax-polymer binder used
for this estimation ranged between 0.162 and 0.195 W/m.K and details for the
estimation procedure are reported elsewhere [17-19, 33]. The experimentally
measured and estimated values of thermal conductivity for the AIN feedstock
are presented in Table 4.6. The average values of thermal conductivity
estimates and measured values of thermal conductivity from Table 4.6 were
used to create a dataset necessary for performing mold-filling simulations.

In the present study, a Simplified Krieger Dougherty model (Equation 4.6) was
used to estimate viscosity. The viscosity of the AIN feedstock was estimated for
40 different shear rates in ranges between 10 and 10* s and for temperatures
of 415, 420, 425 and 430 K using Equation 4.6 and polymer binder viscosity
(Mp exp) Values from Figure 4.3. The viscosity data for the wax-polymer binder
was gathered from literature [19]. The volume fraction of the AIN feedstock (¢,)
was calculated to be 0.52 using Equation 4.2. Viscosity was estimated for a
Pmax Of 0.64 critical filler content and details for the estimation procedure are
reported elsewhere [17-19, 33]. The representative values for the estimated

and experimental AIN feedstock viscosities are shown in Table 4.7.

To perform mold-filling simulations the viscosity of the AIN feedstock has to be
represented in terms of fitted constants. The Cross-WLF Equation 4.(Equation
4.7 and Equation 4.8) was used to extract fitted constants for the measured
and estimated AIN feedstock viscosity (Table 4.8) and details for the extraction

procedure are reported elsewhere [17-19, 33]. The Cross-WLF constants from
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Table 4.8 were further used to create a dataset necessary for performing mold

filling simulations.

A rule-of-mixtures model (Equation 4.9) was used to estimate specific volume
of AIN feedstock. To calculate the specific volume of AIN filler, the reciprocals of
the densities of the AIN filler were used. The specific volume of the AIN
feedstock was estimated for 20 different temperatures in ranges between 300
and 453 K and for pressures of 0, 50, 100, 150, and 200 MPa using Equation
4.9 and polymer binder specific volume (v, .,) values from Figure 4.4. The
specific volume data for the wax-polymer binder was gathered from literature
[19]. The average value for the AIN filler specific volume was used to estimate
the AIN feedstock specific volume and details for the estimation procedure are
reported elsewhere [17-19, 33]. The representative values for the estimated

and experimental AIN feedstock specific volumes are shown in Table 4.9.

To perform mold-filling simulations, the specific volume of the AIN feedstock
needs to be represented in terms of fitted constants. A Dual-domain Tait
Equation 4.(Equation 4.10-13) was used to extract these fitted constants for
the estimated and measured AIN feedstock specific volumes (Table 4.10) and
details for the extraction procedure are reported elsewhere [17-19, 33]. The
Dual-domain Tait constants from Table 4.10 were further used to create a
dataset necessary for performing mold filling simulations.

4.3.2 Injection molding results

The first injection molding experiment listed in Table 4.1 was performed for an
injection pressure of 38 MPa and a melt temperature of 455 K with the AIN
feedstock. This particular combination of injection pressure and melt
temperature resulted in 100% filled parts (Figure 4.1a). Additional injection
molding experiments with an increase in injection pressure to a value of 48 MPa
also resulted in a 100% filled parts. This behavior indicated that an increase in
injection pressure from 30 to 48 MPa showed no sensitivity towards part filling.
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Injection molding experiments 2-4 listed in Table 4.1 were performed at a lower
injection pressure of 14 MPa and melt temperature was decreased from 444K
to 389 K. Experiments # 2-4 were performed to investigate the sensitivity of
variation in injection pressure and melt temperature towards part filling.
Specimen images of molded parts for experiments # 2-4 are represented in
Figure 4.1b-d. Molding experiment #2 performed at a melt temperature of 444
K resulted in a 100% filled part (Figure 4.1b), molding experiment # 3
performed at a melt temperature of 433 K resulted in a 89 % filled part (Figure
4.1c), and molding experiment #3 performed at a melt temperature of 389 K
resulted in 71 % filled part (Figure 4.1d). The onset of an incomplete mold
filling (short-shot) was observed at a melt temperature of 433 K (Figure 4.1c).

The PIM simulations were performed using the AIN feedstock property datasets
1-3 presented in Table 4.10. Dataset 1 comprises of experimentally measured
physical, thermal and rheological feedstock properties, dataset 2 comprises of
estimated physical, thermal and rheological properties, and dataset 3 comprises
of estimated physical, thermal properties, and experimentally measured
rheological properties.

In order to study the effectiveness of the PIM simulations in predicting mold
filling behavior, simulations were performed for the experimental processing
conditions listed in Table 4.1. Figure 4.5 show a typical progressive mold filling
behavior for a PIM simulation performed at an injection pressure of 38 MPa and
melt temperature of 455 K using dataset 1 feedstock properties. A similar
progressive mold filling behavior was observed for simulations performed with
dataset 2 and 3 feedstock properties at an injection pressure of 38 MPa.

Simulations performed at a lower injection pressure of 14 MPa and melt
temperature of 444K using datasets 1-3 also displayed a filling profile similar to
that observed in Figure 4.5. For instance, Figure 4.6a shows a filling profile
simulated for an injection pressure of 14 MPa and melt temperature of 444K

using dataset-1 feedstock properties. In order to study well how PIM simulations
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predict the melt temperature at which the short-shot occurs, the melt
temperature inputs were lowered until a short-shot occurred. The onset of short-
shot for simulation with dataset 1 occurred at a melt temperature of 333 K
(Figure 4.6b). Simulations with dataset 2 resulted in complete mold fills for melt
temperatures until 430K and a short-shot occurred at a melt temperature of
420K (Figure 4.6c). Simulations with dataset 3 resulted in complete mold fills
for melt temperatures until 353K and a short-shot occurred at a melt
temperature of 333K (Figure 4.6c).

A plot of percent mold fill with melt temperature for injection molding
experiments and simulations is presented in Figure 4.7. Simulations with
datasets 1-3 predict a complete mold fill for process input conditions set
according to experiment #1 and #2 (Table 4.1). This behavior was also
observed for the injection molding experiments. However, as the melt
temperature values were lowered, the PIM simulations couldn’t predict the
onset of short-shot accurately.

A plot of part weight with melt temperature for injection molding experiments
and simulations are presented in Figure 4.8. Part weights for injection molding
experiments with complete mold fill were typically around ~9.95g and had a
standard deviation of £0.02. Simulations with datasets 1-3 predict part weights
with reasonable accuracy for process input conditions set according to
experiment #1 and #2 (Table 4.1). Simulations with dataset 3 for a melt
temperature of 450K showed the highest deviation of 8% in predicted part
weight. However, as the melt temperature values were lowered to 389K the
deviation of part weight predictions from the experiments increased by 31% for
simulations using dataset 2.

A plot of percent-linear shrinkage with melt temperature for injection molding
experiments and simulations is presented in Figure 4.9. Percent linear
shrinkages for injection molding experiments with complete mold fill were

typically around 0.8% and had a standard deviation of £0.15. Simulations with
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datasets 1-3 predict percent linear shrinkages with reasonable accuracy for
process input conditions set according to experiment #1 and #2 (Table 4.1). For
ceramic-filled polymers, the percent linear shrinkages has been reported to
range between 0.4 and 0.8 % [41]. The predicted and experimental values of
percent-linear shrinkage are on the same order of magnitude as observed in
literature for ceramic-filled polymers.

A plot of injection pressure and melt temperature for injection molding
experiments and simulations are presented in Figure 4.10. The injection-
molding experiments were conducted by setting an injection pressure to a
desired value. The feedstock melt was injected at this pressure and a set flow
rate of 33 cm®/s. The PIM simulations also allow setting of a specific value for
injection pressure and flow rate. The simulation tries to attain this injection

pressure value by filling the mold cavity at the desired flow rate.

Figure 4.10 shows the simulated values for the maximum injection pressure
that can be attained during the mold filling process. It can be observed from
Figure 4.10 that simulations with datasets 1-3 underestimate injection
pressures by a factor of 30 and 10 for process input conditions set according to
experiment #1 and #2 respectively. (Table 4.1). For simulations performed with
dataset 2 and for process input conditions set according to experiment #3 and
#4 (Table 4.1), the injection pressure values are close to that of the actual
experiments. A cause for this behavior is not presently understood. In the
future, simulations using a different PIM simulation software package based on

alternative constitutive models need to be studied.
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Conclusions

The present study can be used as a design approach to perform PIM
simulations by estimating feedstock properties and study a wide variety of
material systems The current investigation was found to have the following key
attributes:

1. Literature filler properties can be used in conjunction with mixture models to

estimate physical, thermal, and rheological properties of AIN feedstocks.

2. Mold-filling behavior for injection molding experiments and PIM simulations
are similar for parts that showed 100% mold filling. Short shot predictions using

simulations were however not in agreement with injection-molding experiments.

3. Part weight predictions by PIM simulations for injection pressures of 38 and
14 MPa and melt temperature of 455K and 444K respectively, showed

reasonably good accuracy with a maximum error of 8%.

4. Percent linear shrinkages for PIM simulations ranged between 0.3-1.4% and
showed reasonable agreement with injection molding experiments that ranged
between 0.65-0.95%.

5. Injection pressure predictions by simulations are poor and further
investigation of PIM simulations using other PIM software packages is needed.
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Table 4.1. Models used in present study to estimate the feedstock properties

property empirical relations #
1 X X
density —="2 4F 1
Pc Pp exp pp
b, = Xp/Pp o
. P Xp/pp +Xb/pb exp
volume fraction
by = Xp/Pb 3
b Xp/pp +Xb/pb exp
specific heat Co, = [CpponpXs + CppXp| ¥ [1+ A% X, X, ] 4
_ 3
thermal conductivity 1—¢, = (M> (A_b) 5
/1p - Ab exp /16
Mp exp
Ne=—", 2
= 6
¢max
viscosity Ne = S [ E—
c - 1— 7
1+ (L)
T
A (T —-T")
=Dexp|————< 8
To =51 p[ A, + (T —T")
U, =vap+vbexp(1—Xp) 9
p
v(T,p) =v,(T) [1—Cln(1+m>+vt(T,p)] 10
for T>T:
Uy = blm + me(T - bS); B(T) = b3me[_b4m(T_b5)]; 11
specific volume
P v (T,p) = 0
for T<Ty;
Uy = bls + sz(T - bs)} B(T) = bZSe[_b45(T_b5]; 12
Ut(T' p) = b7e[b3(T—b5)—(b9p)]
T:(p) = bs + bs(p) 13
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Table 4.2. Description of symbols used in the paper
symbol description

Tm melt temperature
X mass fraction of feedstock
Xp mass fraction of binder
X mass fraction of filler
Pe density of feedstock
Pb measured density of binder
Op density of filler
P est estimated average density of feedstock
Cp, specific heat of feedstock
Cop exp measured specific heat of binder
Cp, specific heat of filler
A =0.2 fitting constant for spherical powders
Copost estimated average specific heat of feedstock
Ac thermal conductivity of feedstock
Ap exp measured thermal conductivity of binder
Ap thermal conductivity of filler
Acest estimated average thermal conductivity of feedstock
b volume fraction of feedstock
o) volume fraction of binder
Pp volume fraction of filler
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Table 4.2 Continued. Description of symbols used in the paper
symbol description

Nb exp viscosity of binder
e viscosity of feedstock
P ax (0.64) volume fraction of critical solids loading of feedstock
Ne est estimated average viscosity of feedstock at ¢__ =0.64
No is the zero shear viscosity
Y shear rate
- critical stress level at the transition to shear thinning determined
by curve fitting
n power law index in the high shear rate regime
T temperature
T" D;and A; | curve fitted coefficients
Az (561.6 K) WLF constant
U, specific volume of feedstock
Up exp measured specific volume of binder
Uy, specific volume of filler
Vcest estimated average specific volume of feedstock
v(Tp) specific volume at a given temperature and pressure
Uo specific volume at zero gauge pressure
p pressure
C (0.0894) constant
b?;fzsglﬁ 5459 curve-fitted coefficients
bz;’"blf;”nl;’gé curve-fitted coefficients
B(T) pressure sensitivity material as a function of temperature
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Table 4.3. Molding parameters for AIN tensile geometr
molding parameters experiment number, #
Ip #1 #2 #3 #4

mold temperature, K 297 297 297 297

melt temperature, K 444 433 422 455
injection speed, cm®/s 33 33 33 33
injection pressure, MPa 14 14 14 38
packing pressure 1, MPa for 1 s 14 14 14 38
packing pressure 2, MPa for 1.2 s 9 9 9 25

variation in temperature profile; variation in pressure profile

Table 4.4. Density of the AIN feedstock and wax-polymer binder at 300 K

213020
1940 1940+20

"measured experimentally; *estimated using Equation 4.1 for 22 data points of P,

Table 4.5. Specific heat of the AIN feedstock and wax-polymer binder for
temperature between 283 and 423 K

specific heat C, temperature, K

Jkg-K 298 331 374
Pe exp 920 1110 1090 1130 1210
Coq ooy 1050435 | 1240%35 | 1570+35 | 1850+35 | 115035

"measured experimentally; *estimated using Equation 4.4 for 6 data points of Cpp

Table 4.6. Thermal conductivity of AIN feedstock and wax-polymer binder for

W/m-K

temperature, K

temperature between 316 and 436 K
thermal conductivity,

316 356 377 397
Aecexp 4.26 2.23 2.66 2.06 2.50
Lt 1.82 1.71 1.67 1.62 1.55
cest +0.01 +0.01 +0.06 +0.08 +0.10

‘measured experimentally; *estimated using Equation 4.5 for 18 data points of Ap



121

Table 4.7. Viscosity of the AIN feedstock as a function of shear rate between
10" and 10*s™ for atemperature range of 415 to 430 K

* + * + * +
N¢ exp Nc est Ncexp Nc est ¢ exp Nc est

shear rate s™

10" 1470 4830 1380 1330 1340 660
10° 350 1460 330 540 320 890
10° 80 390 80 160 80 100
10° 20 100 20 40 20 30

"measured experimentally; *estimated using Equation 4.6

Table 4.8. Cross-WLF constants for the AIN feedstock
Cross

WLF

constants

n 0.38 0.40
T*, Pa 180 26860
BDGIY 8.78X10" 2.23X10™
D, K 263 360.93
A4, KIPa 14.24 49.55
Az K 51.60 51.60

“calculated from Equation 4.7, 8 and experimental (1. ) values from Table 4.7;
*calculated from Equation 4.7, 8 and estimated (. ) values from Table 4.7

Table 4.9. Specific volume of the AIN feedstock as a function of pressure
between 0 MPa and 200 MPa for a temperature range of 300 to 450 K
temperature, K

* *

300 0.47 0.48 0.46 0.47 0.45 0.46
350 0.49 0.50 0.48 0.49 0.46 0.47
400 0.50 0.51 0.49 0.50 0.47 0.49
450 0.52 0.53 0.50 0.50 0.48 0.49

‘measured experimentally; *estimated using Equation 4.9



Table 4.10. Dual-domain Tait constants for the AIN feedstock
Dual-domain Tait

constants
bs, K 331 331

bs, K/Pa 1.30X107 1.30X10”7
b1m, M°/kg 4.64X10™ 5.77X10™
bam, m°/kg.K 1.87X107 1.95X10”7
bsm, Pa 2.05X10° 2.17X10°
bam, 1/K 4.60X10° 6.15X10
b1s, m°/kg 4.55X10™ 5.69X10™
bas, m°/kg.K 2.05X10”7 2.05X10”7
bss, Pa 2.52X10° 1.63X10”
bas, 1/K 3.01x10° 6.35X10°
bz, m°/kg 5.08X107 5.34X10™
bs, 1/K 8.54X10™ 8.97X10™
bg, 1/Pa 5.06X10° 3.53X10°
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“calculated from Equation 4.10-13 and experimental (v.) values from Table 4.9;
*calculated from Equation 4.1-13 and estimated (v, ) values from Table 4.9

Table 4.11. AIN feedstock dataset used for injection molding simulations

specific Dual-

AIN " - thermal _
density heat ., Cross WLF  domain

feedstock 3 conductivity - .
p.. ka/m”  Cp_., Jkg- constants Tait
dataset A., Wim-K .

K constants

1 Pcexp Cpc exp Acexp Nc exp Ve exp

2 Pc est Cpc est Ac est Nc est Ve est

3 P, st CPC est Ac est Ncexp Ve est

"data from Table 4.4, “data from Table 4.5; *data from Table 4.6;
**data from Table 4.8; and “*data from Table 4.10
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50 mm

Figure 4.1. Injection molded AIN tensile bar geometry for (a) experiment # 1
with 100% mold fill, (b) experiment # 2 with 89% mold fill, (c) experiment # 3
with 71% mold fill, and (d) experiment # 4 with 100% mold fill.
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3mm

Radius 2.7 mm

Figure 4.2. Tensile bar geometry used for injection molding experiments and
simulations.
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Figure 4.3. Viscosity of AIN feedstock and wax-polymer binder (inset) for a
shear rate range of 10 to 10*s™ and temperatures between 415 and 430 K.
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mold fill, %

- 75%

(c)
[ so%
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0% 100 mm 100 mm

Figure 4.5. Progressive mold filling behavior for simulations performed with
dataset 1 at an injection pressure of 38MPa. Progressive fill patterns for (a)
25% mold fill (b) 50% mold fill (c) 75% mold fill, and (d) 100% mold fill
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fill time, %
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Figure 4.6. Mold fills for AIN tensile geometry for (a) simulations for dataset 1 at
444 K melt temperature with 100 % mold fill (b) simulations for dataset 1 at 330
K melt temperature with 89 % mold fill (c) simulations for dataset 2 at 430 K
melt temperature with 97 % mold fill, (d) simulations for dataset 3 at 330 K melt
temperature with 84 % mold fill
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Figure 4.7. Melt temperature versus percent mold fill for injection molding
experiments 1-4 and simulations
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Figure 4.8. Melt temperature versus part weight for injection molding
experiments 1-4 and simulations
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Figure 4.9. Melt temperature versus percent linear shrinkage for injection
molding experiments 1-4 and simulations
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Figure 4.10. Melt temperature versus injection pressure for injection molding
experiments 1-4 and simulations
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Chapter 5: Conclusions and Future Work

5.1 Conclusions

The present study provides a design methodology that can be used to estimate
critical feedstock properties for a variety of material systems and to perform
ceramic injection molding (CIM) simulations. The method developed in the
present study was found to have the following key attributes:

1. Literature filler properties can be used in conjunction with mixture models to
estimate physical, thermal, and rheological properties for nine different
ceramic feedstocks that constitute the majority of ceramics used in CIM.

a. Regression analysis indicated the suitability of models for estimating
material properties such as density, specific heat capacity, specific
volume, and viscosity.

b. Additional experimentation and model development will be required
for properties such as thermal conductivity and viscosity.

2. Comparative mold filling simulations performed for an aluminum nitride (AIN)
feedstock using a set of process input parameters and heat-sink substrate
geometries identified the differences between estimated and experimental
values of feedstock properties that contributed the most to variations in the
predictions from PIM simulations.

a. The mold filling simulations for the AIN feedstock results clearly
indicate that a scatter in feedstock property estimates showed no
sensitivity towards predicting mold filling behavior and defect
evolutions.

b. Part weight, volumetric shrinkage, and packing time output
parameters can be predicted with reasonably good accuracy and an
error ranging from 1 to 6%.

c. Injection pressure and clamp force are overestimated by a factor of
10 indicating that a further improvement in the estimation of viscosity
is needed.
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3. Comparative injection molding experiments and simulations performed for
the AIN feedstock helped identify the effectiveness of using CIM simulations
to predict mold filling behavior.

a. Mold filling behavior for injection molding experiments and CIM
simulations are similar for parts that showed 100% mold filling. Short
shot predictions using simulations were however not in agreement
with injection-molding experiments.

b. Part weight predictions by CIM simulations for completely filled parts
showed reasonably good accuracy with a maximum error of 8%.

c. Percent linear shrinkages for the CIM simulations showed reasonable
agreement with injection molding experiments and ranged between
0.3-1.4%

d. Injection pressure predictions by simulations are poor and further
investigation of CIM simulations using other software packages is
needed.

5.2 Future work

5.2.1 Method to estimate viscosity of ceramic feedstocks for CIM

simulations

Viscosity measurements are required in injection molding simulations to
understand the flow characteristics of the feedstock melt. It is one of most
important properties required to predict output parameters such as injection
pressure and clamp force. A Simplified Krieger Dougherty model can be used to
estimate viscosity for various ceramic feedstock as discussed in Chapter 2.

The coefficient of determination (R?) value of 0.6 supports the general
applicability of the approach to predict the viscosity of PIM feedstocks but
pressure related output parameters in PIM simulations like injection pressure
and clamp force are overestimated by a factor of 10. Improvements in viscosity
predictions are necessary in order to predict pressure related output parameters
with higher accuracy. A procedure to estimate viscosity and maximum filler
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content (¢, ) for a range of shear rates and temperatures is discussed in

Appendix C. It can be observed from Appendix C calculations that ¢

max

increases with increase in shear rate. One way to improve viscosity estimations

based on this observation is to use a range of ¢ values across all shear rate
and temperature ranges. Further investigations on extracting ¢ __ for a variety

of PIM feedstock and comparing their sensitivity to compositions will help

improve viscosity predictions.

To perform mold-filling simulations, the viscosity had to be represented in terms
of fitted constants. A Cross-WLF equation (Chapter 3) can be used to extract
constants from viscosity data. There are no detailed reports on how viscosity for
PIM feedstocks (measured or estimated) and the required Cross-WLF
constants are determined. As an example, a detailed procedure to extract WLF
constant is discussed in Appendix C. Further work on extracting WLF
constants for a variety of PIM feedstocks and comparing their sensitivities to
their compositions will help improve their predictions.

5.2.2 Method to estimate PVT parameters of ceramic feedstock for CIM

simulations

Specific volume measurements are required in injection molding simulations to
calculate the shrinkage that occurs when a feedstock is cooled from melt
temperature to ambient temperature. To estimate specific volume for a range of
temperatures and pressures of ceramic feedstock a simple empirical equation
can be used as discussed in Chapter 3.

To perform mold-filling simulations, the specific volume of the ceramic
feedstock needs to be represented in terms of fitted constants. A Dual-domain

Tait equation can used to extract these fitted constants (Appendix D)

There are no detailed reports on how the viscosity for PIM feedstocks
(measured or estimated) and the required Dual-domain Tait are determined.

Further work on extracting Dual-domain Tait constants for a variety of PIM
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feedstocks and comparing their sensitivities to their compositions will help

improve their predictions.

5.2.3 Injection molding of complex geometries for aluminum nitride and

variation in powder size distribution

Two factors that were kept constant in the current work were the use of a
simple tensile geometry and an AIN feedstock with a single powder size
distribution. In order to study the effect of shape complexity a prototype micro-
channel featured part and a heat sink geometry having an array of fins were

injection molded. (Figure 5.1)

C)

25 mm 25 mm

Figure 5.1. Protoype injection molded AIN injection molded parts (a) a heat sink
substrate with hexagonal fins (b) a micro-channel heat sink part

Further experiments on injection molding the complex geometries shown in
Figure 5.1 need to be performed. To study the effect of a variation in powder
size distribution, an AIN feedstock with bimodal distribution will be compounded

and injection molded in the future.

5.2.4 Effect of sintering additives on final part properties of AIN injection
molded parts

In addition to the CIM design methodology discussed in the previous section,
achieving a high sintered density is crucial to obtaining desired final part
properties. The addition of sintering additives is one way in which high sintered
densities can be achieved.[1] The addition of Y,O3; as a sintering aid has

previously been identified in our research group as a promising candidate to
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achieve higher sintered densities in injection molded AIN. However, there are
few studies focused on understanding the effect of varying the amount of Y,03
on sintered densities and thermal properties of AIN.[1], [2] In this work, the
effect of varying sintering conditions and sintering aids on the properties of
injection molded AIN will be studied. AIN feedstocks with 0, 3 and 5 wt.% Y203
added were extruded using a twin-screw extruder. The AIN feedstock was
further injection molded into tensile geometries as presented in Figure 5.2.

50 mm

Figure 5.2. AIN injection molded tensile geometry
Sintering of the injection molded AIN parts will be conducted for different time-
temperature conditions. Sintered property measurements will be performed to
study the influence of sintering aid and sintering conditions on AIN injection
molded final part properties. Further sintering experiments need to be
performed to understand the influence of varying amount of sintering additives
has on microstructure, sintering behavior, and properties.

5.2.5 Micro-scale features on AIN injection molded parts

This work focuses on the feasibility and effectiveness of fabrication of three-
dimensional (3D) micro-scale features on ceramics by combining the green
micromachining (GMM) and CIM processes. In this work, injection molded AIN
parts were green micro-machined (Figure 5.3) by Dr. Ozdoganlar’s research
group at Carnegie Mellon University.

Figure 5.3. AIN green micro-machined part
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The GMM parts were received and sintered at different times and temperatures
to study the influence of micro-features and green micro machining on final part
quality. Figure 5.4 shows a scanning electron microscope (SEM) image of a

typical green micro-machined AIN part.

500 pm

Figure 5.4. SEM image of a typical injection molded AIN micro-machined part
sintered 1700°C for 1 hour in Ny

Further experimentation on sintering time-temperature conditions needs to be
performed to understand the influence of sintering conditions on defect
evolutions and shape retentions of the mirco-scale features and properties.
Additional SEM images of GMM parts can be found in Appendix E.
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Appendix A1: Density Measurements for Various Ceramic Feedstocks and
the Wax Polymer Binder
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Solid and melt density measurements was conducted for the silicon carbide,

aluminum nitride, silicon nitride, mullite composite, ziroconia composite,

alumina and barium titanate feedstocks and wax polymer binder system. The

feedstock solid density measurement was done using Archimedes principle in

accordance with ASTM D792. The feedstock melt density was measured using

a capillary rheometer in accordance with ASTM D3835.

Table A2.1. Solid and melt densities for various ceramic feedstocks

feedstock solid density, kg/m® melt density, kg/m®

p SiC 2020 1850

p-n SiC 2180 1990

u AIN 2150 1940

p-n AIN 2310 2140

M-N SizNg 2300 2110
Al203.2Si0, composite 2520 2290
ZrO, composite 2830 2560
Al,O3 2580 2340

u-n BaTiOs 3690 3370

wax polymer binder 870 700
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Appendix A2: Specific Heat Measurements for Various Ceramic
Feedstocks and the Wax Polymer Binder

Specific heat measurements were conducted for the silicon carbide, aluminum
nitride, silicon nitride, mullite composite, ziroconia composite, alumina and
barium titanate feedstocks and wax polymer binder system. Specific heat
measurements of all feedstocks were made using differential scanning
calorimetry (DSC) for a range of temperatures and are presented in Table
A2.1-A2.10.

Table A2.1. Specific heat as a function of temperature for the y SiC feedstock

temperature, K specific heat, J/kg.K

423 1200
374 1156
330 1108
319 2105
304 1402
303 1350
296 1098

Table A2.2. Specific heat as a function of temperature for the y-n SiC feedstock

temperature, K specific heat, J/kg.K

443 1252
384 1174
330 1105
320 2100
299 1149
291 1013
273 871
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Table A2.3. Specific heat as a function of temperature for the y AIN feedstock

423 1210
374 1125
331 1090
322 2811
304 1377
298 1114
283 918

Table A2.4. Specific heat as a function of temperature for the y-n AIN feedstock

443 1413
384 1315
331 1274
322 2915
303 1472
293 1186
273 998
Table A2.5. Specific heat as a function of temperature for the p-n SizN4
feedstock
443 1163
384 1059
331 1009
322 1698
303 1004
293 913
273 791




Table A2.6. Specific heat as a function of temperature for the Al,03.2Si0O,
composite feedstock

453 1044
403 968
359 936
349 1454
334 935
323 1748
303 1044
Table A2.7. Specific heat as a function of temperature for the ZrO, composite
feedstock
443 902
384 844
331 835
322 1499
303 833
293 782
273 685

Table A2.8. Specific heat as a function of temperature for the Al,O5; feedstock

453 1298
389 1214
330 1137
320 1996
305 1392
303 1297
298 1146
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Table A2.9. Specific heat as a function of temperature for the y-n BaTiO3;

feedstock
443 712
399 698
360 687
350 1012
334 673
308 884
273 585
Table A2.10. Specific heat as a function of temperature for the wax polymer
binder
temperature, K specific heat, J/kg.K
443 2598
407 2473
377 2371
368 9286
352 3505
322 4894
283 2077
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Appendix A3: Thermal Conductivity Measurements for Various Ceramic
Feedstocks and Wax Polymer Binder

Thermal conductivity measurements were conducted for the silicon carbide,
aluminum nitride, silicon nitride, mullite composite, ziroconia composite,
alumina and barium titanate feedstocks and wax polymer binder system.
Thermal conductivity measurements of all feedstocks were made using a
transient line-source technique (ASTM D5930) for all feedstocks for a range of
temperatures. Thermal conductivity measurements for all feedstocks are
presented in Table A3.1-A3.10.

Table A3.1. Thermal conductivity measurements as a function of temperatures
for the u SiC feedstock

temperature, K thermal conductivity, W/m.K

439 2.64
419 2.00
399 2.70
380 3.26
359 3.26
339 3.84
314 4.07

Table A3.2. Thermal conductivity measurements as a function of temperature
for the u-n SiC feedstock

temperature, K thermal conductivity, W/m.K

460 1.58
440 2.07
420 3.33
400 3.57
380 2.25
360 3.18
339 2.93
319 3.21
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Table A3.3. Thermal conductivity measurements as a function of temperature
for the u AIN feedstock

temperature, K thermal conductivity, W/m.K

436 2.50
417 2.05
397 2.06
377 2.66
356 2.23
336 2.83
315 4.26

Table A3.4. Thermal conductivity measurements as a function of temperature
for the u-n AIN feedstock

temperature, K thermal conductivity, W/m.K

459 3.27
439 2.09
419 3.38
399 2.47
379 2.20
359 3.25
339 3.06
318 3.09

Table A3.5. Thermal conductivity measurements as a function of temperature
for the y-n SizN4 feedstock

temperature, K thermal conductivity, W/m.K

457 1.13
427 1.53
396 1.28
366 1.50
335 1.43
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Table A3.6. Thermal conductivity measurements as a function of temperature
for the Al,03.2Si0, composite feedstock

temperature, K thermal conductivity, W/m.K

466 0.50
435 0.68
405 0.83
375 1.42
344 1.17
312 1.39

Table A3.7. Thermal conductivity measurements as a function of temperature
for the ZrO, composite feedstock

temperature, K thermal conductivity, W/m.K

458 0.71
438 0.71
418 0.82
398 0.84
378 0.87
357 0.93
337 0.83
316 0.67
303 0.75
Table A3.8. Thermal conductivity measurements of temperature for the Al,O3
feedstock
467 1.25
457 1.40
437 1.41
417 1.44
398 1.59
378 1.95
357 2.33
337 2.45
316 2.16
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Table A3.9. Thermal conductivity measurements as a function of temperature
for the y-n BaTiO3 feedstock

temperature, K thermal conductivity, W/m.K

457 0.72
437 0.85
417 0.86
397 1.00
376 0.83
356 1.00
335 0.99
314 0.98
305 1.27

Table A3.10. Thermal conductivity measurements as a function of temperature
for the wax polymer binder

temperature, K thermal conductivity, W/m.K

459 0.16
440 0.16
420 0.16
401 0.17
381 0.17
360 0.19
340 0.19
320 0.19
314 0.19
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Appendix A4: Viscosity Measurements for Various Ceramic Feedstocks
and Wax Polymer Binder

Viscosity measurements were conducted for the silicon carbide, aluminum
nitride, silicon nitride, mullite composite, ziroconia composite, alumina and
barium titanate feedstocks, and wax polymer binder system for various shear
rates and temperatures. A capillary rheometry was used to measure viscosity of
all ceramic feedstocks. ASTM D3835 standard was used for conducting the
measurements. Tests were run for temperatures between 415 K and 430 K at
shear rates between 10s” and 10%s”. The viscosity for different ceramic
feedstocks and wax polymer binder at various shear rates and temperature are
shown in Table A4.1-A4.10. Typical representations of viscosity shear rate
dependence for all ceramic feedstock and wax polymer binder are shown in
Figure A4.1-A4.10.

Table A4.1. Viscosity measurements as a function of temperatures and shear
rate for the p SiC feedstock

viscosity, Pa.s

shear rate, s 415 K 425 K 430 K
10 7108 6599 6372
25 3287 3057 2055
50 1841 1713 1656
80 1250 1164 1126
100 1030 959 928
125 849 790 764
200 576 537 519
400 322 300 290
500 266 247 239
1000 149 138 134

2000 83 77 75
2500 68 64 62
3100 56 53 51
4000 46 43 42
5000 38 36 34
6300 32 29 28
8000 26 24 23
10000 21 20 19
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Figure A4.1. Viscosity measurements as a function of temperatures and shear

rate for the p SiC feedstock
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Table A4.2. Viscosity measurements as a function of temperatures and shear
rate for the p-n SiC feedstock

viscosity, Pa.s

shearrate, s 445 425K 430K
10 15555 | 14955 | 14666
25 6614 6382 | 6274
50 3474 3357 | 3303
80 2260 2185 | 2151
100 1823 1763 | 1735
125 1470 1422 | 1400
200 956 925 910
400 501 485 478
500 404 391 385
1000 212 205 202
2000 11 107 106
2500 90 87 85
3100 72 70 69
4000 58 56 55
5000 47 45 45
6300 38 37 36
8000 31 30 29

10000 25 24 23
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Figure A4.2. Viscosity measurements as a function of temperatures and shear
rate for the py-n SiC feedstock
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Table A4.3. Viscosity measurements as a function of temperatures and shear
rate for the p-AlN feedstock

viscosity, Pa.s

shear rate, s 415 K 425K 430K
10 1472 1381 1340
25 830 779 756
50 540 507 492
80 405 380 369
100 351 330 320
125 304 286 277
200 229 214 208
400 149 140 135
500 129 121 117
1000 84 79 76
2000 55 51 50
2500 47 44 43
3100 41 38 37
4000 35 33 32
5000 31 29 28
6300 27 25 24
8000 23 22 21
10000 20 19 18
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Figure A4.3. Viscosity measurements as a function of temperatures and shear

rate for the p-AIN feedstock



Table A4.4. Viscosity measurements as a function of temperatures and shear
rate for the py-n AIN feedstock

shear rate, s™

viscosity, Pa.s

415K 425 K 430 K
10 34622 33979 33684
25 14478 14209 14085
50 7529 7389 7325
80 4869 4779 4737
100 3915 3843 3809
125 3149 3090 3063
200 2036 1998 1981
400 1059 1039 1030
500 851 836 828
1000 443 435 431
2000 230 226 224
2500 185 182 180
3100 149 146 145
4000 120 118 116
5000 96 95 94
6300 77 76 75
8000 62 61 61
10000 50 49 49
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Figure A4.4. Viscosity measurements as a function of temperatures and shear
rate for the py-n AIN feedstock



Table A4.5. Viscosity measurements as a function of temperature and shear

rate for the p-n SisN4 feedstock

shear rate, s™

viscosity, Pa.s

415K 425 K 430 K
10 45216 40332 38393
25 18863 16825 16016
50 9792 8734 8314
80 6325 5641 5370
100 5083 4534 4316
125 4085 3644 3469
200 2638 2353 2240
400 1370 1222 1163
500 1101 982 935
1000 571 510 485
2000 297 265 252
2500 238 213 202
3100 192 171 163
4000 154 137 131
5000 124 110 105
6300 99 89 84
8000 80 71 68
10000 64 57 55
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Figure A4.5. Viscosity measurements as a function of temperature and shear
rate for the p-n SizN4 feedstock
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Table A4.6. Viscosity measurements as a function of temperature and shear
rate for the 3Al,03.2Si0, composite feedstock

viscosity, Pa.s

shear rate, s™

415K 425 K 430 K
10 19946 19849 19804
25 8080 8041 8022
50 4103 4083 4074
80 2612 2599 2593
100 2083 2073 2069
125 1662 1654 1650
200 1058 1053 1050
400 537 535 533
500 429 426 425
1000 218 217 216
2000 110 110 110
2500 88 88 88
3100 70 70 70
4000 56 56 56
5000 45 45 44
6300 36 36 35
8000 28 28 28
10000 23 23 23
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Figure A4.6. Viscosity measurements as a function of temperature and shear
rate for the 3Al,03.2Si0, composite feedstock
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Table A4.7. Viscosity measurements as a function of temperature and shear
rate for the ZrO, composite feedstock

viscosity, Pa.s

shear rate, s 415 K 425 K 430 K
10 11822 11626 | 11535
25 4921 4839 4801
50 2550 2508 2488
80 1645 1618 1605
100 1321 1299 1289
125 1061 1044 1036
200 685 673 668
400 355 349 346
500 285 280 278
1000 148 145 144

2000 76 75 75
2500 61 60 60
3100 49 49 48
4000 40 39 39
5000 32 31 31
6300 26 25 25
8000 21 20 20
10000 16 16 16
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Figure A4.7. Viscosity measurements as a function of temperature and shear
rate for the ZrO, composite feedstock



Table A4.8. Viscosity measurements as a function of temperature and shear
rate for the Al,O3 feedstock

viscosity, Pa.s

shearrate, s 445 425K 430K
10 4685 4330 | 4173
25 2310 2137|2060
50 1359 1257 | 1212
80 953 882 851
100 799 739 713
125 669 619 597
200 469 434 419
400 276 255 246
500 231 214 206
1000 136 126 121
2000 80 74 71
2500 67 62 60
3100 56 52 50
4000 47 43 42
5000 39 36 35
6300 33 30 29
8000 28 25 25
10000 23 21 21
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Figure A4.8. Viscosity measurements as a function of temperature and shear

rate for the Al,O3 feedstock



Table A4.9. Viscosity measurements as a function of temperature and shear
rate for the p-n BaTiO3; feedstock

viscosity, Pa.s

shear rate, s 415 K 425 K 430 K
10 6325 5643 5281
25 2767 2527 2409
50 1477 1361 1306
80 970 897 863
100 786 728 701
125 637 500 569
200 418 387 374
400 222 206 199
500 179 167 161
1000 95 88 86

2000 50 47 45
2500 41 38 37
3100 33 31 30
4000 27 25 24
5000 22 20 19
6300 18 16 16
8000 14 13 13
10000 11 11 10
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Figure A4.9. Viscosity measurements as a function of temperature and shear
rate for the py-n BaTiO; feedstock



Table A4.10. Viscosity measurements as a function of temperature and shear
rate for the wax polymer binder

viscosity, Pa.s

shear rate, s™

415K 425 K 430 K

10 142.5 39.3 19.5
25 90.7 28.8 15.4
50 63.0 21.7 12.3
80 49.0 17.7 10.3
100 43.1 15.9 9.4
125 37.9 14.2 8.5
200 29.2 11.3 6.9
400 19.6 7.8 5.0
500 171 6.9 4.4
1000 11.4 4.7 3.1
2000 7.6 3.2 2.1
2500 6.6 2.8 1.9
3100 5.8 2.4 1.6
4000 5.1 2.1 1.4
5000 4.4 1.9 1.3
6300 3.8 1.6 1.1
8000 3.4 1.4 1.0
10000 2.9 1.2 0.8
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Figure A4.10. Viscosity measurements as a function of temperature and shear
rate for the wax polymer binder
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Appendix A5: PVT Measurements for Various Ceramic Feedstocks and the
Wax Polymer Binder

PVT measurements were conducted for the silicon carbide, aluminum nitride,
silicon nitride, mullite composite, ziroconia composite, alumina and barium
titanate feedstocks and wax polymer binder system for various temperatures
and pressure. A high pressure dilatometer was used to measure specific
volume of all ceramic feedstocks. ASTM D792 standard was used for
conducting the measurements. Tests were run for temperatures between 296 K
and 435 K for pressure between 0 and 200 MPa. The specific volume for
different ceramic feedstocks and the wax polymer binder at various pressure
and temperature are shown in Table A5.1-A5.10. Typical representations of
PVT behavior for all ceramic feedstock and the wax polymer binder are shown
in Figure A5.1-A5.10.

Table A5.1. Specific volume measurements as a function of temperature and
pressure for the p SiC feedstock

specific volume, g/cm?®

temperature, K \1pa 40 MPa 80 MPa 120 MPa 160 MPa 200 MPa

295 0.4941] 0.4906| 0.4876] 0.4847| 0.4828 0.4809
305 0.4949] 0.4913] 0.4881] 0.4856] 0.4833] 0.4814
314 0.4978] 0.4933] 0.4895 0.4865 0.4841) 0.4819
324 0.5029 0.4988 0.4915] 0.4880] 0.4853 0.4829
330 0.5057] 0.4991] 0.4930] 0.4889 0.4859 0.4832
344 0.5157] 0.5089] 0.5002] 0.4940, 0.4887] 0.4854
359 0.5197] 0.5122] 0.5063] 0.5016] 0.4958 0.4903
374 0.5248| 0.5157) 0.5094| 0.5046/ 0.5006] 0.4972
389 0.5287| 0.5194| 0.5124] 0.5070] 0.5028] 0.4991
404 0.5347| 0.5236) 0.5159] 0.5102] 0.5053  0.5013
419 0.5392] 0.5283] 0.5207] 0.5146] 0.5092] 0.5045
435 0.5436] 0.5310] 0.5227] 0.5164] 0.5112] 0.5072
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Figure A5.1. Specific volume measurements as a function of temperatures and
pressure for the py SiC feedstock
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Table A5.2. Specific volume measurements as a function of temperatures and
pressure for the py-n SiC feedstock

specific volume, g/cm?®

temperature, K- \ipa 40 MPa 80 MPa 120 MPa 160 MPa 200 MPa

o
N
(&)

300 0.4598| 0.4561| 0.4534 0.4512 0.4488 0.4478
311 0.4607| 0.4568 0.4539 0.4517 0.4501 0.4482
321 0.4644] 0.4590| 0.4553 04526 04505 0.4494
332 04703] 04633 0.4583 0.4549 04521] 0.4501
348 04771] 0.4723] 0.4663 04600 04558] 0.4525
365 04815 0.4745| 0.4695 04653 04625 0.4572
380 0.4857| 0.4773] 0.4716 0.4674 0.4642 0.4612
396 04894 0.4802] 0.4738 04695 04653 0.4626
412 0.4937| 0.4844| 0.4765 04714 0.4673 0.4640
426 04973 0.4866| 0.4804] 04749 04708] 0.4675
441 0.5007| 0.4888 0.4812 0.4767 04722 0.4684
456 0.5034| 0.4911| 0.4838 0.4780 04734 0.4699
0.51 -
2050
£
= 049
g =0 MPa
S 0.48 40 MPa
< 0.47 80 MPa
S +=120 MPa
& 0.46 160 MPa
(&)
2 »-200 MPa
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Figure A5.2. Specific volume measurements as a function of temperatures and
pressure for the py-n SiC feedstock
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Table A5.3. Specific volume measurements as a function of temperatures and
pressure for the p-AlN feedstock

specific volume, g/cm?®

temperature, K- \ipa 40 MPa 80 MPa 120 MPa 160 MPa 200 MPa

206 0.4658] 04623 0.4600] 0.4577] 0.4557] 0.4539
305 0.4674| 0.4634| 0.4607 0.4582 0.4561 0.4542
314 0.4700| 0.4652 0.4615 0.4591 0.4568 0.4549
325 04747| 04692 0.4638 0.4603 04580 04557
329 04782 0.4716| 0.4654 0.4613 0.4586 0.4562
345 04892 04825 0.4735 0.4670 04621] 04585
359 0.4930] 04855 0.4799 0.4754 04689 04636
374 0.4971| 0.4887| 0.4825 04778 0.4738 0.4705
389 0.5014] 04924 0.4855 0.4805 04761 04726
405 05069 04964 0.4891 04832 04786 04749
420 05120 05000 0.4933 0.4875 04827 04786
435 05154] 05033 0.4952 0.4894] 04846 04806
0.52 1
20,51
£
& 0.50
g =0 MPa
S 0.49 =40 MPa
S +=120 MPa
& 0.47 160 MPa
2
= 200 MPa
< 0.46
=2

o
N
(@)
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temperature, K

Figure A5.3. Specific volume measurements as a function of temperatures and
pressure for the p-AlN feedstock
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Table A5.4. Specific volume measurements as a function of temperatures and
pressure for the py-n AIN feedstock

specific volume, g/cm?®

temperature, K- \ipa 40 MPa 80 MPa 120 MPa 160 MPa 200 MPa

300 0.4326| 0.4296| 0.4274 0.4256 0.4237 0.4227
309 0.4329| 0.4302| 0.4279 0.4256 0.4241 0.4228
321 0.4360| 0.4317| 0.4287 0.4266 0.4246 0.4236
332 0.4411| 0.4359| 0.4310 0.4282 0.4256 0.4239
349 0.4484| 0.4429| 0.4377 0.4321 0.4287 0.4260
365 0.4503| 0.4442| 0.4402 0.4369 0.4344 0.4302
381 0.4536| 0.4463| 0.4417 0.4379 0.4354 0.4327
396 0.4565| 0.4490f 0.4439 0.4398 0.4369 0.4345
411 0.4609| 0.4520f 0.4463 0.4420 0.4385 0.4356
426 0.4638| 0.4542| 0.4486 0.4443 0.4411 0.4383
441 0.4654| 0.4565| 0.4502 0.4460 0.4423 0.4396
456 0.4687| 0.4580f 0.4519 0.4471 0.4437 0.4406
0.48 -
o)
o 0.47 A
e
(&)
o
g 0.46 -0 MPa
© 40 MPa
> 0.45
t__’ 80 MPa
[7)
8_ 0.44 =120 MPa
) 160 MPa
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042 1 T T ™ T T T T T
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Figure A5.4. Specific volume measurements as a function of temperatures and
pressure for the py-n AIN feedstock
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Table A5.5. Specific volume measurements as a function of temperatures and
pressure for the py-n SizN4 feedstock

specific volume, g/cm?®

temperature, K- \ipa 40 MPa 80 MPa 120 MPa 160 MPa 200 MPa

o
N
w

300 0.4326] 0.4296| 0.4274| 0.4256| 0.4237| 0.4227

309 0.4329| 0.4302 0.4279] 0.4256| 0.4241] 0.4228

321 0.4360] 0.4317| 0.4287] 0.4266| 0.4246] 0.4236

332 0.4411] 04359 0.4310] 04282 0.4256] 0.4239

349 0.4484| 0.4429 0.4377] 0.4321] 0.4287] 0.4260

365 0.4503| 0.4442 0.4402] 0.4369] 0.4344] 0.4302

381 0.4536| 0.4463 0.4417] 0.4379 0.4354| 0.4327

396 0.4565] 0.4490] 0.4439] 0.4398 0.4369 0.4345

411 0.4609] 0.4520 0.4463 0.4420 0.4385 0.4356

426 0.4638| 0.4542 0.4486] 0.4443 0.4411] 0.4383

241 0.4654| 0.4565 0.4502| 0.4460 0.4423 0.4396

456 0.4687| 0.4580 0.4519] 0.4471] 0.4437] 0.4406
0.48

O

Z 0.47

£

o
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£ 046 0 MPa
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Figure A5.5. Specific volume measurements as a function of temperatures and
pressure for the py-n SizN4 feedstock



temperature, K

specific volume, g/cm?®

Table A5.6. Specific volume measurements as a function of temperatures and
pressure for the 3Al,03.2Si0, composite feedstock

0 MPa 40 MPa 80 MPa 120 MPa 160 MPa 200 MPa

303 0.3972 0.3930 0.3907] 0.3888] 0.3871 0.3858
309 0.3980 0.3936 0.3913 0.3893  0.3876] 0.3862
319 0.4010 0.3951 0.3922] 0.3902 0.3883  0.3868
339 0.4116 0.4024] 0.3969 0.3935  0.3907 0.3888
354 0.4144] 04068 04029] 0.3982 0.3942 0.3913
369 0.4173] 04089 0.4047] 04014 0.3986  0.3953
384 0.4201] 0.4110] 0.4064| 0.4029] 0.4000 0.3975
399 0.4236] 0.4134] 0.4083] 04045 0.4015_ 0.3988
414 0.4276] 04169 0.4110] 04069 0.4032  0.4003
430 0.4300 04189 0.4133] 04093 0.4059 0.4029
445 0.4326) 0.4206] 0.4146] 0.4107] 0.4070] 0.4039
460 0.4355 0.4225 0.4162] 0.4119] 0.4082] 0.4050
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Figure A5.6. Specific volume measurements as a function of temperatures and
pressure for the 3Al,03.2Si0, composite feedstock
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Table A5.7. Specific volume measurements as a function of temperatures and
pressure for the ZrO, composite feedstock

temperature, K

specific volume, g/cm?®

0 MPa 40 MPa 80 MPa 120 MPa 160 MPa 200 MPa
303 0.3972| 0.3930] 0.3907 0.3888 0.3871 0.3858
309 0.3980| 0.3936| 0.3913 0.3893 0.3876 0.3862
319 0.4010; 0.3951] 0.3922 0.3902 0.3883 0.3868
339 0.4116] 0.4024| 0.3969 0.3935 0.3907 0.3888
354 0.4144) 0.4068| 0.4029 0.3982 0.3942 0.3913
369 0.4173| 0.4089| 0.4047 0.4014 0.3986 0.3953
384 0.4201) 0.4110; 0.4064 0.4029 0.4000 0.3975
399 0.4236] 0.4134| 0.4083 0.4045 0.4015 0.3988
414 0.4276| 0.4169| 0.4110 0.4069 0.4032 0.4003
430 0.4300; 0.4189 0.4133 0.4093 0.4059 0.4029
445 0.4326| 0.4206| 0.4146 0.4107 0.4070 0.4039
460 0.4355| 0.4225| 0.4162 0.4119 0.4082 0.4050
0.40
ME’ 0.39
2t
§ s 0-38
= g -0 MPa
o =
© g 0.37 40 MPa
ﬁ 3 =120 MPa
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Figure A5.7. Specific volume measurements as a function of temperatures and
pressure for the ZrO, composite feedstock

temperature, K



Table A5.8. Specific volume measurements as a function of temperatures and
pressure for the Al,O3 feedstock

specific volume, g/cm?®

temperature, K

0 MPa 40 MPa 80 MPa‘ 120 MPa 160 MPa 200 MPa

305 0.3891| 0.3864| 0.3839 0.3819 0.3805 0.3790
314 0.3911| 0.3874| 0.3846 0.3826 0.3807 0.3793
324 0.3946] 0.3899| 0.3859 0.3831 0.3814 0.3798
329 0.3970] 0.3916| 0.3869 0.3836 0.3817 0.3800
344 0.4043] 0.3992| 0.3922 0.3872 0.3836 0.3811
359 0.4070[ 0.4010; 0.3968 0.3933 0.3882 0.3846
374 0.4102| 0.4034| 0.3987 0.3949 0.3920 0.3895
389 0.4136] 0.4060[ 0.4006 0.3965 0.3933 0.3905
404 0.4174| 0.4089] 0.4028 0.3984 0.3948 0.3920
419 0.4213| 0.4121] 0.4060 0.4015 0.3978 0.3945
434 0.4239| 0.4139] 0.4077 0.4028 0.3990 0.3959
449 0.4268| 0.4158| 0.4092 0.4041 0.4002 0.3969
0.43
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Figure A5.8. Specific volume measurements as a function of temperatures and
pressure for the Al,O3 feedstock
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Table A5.9. Specific volume measurements as a function of temperatures and

pressure for the y-n BaTiO3 feedstock

temperature, K

specific volume, g/cm?®

0 MPa 40 MPa 80 MPa‘ 120 MPa 160 MPa 200 MPa

300 0.2707] 0.2684] 0.2669] 0.2655| 0.2645]  0.2637
311 0.2711] 0.2687| 0.2671 0.2656 0.2645 0.2640
322 0.2734] 0.2700] 0.2679] 0.2666] 0.2653|  0.2641
333 0.2765| 0.2725| 0.2697 0.2673 0.2661 0.2647
349 0.2817] 0.2783| 0.2751 0.2710 0.2686 0.2664
366 0.2839] 0.2798| 0.2768 0.2747 0.2726 0.2695
380 0.2858| 0.2815| 0.2783 0.2758 0.2739 0.2721
396 0.2888] 0.2835] 0.2799] 0.2771] 0.2750 0.2732
411 0.2916] 0.2853| 0.2814 0.2787 0.2764 0.2743
427 0.2935 0.2874] 0.2833] 0.2807] 02783 02759
441 0.2952| 0.2884| 0.2842 0.2815 0.2792 0.2769
458 0.2976] 0.2897| 0.2857 0.2842 0.2797 0.2778

~+-0 MPa
40 MPa
80 MPa
=120 MPa
160 MPa
200 MPa
10_261[""I T T LANNL AL R DL L B B A L L B B )
300 330 360 390 420 450

Figure A5.9. Specific volume measurements as a function of temperatures and
pressure for the y-n BaTiO3; feedstock

temperature, K
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Table A5.10. Specific volume measurements as a function of temperatures and
pressure for the wax polymer binder

specific volume, g/cm?®

temperature, K

0 MPa 40 MPa 80 MPa‘ 120 MPa 160 MPa 200 MPa

300

330

360

390 420 450
temperature, K

306 1.1521| 1.1346| 1.1207 1.1084 1.0980 1.0890
315 1.1640 1.1428| 1.1261 1.1136 1.1024 1.0934
326 1.1929 1.1678| 1.1394 1.1221 1.1090 1.0979
334 1.2467| 1.2011| 1.1678 1.1415 1.1194 1.1049
350 1.2733| 1.2418| 1.2174 1.1819 1.1527 1.1301
365 1.2897| 1.2549| 1.2277 1.2074 1.1898 1.1645
380 1.3088| 1.2682| 1.2393 1.2169 1.1981 1.1817
395 1.3324| 1.2861| 1.2534 1.2283 1.2079 1.1911
410 1.3615 1.3101| 1.2745 1.2456 1.2229 1.2025
425 1.3805| 1.3251| 1.2882 1.2607 1.2385 1.2194
441 1.3975| 1.3378| 1.2983 1.2693 1.2464 1.2270
457 1.4138| 1.3497| 1.3085 1.2783 1.2542 1.2336
1.50
o
=
® E 1.40
S §
5 aE: N
5 5 1.30 0 MPa
£ *-40 MPa
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Figure A5.10. Specific volume measurements as a function of temperatures
and pressure for the wax polymer binder
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Appendix B1: Literature Data of Densities for Various Ceramic Fillers

Density of fillers were collected from literature for the silicon carbide, aluminum
nitride, silicon nitride, mullite composite, ziroconia composite, alumina and
barium titanate ceramics. Filler properties collected from the literature were
reported for 300 K are presented in Table B1.1-B1.7

Table B1.1. Density for the SiC fillers

density, kg/m® reference

3080 [1]
3100 2]
3160 [3]
3180 [4]
3220 [5]
3220 [5]
3200 [6]
3220 [5]
3220 [5]
3190 [7]
3360 [8]
3190 [9]
3200 [10]
3160 [3]
3200 [12]
3170 [12]
3200 [12]
2980 [12]
3000 [12]




Table B1.2. Density for the AIN fillers

density, kg/m’ reference, #

3260 2]
3330 [2]
3240 [12]
3260 [5]
3260 [13]
3260 [14]
3260 [15]
3260 [16]
3270 [17]
3270 [18]
3250 [19]
3120 [19]
3050 [19]
3250 [19]
3200 [19]
3260 [20]
3180 [21]
3260 [21]
3330 [22]
3280 [22]
3260 [22]
3260 [22]
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Table B1.3. Density for the SisN4 fillers

| density, kg/m®>  reference, #

3100 2]
3400 [23]
3200 [24]
3270 [25]
3240 [25]
3280 [26]
3120 [26]
3190 [26]
3210 [26]
3180 [26]
3270 [27]

Table B1.4. Density for the Al,03.2SiO;, fillers

density, kg/m® reference, #

2780 [28]
3160 [29]
3190 [30]
3070 [31]
3030 [32]
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Table B1.6. Density for the Al,Osfillers

| density, kg/m®>  reference #

3710 1]
3800 [2]
3980 [2]
3974 [28]
3840 [33]
3790 [33]
3590 [34]
3950 [34]
3940 [34]
3980 [35]

Table B1.7. Density for the BaTiOsfillers

density, kg/m® reference #

5830 [36]
5790 [37]
5970 [37]
5996 [38]
6000 [37]
5590 [39]
5480 [39]
5700 [40]
5900 [40]
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Appendix B2: Literature Data of Specific Heats for Various Ceramic Fillers

Specific heats for fillers were collected from literature for the silicon carbide,
aluminum nitride, silicon nitride, mullite composite, ziroconia composite,
alumina and barium titanate ceramics. Filler properties collected from the
literature were reported for 300 K are presented in Table B1.1-B1.7

Table B2.1. Specific heat for the SiC fillers

specific heat, J/kg.K reference, #

663 2]
650 [12]
671 [41]
690 [42]
656 [43]
672 [43]
676 [43]
682 [43]
661 [44]
661 [44]
660 [44]
662 [44]
715 [3]
660 [11]
660 [11]
670 [11]
700 [11]
670 [11]
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Table B2.2. Specific heat for the AIN fillers

specific heat , J/kg.K reference
780 [2]
820 [2]
734 [41]
820 [42]
740 [43]
710 [43]

Table B2.3. Specific heat for the SizNy fillers

specific heat, reference, #
J/kg.K
670 [2]
713 [42]
700 [42]
660 [49]
710 [46]
Table B2.4. Specific heat for the Al,03.2Si0O:, fillers
specific heat, reference, #
J/kg.K
740 [41]
770 [43]
750 [47]
770 [47]
760 [48]
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Table B2.6. Specific heat for the Al,Osfillers

specific heat, reference #
J/kg.K
790 [2]
820 [2]
775 [41]
838 [42]
777 [43]
780 [43]
779 [43]
779 [43]
782 [43]
795 [43]
779 [43]
755 [35]
772 [49]

Table B2.7. Specific heat for the BaTiOsfillers

specific heat, reference #
J/kg.K
398 [50]
438 [50]
586 [43]
440 [43]
439 [43]
440 [43]
434 [50]
406 [50]




Appendix B3: Literature Data of Thermal Conductivities for Various
Ceramic Fillers
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Thermal conductivity of fillers were collected from literature for the silicon

carbide, aluminum nitride, silicon nitride,

mullite composite,

ziroconia

composite, alumina and barium titanate ceramics. Filler properties collected

from the literature were reported for 300 K are presented in Table B3.1-B1.7

Table B3.1. Thermal conductivity for the SiC fillers

el reference
conductivity,
W/m.K
130 [2]
114 [3]
135 [42]
135 [51]
270 [52]
270 [52]
152 [44]
200 [44]
202 [44]
206 [44]
120 [10]
114 [35]
270 [53]
150 [11]
161 [11]
165 [11]
242 [11]
163 [11]




Table B3.2. Thermal conductivity for the AIN fillers

thermal reference, #
conductivity,
W/m.K
200 [2]
140 [2]
200 [12]
195 [5]
180 [13]
170 [14]
170 [15]
155 [16]
140 [17]
148 [18]
148 [19]
148 [19]
167 [19]
148 [19]
180 [19]
152 [20]
160 [21]
180 [21]
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Table B3.3. Thermal conductivity for the SizNy fillers

thermal reference, #
conductivity,
W/m.K
22 [2]
30 [2]
28 [42]
17 [42]
19 [51]
22 [52]
24 [47]
25 [54]
29 [55]
26 [55]
22 [46]
30 [51]
Table B3.4. Thermal conductivity for the Al,O3.2SiO; fillers
thermal reference #
conductivity,
W/m.K
6 [36]
7 [42]
3 [51]
6 [52]
4 [52]
5 [36]
5 [47]
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Table B3.6. Thermal conductivity for the Al,Osfillers

thermal reference, #
conductivity,

W/m.K
26 [2]
39 [2]
23 [56]
37 [42]
24 [51]
33 [52]
26 [52]
33 [3]
20 [57]
29 [49]
36 [27]

Table B3.7. Thermal conductivity for the BaTiOs fillers

thermal reference #
conductivity,

W/m.K
2.59 [50]
2.89 [50]
2.60 [51]
2.61 [50]
2.85 [50]
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Appendix C: Procedure to determine Cross-WLF Constants

The Cross-WLF model Equation C.1 was used to calculate viscosity values at
different shear rates and four different temperatures using the experimentally
available data for Cross-WLF coefficients (Table C.1) for matrix and 0.52

volume fractions AIN.
Mo

G ©

where, n is the melt viscosity (Pa-s), no is the zero shear viscosity, y is the
shear rate (1/s), 1 is the critical stress level at the transition to shear thinning,

and n is the power law index in the high shear rate regime.

Table B.1: Experimental values of Cross-WLF coefficients

binder [b] | 0.52 volume fraction of AIN [c]

n 0.40 0.38
tau 793.46 117.77
D1 4.29E+23 8.78E+10
D2 333.00 263.15
Al 78.13 14.24
A2 51.60 51.60

T*=D2

Using the data given in Table C.1 zero shear viscosity nowas calculated for
both binder and 0.52 volume fraction of AIN at temperatures of 413, 419.5, 426
and 433 K. This was calculated using Equation C.2.

A (T-T")

S ——— C.2

where, T is the temperature (K). T, D; and Ay, are WLF coefficients. Using
Equation C.2 n, values were calculated at 413, 419.5, 426, and 433 K at
different shear rates for matrix and 0.52 volume fractions AIN. An illustration for

this calculation is shown in Table C.2:
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Table C.2: Calculation of zero shear viscosity for matrix and 0.52 volume
fraction of AIN at different shear rates.

viscosity, Pa:s  binder [b] 0.52 volume fraction of AIN [c]

temperature, K n,, Pa‘s No, Pa-s
413 1013 2209728
419.5 239 1971689

426 64 1771490

433 18 1589698

This information was used to calculate viscosity values for binder and 0.52
volume fraction AIN at different shear rate ranging 1 x 107° to 7.5 x 10*. This
was done using Equations C.1 and C.2. Viscosity was calculated for four
different temperatures 413, 426, 433, nd 433 K. An illustration for calculating
viscosity at 413 K for different shear rates is shown in Table C.3.

Table B.3: Calculation of viscosity for matrix and 0.52 volume fraction of AIN for
different shear rates and at 413 K.

shear rate, st viscosity, Pa-s
matrix [m] 0.52 volume fraction of AIN [c]
0.01 943.36 81855.52
0.02 911.30 53871.75
0.50 574.01 7422.34
0.70 523.40 6023.75
0.80 503.17 5544.56
0.90 485.32 5153.55
100.00 52.63 275.29
125.89 46.16 238.54
158.49 40.45 206.69
199.53 35.43 179.10
501.19 20.72 100.96
630.96 18.09 87.48
794.33 15.80 75.80
1000.00 13.79 65.68
1258.93 12.04 56.91
1584.89 10.50 49.31
1995.26 9.16 42.73
2511.89 7.99 37.02
10000.00 3.51 15.67
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Further the simplified Krieger Dougherty model as given in Equation C.1 was
used to calculate critical solids loading (¢max) for each shear rate between 0.48
to 0.52 volume fractions AIN. A floating ¢max (maximum packing fraction of the
powder) value corresponding to each shear rate given in Table C.4 was
calculated at 413, 419.5, 426, and 433 K.

Table C.4: Calculation of maximum volume fraction for each individual
temperature at different shear rates.

shear rate, st ¢max at temperature, 413 K
0.01 0.58
0.02 0.60
0.03 0.61
0.04 0.62
0.05 0.62
0.06 0.63
0.07 0.63
0.08 0.64
0.09 0.64
0.10 0.65
0.20 0.68
0.30 0.70
0.40 0.71
0.50 0.72

1000.00 0.96
1258.93 0.96
1584.89 0.97
1995.26 0.97
2511.89 0.97
3162.28 0.97
3981.07 0.98
5011.87 0.98
6309.57 0.98
7943.28 0.98
10000.00 0.99
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Using the floating ¢max values at different shear rates and temperatures,
viscosity (n) values are calculated using Equation C.3 for 0.48, 0.49, 0.5, 0.51
and 0.52 volume fractions at the above mentioned four different temperatures.
An illustration of n calculation at 413 K for 0.48 volume fractions AIN is shown in

Table C.5.
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Table C.5: Calculation of viscosity at different shear rates for 413 K using
floating ¢max and Equation C.1

volume fraction powder 0.48
shear rate, s™ viscosity, Pa‘s
0.10 11664.85
0.20 8311.55
0.30 6754.84
0.40 5808.88
0.50 5157.09
0.60 4673.52
0.70 4296.72
0.80 3992.66
0.90 3740.77
100.00 227.92
125.89 197.88
158.49 171.77
251.19 129.38
316.23 112.28
398.11 97.42
501.19 84.52
630.96 73.33
794.33 63.62
1000.00 55.19
1258.93 47.87
1584.89 41.52
1995.26 36.02
2511.89 31.24
3162.28 27.10
3981.07 23.50
5011.87 20.38
6309.57 17.68
7943.28 15.33
10000.00 13.30

In order to calculate Cross-WLF coefficients from the interpolated data as
represented in Table C.5 a GRG nonlinear solver was used. In order to do so,
viscosities at different shear rate were calculated from Equation C.1 in an



213

Excel spreadsheet. The zero shear viscosity value was taken as the constant
value obtained from the interpolated data while an initial informed guess was
done on the Cross-WLF coefficients n and 1*. A square of difference was
calculated for viscosity values at each shear rate between the interpolated
viscosity and viscosity calculated from Equation C.1. Sum of the square of
difference was calculated and the GRG nonlinear solver was used to minimize
the sum of square of difference (SSD). It was observed that the data fitted best
in the low shear rate region but deviated in the high shear rate region. In order
to further get a best fit between the experimental and the calculated data, SSD
was calculated for high shear rate region and solver was used to find the Cross-
WLF coefficients n (power law index) and 1* (critical stress level). An illustration
of the curve-fitted data is shown in Figure C.1 and SSD calculation is shown in
Table C.6.

1.E+06

413 K

experimental viscosity, Pa-s

----- predicted viscosity, Pa-s

1L.E+05

S

»2 1.E+04 4

1.E+03 1§

1.E+02 1%

viscosity, Pa

1.E+01 4

1.E+00 - - — —
1.E-06 1.E-04 1.E-02 1.E+00 1.E+02 1.E+04
shear rate, s

Figure C.1. Comparison of experimental and predicted values of viscosity as a
function of shear rate.
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Table C.6. Sum of square of difference method for 0.48 volume fractions AIN at
413 K to calculate ng, n, and 1*

experimental .
shear: ‘I/)iscosity, . pre(_ilcted difference?
rate, s'1 viscosity, Pa-s
Pa-s

1E-10 108323.17 108696.78 1.40E+05
2E-10 108319.86 108692.37 1.39E+05
3E-10 108317.15 108688.85 1.38E+05
4E-10 108314.77 108685.82 1.38E+05
5E-10 108312.60 108683.10 1.37E+05
6E-10 108310.60 108680.61 1.37E+05
7E-10 108308.71 108678.29 1.37E+05
8E-10 108306.93 108676.11 1.36E+05
9E-10 108305.23 108674.05 1.36E+05
1E-09 108303.60 108672.08 1.36E+05
2E-09 108289.76 108655.75 1.34E+05
3E-09 108278.42 108642.76 1.33E+05
4E-09 108268.46 108631.55 1.32E+05
7E-09 108243.16 108603.73 1.30E+05
8E-09 108235.71 108595.68 1.30E+05
9E-09 108228.61 108588.06 1.29E+05
1000.00 55.19 53.09 4.40E+00
1258.93 47.87 46.58 1.66E+00
1584.89 41.52 40.87 4.24E-01
1995.26 36.02 35.86 2.39E-02
2511.89 31.24 31.47 5.13E-02
3162.28 27.10 27.61 2.64E-01
3981.07 23.50 24.22 5.24E-01
5011.87 20.38 21.25 7.62E-01
6309.57 17.68 18.65 9.45E-01
7943.28 15.33 16.36 1.06E+00
10000.00 13.30 14.36 1.13E+00

108705.94 SSD 2.59E+08

0.43 High shear SSD 1.91E+01

161.54 |
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Use of solver to calculate Cross-WLF coefficients n and 1 are illustrated in the

following steps. Step by step illustration shown was performed in Microsoft

Excel 2010 using a Windows-based computer.

Step 1: Open Microsoft Excel 2010 and click on “Data” tab. In “Data” tab click

“Solver’ button that will pop-up a window called “Solver Parameters” as shown

in Figure C.2.

Data

osity coefficients version 2.xlsx - Microsoft Excel o & 9=®
Review View Add-Ins Acrobat 2o@eod@ R
= a
|\ Solver Parameters G| o e Eapate anass
. e Detail | Py Solver
il S
Set Objective:
Sort & e {0k lysis
To: © Max © Min *) Value Of: 0 ﬁjv
lj K

By Changing Variable Cells:

Add

Change

Delete

Reset Al

jIII[ 2 &

- Load/Save

. ——
< $B$146:$8$147

Subject to the Constraints:
596.78} 1.40E+05

592.37] 1.39E+05

588.85 1.38E+05

585.82 1.38E+05

583.10) 1.37E+05

580.61 1.37E+05

578.29 1.37E+05

576.11 1.36E+05

574.05 1.36E+05

=8 1.36£:05 Select a Solving Method:
555.75 1.34E+05

z Solving Method
542.76) 1.33E+05

531.55 1.32E+05

= i non-smooth.

512.29 1.31E+05

503.73 1.30E+05
595.68 1.30E+05

[VMake Unconstrained Variables Non-Negative;

GRG Nonlinear

N

Select the GRG Nonlinear engine for Solver Problems that are smooth nonlinear. Select the LP Simplex
engine for linear Solver Problems, and select the Evolutionary engine for Solver problems that are

T

I

Solve ] l Close

l

Figure C.2. Solver parameter window in Microsoft Excel 2010.
Step 2: Select “high shear SSD” cell similar to the one given in Table C.6 in the

“set objective” space. As the goal is to minimize SSD click on the circle besides

“‘Min” as shown in Figure C.3. Select “GRG Nonlinear’ as the solving method.

Further select cells referring to Cross-WLF coefficients n and 1* in the “changing

variable cells” space. n and T1* values are similar to the ones shown in Table

C.6.



Solver Parameters =

Set Objective: $D$146
To: Max © Min Value Of:

By Changing Variable Cels:
$B8$146:$8$147

Subject to the Constraints:

Add

Reset All

Load/Save

] Make Unconstrained Variables Non-Negative

SelectaSobvingMethod: | GRG Nonlinear
i

Solving Method

Select the GRG Nonlinear engine for Solver Problems that are smooth nonlinear. Select the LP Simplex
engine for linear Solver Problems, and select the Evolutionary engine for Solver problems that are
non-smooth.

Er
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Figure C.3. Selection of solving method and input parameters for calculating n

and T1*.

Step 3: In order to get good convergence click on “option” button in the solver

parameter window. This will pop-up a small window as shown in Figure B.4.

Click on “GRG Nonlinear” tab and set the convergence value 2 1 x 10-12, Finally

click the “OK” button.

Figure C.4. Set convergence value for GRG Nonlinear method.
Step 4: Click on “Solve” button to get new values for n and 1*.

Options ===

All Methods  GRG Nonlinear | volutionary |

Convergence: 0.000000000001
Derivatives
@® Forward QO central
Multistart
[ use Multistart
Population Size: 10000]
Random Seed: °

Require Bounds on Variables

In order to calculate rest of the Cross-WLF coefficients again the same method

of minimizing the SSD was used as illustrated in Steps 1-4. In this case the
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objective cell was taken as SSD and the changing variable cells were taken as
D+ A¢y and T*. For this the zero shear viscosities were first predicted for four
different temperatures 413 K, 419.5 K, 426 K and 433 K using Equation C.1.
An illustration to calculate these coefficients is shown in Table C.7.

Table C.7. Sum of square of difference method for 0.48 volume fractions AIN at
413 K to calculate D1, A1 and T*

tempelzature, no, Pa.s predicted no, Pa.s difference’
413 1.09E+05 1.09E+05 1.47E+04
419.5 3.17E+04 3.10E+04 4.37E+05
426 9.49E+03 1.04E+04 7.51E+05
433 2.78E+03 3.68E+03 8.09E+05
8.73E+10 D 2.01E+06
32.13
375.15

Calculations represented in Tables C.2 through C.7 and Figures C.1 through
C.4 were performed to calculate Cross-WLF coefficients for volume fractions
0.48, 0.49, 0.5, 0.51 and 0.52 of monomodal AIN-polymer mixtures and also for
volume fractions 0.52, 0.54, 0.56, 0.58 and 0.6 of bimodal AIN-polymer

mixtures.
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Appendix D: Procedure to determine Dual-domain Tait Constants

Specific volume was calculated for a variety of ceramic feedstock for four
different pressure values 0, 50, 100, 150 and 200 MPa between 298 to 433 K
temperature ranges. Equation D.1 was used to calculate specific volume.

Ve = XU 5 + Uy (1 — Xp)

(D.1)

An illustration for specific volume calculations is shown in Table D.1 and a plot

representing these values is as shown in Figure D.1.

Table D.1: Specific volume calculations for different solids loading at 50 MPa

pressure.
volume
fraction 0 0.48 0.49 0.5 0.51 0.52 1
powder
specific specific specific specific specific specific specific
e volume volume volume volume volume volume volume
are k] ™/kel (me/kel me/kgl [mi/ke] [me/kgl [m/kg] [m/kl
(binder  AIN AIN AIN AIN AIN AIN
) (filler)
298.00 | 1.12E-03 | 4.82E-04 | 4.77E-04 | 4.72E-04 | 4.67E-04 | 4.62E-04 | 3.20E-04
300.76 | 1.13E-03 | 4.82E-04 | 4.77E-04 | 4.72E-04 | 4.67E-04 | 4.62E-04 | 3.19E-04
303.51 | 1.13E-03 | 4.83E-04 | 4.78E-04 | 4.73E-04 | 4.68E-04 | 4.63E-04 | 3.19E-04
306.27 | 1.13E-03 | 4.83E-04 | 4.78E-04 | 4.73E-04 | 4.68E-04 | 4.63E-04 | 3.18E-04
309.02 | 1.14E-03 | 4.84E-04 | 4.78E-04 | 4.73E-04 | 4.68E-04 | 4.64E-04 | 3.18E-04
333.82 | 1.20E-03 | 4.94E-04 | 4.89E-04 | 4.83E-04 | 4.78E-04 | 4.72E-04 | 3.15E-04
336.57 | 1.22E-03 | 4.97E-04 | 4.92E-04 | 4.86E-04 | 4.80E-04 | 4.75E-04 | 3.15E-04
339.33 | 1.23E-03 | 5.01E-04 | 4.95E-04 | 4.90E-04 | 4.84E-04 | 4.79E-04 | 3.17E-04
342.08 | 1.23E-03 | 5.02E-04 | 4.96E-04 | 4.90E-04 | 4.85E-04 | 4.79E-04 | 3.17E-04
344.84 | 1.23E-03 | 5.03E-04 | 4.97E-04 | 4.91E-04 | 4.86E-04 | 4.80E-04 | 3.18E-04
42198 | 1.33E-03 | 5.24E-04 | 5.18E-04 | 5.12E-04 | 5.06E-04 | 5.00E-04 | 3.22E-04
424.74 | 1.33E-03 | 5.25E-04 | 5.19E-04 | 5.12E-04 | 5.06E-04 | 5.00E-04 | 3.22E-04
42749 | 1.33E-03 | 5.26E-04 | 5.19E-04 | 5.13E-04 | 5.07E-04 | 5.01E-04 | 3.22E-04
430.25 | 1.34E-03 | 5.27E-04 | 5.20E-04 | 5.14E-04 | 5.08E-04 | 5.02E-04 | 3.22E-04
433.00 | 1.34E-03 | 5.27E-04 | 5.21E-04 | 5.15E-04 | 5.08E-04 | 5.02E-04 | 3.22E-04
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Figure D.1. Specific volume as a function of temperature at 50 MPa pressure.

In order to calculate the dual domain constants the specific volume calculated
for 0.48 to 0.52 volume fractions AIN sum of square of difference (SSD) was
calculated and a GRG nonlinear solver was used to minimize SSD value. Dual
domain Tait model used for predicting specific volumes are shown in
Equations D.2 — D4

v(T,p) =v,(T) [1 —Cln (1 + L) + v, (T, p)] D2

B(T)

where, u (T,p) is the specific volume at a given temperature and pressure, U, is
the specific volume at zero gauge pressure, T is temperature in K, p is
pressure in Pa, and C is a constant assumed as 0.0894. The parameter, B,
accounts for the pressure sensitivity of the material and is separately defined for
the solid and melt regions. For the upper bound [18] when T > T; (volumetric

transition temperature), B is given by Equation D.3
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Uy = by + by (T — bs)B(T) = bs,el=0emT =03y (T, p) = 0 D3

where, bim, bom, bsm, bam, and bs are curve-fitted coefficients. For the lower
bound, when T < T;, the parameter, B, is given by Equation D.4:

Uo = bls + bZS(T - bS)B(T) = bZSe[_b4S(T_b5]Ut(T' p) = b7e[b8(T_b5)_(b9p)]

D4

where, by, bas, bss, bss, bs, b7, bg, and bg are curve-fitted coefficients. The
dependence of the volumetric transition temperature, T; on pressure can be

given by T«(p) = bs+bg(p), where bs and bs are curve-fitted coefficients.

Calculation of Dual domain Tait constants was done in four stages. In the first
stage constants bs and bg were calculated by plotting a graph of transition
temperature (T:) as a function of pressure. T; value is read off the plot as shown
in Figure D.2. A linear curve fitting step was done on intermediate T; values and
the values of bs,and bs were determined.

380
be=1.90E-7 K/Pa
370 e
* Tt

v y = 1.90E-07x + 3.36E+02
1 SN
= bs=336 K

350 oo e

340 L] L] L] L]

0E+00 5E+07 1E+08 2E+08 2E+08  3.E+08

pressure, Pa

Figure D.2. Volumetric transition temperature as a function of pressure.
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In stage two of the calculations constants bss, bzs, and bym, bom, were calculated
by reading the values of the plot as shown in Figure D.3. Using informed guess
the remaining set of Tait constants were assumed. Using Equations D.4-D.6 in
an Excel spreadsheet, the specific volume was predicted for ranges of
temperatures between 298 to 433 K.

5.50E-04 ‘ ‘ ‘ -
—G—0.48 volume fracﬁon P:Ql\’ﬂ)a
5.40E-04 - | | |
. Ay~ 337E-Tx+ 3.95E-4
&” 5.30E-04 b, =347
o 3 § 3 . 5 - m¥kgK
i 520E-04 4 -~ ...................... ......................
E 5 I L A B
= b1,=5.07E-4 ol
S 5.10E-04 4 ™ e e I S E—
[} i { { i { { i
= | | | |
2 m’/kg j y =2.28E-7x+ 4.18E-4
| by—2.28E-7 | 1 ; ;
4.90E-04 - e e
4.80E-04

300 320 340 360 380 400 420 440 460
temperature, K

Figure D.3. Specific volume as a function of temperature for 0.48 volume
fraction AIN at 0 MPa pressure.

In stage three of the calculations the SSD was calculated for the first domain
which was used to calculate Tait constants bss, bss, b7, bs, and bg. In order to do
this the GRG nonlinear solver was used to minimize SSD and get a better fit. In
the final stage of calculations the Tait constants bs, and b4, pertaining to
second domain were calculated using GRG nonlinear solver which minimized
SSD to obtain a better fit of experimental and predicted values. An illustration of
SSD calculation is as shown in Table C.2.

The use of Solver to calculate dual-domain Tait constants, bsm, bam, bzs, bas, bs,
bz, bs, and by are illustrated in the following steps. The step-by-step illustration



222

shown below was performed on Microsoft Excel 2010 using a Window-based

computer.

Table C.2. Calculation of Tait constants with the use of SSD and a GRG
nonlinear solver.

V(T
tempe}zature, V(T.p), ng3l,lfg);, diff? SSD Tait constants
m°/kg predicted
298.00 4.86E-04 | 4.87E-04 | 5.09E-13 bs 331
300.76 4.87E-04 | 4.87E-04 | 6.24E-13 be | 1.65E-07
303.51 4.87E-04 | 4.88E-04 | 6.72E-13 bim | 5.07E-04
306.27 4.88E-04 | 4.89E-04 | 6.18E-13 bom | 3.37E-07
309.02 4.89E-04 | 4.89E-04 |4.42E-13 | Zone1 | b3y | 2.71E+08
311.78 4.89E-04 | 4.90E-04 | 1.77E-13 bsm | 4.88E-03
314.53 491E-04 | 4.91E-04 | 1.72E-16 bss | 4.92E-04
317.29 4.92E-04 | 4.91E-04 | 3.87E-13 bos | 1.82E-07
320.04 4.94E-04 | 4.92E-04 | 2.45E-12 bss | 5.79E+08
5.88E-12 | bss | 0.00126

336.57 5.08E-04 | 5.09E-04 | 3.16E-13 b; | 3.23E-06
339.33 5.09E-04 | 5.10E-04 | 3.17E-13 bs | 4.50E-02
342.08 5.10E-04 | 5.11E-04 | 3.17E-13 by | 2.12E-08
344.84 5.11E-04 | 5.12E-04 | 3.17E-13
347.59 5.12E-04 | 5.13E-04 | 3.18E-13
350.35 5.13E-04 | 5.14E-04 | 3.19E-13
413.71 5.34E-04 | 5.35E-04 | 3.27E-13 Zone 2
416.47 5.35E-04 | 5.36E-04 | 3.27E-13
419.22 5.36E-04 | 5.37E-04 | 3.28E-13
421.98 5.37E-04 | 5.38E-04 | 3.28E-13
424.74 5.38E-04 | 5.39E-04 | 3.28E-13
427.49 5.39E-04 | 5.40E-04 | 3.29E-13
430.25 5.40E-04 | 5.40E-04 | 3.29E-13
433.00 5.41E-04 | 5.41E-04 | 3.29E-13

1.16E-11
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Step 1: Open Microsoft Excel 2010 and click on “Data” tab. In “Data” tab click
“Solver’ button that will pop-up a window called “Solver Parameters” as shown

in Figure D.4.

o o o 2 R®
Data | Review  View  AddIns  Acrobat c@od@ R
L A
Solver Parameters == DAkl
2y Solver
~ Set Objective: £512)] S
t Sort & Analysis |
To: Max © Min Value OF: V‘
D E F o p ?
By Changing Variable Cells: =
$G$11:4G815
5 SUM(diff*2 . .
Higy ) Tait colf Subject to the Constraints: fA2)  Taitconstants |
i Add
i.09E-13 b5_50 331
i.24E-13 b6 Change b6_50 | 1.65E-07

i.72E-13 blm bim_50 | 5.07E-04
sE13 b2m bam 50 | 347607
b3m_50 | 2.71E+08

L.42E-13 b3m
T bém [ oomn ] bam 50 | ase 3
T2E- bls i Load/save bls 50 | 4.926-04

bl [¥] Make Unconstrained Variables Non-Negative b2s 50 | 1.826-07
b3s b3s 50 |5.79E+08

Select a Solving Method: Noni = :
b elect a Solving Metho GRG Noniinear [~ bas_50 | 0.00126

b7 Solving Method E-11] b7 50 | 7.326-05
b8 Select the GRG Nonlinear engine for Solver Problems that are smooth nonlinear. Select the LP Simplex b8 50 |2.40E-01
— engine for linear Solver Problems, and select the Evolutionary engine for Solver problems that are
b9 e aothy b9 50 | 2.12E-08
16E-13
i17E-13 e [ she [ ome |
17E-13

Figure D.4. Solver parameter window in Microsoft Excel 2010.

Step 2: Select “SSD” cell for “Zone 1” similar to the one given in Table D.3 in
the “set objective” space in order to solve for bsm, bsnm. Since the goal is to
minimize SSD click on the circle besides “Min” as shown in Figure D.5. Select
“GRG Nonlinear’ as the solving method. Further select cells referring to Tait
constants bsmn, and b4, in the “changing variable cell’ space. bspy,, and by

values are similar to the ones shown in Table D.2.



Set Objective: $D$146
To: Max © Min Value Of:

By Changing Variable Cels:
$B8$146:$8$147

Subject to the Constraints:

[E (&

Add

Reset All

Load/Save

[¥] Make Unconstrained Variables Non-Negative

SelectaSobvingMethod: | GRG Nonlinear
i

Solving Method

Select the GRG Nonlinear engine for Solver Problems that are smooth nonlinear. Select the LP Simplex
engine for linear Solver Problems, and select the Evolutionary engine for Solver problems that are
non-smooth.

Solver Parameters =

Er
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Figure D.5. Selection of solving method and input parameters for calculating

bzm, and bim.

Step 3: In order to get good convergence click on “option” button in the solver

parameter window. This will pop-up a small window as shown in Figure D.6.

Click on “GRG Nonlinear” tab and set the convergence value to be 2 1 x 10-12,

Finally click the “OK” button.

Figure D.6. Set convergence value for GRG Nonlinear method.
Step 4: Click on “Solve” button to get new values for by, and bym.

Options ===

All Methods  GRG Nonlinear | volutionary |

Convergence: 0.000000000001
Derivatives
@® Forward QO central
Multistart
[ use Multistart
Population Size: 10000]
Random Seed: °

Require Bounds on Variables
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Step 5: Repeat Steps 2 to 4 to minimize SSD corresponding to Zone 2 bss,
bss, bs, bz, bg, and bgcells as shown in Table D.2 are selected in the “changing
variable cell’ space and the “objective cell’ space is set as zone 2 SSD.

Calculations presented in this section were performed to calculate the dual-
domain Tait constants for volume fractions 0.48, 0.49, 0.5, 0.51 and 0.52 of
monomodal AIN-polymer mixtures and also for volume fractions 0.52, 0.54,
0.56, 0.58 and 0.6 of bimodal AIN-polymer mixtures.
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Appendix E: Sintered scanning electron micrographs of green
micromachined aluminum nitride

Commercially available AIN (~1 um and ~20 nm) and Y,03 (~50 nm) were used
as the starting materials in as received condition. The monomodal p-AIN
mixtures contained 80.5 wt.% micro scale AIN powder. The bimodal py-n AIN
mixtures contained 82 wt.% larger () and 18 wt. % finer (n) AIN powder. The
aluminum nitride monomodal and bimodal feedstock were injection molded into
Charpy bars. The injection molded AIN parts were green micro-machined
(Figure 5.3) by Dr. Ozdoganlar’s research group at Carnegie Mellon University.
The GMM parts were received and sintered at different times and temperatures
to study the influence of micro-features and green micro machining on final part
quality. Scanning electron microscope (SEM) image of green micromachined
monomodal AIN sintered parts are presented in Figure E1-6 and bimodal AIN
sintered parts are presented in Figure E7-10 at various processing conditions.

Figure E.1 SEM images of green micromachined monomodal AIN specimen #1
sintered at 1700°C for 1 hour in N
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Figure E.2 SEM images of green micromachined monomodal AIN specimen #2
sintered at 1700°C for 1 hour in N

Figure E.3 SEM images of green micromachined monomodal AIN specimen #3
sintered at 17000C for 1 hour in N»



Figure E.4 SEM images of green micromachined monomodal AIN specimen #4
sintered at 1700°C for 1 hour in N

[ AN CREE Cato E |

Figure E.5 SEM images of green micromachined monomodal AIN Specimen #9
sintered at 1700°C for 1 hour in Ny
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Figure E.6 SEM images of green micromachined monomodal AIN Specimen
#10 sintered at 1650°C for 1 hour in N

Figure E.7 SEM images of green micromachined bimodal AIN Specimen #5
sintered at 1700°C for 1 hour in Ny
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Figure E.8 SEM images of green micromachined bimodal AIN Specimen #6
sintered at 1700°C for 1 hour in Ny

Figure E.9 SEM images of green micromachined bimodal AIN Specimen #7
sintered at 1700°C for 1 hour in N
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Figure E.10 SEM images of green micromachined bimodal AIN Specimen #8
sintered at 17000C for 1 hour in N»
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