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Models for Predicting Powder-Polymer Properties and Their Use in Injection
Molding Simulations of Aluminum Nitride
Chapter 1
Introduction
Powder injection molding (PIM) is useful to economically net-shape complex ceramic
and metal components at high production volumes. Complex shapes manufactured using
PIM have applications in wide area, for instance medicine, electronics and power
generators as shown Figure 1.1. In PIM, ceramic or metal powder is compounded with
polymer (binder) and used to mold parts with an injection-molding machine, in a manner
analogous to the fabrication of conventional thermoplastics. Subsequently, the polymer is
removed (debinding) from the molded part and then sintered under controlled time,
temperature and atmospheric conditions to get the final part of desired dimensions,

density, microstructure and properties.

(A) (B) ©

Figure 1.1: Complex shapes manufactured by PIM: (A) stainless steel dental implants
[1], (B) aluminum heatsinks substrates for light emitting diodes [2], (C) silicon nitride
rotors for gas turbine engine [3].

Due to the requirement for several subsequent processing steps after injection molding, it
is essential to identify appropriate powder-binder (feedstock) compositions and
processing conditions that will result in obtaining parts that are free of defects such as
weld-lines, internal stresses, cracks and warpage during the injection molding stage. The
optimal amount of binder depends on the particle packing, since filling all of the void
space between the particles is necessary to maintain a low viscosity. Thus, factors like the

particle size distribution and particle shape influence the optimal binder concentration.



The ratio of powder to binder also depends on the part geometry, process conditions and
mold design. When the filler content in the powder-polymer composite is varied a change
in the material properties is observed. Many researchers have tried to proposed models to
predict material properties of polymer composites at different volume fractions of
particulate fillers. As it is not always practical to experimentally obtain the values of
these material properties due to time and resource constraints, it is convenient to estimate
material properties using various predictive models. The present thesis evaluates
predictive models for estimating mixture properties as a function of filler content in the
feedstock. The properties were subsequently used to perform mold-filling simulations
that help select the correct combinations of powders and polymers to be used to fabricate
a desired geometry, early during the PIM design cycle. It is anticipated that these results
will provide new perspectives and design tools for identifying useful material
compositions, component geometry attributes, and process parameters while eliminating

expensive and time-consuming trial-and-error practices prevalent in PIM.

Chapter 2 of the thesis reviews and compares several models for predicting the
compositional dependence of thermal, rheological and mechanical properties using
experimental data for several powder-polymer mixtures obtained from the literature. In
order to minimize the time and expense required to experimentally measure these
material properties over a range of compositions, a strategy to predict material properties
from a limited number of experiments was evaluated. Using experimentally available
literature data, curve fitting of various predictive models was carried out and coefficients
of determination were calculated to identify the most suitable predictive models. The
literature review presented in the Chapter 2 has been submitted to International

Materials Reviews.

Chapter 3 presents the use of predictive models identified in the literature review in
Chapter 2 to estimate a number of physical properties over a range of powder volume
fractions for an aluminum nitride feedstock containing a monomodal distribution of sub-

micron particles. The predicted properties were used to conduct injection-molding



simulations using the Autodesk Moldflow Insight software. Two heat sink geometries
were designed and the simulation results were used to understand the sensitivity of
feedstock composition on the injection-molding behavior and defect evolution in
aluminum nitride components. Chapter 3 has been published in JOM and is currently

ranked among the five most-read articles published in this journal in 2012.

Chapter 4 presents the use of predictive models identified in Chapter 2 to estimate a
number of physical properties over a range of powder volume fractions for an aluminum
nitride feedstock containing a bimodal distribution of nanoscale and sub-micron particles.
The addition of nanoparticles provides a useful route to increase the maximum packing
density of powders in the feedstock. The results provide a comparison of the mold filling
behavior and defect evolution in the monomodal and bimodal feedstocks as a function of
filler content. A research article based on this chapter has been submitted to Ceramics

International and is currently under editorial review.

Appendix A contains the raw experimental data on the feedstock and binder properties
used in conjunction with predictive models for obtaining the results in Chapters 3 and 4.
Appendices B, C, and D summarize detailed procedures for model calculations and
extraction of curve-fitting parameters. Appendix E summarizes procedures for
conducting mold-filling simulations using the Autodesk Moldflow Insight software

platform.
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Chapter 2

Predicting Powder-Polymer Mixture Properties for PIM Design

2.1. Abstract

Powder injection molding (PIM) is a high-volume manufacturing technique for
fabricating ceramic and metal components that have complex shapes. In PIM design, it is
important to know the injection molding behavior at different powder-polymer
compositions so as to understand the trade-offs between ease-of-fabrication, process
throughput, and part quality at the design stage. A limited database of materials
properties at different powder-polymer compositions is a significant challenge that needs
to be addressed in order to conduct accurate computer simulations that aid part and mold
design in PIM. However, accurate material property measurements can be expensive and
time-consuming. In order to resolve these conflicting challenges it is hypothesized that
experimental measurements of material properties of a filled polymer at a specific filler
content combined with similar measurements of unfilled polymer will be adequate to
estimate the dependence of properties on filler content using rule-of-mixture models. To
this end, this paper focuses on a literature review of experimental data obtained from
measurements of rheological, thermal and mechanical properties for a wide range of
powder-polymer mixtures at various filler volume fractions. The experimental data were
compared to computed properties using various predictive models. It is anticipated that
the current review can be valuable in selecting appropriate predictive models for
estimating properties based on the input data requirements for commercially available
mold-filling simulation platforms such as Moldflow. The combined protocol can be used
to design new materials and component geometries as well as optimize process
parameters while eliminating expensive and time-consuming trial-and-error practices

prevalent in PIM.



2.1. Introduction

Powder injection molding (PIM) is useful to economically net-shape complex ceramic
and metal components at high production volumes. In PIM, ceramic or metal powder is
compounded with polymer (binder) and used to mold parts with an injection-molding
machine, in a manner analogous to the fabrication of conventional thermoplastics.
Subsequently, the polymer is removed (debinding) from the molded part and then
sintered under controlled time, temperature and atmospheric conditions to get the final

part of desired dimensions, density, microstructure and properties.

Binders play a very crucial role in processing of components by PIM. A binder consists
of primary polymer component to which various additives like dispersants, stabilizers,
and plasticizers are added. The basic purpose of binders is to assist in shaping of the
component during injection molding and to provide strength to the shaped component.
Binders act as a medium for shaping and holding the metal particles together till the onset

of sintering. The important characteristics of binders are summarized in Table 2.1.

Binders are mixed with ceramic or metal powders to make feedstocks that are further
used as starting materials for injection molding. Due to the requirement for several
subsequent processing steps after injection molding, it is essential to identify appropriate
feedstock (powder-binder) compositions and processing conditions that will result in
obtaining parts that are free of defects such as weld-lines, internal stresses, cracks and
warpage during the injection molding stage. Figure 2.1 provides examples of some
common molding defects. A successful PIM feedstock represents a balanced mixture of
powder and binder. Three possible situations can be generalized in considering the ratio
of powder to binder in the feedstock. Too little binder results in a loss of homogeneity
and trapped air pockets resulting in molding difficulties. Raising the binder concentration
results in lowering the viscosity as the mixture adopts a more fluid-like consistency. The
critical solids loading is the composition where the particles are packed as tightly as
possible without external pressure and all space between the particles is filled with

binder. With any more powder (less binder) there is insufficient binder to prevent voids



and molding defects. During debinding, voids contribute to cracking, so a deficiency of

binder is unacceptable.

Table 2.1. Characteristics of an ideal binder system for metal injection molding process

[1].

Criterion

Desirable characteristic

Powder

interaction

low contact angle
good adhesion with powder
capillary attraction of particles

chemically passive with respect to powder

Flow

characteristics

low viscosity at the molding temperature
low viscosity change during molding
increase in viscosity on cooling

small molecule to fit between particles

Debinding

degradation temperature above molding and mixing temperatures
multiple components with progressive decomposition temperatures
and variable properties
low residual carbon content after burnout

non corrosive and non toxic burnout products

Manufacturing

easily available and inexpensive
long shelf life
safe and environmentally acceptable
not degraded due to cyclic heating
high strength and stiffness
high thermal conductivity
low thermal expansion coefficient
soluble in common solvents
high lubricity

short chain length and no orientation




However, a large excess of binder is unacceptable. Excess binder separates from the
powder in molding, leading to flashing (a thin layer of binder between the die pieces) or
inhomogeneities in the molded component. Further, a large excess of binder leads to
component slumping during debinding, since the particles are not held in place as binder
is removed. The critical solids loading corresponds to the particles in point contact, with

no voids in the binder.

© D)

Figure 2.1: Common mold filling defects found in PIM: (A) jetting, (B) short shot, (C)
powder-binder separation, and (D) flashing. Models for predicting mixture properties can
be used to perform mold-filling simulations that can help select the correct combinations
of powders and polymers to be used to fabricate a desired geometry, early during the
design cycle.

Molding is usually performed at a solids loading with slightly more binder than that
measured at the critical level. At this point the feedstock has sufficiently low viscosity
that it can be molded, but exhibits good particle-particle contact to ensure shape
preservation during processing. The slight excess of binder over that at the critical solids
loading improves the mold-filling behavior. The amount of binder depends on the particle
packing, since filling all of the void space between the particles is necessary to maintain a

low viscosity. Thus, factors like the particle size distribution and particle shape influence



the optimal binder concentration. The ratio of powder to binder also depends on the part
geometry, process conditions and mold design. When the filler content in the powder-
polymer composite is varied a change in the material properties is observed [1]. These
material properties when measured experimentally help in quantifying material behavior
at different volume fractions of powder. Many researchers have tried to put forth mixing
rules to predict material properties at different volume fractions of powders [2-9]. As it is
not always practical to experimentally obtain the values of these material properties due
to time and resource constraints, it is convenient to estimate material properties using
various predictive models. The models for predicting mixture properties can subsequently
be used to perform mold-filling simulations that can help select the correct combinations
of powders and polymers to be used to fabricate a desired geometry, early during the

design cycle.

Rules-of-mixtures (ROM) can be used to estimate powder-polymer material property
based on assumption that a material property is weighted or volume averaged with matrix
or dispersed phases as the basis [10]. The binder (polymer) is considered as matrix phase
whereas, filler (powder) as dispersed phase in the powder-polymer composite. Thermal,
rheological and mechanical properties can be estimated using ROM, but each of these
material properties has a number of ROM associated with it [3], [8], [10]. In order to
generalize a particular rule of mixture for a specific material property it is necessary to
assess the relative accuracy with which it can estimate the material property. Further,
their applicability over the range of powder volume fractions of relevance to PIM need to

be studied for different material compositions.

Experimental data that are typically required for powder-polymer mixtures at high
volume fractions of powder are limited in the literature and also tend to be expensive to
obtain for specific volume fractions of powder. In the present review, empirical models to
predict feedstock properties over a compositional range were reviewed and compared
with literature data on powder-polymer mixtures. Feedstock properties necessary for

performing mold-filling simulations were selected for the present review. It is



anticipated that the experimental techniques and modeling evaluated in this review can be
generalized to design new materials, eliminating expensive and time-consuming trial and-

error practices prevalent in PIM.

2.3. Experimental Methods

The rheological and thermal properties of a PIM feedstock play a crucial role in the
design of parts, mold cavities and process settings. For example the variation of viscosity
with shear rate and temperature is useful to analyze the mold filling behavior of the
feedstock material. Similarly knowledge of the heat capacity, thermal conductivity and
coefficient of thermal expansion of the feedstock is critical to eliminate warpage, weld-
lines and shrinkage cracks during solidification and cooling of the component. The
degradation properties of the feedstock are critical in developing thermal cycles for
successful removal of binders from the injection-molded part. Experimental techniques
and standards have been developed to measure these critical properties of a PIM
feedstock. A summary of the experimental techniques used for measuring the properties

of a PIM feedstock is detailed in Table 2.2.

2.4. Estimating Properties of Powder-Polymer Mixtures:

Experimentally determined physical properties of powder-polymer mixtures over a range
of volume or weight fractions were compiled from prior studies and compared to
properties estimated from various powder-polymer mixture models that have been

reported in the literature.

2.4.1 Density

An important difference between plastics injection molding and powder injection
molding is the density of the molding material. The optimal filler content in a PIM
feedstock depends on differences in polymer attributes, particle size distribution, particle
shape, and mixture homogeneity. Accordingly there is a crucial need for process

flexibility owing to lot-to-lot variations in powders and binders.
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Table 2.2. Test equipment and standards used for measuring critical properties of

feedstocks
Property Equipment Standard
Rheology (viscosity-shear Capillary rheometer,
ey { Y prary ASTM D3835
rate-temperature) cone and plate rheometer
Differential scanning
Specific heat . ASTM E1269
calorimeter (DSC)
Differential scanning
Melting ASTM D3418
calorimeter (DSC)
Differential scanning
Solidification ASTM D7426

calorimeter (DSC)

Thermogravimetric analysis | ASTM E1131,
(TGA) ASTM El1641
Thermal conductivity Line source method ASTM D5930

Burnout characteristics

Pressure-volume- . .
High pressure dilatometer ASTM D792
temperature (PvT)

Coefficient of thermal Thermomechanical analyzer

ASTM E831
expansion (TMA)
Elastic modulus and Universal testing machine
ASTM D638
Poisson’s ratio (UTM)

Small errors in formulating a feedstock cause molding sensitivities because of the rapid
viscosity change with solids loading. Since the viscosity of a mixture changes most
rapidly with composition near the critical loading, small errors are amplified into large
viscosity shifts. The density of a powder-polymer mixture is an important experimental

descriptor of the composition of a feedstock.

Several examples of literature reports on experimental measurements of density are
summarized in Table 2.3. The melt and solid density of powder-polymer mixtures can be

estimated using an inverse rule-of-mixtures [3], [4], [10] as given in Equation 2.1:
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1 X, X
Sy ')
Pc pp Pp
where, p is the density, X is the mass fraction and the subscripts ¢, b and p stand for the

2.1)

composite, binder and powder respectively.

Table 2.3. Literature studies on the density of polymer-powder mixtures

Ref. Median Composition
el Authors Filler Particle Size of | Matrix p
No. . Range
Filler, pm
Boudenne et 0
[8] al Al 5 PP 10-60 wt.%
11 Rajesh et al TiO 4 PTFE 52-72 wt.%
[11] 1] b
11 Rajesh et al | BaPrTi4,0 4 PTFE 52-72 wt.%
[11] 1] 2114012
11 Rajesh et al | BaSm,Ti,0 4 PTFE 52-72 wt.%
[11] 1] 2114012
[42] Goyal et al n-ALO; 0.04 PEEK 0-12 vol.%

PP: polypropylene; PTFE: polytetrafluoroethylene; PEEK: polyether ether ketone

Although for manufacturing purposes feedstock formulation is represented by weight,
volumetric comparisons are often useful when examining powders of differing densities.
The volumetric fractions for powder and binder can be calculated from the mass fraction

using Equation 2:

Xp Xp
Py ¢ - p—b
=_rr b (2.2)
P X X X X
Pp  Po Po Po

where, ¢, and ¢ are the volume fractions of the powder and binder, respectively.

Experimental data of the density of three powder-polymer mixtures with 50-70 wt.%
filler content were obtained from the literature [11] and compared with Equation 2.1 as
shown in Figure 2.2. A coefficient of determination (R?) value exceeding 0.97 indicates

the applicability of the model to predict density in highly filled mixtures.

Density versus composition experiments allows determination of the critical solids

loading of a feedstock. At this point, the measured density departs from that calculated
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using Equation 2.1. At high binder concentrations, the experimental mixture density
typically follows along the predicted density line. For the pure powder, the particles do
not pack to full density. Accordingly, at an intermediate composition the mixture density
breaks away from the theoretical line at the critical solids loading; the particles are in
their closest packing condition and just enough binder exists to fill the voids between the
particles. Differences between the powder packing characteristics determine the critical
solids loading. Departures from ideal behavior are also indicative of deficiencies in

mixture homogeneity and formation of voids.

35
] PTFE/BaPr,Ti,0,,
3.25 1
@ PTFE/BaSm,Ti,0,,
= 3 - A PR
s "
.a S e
: 1 - s
s 4
=1 PTFE/TIO,
2154
2.5 - - r
50 55 60 65 70

filler, wt. %

Figure 2.2: Variation in density as a function of filler content for 3 polymer-powder
mixtures: PTFE-TiO,, PTFE-BaPr,TisO,;, and PTFE-BaSm,Ti;O;,, based on the
experimental data obtained from Rajesh et al [11]. The lines represent predicted values
based on Equation 2.1.

2.4.2 Specific heat

The heat capacity of polymers and their mixtures with powders is a complex function of
temperature. At temperatures near the melting point, the heat capacity changes drastically
as a result of the phase change. Further, a PIM feedstock typically contains multiple

binder components, therefore multiple transitions are usually observed. Accordingly,
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specific heat data is required over the range of processing temperatures in order to

accurately model the heat transfer of the molten feedstock entering the mold cavity.

Table 2.4 summarizes the experimental data of specific heat for a wide range of
compositions for several powder-polymer mixtures that have been reported in the
literature. The simplest rule-of-mixture model used for predicting specific heat based on
the general rule-of-mixtures [10] is shown in Equation 2.3.

Cp, = [CppXp + Cp, Xy

Cc

3)

where, C, is the specific heat, X is the mass fraction and the subscripts c, b and p stand
for the composite, binder and powder respectively.

Table 2.4. Literature studies on the specific heat of polymer-powder mixtures

Ref. Median Composition
) Authors Filler Particle Size of | Matrix p
No. . Range
Filler, pm
[1] German et al Fe - PW 85-96 wt.%
[8] Boudenne et al Al 5 PP 10-60 wt.%
[13] Weidenfeller et al Fe;04 9 PP 0-50 vol.%
[13] Weidenfeller et al BaSO, 1.5 PP 0-50 vol.%
[13] Weidenfeller et al | M& 3140wl 2 PP 0-50 vol.%
OH]»
[13] Weidenfeller et al SrFe 2019 1.5 PP 0-50 vol.%
[13] Weidenfeller et al Cu 15 PP 0-50 vol.%
[13] Weidenfeller et al Si0, 11 PP 0-50 vol.%
[40] Subodh et al Sr,Ce,TisO16 7 PTFE 0-60 vol.%
[43] Ishida et al BN 100 PBO 50-90 wt.%

PW: paraffin wax; PP: polypropylene; PTFE: polytetrafluoroethylene; PBO:

polybenzoxazine
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A limitation of the above model is that it sometimes tends to slightly under-estimate the
predicted values of specific heat. In order to address this issue, Christensen et al [12]
proposed a model uses the thermal expansion coefficient (o) and bulk modulus (K) of the
filler and polymer. This model is shown in Equation 2.4:

C—E+9T( R )2 L 24
< 1/K, —1/K.) |K. K, 24)

where, C is the specific heat calculated using the general rule of mixtures in Equation

2.3 and T is the temperature.

The requirement of additional experimental or modeled data of the thermal expansion
coefficient and bulk modulus of the various materials in Equation 2.4 reduces the
relevance of the approach for the present application of generating property estimates for
mold filling simulations. A simpler model that has been successfully applied to mixtures

with high volume fraction fillers [6], is shown in Equation 2.5:

C, = [Cpbxb + Cppxp] w[1+ 4% X%, (2.5)

where, A4, is a correction factor assumed to be 0.2 for spherical particles.

Experimental data of specific heat obtained for a range of filler content was selected for
five different powder-polymer systems from prior studies[1], [8], [13] and compared to
values predicted by Equation 2.5, as seen in Figure 2.3a. Regression analysis shows that
the model has coefficient of determination (R®) values ranging from 0.92-0.99,
confirming a good applicability to predict specific heat in highly filled polymers. As an
example of comparing the models represented by Equations 2.3-2.5, Figure 2.3b
presents the results of predicting the specific heat of polypropylene (PP) filled with
aluminum (Al) in the concentration range of 45-75 wt.% [13]. It can be seen that while all
the models provide a reasonable prediction, Equation 2.5 appears provides the best

relative fit with the experimental data reported by Weidenfeller et al [13].
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Figure 2.3a: Variation in specific heat as a function of filler content for 5 polymer-
powder mixtures: PW-Fe, PP-Al, PP-Cu, PP-glass and PP-BaSO,4, based on the
experimental data obtained from German et al [1], Boudenne et al [8] and Weidenfeller et
al [13]. The lines represent predicted values based on Equation 2.3.
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Figure 2.3b: Variation in specific heat as a function of filler content for PP-Al polymer-
powder mixtures based on the experimental data obtained from Weidenfeller et al [13].
The lines represent predicted values using Equations 2.3-2.5
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2.4.3 Thermal conductivity

The thermal conductivity of PIM feedstocks is significantly higher than conventional
plastics, especially when the filler is metal or a ceramic such as a carbide or nitride. The
implication for PIM is that solidification occurs more rapidly in these systems. Oxide
ceramics on the other hand tend to be insulating. As a result, PIM processing becomes
more sensitive to variations in mold and melt temperatures. Table 2.5 summarizes the
experimental data of thermal conductivity for a wide range of compositions for several

powder-polymer mixtures that have been reported in the literature.

Several equations have been used to predict thermal conductivity of a composite at

different filler concentrations [5, 9], 10]. The thermal conductivity of composites can be

estimated using the Maxwell equation. This model can be used for two-phase mixtures

having non-interacting homogenous spherical particles [3]. The Maxwell equation is as
shown in Equation 2.6:

Ay + 22y, + 260, (2 — 2y)

TP A+ 22, — op(Mp — Ay)

where, A is the thermal conductivity, ¢ is the volume fraction of powder and the

(2.6)

subscripts ¢, b and p stand for the composite, binder and powder respectively.

An approximation of the Maxwell model to predict thermal conductivity was proposed by

Bruggeman. The Bruggeman model is shown in Equation 2.7:

1
(= AN\ (A 2 X
1= = <,1p—,1b> (Z) @7

Equations 2.6 and 2.7 remain valid to predict thermal conductivities at low filler

concentrations and typically cannot be used for highly filled polymers of interest in PIM.

Lichtenecker proposed a simplified model for estimating thermal conductivity as

represented in Equation 2.8:

de = A,%72,07%) (2.8)
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Table 2.5. Literature studies on the thermal conductivity of polymer-powder mixtures

Ref. . M.e dian. . Compositio
No. Authors Filler Partolcle Size Matrix n Range
of Filler, pm

[8] Boudenne et al Al 8 & 50 PP 10-60 wt.%
[13] | Weidenfeller et al Fe;04 9 PP 0-50 vol.%
[13] | Weidenfeller et al BaSO, 1.5 PP 0-50 vol.%
[13] | Weidenfeller et al Mg3[SI;“]?1°] [© 2 PP | 0-50vol.%
[13] | Weidenfeller et al SrFe 2019 1.5 PP 0-50 vol.%
[13] | Weidenfeller et al Cu 15 PP 0-50 vol.%
[13] | Weidenfeller et al. glass fiber 11 PP 0-50 vol.%
[14] Sanada et al ALO; 20 epoxy 0-60 vol.%
[17] Wooster et al Si0, 6 CE 0-70 wt.%
[19] Lee et al wollastonite 2 HDPE 0-75 vol.%
[19] Lee et al SiC 1 HDPE 0-75 vol.%
[19] Lee et al BN 5 HDPE 0-75 vol.%
138] Xu et al AIN L.5-113 PVDF | 0-60 vol.%
[38] Xu et al SiC whiskers 1.4 PVDF 50-60 vol.%
[40] Subodh et al Sr,Ce,TisO16 7 PTFE 0-60 vol.%
[44] Zhou et al SizNy 2 SR 10-60 wt.%
[45] Mutnuri C 55 VE 50-60 wt.%
[46] Moreira et al ALO; 0.04 UPR 0-10 vol.%
[46] Moreira et al CuO 0.04 UPR 0-10 vol.%
[47] Logakis et al n:ﬁifges 0.01 PMMA | 0.5-8.0 wt.%
[48] Dey et al Si 10 HDPE 0-20 vol.%
[49] Yung et al rlxll(i)ilr(c))\:p%{;s:s 30 epoxy 0-51 vol.%

SR: silicone rubber; VE: vinyl ester resin; PP: polypropylene; PTFE:

polytetrafluoroethylene; UPR: unsaturated polyester resiny PMMA: polymethyl

methacrylate; HDPE: high density polyethylene; PVC: polyvinyl chloride; CE: cyanate

ester; PVDF: polyvinylidene fluoride
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Mamunya et al developed a modified form of the Lichtenecker model [6] to account for

the existence of an upper limit for ¢ as shown in Equation 2.9.
N
log . =log4, + (log 1, —log Ab)(qbp/qu) (2.9)

where, ¢m is the maximum volumetric packing fraction for the filler and N is a data-fitted

constant.

The general rule-of-mixtures [10] provides a simpler approach to estimating thermal

conductivity as represented in Equation 2.10:
Ae = Doty + Apdy (2-10)

Figure 2.4a shows the variation of thermal conductivity as a function of filler content
obtained from experimental data for several powder-polymer systems reported in the
literature [7], [14]. Equation 10 was selected to fit the experimental data. Coefficient of
determination values ranging from 0.87 to 0.99 are indicative of the applicability of the
model for predicting thermal conductivity in these systems. Experimental data [19] of
high density polyethylene (HDPE) filled with boron nitride (BN) was compared to
predictions from Equations 2.6, 2.7, 2.9 and 2.10 as shown in Figures 2.4b. It can be

seen that Equation 2.10 provides the best fit for this material system.

2.4.4 Coefficient of thermal expansion

Raising the temperature effectively decreases the volume fraction of filler because most
binders have high thermal expansion coefficients as compared with the powders. For
example, the thermal expansion coefficient of wax is approximately twenty times that of
iron. Thus, on heating a wax-iron mixture, the higher wax expansion results in a
progressive decrease in solids loading. Not only does this affect solids loading, but it also
affects the molding process. Essentially, the decreasing volume fraction of powder with
increased temperature makes molding much easier since viscosity decreases. However,
the difference in thermal expansion coefficients between the powder and binder can result
in residual thermal stresses during cooling, leading to warpage and cracks in the molded

part.



19

<
g o /:55
Z 51 PVDF/Al -
Z /
Z ] e
g -
S 2] -
= 7 &
=) -
© 4
= <
E 11
s -
g |
0

filler, vol. %

Figure 2.4a: Variation in thermal conductivity as a function of filler content for three
polymer-powder mixtures: HDPE-BN, HDPE-SiC and PVDF-Al, based on the
experimental data obtained from Lee et al [19] and Xu et al [38]. The lines represent
predicted values based on Equation 2.10.
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Figure 2.4b: Variation in thermal conductivity as a function of filler content for HDPE-
BN polymer-powder mixtures based on experimental data obtained from Lee et al [19].
The lines show predicted values based on Equations 2.6-2.10.
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Table 2.6 summarizes the experimental data of the coefficient of thermal expansion for a
wide range of compositions for several powder-polymer mixtures that have been reported

in the literature.

Table 2.6. Literature studies on the coefficient of thermal expansion of polymer-powder

mixtures
Median ops
Ref. Authors Filler Particle Size | Matrix Composition
No. . Range
of Filler, pm
(] | Brasselland ALO 15 epoxy | 10-40 vol.%
Wischmann 23 poxy 70
[17] Wooster et al Si0, 6 CE 0-70 wt.%
38] Xu et al AIN L3115 pyDF | 0-60 vol.%
[38] Xu et al SiC whiskers 1.4 PVDF 50-60 vol.%
[39] McGrath et al ALO; 4-19 epoxy 0-50 vol.%
[40] Subodh et al Sr,Ce,Tis016 7 PTFE 0-0.6 vol.%
42 Goyal et al AlL,O 0.04 PEEK 0-12 vol.%
[42] Yy 203
48 Dey et al Si 10 HDPE 0-20 vol.%
[48] y
hollow glass o
[49] Yung et al microspheres 30 epoxy 0-51 vol. %
[50] Elomari et al SS 6061 150 Al O3 10-20 vol.%
[51] Hseis et al NiAl 5 ALO; 10-40 vol.%
57) | Badrinarayan et Zr W50y 0.1 PC | 0-10 vol.%
[ al
[53] Tognana et al Al 110 epoxy 0-25 vol.%
5 Yoon et a montmorillonite - -7.2 wt.%
4 I illoni nyéon 0-7.2 wt.%

PTFE: polytetrafluoroethylene; PC: polycarbonate; HDPE: high density polyethylene;

PEEK: polyether ether ketone CE: cyanate ester; PVDF: polyvinylidene fluoride
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The coefficient of thermal expansion (CTE) of powder-polymer mixtures can be
calculated by several models [8], [9], [15], [16]. The general rule-of-mixtures a simple

approach [3] as shown in Equation 2.11:

ac =¢pap+ab(1—¢p) (2.11)
where, a is the thermal expansion coefficient, ¢ is the volume fraction of the powder and
the subscripts ¢, p and b stands for composite, powder and binder respectively.

Alternatively, a similar model to Equation 2.11 using weight fractions in stead of

volume fractions has also been reported by Wooster et al [17] and Wong et al [3].

A model developed by Turner [3], [18] can be used to predict CTE. This model was
based on interactions between materials in the composite and can be represented as
shown in Equation 2.12. The shortcoming of this model was that it assumed dimension

change in the composite to be same in all phases with change in temperature.

v = apKpp + aprgbp
¢ Kyp + Kqubp

(2.12)

where, a is the thermal expansion coefficient, ¢ is volume fraction of the powder, K is
bulk modulus and the subscripts ¢, p and b stands for composite, powder and binder
respectively. Another equation which was based on interactions between materials in the
composite and accounted shape effects (spherical) in predicting CTE was developed by
Kerner [18] and is as shown in Equation 2.13:

K, — K,
dpKp + 9,K, + 3K, K, /4G,

a. = appy + apdp + Ppd,(a, — ap) (2.13)

where, G is shear modulus and K is bulk modulus.

The Schapery equation [18] is also used to model thermal expansion coeffiecient and is

as shown in Equation 2.14:

(@ - a) (i) + (Vi)
ac =a, +
()~ ) i
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where, K is bulk modulus. Another model used was proposed by Fahmy and Ragai [2]
which is as shown in Equation 2.15:
3((lb — ap)(l — VUp )d)p (215)
E
2(1 = 2v,) ¢, (E—z) +2¢,(1 = 2v,) + (1 +vp)

ae. = dp —

where, a is the thermal expansion coefficient, ¢ is volume fraction of the powder, E is
elastic modulus, v is the Poisson’s ratio and the subscripts ¢, p and b stands for

composite, powder and binder respectively.

The variation in coefficient of thermal expansion as a function of filler content for several
polymer-powder mixtures is plotted in Figure 2.5a based on the experimental data
reported in the literature [2], [11], [19], [20]. A regression fit based on Equation 2.11
resulted in coefficient of difference (R*) values ranging from 0.87-0.97, indicating a good
fit. The experimental data of an epoxy filled with silica particles obtained from Feltham
et al [20] were compared to predicted values from Equations 2.11-15 computed in the
study. It can be seen from Figure 2.5b that the models represented in Equations 2.11,
2.14 and 2.15 provide a good fit with the experimental data thermal expansion
coefficient. The need for the measurement or estimate of fewer parameters in Equation

2.11 increases its preference.

2.4.5. Elastic and shear modulus

The feedstock elastic modulus influences molding and distortion. The molded strength of
the feedstock is extremely important, since there are several handling steps after molding
[68]. Binder composition influences strength, but it is not necessarily true that high
binder strengths translate into high molded strengths. Adhesion between the powder and
binder is important in determining the resistance to handling defects. Further, proper
surfactants ensure good adhesion and greatly influence strength. Typically, the need for
strength dictates the use of small particles with high inter-particle friction. Compared
with the powders, it is small for most binders. For the feedstock the elastic modulus

depends on the binder composition and solids loading.



thermal expansion coefficient, a, K, x 10°

23

9.5
*2
S
*
8 1 X €POXV/ALO,
o N
. ~ . ~ N 4
i}
6.5 1 N SN
epoxy/Si0, '~ N
g @ PTFE/ST,Ce,Ti,0,,
~. I
51 . o A ; h > ~
-
epoxy/AlL0, ) a
@
3.5 T T T T T
0 10 20 30 40 50 60

filler, vol.%

Figure 2.5a: Variation in thermal expansion coefficient as a function of filler content for
polymer-powder mixtures: epoxy/Al,O3 and PTFE/Sr,Ce;Tis016 and epoxy/SiO,, based
on the experimental data obtained from Brassell et al [2], Feltham et al [20], McGrath et
al [39], and Subodh et al [40]. The lines represent predicted values based on Equation

2.11.
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Figure 2.5b: Variation in thermal expansion coefficient as a function of filler content for
epoxy/SiO; based on the experimental and predicted data obtained from Feltham et al
[20]. The lines represent predicted values based on Equations 2.11-2.15.
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Temperature further affects the elastic modulus. Polymers can store deformation energy
as molecular orientations and volume dilations. Usually, the modulus decreases as
temperature increases, but the relaxation of stresses due to the difference in thermal
expansion coefficients between the powder and binder complicates the behavior.
Consequently, the measured modulus will depend on the stress-temperature history of the
feedstock. Table 2.7 summarizes a number of powder-polymer systems for which

experimental data of elastic modulus have been reported in the literature.

A model for the elastic or shear modulus based on a simple rule-of-mixtures is shown in

Equation 2.16.

E. = E,¢p + Ep(1— o) (2.16)

where, ¢ is the volume fraction of the powder and E is the elastic or shear modulus. The
subscripts ¢, p and b represent composite, powder and binder respectively. The Voigt
model [3] is closely related to Equation 2.16 except that weight fractions are used

instead of volume fraction to predict the elastic and shear modulus.

The Reuss model is represented as shown in Equation 2.17. The values obtained using
this equation is typically considered to be a lower bound.
E,E
E,=—t2 0l
Eb ¢b + Ep ¢p

The variation in elastic modulus as a function of filler content for three polymer-powder

2.17)

mixtures is plotted in Figure 2.6a based on the experimental data reported in the
literature [20—22]. A regression fit based on Equation 2.16 resulted in coefficient of
difference (R?) values ranging from 0.71-0.89, indicating only a moderate fit. The
experimental data of an epoxy filled with borosilicate glass particles obtained from Wu et
al [22] were compared to predicted values from Equations 2.16 and 2.17. It can be seen
from Figure 2.6b that the model represented in Equation 2.16 provides a relatively

better fit.
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Table 2.7. Literature studies on the elastic modulus of polymer-powder mixtures

Ref. . M.e dian. . Composition
No. Authors Filler Part.lcle Size | Matrix Range
of Filler, pm

3] ];)Z one F‘;‘j}fy Si0, 15 epoxy | 10-50 vol.%
[17] Wooster et al Si0, 6 CE 0-70 wt.%
[21] Balac et al Caj9(PO4)6(OH), 0.25 PLA 10-60 vol.%
[22] Wu et al bor;lseillsi:ate - epoxy 0-50 vol.%
[28] Fornes et al glass fiber 13 nyéon 0-30 wt.%
[28] Fornes et al montmorillonite 0.01 nyéon 0-7.2 wt.%
[55] Saffar et al CNT 0.15 epoxy 40-90 vol.%
[56] Liang glass bead 110 LDPE 0-30 wt.%
[57] Spanoicllakis ct glass bead 4-62 epoxy 10-46 vol.%
[58] Mishra et al CaCO; 0.03 PP 0-10 wt.%
[59] Zhu et al Si0; 1.5,0.15 PI 0-40 wt.%
[60] Wang et al BaSO4 1.3 PP 0-32 wt.%
[60] Wang et al Ca;o(PO4)s(OH), - HDPE 0-45 vol. %
[61] | Reynaud et al Si0, 0.04 nyé"n 0-20 wt.%
[62] Abu-Abdeen AlLOs <0.05 PVC 0-5 wt.%
[63] Jaggi et al Ca;o(PO4)s(OH), 1 HDPE 0-25 wt.%

PLA: poly-L-lactide; CE: cyanate ester; LDPE: low density polyethylene; EPDM:
ethylene propylene diene monomer; PP: polypropylene; PI: polyimide; HDPE: high
density polyethylene; PVC: polyvinyl chloride;
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Figure 2.6a: Variation in elastic modulus as a function of filler content for 3 polymer-
powder mixtures: PLA-hydroxyapatite, epoxy-borosilicate glass and CE-silica based on
the experimental data obtained from Balac et al [35], Wu et al [36] and Wooster et al
[37]. The lines show the predicted values based on Equation 2.16.
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Figure 2.6b: Variation in elastic modulus as a function of filler content for 3 polymer-
powder mixtures: PLA-hydroxyapatite, epoxy-borosilicate glass and CE-silica based on
the experimental data obtained from Wooster et al [17], Balac et al [21], and Wu et al
[22]. The lines represent predicted values based on Equation 2.16.
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In order to predict the modulus as a function of the filler shape and the direction of
loading, Halpin and Tsai [22] developed a widely accepted theory. This model is as

shown in Equation 2.18:

E. _1+3ndy (2.18)
E, 1—n¢s
where, E is the elastic modulus, & is a shape parameter dependent on the geometry and
loading direction, ¢ is volume fraction, subscripts f, ¢ and b denote filler, composite and
binder. The parameter 1 is given by Equation 2.19:
_E/E,—1

= E,JE, +¢ (@19)

n

The parameter, & can be approximated to 2 for spherical particles [22].

More accurate treatments for estimating the modulus of a composite have been proposed
by several authors. For example, Hashin and Shtrikman [3] developed models where the
shape of the filler is not a restraining factor. In their approach, the lower and upper

bounds of the composite can calculated as shown in Equations 2.20-2.23:

¢
I — 14
Ke= MK+ — . 31— ¢,) (2.20)
(K, —K,) (3Kp +4Gp)
L _ Py
= o T T A 26, (22D)

(Gp —Gp) 5G, (3K, + 4Gy)

1-¢,
1 N 3¢, (2.22)
(kKy — K,) (3K, + 4G,)

K¥ = K, +

1-¢,
P 1 6¢,(K, + 2G,) (2.23)
(G, — G,)  5G,(3K, +4G,)
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where, K is the bulk modulus and G is the shear modulus.

The requirement for additional experimental or modeled data of additional parameters
reduces the attractiveness of adopting models of such complexity as represented in
Equations 2.20-2.23. Additional work is needed to establish the need for such methods

for estimating data of relevance to performing mold-filling simulations.

2.4.6 Viscosity

Mold filling depends on viscous flow of the molten feedstock into the die cavity. This
requires the knowledge of specific rheological characteristics of polymer-powder
mixtures. The feedstock viscosity increases with the addition of powder. As the powder
to binder ratio increases the viscosity becomes essentially infinite at the critical solids
loading. Smaller particles inherently have more surface area and inter-particle friction.
Accordingly, the viscosity of a powder-binder mixture is dependent on the inverse of the
particle size. As a result of variations in powder characteristics, the composition of PIM
feedstocks typically range from 45 vol.% to 75 vol.% filler content. Ceramic feedstocks,
having relatively finer particle size, have a filler content ranging between 50 and 55
vol.%, depending on the powder and binder, while feedsotcks based on iron and steels,
having relatively coarser particle size, are routinely processed in the 58 to 62 vol.% filler
content. Rheological evaluations of powder-binder mixtures can be used in simulations
and molding trials to identify conditions leading to flow instabilities, arising from
material composition, molding temperature, filler content, shear rate, or tool design.
Rheological evaluation also serves as a quality control tool in a PIM operation. Table 2.8
summarizes a number of powder-polymer systems for which experimental rheological

data have been reported in the literature.

The increase in viscosity of a suspension due to the addition of particles was first

analyzed by Einstein[23], [24] as shown in Equation 2.24:
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where, 7, is the relative viscosity of the suspension and represents the ratio of the
viscosity of the mixture to the viscosity of the unfilled polymer melt. The linear
dependence depicted in the above equation is only valid for very dilute suspensions

where particles do not interact with each other.

Table 2.8. Literature studies on the viscosity of polymer-powder mixtures

Ref. Median Composition

) Authors Filler Particle Size of Matrix posttio
No. . Range

Filler, pm
Zhang and
[27] ALO; 0.8 LDPE 40-60 vol. %
Evans

[29] Arefinia et al Al 4-150 PB 0-50 vol.%
[29] Arefinia et al | NH4CIO4 38-150 PB 0-50 vol.%
[41] Osman et al CaCOs 2 HDPE 0-30 vol. %
[62] Abu-Abdeen ALO; 0.04 PVC 0-5 wt.%

LDPE: low density polyethylene; PVC: polyvinyl chloride; PB: polybutadiene; HDPE:
high density polyethylene

A model proposed by Mooney [25] is shown in Equation 2.25:
2.5¢,
= P 2.25
n. exp(l_k(pp) (2.25)
where, # represents the viscosity, k is 1/¢, where m is maximum packing fraction while
the subscripts ¢ represent composite. Equation 2.25 holds true for predicting viscosity at

low concentration of fillers but predicts unrealistic values at high concentrations of
fillers.

Another model that can be used to predict viscosity was proposed by Eiler [25], as shown

in Equation 2.26:

no=1+ 1.25¢, (2.26)
.= b

1=,
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where, subscript b represents binder in the composite. Although this model predicts
values that have a better data fit in comparison to Mooney’s equation, it deviates from the

experimental values at high concentration of fillers.

Chong et al [25] proposed a model that can be used to calculate relative viscosity as

shown in Equation 2.27:

dp — 0.25¢,\
nr = <—> (2.27)

d)b - d)p
However, the above model fails to capture the physical effect of the existence of an

upper limit for ¢,.

The Krieger-Dougherty [23], [24], [26] has been found to be suitable for predicting
viscosity values at higher volume fractions of powder. A simplified form of the model is

given in Equation 2.28:

Ne =

b
[1 b’ (2.28)
bm
where, the parameter, ¢, stands for the maximum packing fraction of the powder.

Figure 2.7a shows the variation of viscosity as a function of filler content for three
powder-polymer systems reported in the literature [27-29]. The data was fitted to
predicted values using Equation 2.28. The coefficient of determination values ranged
from 0.94-0.99 indicating excellent fit with the selected data. The experimental data of
viscosity as a function of filler content for low density polyethylene (LDPE) filled with
alumina (Al,O3) was obtained from the literature [27] and compared to predicted values
based on Equations 2.25-2.28 as shown in Figure 2.7b. It can be seen that the
simplified Krieger-Dougherty model provides the best fit with the experimental data for
the LDPE- Al,O3 system.

In addition to binder and powder effects, feedstock viscosity is sensitive to shear rate.

Most PIM mixtures exhibit pseudoplastic behavior. Accordingly, a simple melt flow
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index is inappropriate and the viscosity must be measured over a range of conditions that

reflect those expected during injection molding.
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Figure 2.7a: Variation in viscosity as a function of filler content for 3 polymer-powder
mixtures: LDPE-Al,O3;, PB-Al and PB-NH4ClO4, based on the experimental data
obtained from Zhang et al [27], Arefinia et al [29], and Osman et al [41]. The lines
represent predicted values based on Equation 2.28.
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Figure 2.7b: Variation in viscosity as a function of filler content for LDPE-Al,O3, based
on the experimental data obtained from Zhang et al [27]. The lines show predicted values
based on Equations 25-28.
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The Cross-WLF model [30] can be used to model the viscosity dependence of any given

powder-polymer mixture on shear rate as shown in Equation 2.29:
7= Mo (2.29)

o ()

where, 7 is the melt viscosity (Pa-s), 1, is the zero shear viscosity(Pa-s), y is the shear
rate (s), 7 is the critical stress level at the transition to shear thinning (Pa), determined
by curve fitting, and # is the power law index in the high shear rate regime, also

determined by curve fitting.

Viscosity is also sensitive to temperature. At low temperatures the mixture viscosity is
too high for standard molding conditions. At high temperatures the binder may be too
thin, causing separation during molding. Thus, a narrow range of conditions exists over
which PIM processing is most viable. The temperature dependence of viscosity of any
powder-polymer mixture [30] can be calculated using Equation 2.30:
Mo = V1exp AZ + (T — T*) (230)

where, T is the temperature (K). 7 " D, and A, are curve fitted coefficients. Additionally,
A is the WLF constant and is assumed to be 51.6 K. The values of these coefficients can

be obtained by curve-fitting the estimated viscosity for different volume fractions of

powder at various shear rates and temperatures.

Figure 2.8 plots the viscosity as a function of shear rate at two different temperatures for
aluminum nitride (AIN) feedstocks incorporated with a paraffin wax-polypropylene
binder system at 48 vol. % and 50 vol. % filler content using Equations 2.28-2.30 [31].
The viscosity of these feedstocks was predicted using experimental data at 0 and 52 vol.
% filler. Such estimates can be useful to examine the sensitivity of powder content on the

mold-filling behavior of PIM feedstocks.
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Figure 2.8: Comparison of viscosity with shear rate at 413 K (top) and 433 K (bottom)
for different volume fractions of AIN powder, ¢, [31].

2.4.8 Specific volume
Shrinkage and warpage problems in molded components depend on the molecular
orientation of polymers as well as residual stresses that form during processing as a result

of flow and heat transfer during the filling, packing and cooling stages of the PIM
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process. The change in specific volume of a PIM feedstock as a function of temperature
and pressure (PvT) is used in conjunction with the temperature-dependent stress-strain
behavior to predict the origin of such molding defects as a function of tool geometry and
process conditions using simulation platforms. Table 2.9 lists some studies on the PvT

behavior of filled polymers found in the literature.

Table 2.9. Literature studies on the PvT behavior of polymer-powder mixtures

Median Composition
Ref. No. Authors Filler | Particle Size of Matrix omposttio
. Range
Filler, pm
[64] Areeratetal | TiO; 0.3 LDPE 10-20 wt.%
(65] | Dlubek etal | umed 1 PDMS 35 wt.%
silica
[66] Camﬁba | glass 30 PET, 1;%1 PA T 35,60 wt.%

LDPE: low density polyethylene; PDMS: polydimethyl siloxane; PET: polyethylene
terephthalate, PBT: polybutylene terephthalate, PA: polyamide, PC: polycarbonate

The specific volume was calculated using the rule-of-mixtures [10] shown in Equation

2.31:
Ve = XpUp + 0 (1 — Xp) (2.31)

where, v is the specific volume, X is the mass fraction of the powder and the subscripts c,
p and b refer to the composite, powder and binder respectively. Equation 2.31 is similar
to Equation 2.1 (specific volume being the reciprocal of density) and is used to predict
the change in specific volume as a function of filler content for two powder-polymer
systems in Figure 2.9. Coefficient of determination values of 0.99 indicate he suitability
of Equation 2.31 for predicting the specific volume for polypropylene (PP) filled with

aluminum (Al) particles based on experimental data found in the literature [8].

Most injection molding software platform use a two-domain Tait [30] model (Equation

2.32) for generating specific volume data as a function of temperature and pressure.:
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Figure 2.9: Variation in specific volume as a function of filler content for PP-Al
mixtures, based on the experimental data obtained from Boudenne et al [8]. The lines
show predicted values based on Equation 2.31.

W(T,p) = v,(T) [1 —Cln (1 + %) + (T, p)] (2.32)

where, v (T,p) is the specific volume at a given temperature and pressure, v, is the
specific volume at zero gauge pressure, 7 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 [30] when T > T; (volumetric transition temperature), B is given by Equation

2.33:
Vo = by + me(T - bS)B(T) = b3me[_b4m(T_b5)]Ut(T' p) =0 (2.33)

where, by, bom, bsm, bsm, and bs are curve-fitted coefficients. For the lower bound [30],
when 7' < T}, the parameter, B, is given by Equation 2.34:
Uo = big + byg(T — bs)B(T) = bysel~04s(T~bsly (T, p) = b,elbs(T=bs)~(bop)] (2.34)
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where, by, bas, bss, bss, bs, by, bs, and by are curve-fitted coefficients. The dependence of
the volumetric transition temperature, T; on pressure can be given by Ty(p) = bs+bs(p),

where b5 and b are curve-fitted coefficients.

Figure 2.10 shows the predicted PvT behavior of aluminum nitride (AIN) feedstocks
incorporated with a paraffin wax-polypropylene binder system at 48 vol. % and 50 vol. %

filler content using Equations 2.31-2.34 [31].
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Figure 2.10: PVT behavior for 0 and100 MPa pressures for different volume fractions of
AIN powder, ¢, [31].
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The PvT data for these feedstocks was predicted using experimental data obtained at 0
and 52 vol. % filler. Such estimates can be useful to examine the influence of powder

content on the shrinkage and warpage characteristics of PIM feedstocks.

Table 2.10 summarizes the coefficients of determination (R?) for the most useful models
for predicting all the material properties based on evaluation against experimental data
obtained from the literature. It is anticipated that these models can be used in conjunction
with limited experimentation to accurately simulate the mold filling behavior of PIM
feedstocks using commercially available platforms such as PIMSolver and Moldflow
[32-36]. The models discussed in this review do not specifically address variations in
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 [37]. Examples of mold-filling simulations for a broad range of applications

are shown in Figure 2.11.

Scale (10 mm)

(A) (B)

(©) (D)

Figure 2.11: Examples of studies on mold —filling simulations for several applications
and material systems (A) AIN heat sink [31], (B) 316L stainless steel microfluidic plate
[36], (C) SizsN4 engine component [67], and (D) Al,O3 dental bracket [68].



Table 2.10. Coefficient of determination (R?) values of predictive models

Property |Ref. No. Authors Material System Model R’
[11] Rajesh et al PTFE/TiO, 1
Density [11] Rajesh et al PTFE/BaSm;Ti4012 Equation 1 0.988
[11] Rajesh et al PTFE/BaPr,Ti4O12 0.971
[1] German et al PW/Fe 0.996
‘ [8] Boudenne et al PP/Al _ 0.981
Specific heat : Equation 5
[13] |Weidenfeller et al PP/Cu 0.998
[13] |Weidenfeller et al PP/GF 0.921
[44] Zhou et al SR/Si3Ny4 0.87
[19] Lee et al HDPE/BN 0.999
Thern?a! [19] Lee et al HDPE/wollastonite | Equation 10 0.94
conductivity
[19] Lee et al HDPE/SiC 0.98
[38] Xu et al PVDF/Al 0.99
Thermal [2] Brassell et al epoxy/ALO; 0.87
expansion [39] McGrath et al epoxy/ALO; Equation 11| 0.972
coefficient |40 | Subodh etal | PTFE/SrCesTisOre 0.88
PLA/
[21] Balac et al Ca(POL)s(OH), 0.72
Modulus [22] Wu et al epoxy/borosilicate Equation 15 0.89
[17] Wooser et al CE-SiO; 0.88
[28] Fornes et al nylon 6/glass fiber 0.77
[27] Zhang et al LDPE/Al,03 0.94
[29] Arefinia et al PB/Al ) 0.998
Viscosity : Equation 25
[29] Arefinia et al PB/NH4ClO4 0.997
[40] Osman et al PB/Al 0.968
Specific [8] Boudenne et al PP/Al (41um) . 0.99
Equation 31
volume [8] | Boudenne et al PP/Al (8um) 0.99

PTFE: polytetrafluoroethylene; PW: paraffin wax; PP: polypropylene; SR: silicone
rubber; HDPE: high density polyethylene; PLA: poly-L-lactide; CE: cyanate ester;
PVDF: polyvinylidene fluoride; LDPE: low density polyethylene; PB: polybutadiene



39

2.5. Conclusions

A literature review of the thermal, rheological and PVT properties of powder-polymer
mixtures was conducted. The experimental data for each property as a function of filler
volume fraction was selected for several powder-polymer systems and compared to
predicted data from various mixture models. Regression analysis on the modeled data
allowed the assessment of the suitability of models for estimating material properties for
highly filled polymers. The combination of experimental methods and constitutive
models analyzed in this paper presents a useful approach to scale material property data
as a function of filler content by combining limited experimentation with appropriate
models for predicting powder-polymer mixture properties. It is expected that such an
approach will increase the design accuracy of part, mold and processes for a broad range
of materials systems used in PIM, in a cost-effective manner. It is further anticipated 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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Chapter 3

Measurements of Powder-Polymer Mixture Properties and Their Use in Powder

Injection Molding Simulations for Aluminum Nitride

3.1 Abstract

Aluminum nitride has been favored for applications in manufacturing substrates for heat
sinks due to its elevated temperature operability, high thermal conductivity and low
thermal expansion coefficient. Powder injection molding is a high-volume
manufacturing technique that can translate these useful material properties into complex
shapes. In order to design and fabricate components from aluminum nitride it is
important to know the injection molding behavior at different powder-binder
compositions. However, the lack of a materials database for design and simulation at
different powder-polymer compositions is a significant barrier. In this paper, a database
of rheological and thermal properties for aluminum nitride-polymer mixtures at various
volume fractions of powder was compiled from experimental measurements. This
database was used to carry out mold-filling simulations to understand the effects of
powder content on the process parameters and defect evolution during the injection
molding process. The experimental techniques and simulation tools can be used to design
new materials, select component geometry attributes, and optimize process parameters
while eliminating expensive and time-consuming trial-and-error practices prevalent in the

area of powder injection molding.
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3.2 Introduction

Powder injection molding (PIM) is useful to economically net-shape complex ceramic
and metal components at high production volumes. In PIM, ceramic or metal powder is
compounded with polymer (binder) and used to mold parts with an injection-molding
machine, in a manner analogous to the fabrication of conventional thermoplastics.
Subsequently, the polymer is removed (debinding) from the molded part and then
sintered under controlled time, temperature and atmospheric conditions to get the final
part of desired dimensions, density, microstructure and properties. Due to the requirement
for several subsequent processing steps it is essential to identify appropriate powder-
binder mixture (feedstock) compositions and processing conditions that will result in
obtaining parts that are free of defects such as weld-lines, internal stresses, cracks and
warpage during the injection molding stage. One common approach to resolve precision
and defect avoidance issues during manufacturing is to lower the amount of powder in
the powder-polymer mixture to improve the mold filling attributes and increase the green
strength during ejection of the part from the mold. However, the volume fraction of
powder not only affects powder-polymer mixture properties and molding behavior but

also the debinding and sintering conditions as well as the final dimensions of the part.

Equation 3.1 provides the final dimensions of the sintered part based on the initial

@p 1/3
r=1-(%) 6.1

where, Y is the linear shrinkage factor and f; is the fractional sintered density. This inter-

volume fraction of powder, ¢, [1]:

relationship between component shrinkage, sintered density and initial volume fraction of
powder is shown in Figure 3.1. It can be seen that parts with lower volume fraction of
powder in the feedstock undergo larger shrinkage for a given sintered density. Sintering
to lower final density is typically not an option since structural and functional properties
depend on achieving high sintering densities. Alternatively, mold cavity dimensions can
be changed to achieve the desired sintered dimensions but that would involve expensive

and time-consuming tool rework. Therefore, there is a critical need to address the effects
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of feedstock composition on the injection molding attributes and defect avoidance at the

component design stage itself.

22

=100 %

\ 4=--989%,
q — 95%

N
[t
4
’
/

linear shrinkage, %
=
/
/
/
/ :
7 ’
(4
/4
(4
/
4
4
4
4
4
/

~ ~
N S
19 ~ =
~
~
\
]8 T N
0.47 0.48 0.49 0.5 0.51 0.52 0.53

volume fraction, ¢,

Figure 3.1: Dependence of linear shrinkage on final sintered density and different
volume fractions of powder, ¢, , using Equation 3.1.

Several injection molding simulation platforms are available for addressing the above
design challenges in PIM. In order to facilitate the design of PIM components using such
simulation tools, there is a critical need to determine the effects of variation in material
composition on the thermal, rheological and mechanical properties of powder-polymer
mixtures. The experimental data that are typically required for powder-polymer mixtures
at high volume fractions of powder are limited in the literature and also tend to be

expensive to obtain for specific volume fractions of powder.

In order to understand the effects of compositional change on powder-polymer mixture
properties, empirical models that have a limited number of fitting constants to predict
feedstock properties were evaluated and used in the current study using aluminum nitride
(AIN) PIM feedstocks. The approach involved using experimental property data of the

unfilled polymer and a powder-polymer mixture at 0.52 volume fraction AIN powder in
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conjunction with the selected mixing models to model a number of physical properties
over a range of powder volume fractions in the feedstock. The modeled data thus
generated were used as input into a feedstock property file in the Autodesk Moldflow
Insight software for simulating the injecting molding process. These simulations were
used to understand the sensitivity of feedstock composition and consequently, physical
properties on the injection molding behavior and defect evolution in AIN components. It
is anticipated that the experimental techniques and modeling and simulation tools
presented in this study can be generalized to design new materials, select component
geometry attributes, and optimize process parameters while eliminating expensive and

time-consuming trial-and-error practices prevalent in PIM.

3.3 Experimental Materials and Methods

Commercially available AIN (Dsp ~1 wm) and Y03 (Dsp ~50 nm) were used as the
starting materials in as-received condition. The micrographs of the powder was taken
with the QuantaTM —FEG (FEI) dual beam scanning electron microscope (SEM) coupled

with an energy dispersive X-ray spectrometer (EDAX) and is shown in Figure 3.2.

Figure 3.2: SEM image of AIN powder used in this study.
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5 wt.% Y»03; was added on the basis of AIN to the powder mixture. A multi-component
binder system comprising of paraffin wax (PW), polypropylene (PP), polyethylene-g-
maleic anhydride (LDPE-g-MA) and stearic acid (SA) was used in the current study.
Details of the composition and mixing preparations are provided elsewhere [2]. Torque
rtheometry was performed in the Intelli-Torque Plasticorder (Brabender) in order to
determine the maximum packing density of the powder-polymer mixture. Twin screw
extrusion of AIN feedstocks was performed with an Entek co-rotating 27 mm twin screw
extruder with an L/D ratio of 40 and pelletized for further use. Injection molding was
performed on an Arburg 221M injection molding machine. Thermogravimetric analysis
(TGA) was performed on the extruded feedstocks using TA- Q500 (TA instruments)
thermal system operated under nitrogen flow in the temperature range of 50-600°C with a

heating rate of 20 °C/min in order to confirm the powder weight fraction in the feedstock.

The rheological characteristics of the feedstock were examined on a Gottfert Rheograph
2003 capillary rheometer at different shear rates and temperatures. The testing was
carried out in accordance with ASTM D 3835. The temperatures were between the
highest melting temperature and the lowest degradation temperature of the binder system.
The barrel of inner diameter of 1 mm and die length of 20 mm was used. The preheating
time was kept at 6 minutes. A K-System II Thermal Conductivity System was used to
evaluate the thermal conductivity of the feedstock. The testing was carried out in
accordance with ASTM D 5930. The initial temperature was 190°C and final temperature
was 30°C. The probe voltage was kept at 4 V and acquisition time of 45 s. Specific heat
measurements were carried out on Perkin Elmer DSC7 equipment in accordance with
ASTM E 1269. The testing was done with an initial temperature of 190°C and final
temperature of 20°C. The cooling rate was kept constant of 20°C/minute. A Gnomix PVT
apparatus was used to find the PVT relationships of the feedstock materials. The test was
carried out in accordance with ASTM D 792. The pellets were dried for 4 hours at 70°C
under vacuum. The measurement type used was isothermal heating scan with a heating

rate of approximately 3°C/minute.
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Autodesk Moldflow Insight 2010 software was used for simulating the injection
conditions of two heat sink geomteries. The heat sink geometries were built using
Autodesk Solidworks 2011 software and the geometry was imported in Moldflow Insight
software. The part was meshed using an automated solid 3D meshing which makes use of
finite element analysis for meshing. The process settings were 303 K for the mold
temperature and 433 K for the melt temperature. Simulations were conducted for a fill-
and-pack type condition in order to meet the objective of understanding injection molding

behavior and its packing characteristics.

3.4 Estimating Properties of Powder-Polymer Mixtures:

The experimentally determined physical properties of AIN powder-polymer mixtures at 0
and 0.52 volume fraction were used to estimate properties of AIN powder-polymer
mixtures with 0.48 to 0.51 volume fractions. In order to estimate these properties, various
models were initially screened before choosing models that were specific to estimating
material properties at high volume fraction fillers. Further, models having fewer
empirical constants were preferred over alternatives, when necessary. Additionally, the
viscosity and PVT data required curve fitting to extract constants required for the

simulations using Autodesk Moldflow Insight software.

3.4.1 Density
The melt and solid density of powder-polymer mixtures can be estimated using various
models [3, 4]. In this paper, an inverse rule-of-mixtures was used [4] as given in

Equation 3.2:

L _% X
Pc Pb Pp (32)

where, p is the density, X is the mass fraction and the subscripts ¢, b and p stand for the
composite, binder and powder respectively. Further, the mass fractions for powder and
binder can be calculated using Equation 3.3:

bpPp % $bPp

= b= T 1 33
p ¢ppp + ¢bpb ¢ppp + ¢bpb ( )
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where ¢ is the volume fraction of the powder. A comparison of density as a function of

volume fraction of powder is shown in Table 3.1.

Table 3.1: Comparison of melt and solid densities for different volume fractions of AIN

powder, ¢,.
volume fraction, melt density, solid density,

kg/m’ kg/m’

0 727 879

0.48 1873 2128

0.49 1897 2152

0.5 1921 2177

0.51 1945 2201

0.52 1969 2225

The melt and solid density data for 0 and 0.52 volume fractions, ®, were experimentally
obtained while the values for intermediate volume fractions were estimated using
Equation 3.2. It was observed that for a change from 0.48 to 0.52 volume fraction of
AIN, the melt density increased from 727 to 1969 kg/m’ and solid density increased from
879 to 2252 kg/m’. The data in Table 3.1 indicates a 2 % variation in melt and solid

density as a result of a +4% change in the volume fraction of AIN.

3.4.2 Specific heat

The specific heat of powder-polymer mixtures has been be estimated by different mixing
rules [5-8]. In this study, a model that has been successfully applied to mixtures with

high volume fraction fillers [6], was used as shown in Equation 3.4:

Cp. = [CopXp + Cp, Xp| * [1+ A% X,X,] (3.4)

where, C, is the specific heat, X is the mass fraction and the subscripts ¢, b and p stand
for the composite, binder and powder respectively. The parameter, 4, is a correction

factor assumed to be 0.2 for spherical particles. The mass fractions were calculated using
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Equation 3.3. The specific heat values calculated for different volume fractions of

powder at various temperatures are shown in Table 3.2.

Table 3.2: Specific heat capacity values at various temperatures for different volume
fractions of AIN powder, ¢,.
temperature, K

volume fraction, ®, 283 298 304 322 331 374 423
specific heat capacity C,, J/kg-K

0 2080 | 3360 | 3840 | 4900 | 4640 | 3490 | 2530
0.48 960 [ 1190 ) 1460 | 2890 [ 1200 | 1200 | 1260
0.49 950 [ 1170 ) 1440 | 2870 [ 1170 | 1180 | 1250
0.5 940 [ 1150 ) 1420 | 2850 [ 1150 | 1160 | 1230
0.51 930 [ 1130 ) 1400 | 2830 | 1120 | 1140 | 1220
0.52 920 [ 1110 ) 1380 | 2810 [ 1090 | 1130 | 1210

The specific heat data for 0 and 0.52 volume fractions were experimentally obtained
while the values for intermediate volume fractions were estimated using Equation 3.4. It
was observed that the specific heat of the powder-polymer mixtures decreased with an
increase in volume fraction of powder. It was also observed that the specific heat
increased with increase in temperature and reached a maximum at a transition
temperature beyond which it again reduces. As a specific example, a change of volume
fraction from 0.48 to 0.52 at 374 K resulted in a decrease in specific heat from 1200 to
1130 J/g-K. The data in Table 3.2 indicates that a = 2.5 % change in specific heat results

from a + 4 % change in the volume fraction of AIN.

3.4.3 Thermal conductivity

Several equations have been used to predict thermal conductivity of a composite at
different filler concentrations [5, 9, 10]. In this paper, a general rule-of-mixtures model
[4] was used as represented in Equation 3.5:

Ae = Apdp + Ay (3.5)
where, A is the thermal conductivity, ¢ is the volume fraction of powder and the

subscripts ¢, b and p stand for the composite, binder and powder respectively. The
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estimated values of thermal conductivity as a function of volume fraction of powder at

various temperatures are shown in Table 3.3.

Table 3.3: Thermal conductivity for different volume fractions of AIN powder, ¢,.

temperature, K

volume fraction, ®, | 315 336 | 356 377 397 417 | 436
thermal conductivity, W/m-K

0 0.195] 0.188 | 0.182 [ 0.176 | 0.171 | 0.166 | 0.162
0.48 395 | 3.55 [ 2.08 | 247 | 191 [ 1.90 | 2.32
0.49 4.03 [ 3.62 | 2.52 | 2.71 | 1.95 | 1.94 | 2.37

0.5 4.11 [ 3.69 | 2.16 | 2.57 | 1.99 | 1.97 | 2.41
0.51 4.18 [ 3.76 | 2.19 | 2.61 | 2.02 | 2.01 [ 2.46
0.52 426 | 2.37 | 2.23 | 2.41 | 2.22 | 2.2 2.7

The thermal conductivity data for 0 and 0.52 volume fractions were experimentally
obtained while the data for intermediate volume fractions were estimated using Equation
3.5. The values of thermal conductivity are similar to studies by Mamunya et a/ [11] for
AIN-epoxy composites at powder content of 0.4-0.5 volume fractions. It can be seen that
the thermal conductivity increases with an increase in volume fraction of AIN powder, ®-
p- Additionally, a decrease in the thermal conductivity value is observed when the
temperature increases above glass transition. The data presented in Table 4 indicate that a

+ 4 % variation in thermal conductivity results from a + 4% change in volume fraction of

AIN.

3.4.4 Coefficient of thermal expansion
The coefficient of thermal expansion (CTE) of powder-polymer mixtures can be
calculated by several models [8, 9, 12, 13]. In this paper first order model was used [9] as

shown in Equation 3.6 since fewer empirical constants were required.
ac = Xpa, + ap(1—Xp) (3.6)

where, a is the thermal expansion coefficient, X is the mass fraction of the powder and
the subscripts ¢, p and b stands for composite, powder and binder respectively. The CTE

data are as shown in Table 3.4.
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Table 3.4: Coefficient of thermal expansion for different volume fractions of AIN

powder, ¢,.
volume fraction, ®, CTE, K

0 5.65E-05
0.48 2.28E-05
0.49 2.25E-05

0.5 2.23E-05
0.51 2.20E-05
0.52 2.18E-05

The CTE data at 0 and 0.52 volume fractions AIN were experimentally obtained while
the rest were estimated using Equation 3.6. It can be seen that the CTE value decreases
with an increase in volume fraction of AIN. Typically in the range of 0.48 to 0.52 volume
fractions, ¢,, the CTE varied between 2.28 E-5 to 2.18 E-5 K! which represents a £ 3 %
variation in CTE for a = 4% change in volume fraction of AIN in the powder-polymer

mixtures.

3.4.5 Elastic and shear modulus
In this paper, the Voigt model [9] was used to predicting the elastic and shear modulus as

shown in Equation 3.7:

E. = E,X, + E,(1 - X;) (3.7)

where, E is the elastic or shear modulus and subscripts c, p and b represent composite,
powder and binder respectively. X is the mass fraction and is calculated using Equation
3.3. Table 3.5 shows the elastic and shear modulus values estimated at different volume
fractions of powder.

Table 3.5: Elastic and shear modulus values for different volume fractions of AIN

powder, @,.
volume fraction, ®, elastic modulus, MPa shear modulus, MPa

0 2560 930
0.48 13050 4900
0.49 13270 5000

0.5 13480 5070
0.51 13700 5150
0.52 13920 5240
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The modulus data for powder volume fractions of 0 and 0.52 were experimentally
obtained while the values for the intermediate volume fractions were estimated using
Equation 3.7. It can be seen that the elastic and shear modulus values increase with an
increase in volume fractions of AIN. Typically, in the range of 0.48 to 0.52 volume
fractions, ¢,, the elastic modulus increased between ~13000 to ~14000 MPa and shear
modulus varies between 4900 to 5240 MPa which represents a + 3.5 % variation in the
elastic and shear modulus for a + 4% change in volume fraction of AIN in the powder-

polymer mixtures.

3.4.6 Viscosity

The viscosity of powder-polymer mixtures at different volume fractions of AIN can be
predicted using numerous mixing rules [4, 14-16]. In this paper, a simplified Krieger-
Dougherty [16] viscosity model was used as it is suitable for predicting viscosity values
at higher volume fractions of powder using the fewest empirical constants, as given in

Equation 3.8:

Ne=—0
e

where, 1 and ¢, represent the viscosity and the volume fraction of powder, respectively

while the subscripts ¢ and b represent composite and binder respectively. The parameter,
Pmax, stands for the maximum packing fraction of the powder. Additionally, the Cross-
WLF model [17] was used to model the viscosity dependence of any given powder-
polymer mixture on shear rate as shown in Equation 3.9:

"o

NN

n= (3.9)

where, 7 is the melt viscosity (Pa-s), 7y is the zero shear viscosity, y is the shear rate
(1/s), 7" is the critical stress level at the transition to shear thinning, determined by curve
fitting, and # is the power law index in the high shear rate regime, also determined by
curve fitting. The temperature dependence of viscosity of any powder-polymer mixture

[17] can be calculated using Equation 3.10:
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A (T -T")

Aot T @10

where, 7 is the temperature (K). 7 " D, and A, are curve fitted coefficients. Additionally,
A, is the WLF constant and is assumed to be 51.6 K. The values of these coefficients
were obtained by curve-fitting the estimated viscosity for different volume fractions of

powder at various shear rates and temperatures and are summarized in Table 3.6.

Table 3.6: Cross-WLF constants for different volume fractions of AIN powder, ¢,

Cross WLF volume fraction, ®,
constants 0.49 ‘ 0.5 0.51
n 0.4 0.46 0.46 0.45 0.43 0.38
T, Pa 793.46 280.12 230.58 183.65 148.20 117.77
D1, Pa-s 4.29E+23 | 8.73E+10 [ 9.66E+10 | 1.81E+11 | 8.46E+10 | 8.78E+10
T* K 333 375.15 374.68 372.29 370.45 263.15
Al 78.13 31.13 31.12 30.24 26.13 14.23
A2, K 51.6 51.6 51.6 51.6 51.6 51.6

Figure 3.3 shows the shear-rate dependence of viscosity for several powder-polymer
mixtures at 413 and 433 K. The zero-shear viscosity was estimated from the plateau
region at low shear rate while the power law index was obtained from the slope at higher
shear rates. The data for powder volume fractions of 0 and 0.52 are experimental values
while the data for intermediate volume fractions of powder were estimated from
Equation 3.8. It can be observed that the zero-shear viscosity increased considerably
with small increases in volume fraction, ¢, in the range of interest. The curve-fitted WLF
parameters n, ¥ D;, T* A; and A, were estimated for temperatures between 413 K and
433 K. The values estimated for » and 7* for each temperature were then averaged out for
individual volume fractions of powder which resulted in an error of + 1.5 %. The values
of rest of the parameters did not vary with an increase in temperature. The power law
index, n, decreased from 0.46 to 0.38 with an increase in volume fractions from 0.48 to
0.52. Similarly, t* decreased from 280 to 118 MPa with an increase in volume fractions

from 0.48 to 0.52.
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Figure 3.3: Comparison of viscosity with shear rate at 413 K (top) and 433 K (bottom)

for different volume fractions of AIN powder, ¢,.

T* is the transition temperature at which the material exhibits a change from Newtonian

to shear-thinning behavior on increasing shear rates. It was observed that the value of 7*

decreased from 370 K to 263 K when the volume fraction of AIN was changed from 0.48
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to 0.52. It was also observed, that 4; changed from 31 to 14 when the volume fraction of

AIN was changed from 0.48 to 0.52.

3.4.7 Specific volume
The specific volume was calculated using the general rule-of-mixtures [4] given in

Equation 3.11:

Ve = Xpv, +Up(1 — Xp) (3.11)

where, v is the specific volume, X is the mass fraction of the powder and the subscripts c,
p and b refer to the composite, powder and binder respectively. The injection molding
software platform uses the two-domain Tait [18] equation (Equation 3.12) for generating

viscosity values at different volume fractions of powder.

(T, p) = vy(T) [1 - Cln<1 + %) +u,(T, p)] (3.12)

where, v (T,p) is the specific volume at a given temperature and pressure, v, is the
specific volume at zero gauge pressure, 7 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
3.13:

Vo = by + by (T — bs)B(T) = b3me[_b4m(T_b5)]Ut(Tt p)=0 (3.13)

where, by, bom, bsm, bsm, and bs are curve-fitted coefficients. For the lower bound [18],

when 7 < T, the parameter, B, is given by Equation 3.14:
Vg = byg + byo(T — b)B(T) = by,el=04sT=bsly (T, p) = b, ebs(T=bs)-(bsp)] (3.14)

where, by, bas, bss, bys, bs, by, bs, and by are curve-fitted coefficients. The dependence of
the volumetric transition temperature, T; on pressure can be given by Ty(p) = bs+bs(p),
where bs and bs are curve-fitted coefficients. The values of these coefficients are

summarized in Table 3.7.
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Table 3.7: Dual-domain Tait constants for different volume fractions of AIN powder, ¢,
Dual-
domain Tait

volume fraction, @,

constants 0.48 0.49
bs, K 336.15 331 331 331 331 331
b6, K/Pa 1.47E-07 | 1.65E-07 | 1.65E-07 1.65E-07 | 1.65E-07 | 1.65E-07
b1m, m3/kg 1.26E-03 | 5.07E-04 | 5.00E-04 | 4.95E-04 | 4.90E-04 | 4.84E-04
b2m,
m’/kg-K
b3m, Pa 1.26E+08 | 2.71E+08 | 2.71E+08 | 2.71E+08 | 2.87E+08 | 2.87E+08
bdm, K 5.87E-03 | 4.88E-03 | 4.88E-03 4.88E-03 | 2.49E-03 | 4.82E-03
bls, m3/kg 1.17E-03 | 4.92E-04 | 4.84E-04 | 4.75E-04 | 4.74E-04 | 4.69E-04
b2s,
m’/kg-K
b3s, Pa 2.40E+08 | 5.79E+08 | 5.79E+08 [ 5.79E+08 [ 5.79E+08 | 5.79E+08
bds, K! 4.16E-03 | 1.26E-03 | 1.26E-03 1.26E-03 | 1.26E-03 | 1.26E-03
b7, m3/kg 8.46E-05 | 3.23E-06 | 7.78E-06 1.04E-05 | 7.27E-06 | 1.49E-05
b8, K™ 6.69E-02 | 4.50E-02 [ 3.99E-02 1.85E-02 | 5.33E-02 | 1.10E-01
b9, Pa™ 1.39E-08 | 2.12E-08 | 2.12E-08 2.12E-08 | 2.12E-08 | 2.12E-08

1.34E-06 | 3.37E-07 | 3.27E-07 | 3.18E-07 | 3.09E-07 | 2.99E-07

8.57E-07 | 1.82E-07 | 1.71E-07 1.65E-07 | 1.47E-07 | 9.70E-08

Figure 3.4 shows the comparative plot of specific volumes at 0, 100, and 200 MPa
pressure. The PVT behavior for 0.52 volume fraction of powder is plotted from
experimental values while the data for 0.48 and 0.50 volume fractions of powder were
estimated using Equation 10. It can be observed that the specific volume increases with
an increase in volume fraction of AIN. The dual-domain Tait constants were estimated
using curve fitting for 0, 50, 100, 150, 200 MPa pressure for volume fractions of 0, 0.48
to 0.52 AIN. The parameters, bs bs, and by, did not vary in the range of 0.48 to 0.52
volume fractions of AIN. It was also observed that the parameters, b, by, bis and by,
decreased on increasing the volume fractions from 0.48 to 0.52 but the change was
nominal. The parameters, bz, bsm, b3s and by, also did not vary for volume fractions
between 0.48 to 0.52. Parameters, b; and bs, showed a relatively greater sensitivity to

changes in the volume fraction of AIN, however no distinctive trends could be observed.
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3.5 Simulation Results
Simulations were conducted for 0.48 to 0.52 volume fractions of AIN at 433 K melt
temperature and 303 K mold temperatures using the heat-sink geometries shown in

Figure 3.5.

Figure 3.5: Mold geometry used in injection molding simulations: a) simple heat-sink
substrate without fins, and b) heat sink substrate with fins.

The simulations were done for mold filling and packing stages. The progressive filling
behavior of the feedstock with 0.51 volume fraction AIN is shown in Figure 3.6 for the
two geometries. It can be seen that the fin region of the mold cavity fills at the end of the

molding stage.
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Figure 3.6A: Progressive filling of the heat sink substrate without fins shown in Figure
5A for 0.51 volume fraction AIN feedstock: (a) 25% fill, (b) 50% fill, (c): 75% fill and
(d) 100% fill.
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Figure 3.6B: Progressive filling of the heat sink substrate with fins shown in Figure 5B
for 0.51 volume fraction AIN feedstock: (a) 25% fill, (b) 50% fill, (c): 75% fill and (d)
100% fill.
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Figure 3.7 shows the variation of part weight as a function of volume fraction of AIN for
the two heat-sink geometries shown in Figure 3.5. The part weight increases with an

increase in volume fraction of AIN powder from 0.48 to 0.52.

0.77
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0.75 ® with fins

0.73

0.71 e}

0.69 ®

part weight, g

0.38 -

0.37

0.36 *

0.34 + T T r v T
0.47 0.48 0.49 0.5 0.51 0.52 0.53

volume fraction, ¢p

Figure 3.7: Part weight for different volume fractions of AIN powder, ¢,.

This increase in part weight with an increase in powder volume fraction can be attributed
to an increase in density values with a rise in volume fractions of AIN as observed in
Table 3.1. Further, for an AIN powder volume fraction change from 0.48 to 0.52, the part
weight changes from 0.35 to 0.38 g for heat sink substrate without fins. In the case of the
heat sink substrate with fins, the corresponding change is from 0.69 to 0.76 g. This
change denotes a £3 % variation in part weight for a + 4% change in the volume fraction
of AIN. It was also observed that the part weight doubled for heat sink substrate with fins

in comparison to the heat sink substrates without fins in Figure 3.7

As the filling phase nears completion, the packing phase commences during which the
part cools till a 100 % frozen volume is obtained. Figure 3.8 shows the dependence on

freeze time on the volume fraction of AIN powder in the feedstock.
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Figure 3.8: Freeze time for different volume fractions of AIN powder, ¢,.

It can be observed from Figure 3.8 that for a change of 0.48 to 0.52 volume fractions of
AIN, the freeze time changes from 2.2 to 1.6 s for heat sink substrate without fins. In the
case of the heat-sink substrate with fins, the change in freeze time is from 2.6 to 1.6 s.
This denotes a + 2.5 % variation in freeze time for a + 4% change in the volume fraction
of AIN. The change in freeze time as a function of volume fraction can be attributed to

the change in thermal properties estimated from Equations 3.4 and 3.5.

Figure 3.9 shows the variation in peak injection pressure as a function of the volume
fraction of powder for the two heat-sink substrates. The peak injection pressure is located
near the gate of the mold cavity. The peak injection pressure is relatively higher for the
heat-sink substrate with fins compared to the heat-sink substrate without fins as a result
of an increase in volumetric flow rate. It can be seen that for the heat-sink substrate with
fins, the peak injection pressure increases from ~14 to ~16 MPa with an increase in
powder volume fraction from 0.48 to 0.52. This behavior can be attributed to an increase
in the viscosity of the powder-polymer mixture as represented in Equations 3.8-3.10. An

increase in injection pressure directly increases the clamp force and correspondingly
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reduces the number of mold cavities that can be simultaneously filled on a molding

machine.
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Figure 3.9: Peak injection pressure for different volume fractions of AIN powder, ¢,.

An increase in injection pressure can also result in an undesirable alteration of the melt
flow such as jetting. Further, microstructural inhomogeneity can also be introduced in the

part at higher injection pressures due to powder-polymer separation.
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Figure 3.10: Volumetric shrinkage (%) for different volume fractions of AIN powder, ¢,.
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Figure 3.10 shows the dependence of volumetric shrinkage of the heat-sink substrates as
a function of powder volume fraction. It can be seen that the volumetric shrinkage
generally decreases from ~8.5 to ~7 % with increase in powder volume fraction from
0.48 to 0.52. This can be attributed to the PVT behavior of the powder-polymer mixtures
as described in Equations 3.11-3.14.

Figure 3.11 shows the weld-line distribution for the two heat-sink substrates as a
function of powder volume fraction.
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Figure 3.11: Weld-line distribution in the heat-sink geometries without fins (top) and
with fins (bottom), at 0.48(a and c) and 0.52 (b and d) volume fractions of AIN powder,

Pp-
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No significant differences were observed (Figure 3.11 a and b) for the weld-line
distributions in the heat-sink substrate without fins as the powder volume fraction
increased from 0.48 to 0.52. In contrast, a number of new weld lines appeared in the fin
region of the second heat-sink substrate (Figure 3.11 ¢ and d) when the powder volume
fraction increased from 0.48 to 0.52. Thus, as the part complexity increases, the
sensitivity of defect evolution to changes in material composition can increase. Further
analysis on the strength of the weld lines as well as residual stresses in the molded parts

will be performed in the future, based on the data in Equations 3.6 and 3.7.

3.6 Conclusions

The thermal, rheological and PVT properties of powder-polymer mixtures can be
modeled as a function of powder volume fraction in the concentration ranges of interest
to PIM. This data is critical to understanding the consequences of material composition
on the mold-filling behavior of powder-polymer mixtures. The combination of
experimental methods, constitutive models and the computer simulation platform
analyzed in this paper represents a useful approach to address problems of precision and
defects in PIM parts early in the design cycle. It is anticipated 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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Chapter 4

Feedstock Properties And Injection Molding Simulations Of Bimodal Mixtures of

Nanoscale and Microscale Aluminum Nitride

4.1 Abstract

Powder injection molding (PIM) is useful to manufacture small net-shape complex metal
and ceramic components in high production volumes. The use of nanoparticles (n) in
conjunction with microparticles (u) has been previously identified in our research group
as a promising approach to achieve high sintered density and low shrinkage in injection
molded AIN. The sintering studies showed the formation of liquid phase at 1500°C in
the bimodal p-n AIN samples, a temperature that is at least 100°C lower than typically
reported values in the literature. The sintered parts of bimodal p-n AIN mixtures
exhibited comparable sintered density but lower shrinkage (~14%) than the
corresponding monomodal mixtures (~20%). These benefits in sintered attributes were
accompanied by a significant increase in the maximum powder content (~ 71 vol.%) in
powder-polymer mixtures with the addition of nanoparticles. In order to take advantage
of the benefits of nanoparticles, a clear understanding of the effects of nanoparticles on
feedstock properties is required especially since nanoparticles exhibit poor packing
behavior and show high tendency for agglomeration, negatively impacting the
rheological behavior and homogeneity of the feedstock. The current study is focused on
understanding the effect of nanoparticle addition on the rheological and properties of
feedstock. The feedstock properties were further used as to carry out mold-filling
simulations to understand the effects of powder content on the process parameters and
defect evolution during the injection molding process. The feedstock properties and
simulations can be used to improve PIM design practices in material selection,

component geometry attributes, and optimized process parameters.
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4.2 Introduction

Powder injection molding (PIM) has emerged as the primary technology to economically
manufacture small net-shape complex metal and ceramic components in high production
volumes [1]. The PIM process utilizes a mixture of metal or ceramic powder and polymer
(feedstock) to shape the component. In subsequent processing steps, the polymer is
removed from the shaped component and the part is sintered at high temperature in a
controlled atmosphere to enhance the density and achieve the required functional

properties [2].

The feedstock composition and properties play a critical role in successful manufacturing
of parts by PIM. A failure to optimize feedstock compositions could result in the
formation of defects such as weld-lines, cracks and warpage during the injection molding
process. Most of the internal defects formed during injection molding exaggerate during
subsequent sintering operations resulting in the production of low quality parts after
undergoing significant value addition steps [3]. Thus, understanding the effects of metal
or ceramic powders on feedstock properties is critical to the success of the PIM process.
One common practice in PIM to avoid the formation of defects is to lower the amount of
powder in the feedstock thus increasing the polymer content which in turn enhances the
flowability and green strength of the part during injection molding. However lowering
the powder content in the feedstock will result in higher shrinkage during sintering

resulting in issues with meeting stringent dimensional control requirements of final parts.

The relation between final dimensions of the sintered part and the initial volume fraction

of powder ¢, is given by Equation 1 [4]:

®p)1/3

Y=1—(E

(M

where, Y is the linear shrinkage factor and f; is the fractional sintered density. This inter-
relationship between part shrinkage, sintered density and initial volume fraction of
powder is shown in Figure 1. It can be seen that for a given sintered density, parts with

lower volume fraction of powder in the feedstock undergo larger shrinkage. Sintering at a
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lower temperature in order to minimize the shrinkage is not viable since it will result in

lower density and properties of the component.
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Figure 4.1: Dependence of linear shrinkage on final sintered density and different
volume fractions of powder, ¢,, using Equation 1.

Similar to other techniques in powder processing techniques, the goal in PIM is also to
manufacture parts with high sintered density and low shrinkage. The use of nanoparticles
in conjunction with microscale particles was identified as a promising approach to
achieve the goal of manufacturing parts with high sintering density with low shrinkage in
recent studies emerging from our research group [5-7]. Nanoparticles require lower
sintering temperature to achieve high sinter density and parts with superior mechanical
properties. These studies have shown the positive effect of addition of nanoparticles in
achieving high sintered density and lower shrinkage in injection molded AIN. The
sintering studies showed the formation of liquid phase at 1500°C in the bimodal p-n AIN
samples, a temperature that is at least 100°C lower than typically reported values in the

literature. The sintered parts of bimodal p-n AIN mixtures exhibited comparable sintered
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density but lower shrinkage (~14%) than the corresponding monomodal mixtures (~20%)
[5-7]. Our prior research study [8] also showed significant increase in the maximum
powder content in powder-polymer mixture with the addition of nanoparticles. A
maximum powder content of 90 wt. % (71 vol. %) was achieved in AIN powder-polymer
mixes with the addition of nanoparticles. The monomodal p AIN powder-polymer mixes
had a maximum achievable powder content of only 81 wt.% (54 vol.%) [8]. However, in
order to take advantage of the benefits of addition of nanoparticles, a clear understanding
of the effect of nanoparticles on feed stock properties is required especially since
nanoparticles exhibit poor packing behavior and show high tendency for agglomeration
which negatively impact the rheological behavior and homogeneity of the feedstock [8].
The current study is focused on understanding the effects of nanoparticle addition on the

rheological, mechanical and thermal properties of bimodal p-n AIN feedstock.

The simulation of injection molding process relies on the properties of the feedstock as
input data [9]. In order to facilitate the design of PIM components using simulation tools,
there is a critical need to determine the effects of variation in material composition on the
thermal, rheological and mechanical properties of powder-polymer mixtures. The aim of
the current study is to understand the effect of change in properties of the feedstock as a
result of increased volume fraction due to addition of nanoparticles. Subsequently, the
effects of feedstock properties on the mold filling behavior and defect formation were
studied using the Autodesk Moldflow Insight simulation platform. The results from the
present study will provide a quantitative understanding of the influence of nanoparticle
addition on feedstock properties and injection molding process; resulting in the
development of new material compositions that will ultimately result in manufacturing
complex sintered components with high density and low shrinkage. The simulation
results will also assist in selecting component geometry attributes and optimize process
parameters while eliminating expensive and time-consuming trial-and-error practices

prevalent in the area of PIM.
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4.3 Experimental Materials and Methods

Commercially available AIN (~1 wm and ~20 nm) and Y,0O3 (~50 nm) were used as the
starting materials in as received condition. The bimodal p-n AIN mixtures contained 82
wt.% larger (p) and 18 wt. % finer (n) AIN powder. 5 wt. % Y03 was added on the basis
of AIN to the powder mixture. The SEM micrograph of the powder is shown in Figure 2.

Figure 4.2: SEM of bimodal p-n AIN powder used in the present study.

A multi-component binder system comprising of paraffin wax (PW), polypropylene
(PP), polyethylene-g-maleic anhydride (LDPE-g-MA) and stearic acid (SA) was used in
the current study. Details of the composition and mixing preparations are provided

elsewhere [10].

The rheological characteristics of the feedstock were examined on a Gottfert Rheograph
2003 capillary rheometer at different shear rates and temperatures. The testing was
carried out in accordance with ASTM D3835. The temperatures were between the highest
melting temperature and the lowest degradation temperature of the binder system. The
barrel of inner diameter of 1 mm and die length of 20 mm was used. The preheating time
was kept at 6 minutes. Torque rheometry was performed in the Intelli-Torque

Plasticorder (Brabender) in order to determine the maximum packing density of the
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powder-polymer mixture. Twin screw extrusion of AIN feedstocks was performed with
an Entek co-rotating 27 mm twin screw extruder with an L/D ratio of 40 and pelletized
for further use. Injection molding was performed on an Arburg 221M injection molding
machine. Thermogravimetric analysis (TGA) was performed on the extruded feedstocks
using TA- Q500 (TA instruments) thermal system operated under nitrogen flow in the
temperature range of 50-600°C with a heating rate of 20 °C/min in order to confirm the

powder weight fraction in the feedstock.

A K-System II Thermal Conductivity System was used to evaluate the thermal
conductivity of the feedstock. The testing was carried out in accordance with ASTM
D5930. The initial temperature was 190°C and final temperature was 30°C. The probe
voltage was kept at 4 V and acquisition time of 45 s. Specific heat measurements were
carried out on Perkin Elmer DSC7 equipment in accordance with ASTM E1269. The
testing was done with an initial temperature of 190°C and final temperature of 20°C. The
cooling rate was kept constant of 20°C/minute. A Gnomix PVT apparatus was used to
find the PVT relationships of the feedstock materials. The test was carried out in
accordance with ASTM D792. The pellets were dried for 4 hours at 70°C under vacuum.
The measurement type used was isothermal heating scan with a heating rate of

approximately 3°C/minute.

Autodesk Moldflow Insight 2011 software was used for simulating the injection
conditions of two heat sink geomteries. The heat sink geometries were built using
Autodesk Solidworks 2011 software and the geometry was imported in Moldflow Insight
software. The part was meshed using an automated solid 3D meshing which makes use of
finite element analysis for meshing. The process settings were 303K for the mold
temperature and 433K for the melt temperature. Simulations were conducted for a fill-
and-pack type condition in order to meet the objective of understanding injection molding

behavior and its packing characteristics.
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4.4 Results and Discussion

4.4.1 Properties

The experimentally determined physical properties of bimodal p-n AIN powder-polymer
mixtures at 0 and 0.6 volume fractions were used to estimate properties of bimodal p-n
AIN powder-polymer mixtures with 0.52 to 0.58 volume fractions. Several models have
been published in the literature to predict various properties of feedstocks that are
necessary as input data for conducting mold-filling simulations [11-28]. The empirical
models used in the present study were selected after carrying out an in-depth statistical
analysis of the ability of various published models to fit literature data on powder-
polymer mixture properties [29]. The empirical models used to estimate various
properties of bimodal p-n AIN are summarized in Table 4.1. The descriptions of symbols
in the empirical formulas are detailed in Table 4.2. Additionally, the viscosity and PVT
data required curve fitting to extract constants required for mold filling simulations using

Autodesk Moldflow Insight software

A simplified Krieger-Dougherty [7] viscosity model was used as it is suitable for
predicting viscosity values at higher volume fractions of powder (Equation 4.2). The
Cross-WLF model [11] was used to model the viscosity dependence of any given
powder-polymer mixture on shear rate (Equation 4.3). The temperature dependence of
viscosity of any powder-polymer mixture [11] was estimated using Equation 4.4. The
values of the coefficients (7, D; and A;,) were obtained by curve-fitting the estimated
viscosity for different volume fractions of powder at various shear rates and temperatures
and are summarized in Table 4.3. Additionally, the viscosity and PVT data required
curve fitting to extract constants required for mold filling simulations using Autodesk

Moldflow Insight software



Table 4.1: Models used in the present study to estimate the feedstock properties.
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Property Empirical relation Equation
number
Viscosity _ Ny 4.2
Ne = 2
1- ¢p
(I)max
Mo
nN=—_"—"3-=n 4.3
oY
1+ ( T )
A (T -T")
=Diexp|————F= 4.4
To =" p[ A, +(T—T)
Specific volume Ve = Xpvp + vb(l — Xf) 4.5
p 4.6
v(T,p) =v,(T) [1 —Cln (1 + m) + vt(T,p)]
4.7
T > Tt: UO = blm + bzm(T - bs)B(T) =
bgme[_b4m(T_b5)]Ut(T, p) = 0 4'8
T < T
Up = bls + bZS(T - bS)B(T) =
sze[‘b“(T_bS]vt(T,p) = b7e[bs(T—b5)—(b9P)]
Density 1 Xy X
R 4.9
Pc Pp  Pp ’
Mass fraction _ bpPp
P ¢ppp + ¢bpb 4.10
_ $bPp 411
b ¢ppp + (nbbpb '
Specific heat Cpc — [Cprb + Cprp] * [1 + A XbXp] 4.12
Thermal Ae = Apdp + Ap by 4.13
conductivity
Coefficient of a. =Xpa  +ap(1—X,) 4.14
thermal expansion P
Elastic and shear E. = E,X, + E,(1 —Xp) 4.15

modulus
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Table 4.2: Descriptions of the symbols used in empirical relations presented in Table 4.1.

Symbol Description Symbol Description
b viscosity of binder Pp density of powder
Ne viscosity of composite X. mass fraction of composite
o volume fraction of powder Xy mass fraction of binder
Pimax maximum volume fraction X, mass fraction of powder
n melt viscosity G, specific heat
Mo zero shear viscosity A thermal conductivity
y shear rate a thermal expansion coefficient
T critical stress level at the E elastic or shear modulus
transition to shear thinning
n power law index in the high v specific volume
shear rate regime
T temperature v (T,p) specific volume at a given
temperature and pressure
T, D, curve-fitted coefficients Vo specific volume at zero gauge
and 4, pressure
T, volumetric transition p Pressure
temperature
A WLF constant, 51.6 K C constant, 0.0894
Pe density of composite bis, bas, b3, by, bs, curve-fitted coefficients
b7,bs,by
Db density of binder b 1my 620,63, b4, bs curve-fitted coefficients

,bs
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A simplified Krieger-Dougherty [7] viscosity model was used as it is suitable for
predicting viscosity values at higher volume fractions of powder (Equation 4.2). The
Cross-WLF model [11] was used to model the viscosity dependence of any given
powder-polymer mixture on shear rate (Equation 4.3). The temperature dependence of
viscosity of any powder-polymer mixture [11] was estimated using Equation 4.4. The
values of the coefficients (7, D; and A;,) were obtained by curve-fitting the estimated
viscosity for different volume fractions of powder at various shear rates and temperatures

and are summarized in Table 4.3.

Table 4.3: Cross-WLF constants for different volume fractions of bimodal pu-n AIN
powders.

Cross- volume fraction, ¢,
WLF
constants 0 0.52 0.54 0.56 0.58 0.6
n 0.40 0.24 0.21 0.18 0.13 0.05
t* Pa 793 30077 44040 67975 | 116687 | 161976
Dy, Pass | 4.29x107 | 1.08x10" | 1.83x10" | 4.29x10"* | 1.71x10" | 9.13x10"
T* K 333.00 264.65 266.14 264.65 | 264.65 263.15
A 78.13 29.55 29.56 29.55 29.55 29.54
Ay K 51.60 51.60 51.60 51.60 51.60 51.60

Figure 4.3 shows the shear-rate dependence of viscosity for bimodal p-n AIN at 413 and

433 K.
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Figure 4.3: Comparison of viscosity with shear rate at 413 K (top) and 433 K (bottom)

for different volume fractions of bimodal p-n AIN powder.
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The zero-shear viscosity was estimated from the plateau region at low shear rate while
the power law index was obtained from the slope at higher shear rates. It can be observed
that the zero-shear viscosity increased considerably with small increases in volume
fraction, ¢, in the range of interest. The curve-fitted WLF parameters n, t* D, T* A4,
and A, were estimated for temperatures between 413 K and 433 K. The values estimated
for n and t* for each temperature were then averaged out for individual volume fractions
of powder. The values of rest of the parameters did not vary appreciably with an increase
in temperature in the range evaluated in experiments. The power law index, n, decreased
from 0.24 to 0.05 with an increase in volume fraction from 0.52 to 0.60. Similarly, 7*
increased from 3 x 10* to 1.6 x 10° MPa with an increase in volume fraction from 0.52 to
0.60. There was no change in transition temperature (7*) at which the material exhibits a
change from Newtonian to shear-thinning behavior on increasing shear rates with

increase in volume fraction of the powder.

The specific volume was calculated using the general rule-of-mixtures as shown in
Equation 4.5 [12]. The injection molding software platform uses the two-domain Tait
[13] equation (Equation 4.6) for generating viscosity values at different volume fractions
of powder. 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 7 > T,
(volumetric transition temperature), B is given by Equation 4.7. For the lower bound,
when T < T,, the parameter, B, is given by Equation 4.8. The dependence of the
volumetric transition temperature, 7; on pressure can be given by 7y(p) = bs+bs(p), where
bs and b4 are curve-fitted coefficients. The values of these coefficients are summarized in

Table 4.4.
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Table 4.4: Dual-domain Tait constants for different volume fractions of bimodal p-n AIN
powders.

dual- I fracti
domain volume fraction, ¢,
Tait
constants
0 0.5 0.52 0.54 0.56 0.58 0.6
bs, K 336 336 336 336 336 336 336

bs K/Pa | 1.5x107 | 1.6x107 | 1.6x107 | 1.6x107 | 1.6x107 | 1.6x107 | 1.6x107

bim m/kg | 1.3x10° | 5.1x10* | 4.9x10* | 4.8x10* | 4.7x10* | 4.6x10” | 4.5x10"

b 2ms

) 1.3x10° | 2.8x107 | 2.6x107 | 2.4x 107 | 2.2x107 | 2.0x107 | 1.8x107
m’/kg-K

bsm Pa 1.3x10° | 3.4x10° | 3.4x10® | 3.4x10% | 3.4x10% | 3.4x10® | 3.4x10®

b K 6.0x10° | 4.0x107 | 4.0x10° | 4.0x10° | 4.0x10° | 4.0x10° | 4.0x107

by, m/kg | 1.2x10° | 4.9x10* | 4.8x10* | 4.7x10* | 4.6x10” | 4.5x10" | 4.3x10™

b 2ss

; 8.6x107 | 2.6x107 | 2.3x107 | 2.0x107 | 1.8x107 | 1.5x107 [ 1.5x107
m’/kg-K

bs, Pa 24x10° | 5.0x10® | 5.0x10% | 5.0x10° | 5.0x10° | 5.0x10° | 5.0x10°

by, K 4.2x10° | 6.5x10° | 4.3x10° | 9.7x10° | 9.2x102 | 1.1x102 | 1.0x107

b, m/kg | 8.5x10° | 2.0x10° | 3.8x10° | 2.8x10° [ 2.9x10° | 8.7x107 | 8.9x10°

by KT | 6.7x107 | 2.5x107% | 1.2x107% | 3.9x10% | 4.0x10% | 6.1x10? | 1.3x10!

by, Pa’l | 1.4x10® | 2.2x10% | 2.2x10% | 2.2x10° | 2.2x10° | 2.2x10° | 2.2x107
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Figure 4.4 shows the comparative plot of specific volumes at 0, 100, and 200 MPa

pressure.
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Figure 4.4: PVT behavior for 0, 100, and 200 MPa pressures for different volume

fractions of bimodal p-n AIN powder.
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The specific volume decreases with an increase in volume fraction of bimodal p-n AIN.
The dual-domain Tait constants were estimated using curve fitting for 0, 50, 100, 150,
200 MPa pressure for volume fractions of 0, 0.52 to 0.60 bimodal p-n AIN. The
parameters, bs, bs, bo, bsm, bsm, b3 and by did not vary in the range of 0.52 to 0.60
volume fraction of bimodal pu-n AIN. The parameters b;,, bzn, bis and b,y showed a
minor decrease on increasing the volume fractions from 0.52 to 0.60. Parameters, b; and

bs increased with increase in volume fraction of powder.

An inverse rule-of-mixtures [12] shown in Equation 4.9 was used to estimate the melt
and solid density. Further, the mass fractions for powder and binder can be calculated
using Equation 4.10-4.11. The comparison of melt and solid density as a function of
volume fraction of bimodal p-n AIN is shown in Table 4.5.

Table 4.5: Comparison of melt and solid densities for different volume fractions of
bimodal p-n AIN powders.

volume fraction of
melt density, kg/m3 solid density, kg/m3
powder, ¢,

0 727 879
0.52 1950 2119
0.54 2002 2167
0.56 2055 2214
0.58 2109 2262
0.6 2163 2310

The melt and solid density values increased with increase in powder volume fraction. The

melt density increased from 1950 to 2163 kg/m’ and solid density increased from 2119 to
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2310 kg/m’ with increase in volume fraction of bimodal p-n AIN from 0.52 to 0.60. The
data in Table 4.5 indicates a + 4% variation in melt and solid density as a result of a £7%

change in the volume fraction of bimodal p-n AIN.

The specific heat of powder-polymer mixtures has been be estimated by different mixing
rules [14-18]. In this study, a model that has been successfully applied to mixtures with
high volume fraction fillers [15] was used as shown in Equation 12. The parameter, A4, is
a correction factor assumed to be 0.2 for spherical particles. The specific heat values

calculated for different volume fractions of powder at various temperatures are shown in

Table 4.6.

Table 4.6: Specific heat capacity values at various temperatures for different volume
fractions of bimodal p-n AIN powders.

Temperature, K

volume fraction of powder, ¢, | 273 | 293 | 303 | 322 | 331 | 384 | 443
specific heat capacity, C,, J/kg-K

0 2077 | 3360 | 3840 | 4894 | 4639 | 3484 | 2528

0.52 1006 | 1291 | 1613 | 3049 | 1476 | 1358 | 1491

00.54 1004 [ 1263 | 1575 | 3014 | 1422 | 1346 | 1470

0.56 1002 | 1002 | 1539 | 2980 | 1370 | 1335 | 1450

0.58 1000 [ 1211 | 1505 | 2947 | 1321 | 1325 | 1431

0.6 998 | 1186 | 1472 | 2915 | 1274 | 1315 | 1413

The specific heat of the feedstock decreased with increase in volume fraction of powders.

As a specific example, a change of volume fraction from 0.52 to 0.60 at 443 K resulted in
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a decrease in specific heat from 1491 to 1413 J/g-K. The data in Table 4.6 indicates that
a £2 % change in specific heat results from a £7 % change in the volume fraction of

bimodal p-n AIN.

Several equations have been used to predict thermal conductivity of a composite at
different filler concentrations [14, 16-25]. In this study, a general rule-of-mixtures model
[12] was used as represented in Equation 4.13. The estimated values of thermal
conductivity as a function of volume fraction of powder at various temperatures are

shown in Table 4.7.

Table 4.7: Thermal conductivity for different volume fractions of bimodal pu-n AIN

powder.
Temperature, K
volume
fraction of | 315 336 356 377 397 417 436
powder, ¢,
Thermal conductivity, W/m-K
0 0.2 0.2 0.2 0.2 0.2 0.2 0.2
0.52 2.7 2.7 2.9 2.0 2.1 3.0 1.9
0.54 2.8 2.8 2.9 2.1 2.2 3.1 2.0
0.56 2.9 2.9 3.1 2.1 2.2 3.2 2.0
0.58 3.0 3.0 3.2 2.2 23 33 2.1
0.6 3.1 3.1 33 2.3 24 3.4 2.2

It can be seen that the thermal conductivity increases with increase in volume fraction of
bimodal p-n AIN. For example, the thermal conductivity increased from increases from

1.9 to 2.2 W/m.K with an increase in volume fraction from 0.52 to 0.6 bimodal p-n AIN
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at 436K. The data presented in Table 4.7 indicate that a + 8% variation in thermal

conductivity results from a + 7% change in volume fraction of bimodal p-n AIN.

The coefficient of thermal expansion (CTE) of powder-polymer mixtures can be
calculated using several models [18, 25-28]. In this paper, a first order model was used
[18] as shown in Equation 14. The CTE data are as shown in Table 4.8. The data in
Table 4.8 clearly shows an increase in CTE with an increase in volume fraction of
bimodal p-n AIN. Typically in the range of 0.52 to 0.60 volume fractions, the CTE varied
between 2.2 E-5 to 1.7 E-5 K™ which represents a = 12.8% variation in CTE for a + 7%

change in volume fraction of bimodal p-n AIN in the powder-polymer mixtures.

Table 4.8: Coefficient of thermal expansion for different volume fractions of bimodal p-

n AIN powder.
volume fraction of
CTE (x 107, K"
powder, ¢,

0 5.65
0.52 1.94
0.54 1.9
0.56 1.8
0.58 1.77
0.60 1.72

The Voigt model [18] was used to predicting the elastic and shear modulus as shown in
Equation 4.15. The elastic and shear modulus values estimated at different volume
fractions of powder is shown in Table 4.9. The elastic and shear modulus values were

found to increase with an increase in volume fraction of bimodal pu-n AIN. Typically, in



92

the range of 0.52 to 0.60 volume fraction, the elastic modulus increased between ~1.9 x
10* to ~2.1 x 10" MPa and shear modulus varies between 7.1 X 10’ to 8.1 X 10° MPa
which represents a = 6.3% variation in the elastic and shear modulus for a + 7% change

in volume fraction of bimodal p-n AIN in the powder-polymer mixtures.

Table 4.9: Elastic and shear modulus values for different volume fractions of bimodal p-

n AIN powder.
volume fraction of Elastic modulus, Shear modulus,

powder, ¢, MPa MPa

0 2560 930

0.52 18860 7120

0.54 19490 7360

0.56 20110 7600

0.58 20740 7840

0.6 21370 8075

4.4.2 Simulation Results

Simulations were conducted for 0.52 - 0.60 volume fraction of bimodal p-n AIN at 433 K
melt temperature and 303 K mold temperatures using the heat-sink geometries shown in
Figure 4.5. The simulations were performed for mold filling and packing stages. The
progressive filling behavior of the feedstock with 0.60 volume fraction of bimodal p-n
AIN is shown in Figure 4.6 for the two geometries. The figure clear shows that the
narrow fin region of the mold cavity fills at the end of the molding stage, when the

material is at its most viscous.
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Figure 4.5: Mold geometry used in injection molding simulations: a) simple heat-sink
substrate without fins, and b) heat sink substrate with fins.
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Figure 4.6A: Progressive filling of the heat sink substrate without fins shown in Figure
5A for 0.60 volume fraction bimodal p-n AIN feedstock: (a) 25% fill, (b) 50% fill, (c):
75% fill and (d) 100% fill
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Figure 4.6B: Progressive filling of the heat sink substrate with fins shown in Figure 5B
for 0.60 volume fraction bimodal p-n AIN feedstock: (a) 25% fill, (b) 50% fill, (c): 75%
fill and (d) 100% fill

Figure 7 shows the variation of part weight as a function of volume fraction of bimodal
p-n AIN for the two heat-sink geometries shown in Figure 5. The part weight increases
with an increase in volume fraction of bimodal p-n AIN powder from 0.52 to 0.60. This
increase in part weight with an increase in powder volume fraction can be attributed to an
increase in density values with a rise in volume fractions of bimodal pu-n AIN as observed
in Table 4. Further, for a bimodal p-n AIN powder volume fraction change from 0.52 to
0.60, the part weight changes from 0.38 to 0.41 g for heat sink substrate without fins. In
the case of the heat sink substrate with fins, the corresponding change is from 0.79 to
0.82 g. This change denotes a = 2% variation in part weight for a = 7% change in the
volume fraction of bimodal p-n AIN. The part weight doubled for heat sink substrate with

fins in comparison to the heat sink substrates without fins.
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Figure 4.7: Part weight for different volume fractions of bimodal p-n AIN powder.

As the filling phase nears completion, the packing phase commences during which the
part cools till a 100 % frozen volume is obtained. Figure 4.8 shows the dependence on

freeze time on the volume fraction of bimodal p-n AIN powder in the feedstock.
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Figure 4.8: Freeze time for different volume fractions of bimodal p-n AIN powder.
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It can be observed from Figure 4.8 that for a change of 0.52 to 0.60 volume fraction of
bimodal p-n AIN, the freeze time changes from 2.16 to 2 s for heat sink substrate without
fins. In the case of the heat-sink substrate with fins, the change in freeze time is from
2.45 to 2.35 s. This denotes a + 2% variation in freeze time for a + 7% change in the
volume fraction of bimodal p-n AIN. The relatively small difference in freeze time for
the two geometries despite the increase in surface area in the heat-sink substrate with fins

can be attributed to the corresponding increase in part weight/volume.

Figure 4.9 shows the variation in peak injection pressure as a function of the volume

fraction of powder for the two heat-sink substrates.
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Figure 4.9: Peak injection pressure for different volume fractions of bimodal p-n AIN
powder.

The peak injection pressure is located near the gate of the mold cavity. The peak injection
pressure is relatively higher for the heat-sink substrate with fins compared to the heat-
sink substrate without fins as a result of an increase in volumetric flow rate. It can be seen
that for the heat-sink substrate with fins, the peak injection pressure increases from 23 to
48 MPa with an increase in powder volume fraction from 0.52 to 0.60. This behavior can
be attributed to an increase in the viscosity of the powder-polymer mixture with volume

fraction of bimodal p-n AIN. An increase in injection pressure directly increases the
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clamp force (Figure 4.10) and correspondingly reduces the number of mold cavities that
can be simultaneously filled on a molding machine. An increase in injection pressure can
also result in an undesirable alteration of the melt flow such as jetting. Further,
microstructural inhomogeneity can also be introduced in the part at higher injection

pressures due to powder-polymer separation.
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Figure 4.10: Variation of clamp force for different volume fractions of bimodal p-n AIN
powder.

3.3 Defect Quality

Figure 4.11 shows the weld-line distribution for the two heat-sink substrates at 0.52 and
0.60 volume fraction of bimodal u-n AIN. No significant differences were observed for
the weld-line distributions in the heat-sink substrate without fins as the powder volume
fraction increased from 0.52 to 0.60. In contrast, a number of new weld lines appeared in
the fin region of the second heat-sink substrate when the powder volume fraction
increased from 0.52 to 0.60. The results suggest that the probability of defect evolution

increases with increase in complexity of the part geometry and material composition.
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4.5. Conclusions

The effects of nanoparticle addition on the rheological and properties of feedstock were
studied in the present paper. The addition of nanoparticles showed a significant effect on
the rheological properties of the feedstock, owing to an increase in the maximum packing
fraction in the powder-polymer mixtures. The zero shear viscosity, melt density, solid
density, thermal conductivity, coefficient of thermal expansion, elastic and shear modulus
increased with increase in volume fraction of the powders. On the other hand, properties
like specific volume and specific heat decreased with increase in volume fraction of
powder. The simulation studies obtained from the feedstock properties showed an
increase in part weight and peak injection pressure with increase in powder volume
fraction. The studies also showed a decrease in freeze time with increase in powder
volume fraction. The feedstock properties and simulations presented in the paper can be
used to design new materials, select component geometry attributes, and optimize process
parameters while eliminating expensive and time-consuming trial-and-error practices

prevalent in the area of powder injection molding.
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Chapter 5

Conclusions and Future Work

5.1 Conclusions

Feedstock properties presented in this work have been estimated using predictive models
with limited experimental data. The properties were subsequently used in computer
simulations to study the mold-filling behavior of aluminum nitride. During the course of
research an in-depth literature search led to selecting specific rules of mixtures over a
wide range of empirical models for each thermal, mechanical and rheological property.
The selected rules of mixtures were curve fitted to experimental data and a coefficient of
determination was calculated for data from each material system. The results of the
analysis showed that the selected models had general applicability for a wide range of

highly filled powder-polymer mixtures.

The selected models were used to predict the effect of filler content on the feedstock
properties data for two aluminum nitride-polymer mixtures. The predicted properties
helped to quantitatively understand the influence of material composition on mold-filling
behavior using computer simulations performed on Autodesk Moldflow Insight software.
The part weight increases with an increase in volume fraction of monomodal and bimodal
AIN powders from 0.48 to 0.52 and 0.52 to 0.6 respectively. This increase in part weight
with an increase in powder volume fraction can be attributed to an increase in density
values with a rise in volume fractions of AIN. Similarly, an increase in peak injection
pressure was observed for both monomodal and bimodal AIN feedstocks. Additionally,
the heat sink substrate with fins required a higher injection pressure in comparison to the
heat sink substrate without fins, presumably as a result of high volumetric flow rates. It
was inferred that an increase in injection pressure directly increases the clamp force and
correspondingly reduces the number of mold cavities that can be simultaneously filled on
a molding machine. Further the addition of nanoparticles showed a significant effect on
the rheological properties of the feedstock, as a result of an increase in the maximum

packing density in the bimodal mixtures. The zero shear viscosity, melt density, solid
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density, thermal conductivity, coefficient of thermal expansion, elastic and shear modulus
increased with increase in volume fraction of the powders. Finally, the predictive models
for estimating the compositional dependence of feedstock properties in conjunction with
the computer simulations presented in this thesis can be used to design new materials,
select component geometry attributes, and optimize process parameters while eliminating
expensive and time-consuming trial-and-error practices prevalent in the area of powder

injection molding.

5.2 Future Work

The current research demonstrated the use of predictive models to estimate AIN
feedstock properties that are needed used to study the injection molding behavior and
defect evolution in PIM components. One area of future research is to conduct
experimental verification of the predicted data for feedstock properties presented in this

thesis.

In the current research only a limited number of injection molding process parameters
were used to perform computer simulations of the mold filling behavior of aluminum
nitride powder mixtures. In the future, a wide range of input parameters could be tested
for analyzing the mold-filling behavior and defect evolution. Further, there are additional
computer simulation tools such as PIMSolver that have been developed for PIM that can

be compared to the predictions of Moldflow and validated with molding experiments.
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Table A.1 Feedstock composition of p- AIN Feedstock.

Appendix Al: Properties of Monomodal p-AIN Feedstock

Materials Particle size Weight (%)
AIN 1.1 um 76
Y203 50 nm 4

Multi-

component - 20

binder system

Client Valmikanathan Onbattuvelli
Company Oregon State University
Address Hall
Corvallis, OR
United States
Sample Received A/G/2009
Sample Source Dregon State University
Report Prepared ar11/2008
Prepared By
Title Engineer
Issued By
Title O perations Manager
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for Laboratory Accreatiaition (AZLA Cerificale # 1242.01),
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The resulls it his raport relate anly i the Kems fested.
This report shall not be reprocucad except in Rl withowt

the written approval of DatapointLabs.

abs canmat be held lalle under

hatpiwrn. datapeNtEES. com

%5 Brown Road, thaca, NY 14850
Phone: 807-266-0405 Fax: 607-266-0168
Toll-Free (U5, 1-3588-328-2422

circumstances for damages arising sut of the use of this
information or for ci3ims in excess of that eriginally pald for
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C-MOLD/Moldflow TestPak ™ Results

< 14922 21000.udb

Analysis |Pr-::pe-rt1,r & T-CODE Value Units
Filling & Cooling CrossfAWLF Medel (D1313):
n 0.37760
i 1.178E+02 Pa
D1 8. 7T7E+10 Pa-s
D2 283 K
D3 0 K/Pa
Al 14.24
AZ 51.80 K
Juncture Loss Constants (013800
Cc1 Pat{1-22)
c2
K=lt Density (01000) 1843 h:gi"l'l'l3
Melt Specific Heat (01100} 1201 Jikg-H
Melt Thermal Conductivity (01200) 2.202 Wim=K
Transition Temperature (01500) 328 K
Specific Heat Takle (01101) See Page 7

Thermal Conductivity Table (01201) Sea Page &

Post-Filling Twio-Oomain Tait PYT Model (01004
il 3.310E+02 K
[l 1.650E-07 K/Pa
b1m 4 83404 mikg
b2m 2 988E-07 m/kg-K
b3m 2.865E+08 Pa
b4m 4.8158E-03 1K
bis 4,585E-04 mlkg
b2s 8.700E-08 mkg-K
bls 5.721E+08 Pa
bds 1.280E-03 VK
b7 1.4852-05 m kg
23 1.10E-01 1K
[ 2.1158E-08 1/iPa
Shrink | Warp - Anisotrapic Mechanical Properties (01802)
Uncorrected Stress Modulus E, (flow direction) MPa
Modulus E; (transverse direction) MPa

Poisson's ratio vy
Poisson's ratio v

Shear Modulus G MPa
Anisotropic Thermal Expansion (01702)

CLTE oy (flow direction) = 10E-8/°C
CLTE o (tramsverse direction) x 10E-8/7C

TesiPaks ™ I a tragemark of Datapoinilabs. C-MOLD and Moldfow are rademarks of Moldfow Corporation
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Viscosity
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Method ASTM D 3835: 20028
Determination of Properties of Polymenc
Materials by Means of a Capillary Rheometer
Instrument Gosttfert Rheograph 2002 Capillary Rheometer
i | Pal charactenzes
i A
plastics. A capilary fheometer
ather preparation none measwes wiscosity as a funchon
Parameters initial pressurs 0 MPa of temperature and shear rate
barrel diameter 12 mm The Gostiiert ieometer ufiizes
direct measurement of meit
die antry angle 180 = pressures throwgh a side
die inner diameter 1 mm mounted pressure fransoucer.
die lemgth 20 mm Data are modsled using
|preheating time 8 min SMpINcal or sen-emoiicg
Data Correction |Rabinowitsch equations.
Precision ltemperature +-01 *C
die inner diameter +i- 0.006% mm
die IEnEth +/- 0.025 mm
Uncertainty |per standard
Viscosity Data
140 °C 150 *C 160 °C
Shear Rate| Viscosity |Shear Rate| Viscosity | Shear Rate| Viscosity
s’ Pas s” Pas s* Pas
11|  1125.04 11|  1024.48 11|  1050.83
30|  580.80 a9 408 11 o]  s7e.O0
i 331.05 g8 30843 7B 311.42
153] 18841 145 197.27 173 15592
31 128.81 33z 11043 300 118.03
Gaa| 20.88 747 G5.38 T45 868.71
1434 52.81 1335 47.10 1478 42 53
2832 131 2838 31.40 2766| 30.47
alalite] 21.52 8888 18.85 Gg14 18.72
13113' 14.80 13574 12.68 144532 11.42
Cross/WLF Model (C-MOLD, Moldflow) Coefficients (S1 units)
L s [.T}I n 0.377e0
n(T.7)=—"— where T 117773
1+f’?°?'[; DI |8.78E+10
fe*y Dz |252
(T)=D ( A4(T-D,)( a1 14.24
l?I:I' lwrr: A1+[-?—_D2]H a3z 51.8




Viscosity vs Shear Rate
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Specific Heat

Method

SBased on ASTM E1289: 2005
Determining Specific Haat Capacity by
Differential Scanning Calorimetry

Instrument

Specimen

Parameters

Calibration Standards

Perkin Elmer DSCY

pe

drying

ather preparation
purge gas

purge gas purity
purge gas rate
cooling rate

initial temperaturs
final termperature
equilibration times
sample weight
sample pans
temperature

heat flow

specific heat

Heat capacity is a tharmodynamic
quantily and is 3 measure of the
amount of heaf refained by the
raterial The DSC can measure
this propeny over 3 rangs of
temperafures and in both solid
and melt states.

pellets
none

cut from pellet
e
BE.85 %
25 mlimin
20 *Cimim
160 *C
0=C
4 min
10.57 mg
Al, volatile
In. Zn
In
sapphire

Fﬂ:es: Twi pesks were ooserved. Transdion anslysis ©
h

eat data are for larger peak.

emperatunss and specific




Specific Heat Data

Temp Cp
BT JikgeK
150 1210
101 1125
55 1080
49 2811
b | 1377
25 1114
10 212

Transition Analysis

exfrapolated onset

p=ak
exfrapolated end

53 "C
4g *C
41 °C

121

3000

2500

2000

1500

Specific Heat {Jhg+K)

1000
J-F"'"'fa

500

Thermal Conductivity

50

Method ASTM D 5830: 2001
Thermal Conductivity of Plastics by Means of a
Transient Line-Source Technigus
Instrument K-System Il Thermal Conductivity System
Specimen ype pelles
drying none
aother preparation nane
Parameters calibration material &0,000 cstk POMS

probe constant
probe length
lzading ternperature
initial temperatura
final temperature
|probe woltage

acquisition time

0.743
50 mm
180 °C
180 *C
30 °C
385V
45 =

Uncertainty

|per standard

100 150
Temperaturs (*C)

Themal conduchiily is 3
maasure of the rate of heat
conduction of the matenal ltis 3
ctical propeny for heat transfar
calowations. The line-source
method measures thermal
conductivity in both melt and solid
siate.



Thermal Conductivity Data

Temp k
C Wime 7.00
183 2503 = a00
144 2.045 § ]
124 2,058 < 5.00
104 2661 E 400 * .
83 2234 E
3.00
83 3.534 3 - .
43 4283 E 2.00 * & &
5 400
S
0.00
0 50 100 150 200

PVT

Temperature (*C)

# Method Mon-standard.
Pressure-specific volume-temperature
measurements using high-pressure dilatomstry
Instrument Snomix PYT apparatus PVT data are equation-of-siate
Specimen ype pellets mﬂ;ﬁmﬂd
drying 4 hrs, 507 Civacuum volumetnic expansion of the
cther preparation see note below matenal D.'.'.ammeﬂ].r MEeAsINESs
Parameters solid density method | ASTM D782 e et
immersion liguid wiater femperatures and DressuUnes.
pw T confining fluid Mercury
max temperature 1860 *C
measurement type isgthermal heating scan
heating rate approx. 3 *Cimin
Motes: PVT specimen was cut from a plug that was manufactured by Datapont Labs I
using pellets supplied by client
Pressure-Volume-Temperature Data
Specific Volume cmalg
Temp Pressure MPa
°c 0 40 80 120 160 200
23 04652 D.4823 0.4800 04577 0.4557 04539
32 04674 D.4634 0.4807 D.4582 0.4581 0.4542
41 04700 D.4852 0.4815 D.4501 0.4502 04540
52 0.4747 04882 0.4538 0.4503 0.4580 0.4557
56 04782 04718 0.4554 0.4513 0.4586 0.4562
T2 04882 0.4825 0.4735 0.4570 0.4621 0.4585
86 0.4830 0.4855 0.4788 04754 0.4582 0.46835
101 0.4871 D.4887 0.4825 04778 0.4738 0.4705
11& 0.5014 04524 0.4885 0.4B05 0.4781 04726
132 0.506% 04854 0.4881 0.4832 0.4786 04740
147 0.5120 0.500% 0.4833 0.4878 0.4827 04786

162

0.5154 0.5033

0.4952 04504

0.4246 04806
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Modified Two-Domain Tait Model (C-MOLD, Moldflow)

123

D52 .
mDMPa -
051 #40 MFa 1
’ 20 MPa - Coefficients
120 MPa rx“ " b5  |5.E0E+D1
= 050 160 MPa < — b6  |1.65E-01
5 # 200 MPa - /-'r x"‘ P bim  [4.534E-01
g 048 w- — b2m  |2.995E-04
| - T 1« b3m  |2.885E+02
2 e - A o bdm  [4.518E-03
= - — =
5 P P S, bis  |4888E-01
2 T L e bZs |B.7D0EDS
B a7 — -
S - b3s  |5.791E+DZ
. _,/;/ g bds  |1.2805-02
m4g = b7 |14sE-02
b8 |1.1D1E-D1
D45 b9 |2.118E-02
0 50 100 150 200

Temperature (")

Modified Two-Domain Tait Equation

(T, pl=1v, {I}a—cmEH%Eﬁ v (T.pLT,(p)=b, +bp
|

for T=Tp)udTi=58_+b, (T—5).B(TI=b, expi-&, (T-5]Lu(T. pj=0
fr T=Tip)u(T)=b, +b, (T—5b.), BiT)=b, expl—5, (T—& ) v (T. pl=b explb, (T b, )-b,p)

Model Terms

Units

specific volume, v
pressure, F
temperature, T

*C

cmalg
MFa

No-Flow Temperature

* Method non-standard
Moldflow specification; no-flow temperaturs
defined by extrudate flow < 2 mm/min
Instrument Goettfert Capillary Rheometer The mo-fiow temperature provides
Specimen e pellets 2 measurs of the mﬁdﬁcmran
femperature of the melt. During
drying naorne the test, 3 molten specimen is
ather preparation naone cooled under constant oad; the
Parameters equivalent load 172 kg m&mﬁ?ﬁar
|barrel diamater 12 mm
initial pressurs 0 MPa
test temperature 140 °C
chwell time 8 min
die inner diamefer 1 mm
die length 20 mm
die entry angle 180 *©
Results

Mao-Flow Temperature I

1 "C




Appendix A2: Properties of Bimodal p-n AIN Feedstock

Table A.2 Feedstock composition of p-n AIN Feedstock
Materials Particle size Weight (%)
AIN 1.1 um 70
20 nm 10.75
Y203 50 nm 4.25
Multi-
component - 15
binder system
Client ‘Valmikanathan Onbattuvelli
Company Oregon State University
Address Hall
Corvallis, OR
United States
Sample Received 6r11/2010
Sample Source Oregon State University
Report Prepared Griv/2010
FPrepared By
Title Engineer
Issued By
Title Operations Manager

Datzpoinflabs is accredifed by the Amencan Associafion
for Laborafory Accreditation [A2LA Cerificate # 1242.01),
and maintains a qualily sysfem in accordance with
ISOAEG 17025, Any opinions or inferpretations expressed
in this report are ouiside the scope of the accreditafion.

The resuits in this report relate only fo the #ems tested.
This report shall nof be reproduced except i full without
the writfen approval of Datapointlabs.

Datapoinflabs cannof be held liable under any
circumstances for damages arising ouf of the use of this
information or for claims in excess of that originally paid
for the testing DatapointLabs disclaims al other
wamanfizs, either express or implied, including implied
wamanfizs of merchantability or fitness for 3 parficular
pupose.

PPV Datapoint! abs

5

hittp:/www_datapontiabs. com

95 Brown Foad. Ithaca, NY 14350
FPhone: 807-208-0405 Fax: 607-2658-D188
Toll-Free (U.5.): 1-883-328-2422

This data is available in True Digital format

dds. "

matereaiby
www_matereality com
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C-MOLD/Moldflow TestPak™ Results

E 16882.21000.udb

Analysis |Pr1:|n|:u|erl'_lpI & T-CODE Walue Uniits
Filling & Cooling Cross/WLF Model (01313)
n 0.05342
L3 1.7TB2E+D5 Pa
o1 9.133E+10 Pa-s
D2 283 K
D3 0 KiPa
A1 20.54
A2 51.60 K
Juncture Loss Constants (01360):
c1 Pa*{1-C2)
c2
Melt Density (01000} 2137 IGEI."m3
Melt Specific Heat (01100) 1411 Jikg-K
Melt Themnal Conductivity (01200) 2814 Wim=-K
Transition Temperature (D1500) 326 K
Specific Heat Table (01101) Ses Page 7
Themal Conductivity Table (01201) See Page &
FPost-Filling Two-Domain Tait PVT Model (01004 ):
b5 3.360E+02 K
b 1450E-07 KiPa
Bim 4 A57E-04 mlkg
b2m 1.881E-07 mkg-K
b3m 3.430E+08 Pa
b4m 4 028E-03 1K
bis 4.368E-04 mlkg
b2s 1.494E-07 mTkg-K
b3s 5.000E+08 Pa
b4= 1.000E-02 1/K
b7 B.03BE-06 mlkg
bE 1.308E-01 /K
(=1 2.221E08 1/Pa
Shrink | Warp - Anisotropic Mechanical Properties (01802)

Uncorrected Stress

Poisson's ratic vy
Poisson's ratio v,y
Shear Medulus G

CLTE @y (flow direction)

Meodulus E, (flow direction)

Modulus E; (transverse direction)

CLTE iz (tramsverse direction}

MFPa
MFPa

MFPa

Anisotropic Thermal Expansion (01702)

= 10E-8/C
x* 10E-8/C

TestPaks ™ ks a ragemark of DatapoiniLabs. C-MOLD and Moldfow are trademanks of Moidfiow Corporation.
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Viscosity
Method ASTM D 3835: 2008
Determination of Properties of Polymeric
Materials by Means of a Capillary Rheometer
Instrument Goetifert Rheagraph 2003 Capillary Rheocmeter
Specimen type pellets Polymer thealogy characterizes
iros oy
other preparation none measures viscosity a5 a function
Parameters initial pressure 0 MFPa of femperafure and shear rate.
barrel diameter 12 mm gmﬁfmmmw
die entry angle 180 °C pressures through a side
die inner diameter 1 mm mounted pressure transducer.
die length 20 mm Data ar= modeled using
prehealjng time 8 min empirical or semi-empincal
Data Correction equations.
Precision temperaturs +/-0.1 °C
die inner diameter +i- D.0089 mm
die length +/- 0.025 mm
Uncertainty per standard
|NI:¢E’5: Pressures were unstable during all of this tesing.
Viscosity Data
140 °C 160 °C 180 *C
Shear Rate| Viscosity | Shear Rate| Viscosity | Shear Rate| Viscosity
s Pa—=s s FPas s Pa—=s
10| 26280.20 10| 50887.10 10| 32231.20
20| 27538.7D 20| 25650.90 20| 17458.00
50| 11488.70 50 5471.77 50 8038.20
100 7128.74 100 3814.52 100 4574.06
200 2404 66 200 17B5.43 200 1783.21
500 T86.34 500 BE4.28 500 203.82
1000 388.12 1000 421.84 1000 G12.45
2000 220.45 2000 16948 2000 232.86
5000 102.10 5000 62.80 5000 B68.51
10000 58.85 10000 44 21 10000 36.45

Cross/WLF Model (C-MOLD, Moldflow)

r.y7)=

)
l+[M]
r*

’?G{T]=-D1‘33P|:

17:1T)

—. whare

__4(r-D,) }
A, +|:T—-Dz}

Coefficients (S] units)

n 0.05342

o 178204.72
D1 B.133E+18
D2 263
Al 2054
AZ 51.6




Viscosity vs Shear Rate
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Specific Heat
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Method Based on ASTM E1269: 2005
Determining Specific Heat Capacity by
Differential Scanning Calorimetry
Instrument Perkin Elmer DSCY Heat capaciy is a thermodynamic
Specimen type pellets quantily and is a measure of the
drying nane mﬂ;ﬁf retained by fhe
. The DSC can measurs
other preparation cut from pellet this property over a range of
Farameters purge gas N2 temperatures and in both solid
purge gas purity 09,90 % and meft states.
purge gas rate 25 ml'min
cooling rate 20 "C/min
initial temperature 180 *C
final temperature -10 *C
equilibration times 4 min
sample weight 8.71 mg
sample pans Al, volatile
Calibration Standards |temperature In, Zn
heat flow In
specific heat sapphire

otes: An additional peak w

as observed i the 60° to 80°C range.

Transition Analysis

extrapolated onset 53 °C
peak 49 °C
extrapolated end 4p °C
. 3500
Specific Heat Data
Tem C
P P 3000
°C JkgK |
170 1413 Il
11 1315 g 0 1l
=] | !
58 1274 £ i
== 1]
40 2015 e ] 1
] N |
a0 1472 L J." W i
|
20 1188 2 1500 > ] ——
= (. —
o 998 @
“ joDo
500
o
0 50 100 150

Temperature ("C)

200
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Thermal Conductivity

Method ASTM D 5830: 2001
Thermal Conductivity of Plastics by Means of a
Transient Line-Source Technigue
Instrument K-System Il Thermal Conductivity System Thermal conductivily is a
drying none critical property for heat fransfer
other preparation none calcufations. The fine-source
Parameters calibration material 60,000 cstk POMS gmm‘mm o 5o
probe constant 0.788 sfafe.
probe length 50 mim
leading temperaturs 180 *C
initial temperature 180 *C
final temperature ag Cc
probe voltage 35 v
acquisition time 45 5
Uncertainty per standard

Thermal Conductivity Data

Temp k
o WimeK £.00
188 3.270 &
166 2 000 g' Sl
148 3.383 "f 4.00
128 2.474 )
k=] - * *
108 2196 3 3.00 -
a6 3.251 E - - .
88 3.082 = =0
45 3.002 E 100
=
=
0.00
1] 100 200 300

Temperature (*C)



PVT

# Method

Mon-standard.

Pressure-specific volume-temperature
measurements using high-pressure dilatometry

130

Instrument Gnomix PVT apparatus PVT dafa are equation-of-siate
. thermodynamic properfies that

Specimen type plague describe the compressibiiity amd
drying nane volumetric expansion of the
other preparation cut from plague matera, DMW e

= = the change in volume of &

Parameters solid density methed ASTM D7a2 speci biccted fo diffarant
immersion liguid water temperatures and pressures.
PVT confining fluid Mercury
max temperature 180 *C

measurement type

heating rate

approx. 3 “Clmin

isothermal heating scan

Pressure-Volume-Temperature Data

Specific Volume cmEJH

Temp

0 40

Pressure MFPa
80 120

160

200

B3ad & 8ys

108
123
138
153
188
183

04328 0.4208
0.4320 0.4302
04260 0.4317
04411 0.4358
04484 04428
0.4503 04442
045368 0.4483
0.4565 0.4450
0.4609 0.4520
0.4638 0.4542
0.4654 0.4585
0.4687 0.4580

0.4274 0.4258
04278 0.4258
D.4287 0.4266
0.4310 04282
04377 04321
0.4402 04388
044197 04379
0.4430 043588
0.4453 04420
0.4486 04443
0.4502 04480
0.4518 04471

04237
04241
D.4246
04256
04287
04344
04354
04369
04385
04411
044232
0.4437

0.4227
0.4228
04238
04238
04260
04302
04327
0.4345
0.4358
0.4383
0.4398
0.4408
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048

047

046

045

0.44

Specific Volume (cm3ig)

043

042

Coefficients

8.30E+01
1.45E-01
4. 45TE-D1
1.861E-D4
3.430E+02
4.028E-03
4 368E-01
1.484E-04
5.000E+02
1.000E-02
8.94E-03
1.206E-01
2.221E-02

woMPa
®40 MFa
Eo &0 MPa
120 MPa - b5
* 160 MPa . L be
| ez00MPs = - bim
b2m
b3Im
bdm
bis
b2s
bi3s
bds
b7
bE
b
o 50 100 150 200

Temperature [(*C)

Modified Two-Domain Tait Equation

ulT, pl=u, (T)(I—C‘h[.l+

B(T)

}‘FUJ(T'-P}:Tr(_p}:bS +bdp

ﬁ}rT}?-r{p}:uﬂt:r}=blm+b1mcr_bs)rB(T)=b3-em(_bdm[:r_bsnsur(}-rp)=o
ﬁrTq.Tr[p):u“[T)=b,, +5,, (T - &) B{T)=b3a EJqJ(—b“(T—b: ). Ur{-T’P)=b?elpl:bnl:r_bs)_bup)

Model Terms Units

specific volume, v cm3ig

pressure, P MPa
temperature, T "C

No-Flow Temperature

+ Method non-standard

Moldflow specification; no-flow temperature
defined by extrudate flow < 2 mm/min

Instrument Goettfert Capillary Rheometer

Specimen type pellets
drying none
other preparation none

FParameters equivalent load 172 kg
barrel diameter 12 mm
initial pressure 0 MPa
test temperaturs 140 *C
dwell time G min
die inner diameter 1 mm
die length 20 mm
die entry angle 180 *

Results

The no-flow femperafurs provides
5 measure of the sofidification

temperature of the meit. During
the test, 3 moften specimen is

cooled under consfant load;

the

no-flow temperature is one af

which flow ceases fo occur.

Ho-Flow Temperature I

58 "C
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Appendix A3: Properties of Multi-Component Binder Mixture

Table A.3 Feedstock composition of p-n AIN Feedstock

Materials Weight (%)
Paraffin wax 50
Propylene 35
Stearic acid 5
Low density polyethylene — g — maleic anhydride 10

Client Valmikanathan Onbattuvelli
Company Cregon State University
Address HallZ
Corvallis, OR
United States
Sample Received 372872008
Sample Source Cregon State University
Report Prepared 47872008
Prepared By
Title Enginaer
Issued By
Title Cperations Manager

Datgpointiabs is accredited by the American Association
for Laboratory Accreditation (A2LA Cerfiffeate # 1242.01),
and maintains 3 guality system in accordance with
ISOMEC 1025 Any opinions or inferpreiations expressed
in this repont are outside the scops of the Fecreditation.

The resuits in this report relate only fo the flems fested.
This report shall not be reproduced excaot in il withour
the written sooroval of Datapoinilabs.

DatgpointLabs cannot be held hable under any
circumstances for damages ansing out of the use of this
infarmation or far claims in excess of that onginally paid for
the festing. Datspointlabs disclaims 2 other waranbes,
sither express or implied, including implied wamanties of
merchantabiity or fitness for @ paricular prpose.

/\;:,,-— DatapointLabs

85 Brown Road, ithaca, NY 14850
Fhone: 607-288-0405 Fax A07-266-0162
Tof-Fres (U5 1-833-328-2422

This data is available in True Digital format

dds " ﬂ\."'f .
materesiihy
www matereality.com




C-MOLD/Moldflow TestPak™ Results

< 14870.21000.udb

Analysis |Pr-::p-e-rl1,r & T-CODE Value Units
Filling & Cooling Cross/WLF Medel (01313):
n 040120
L T.035E+02 Pa
D1 4 203E+23 Pa-s
D2 333K
D3 0 KiPa
Al 78.13
AZ 51.80 K
Juncture Loss Constants (01380
G Pat1-C2)
c2
Melt Density (01000) 705 h:g"l'l'l3
Melt Specific Heat (01100} 2588 Jikg-K
blelt Thermal Conductivity (01.200) 0.158 Wim=K
Transition Temperature (01500) IT2 K
Specific Heat Table (01101) Ses Page 7

Thermal Conductivity Takle (01201) See Page &

Post-Filling Two-Domain Tait PYT Model (01004 )
141 3.360E+02 K
b 1.485E-07 KiPa
bim 1.255E-03 m'/kg
b2m 1.344E-08 mikg-K
b3m 1.256E+08 Pa
btm 5.867E-03 1K
bis 1.170E-03 m/kg
b2s 8.565E-07 mkg-K
bis 2.398E+D8 Pa
bds 4.1856E-03 VK
b7 B.458E-05 mfkg
b8 8.8688E-02 WK
b& 1.287E-08 1/Pa
Shrink | Warp - Anisotropic Mechanical Properties (01802)
Uncorrected Stress Modulus Ey (flow direction) MPa
Modulus E; (framsverse direction) MPa

Poisson's ratio vz

Foisson's ratio via

Shear Medulus G MPa
Anisotropic Thermal Expansion (01702)

CLTE oy (flow direction) = 10E-8/°C
CLTE o (transverse dirsction) * 10E-8/°C

TesiPaks™ |5 3 ragiemark of Datapoiniiabs. CAI0LD and Moldiow are rademarnks of Molmlow Comporation
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Viscosity
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Method ASTM D 3835: 2008
Cetermination of Properties of Polymernic
Materials by Means of a Capillary Rheomater
Instrument Ilnsimn 5582 Electomechanical LT
Specimen |t3,-p.e powder Folymer rhaology charactanzes
drirs — the complex fiow bahawor of
ing plastics. & capilary heomster
other preparation none measues wiscosiy as a funchon
Parameters initial pressurs 0 MPa of femperature and shear rate.
harrel di = 12 The Gosfifert rheometer utiizes
rrel diame mm i ant of
die antry angle 130 = pressures through 3 side
die inner diamster 1 mm mountsd pressure fransducer
die length 20 mm Datz are modeled using
|preheating time & mmim ampincal or sen-emoiica
Data Correction Squations,
Precision |temperature +#-01 *C
die inner diameter +i- 0.0088 mm
die lenigth +/- 0.025 mm
Uncertainty |per standard

Motes: This mazenal nad totally unstabie pressures throughowt & testing.

Viscosity Data

140 °C 150 °C 160 °C

Shear Rate| Viscosity |Shear Rate| Viscosity | Shear Rate| Viscosity
5" Pas s Pa-s s” Pas
a0 46,86 80 26,23 80 762
180 a5.08 180 2285 180 571
400 28.24 400 12.98 400 487
800 19.47 500 8.73 800 1.87
1600 4.10
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Cross/WLF Model (C-MOLD, Moldflow) Coefficients (S] units)
(T n 0.40120
nlr.7l= U—JI_" . where v 792481
14 ¥ D1 |4.28E+23
I f-* I-'
[ Dz |32
i f‘I||:-T_D:J ' Al 7513
7,{T)=D, P T-D,), Az 518

Viscosity vs Shear Rate
1000 ¢

o140 =C

S © 150 °C
100 | — |

_— o - 180 *C

[ — o
= T o R =
A I -
T D i
£ 10 — — v — —
g o ]
= — —

|:| 1 | I T 1 | I T 1 | T T 1 | T T

10 100 1000 1000C 100000

Shear Rate (5 )

¥

Viscosity vs Temperature

1000 ¢

— 100 s5-1
100 :" — _ — 1000 =-1

_F e — 10000 s-1

W — R

Z 10 f= i ==

& e S B S

> B S T
1 T — S— T
|: L1 1 P R 1 PR PR L PR PR PR L L1 1 L 1 1 PR 1

130 135 140 145 155 160 1G5 170

150
Temperature (*C)
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Method Baszad on ASTM E1282: 2005
Determining Specific Heat Capacity by
Differential Scanning Calorimetry
Instrument IPerkin Elmer DSCT Heat capacity is 2 thermodynamic
Specimen I::IPE pellets amount ;f;;?myiim
rng nane material The D5C can measurs
other preparation cut from pellet this propeny over 3 range of
Parameters. purge gas M2 femperatures and i both sofid
and melt states.
purge gas purty B9.90 %
|purge gas rate 25 mlfmin
cogling rate 20 *Cl'min
initial temperatures 180 *C
final ternperature o =C
equilibration times 4 min
sample weight 5.83 mg
sample pans Al, volatile
Calibration Standards |temperature In. Zn
heat flow In
specific heat sapphire
Transition Analysis
extrapolated onset e °C
peak 95 °C
extrapolated end g8 °C

Specific Heat Data
Temp Cp
C .IFIGEK
170 2238
134 2473
04 2371
s 9288
™ 3605
49 4804
10 2077

10000

BOOD

7000

4000

Specific Hest (JkgHK)

2000 =

1000

Temperature ("C)



Thermal Conductivity
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Method ASTM D 5930: 2001
Thermal Conductivity of Plastics by Means of a
Transient Line-Source Technigus
Instrument Instron 8872 Servohydraulic UTM Thermal conductivity is a
Specimen ype oowder ﬁﬁ;iﬁm thf"a_tms 2
drying nane eritizal property for heat fransfar
other preparation nane calcwations. The line-source
Farameters calibration material 0,000 cstk PDMS ﬂiﬁﬁﬂmﬂsw
probe constant 0.743 sigfa.
probe length 50 mm
laading temperature 180 °C
inifial temperaturs 180 °C
final temperature o °c
|probe voltage 4
acquisition time 45 =
Uncertainty |per standard
Thermal Conductivity Data
Temp k
- WineK 0.40
186 0.158 =
167 0.160 E
2 020
147 0.158 ;
128 0.168 E
108 0.187 2 020 w g ¥
87 0.183 g e
67 0.128 E 010
47 0.182 T
41 0.182 (=
0.00
0 100 200 200

Temperature (*C)
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¢ Method Mon-stamdard.
Pressure-specific volume-temperature
measurements using high-pressure dilatormsetry
Instrument Gnomix PWT apparatus PUT data are ??quaﬁm-f:f-sraﬂ'e
Specimen type pellets myﬁwﬁmﬂd
drying none volumetnic expansion of the
other preparation see note below material D.i:'a‘cln'.'eﬂj.rmeasm
Parameters solid density method | ASTM D782 Lm.ﬁﬂfm%:
immersion liguid wiater femperaiuras and pressunss.
pwT confining fluid mercury
max temperature 180 *C
measurement type isgthermal heating scan
heating rate approx. 3 “Ci/min
Notes: Specimen was cut from 3 plug that was manufactured by Datapoint Labs from
pellets suplied by client.
Pressure-Volume-Temperature Data
Specific Volume emaig
Temp Pressure MPa
- 1] 40 80 120 1860 200
33 1.1521 1.1348 1.1207 1.1084 1.0280 1.0880
42 1.16840 1.1428 1.1281 1.1138 1.1024 1.0834
53 1.1828 1.1878 11354 11221 1.1080 1.0878
81 1.2487 1.2011 1.1878 1.1415 1.1164 1.1048
T 1.2733 1.2418 1.2174 1.1518 1.1827 1.1301
g2 1.2887 1.2548 1.2277 1.2074 1.1888 1.1845
107 1.3088 1.2882 1.2383 1.21688 1.1281 1.1817
122 1.3324 1.2851 1.2534 1.2283 1.2078 1.1811
137 1.36815 1.3101 1.2745 1.2458 1.2229 1.2025
152 1.3808 1.3251 1.2882 1.2507 1.2385 1.2184
188 1.3875 1.3378 1.2883 1.2583 1.2484 1.2270
184 1.4138 1.3487 1.3085 12783 1.2542 1.2338
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145 .
r m0 MPa
140 [ #40MFa -
5 80 MFa - Coefficients
128 [ 120MPs _= - b5  |B.30E+01
3 [ % 180 MP= - " b8 |147E-01
£ 1ap [ ®200MPs s bIm  |1.255E+00
E _ I $..---"‘ — T b2m | 1.344E-03
Z 128 | : e b3m  |1.288E+02
2 : Ty e—* bam  |£.887E-03
3 12| —— bls [1.170E+00
2 s |- b2s  |2.565E-04
115 [ bds  |2.388E+02
_ bds  |4.155E-03
110 | b7 |E.4BE-D2
. b8  |B.6E5E-D2
1o L b3 |1.387E-02
o 50 100 150 200

Temperature (*C)

Modified Two-Domain Tait Equation

v(T.p)= un(m-cmﬁnﬁtﬁ v (T, p)LT(p)=b, +b.p

for T=Tip)uT)=b_+5, (T—5).B(TI=b,_exp-&,_(T-51Lv,(T.p)=0
for T=T(p)v,T)=b, +5, (T -5, BIT)=b, expl—5&, (T—5)),v,(T. p)l=b, expls (T -5, )—-5,p)

Maodel Terms

Units

specific volume, v
pressure, F
temperature, T

cmidfg
MFPa
*C

No-Flow Temperature

4, Method non-standard

Moldflow specification; no-flow temperature
defined by extrudats flow < 2 mmimin

Instrument Gosttfert Capillary Rheometer

Specimen ype pellats
drying none
other preparation nane

Parameters equivalent load 172 kg
barrel diameter 12 mm
initial pressurs 0 MPa
test temperature 140 *C
dwell tims 8 min
die inmer diameter 1 mm
die length 20 mm
die entry angle 1ad ®

MIOTE: Mo Flow temperatures is taken from DEC data.

Results

No-Flow Temperature |

47 "

The mo-fiow temperature provides
2 megsurs of the solidification
femperaturs of the malt. During
the fest, 3 moften specimen is
cooled under constant foad; ihe
no-fiow temparafure is one ar

which flow ceases fo ooowr
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Appendix B: Procedures for Viscosity Calculations

The Cross-WLF model Equation B.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 B.1) for matrix and 0.52 volume fractions AIN.
Mo

where, 7 is the melt viscosity (Pa-s), 7y is the zero shear viscosity, y is the shear rate
(1/s), 7" 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 B.1 zero shear viscosity #y was 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 B.2.

A (T -T")

A, + (T —T9 (B.2)

no = Diexp [_

where, T is the temperature (K). 7", D; and A;, are WLF coefficients. Using Equation
B.2 1, 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 B.2:

(* Experimental data was extrapolated to reach zero shear viscosities)
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Table B.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  1,, 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 rates ranging 1 x 10"° to 7.5 x 10*. This was done using
Equations B.1 and B.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 B.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, s viscosity, Pa-s
matrix [m] 0.52 volume fraction of AIN [¢]
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 B.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 B.4 was calculated at 413, 419.5, 426,
and 433 K.

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

shear rate, s Omax 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

Using the floating ¢max values at different shear rates and temperatures, viscosity (1)

values are calculated using Equation B.3 for 0.48, 0.49, 0.5, 0.51 and 0.52 volume
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fractions at the above mentioned temperatures. An illustration of n calculation at 413 K

for 0.48 volume fractions AIN is shown in Table B.5.

Table B.5: Calculation of viscosity at different shear rates for 413 K using floating ¢max
and Equation B.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
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In order to calculate Cross-WLF coefficients from the interpolated data as represented in
Table B.5, a GRG nonlinear solver was used. To begin, viscosities at different shear rates
were calculated from Equation B.1 in an 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 t*. A square of difference
was calculated for viscosity values at each shear rate between the interpolated viscosity
and viscosity calculated from Equation B.1. The sum of the square of the difference
(SSD) was calculated and the GRG nonlinear solver was used to minimize SSD. It was
observed that the data provided the best fit in the low shear rate region but deviated in the
high shear rate region. To achieve a better fit between the experimental and the calculated
data, SSD was calculated for high shear rate region and the solver was used to find the
Cross-WLF coefficients n (power law index) and t* (critical stress level). An illustration

of the curve-fitted data is shown in Figure B.1 and SSD calculation is shown in Table
B.6.

1.E+06

413 K experimental viscosity, Pa-s

----- predicted viscosity, Pa-s

1.E+0S5 9

S

# 1.E+04

1.E+03 1

1.E+02 %

viscosity, Pa

1.E+01 14

1.E+00 or r — —
1.E-06 1.E-04 1.E-02 1.E+00 1.E+02 1.E+04

shear rate, s

Figure B.1. Comparison of experimental* and predicted values of viscosity as a function
of shear rate.

(* Experimental data was extrapolated to reach zero shear viscosities)
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Table B.6. Sum of square of difference method for 0.48 volume fractions AIN at 413 K
to calculate no, n, and 7*

experimental predicted

shear rate S . 2
§! ’ Vlslggity, Sty o difference
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
SE-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
Mo 108705.94 SSD 2.59E+08
n 0.43 High shear SSD 1.91E+01
T 161.54 |
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Use of solver to calculate Cross-WLF coefficients n and t* is illustrated in the following
steps. The 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 the “Data” tab. In the “Data” tab click
the “Solver” button. This will open a pop-up window called “Solver Parameters” as

shown in Figure B.2.

viscosity coefficients version 2.xlsx - Microsoft Excel o & R
Data | Review  View  Adddns  Acrobat 2@ o@ =
S
9l = . @ ow Detail [ Data Analysis
e 5 ide Detail | %y Solver
nnections Sort SETChiciE $0$196 £ Analysis
To: © Max © Min © Value Of: 0 ¥
D J K &
. By Changing Variable Cells:
I $85146:$86147 =
psity, > E
SHhJECtm e
add N
596.78| 1.40E+05
588.85| 1.38E+05
582 1.38E405
583.10) 1.37E+05
380,61 1376205
578.29) 1.37E+05 . [ﬁm o
576.11] 1.36E+05 e R e T
574.05] 1.36E+05, e ool
572.08 1.36E405 Select a Solving Method: GRG Nonlinear [+
555.75| 1.34E+05
E Solving Method
542.76) 1.33E+05
= Select the GRG Nonlinear engine for Solver Problems that are smooth nonlinear. Select the LP Simplex
531.55 1.32E+05 engine for linear Solver Problems, and select the Evolutionary engine for Solver problems that are
521.50) 1.31E+05) TR
512.29) 1.31E+05
503.73] 1.30E+05 e == ] l e
595.68] 1.30E+05

Figure B.2. Solver parameter window in Microsoft Excel 2010.

Step 2: Select the “high shear SSD” cell similar to the one given in Table B.6 in the “set
objective” space. As the goal is to minimize SSD, click on the circle beside “Min” as
shown in Figure B.3. Select “GRG Nonlinear” as the solving method. Further, select
the cells referring to Cross-WLF coefficients n and t* in the “changing variable cells”

space. n and T* values are similar to the ones shown in Table B.6.



Solver Parameters

Set Objective:

To: Max

$8$146:$8$147

By Changing Variable Cells:

Subject to the Constraints:

147

2
&

® Mn ) Value Of:

Change

Delete

Reset All

Load/Save

Select a Solving Method:

Solving Method

non-smooth.

[¥] Make Unconstrained Variables Non-Negative

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

1t IK
I jIII 7

GRG Nonlinear Ek Options
GRG Nonlinear 2
Simplex LP

[Evolutionar

Figure B.3. Selection of solving method and input parameters for calculating n and t*.

Step 3: In order to reach a suitable

convergence value, click on the “option” button in the

solver parameter window. This will open a small pop-up window as shown in Figure

B.4. Click on the “GRG Nonlinear” tab and set the convergence value to 2 1 x 1072,

Finally, click the “OK” button.

Options 2|

All Methods  GRG Nonlinear | volutionary |

Convergence: 0.000000000001
Derivatives
@ Forward O Central
Multistart

Population Size: 10000

X

[ use Multistart

Random Seed °

Require Bounds on Variables

Figure B.4. Set convergence value for GRG Nonlinear method.

Step 4: Click on the “Solve” button to obtain new values for n and t*.
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In order to calculate rest of the Cross-WLF coefficients, the same method of minimizing
the SSD was used as illustrated in Steps 1-4. In this case, the objective cell was taken as
SSD and the changing variable cells were taken as D; A; 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 B.1. An illustration of the method used to calculate these

coefficients is shown in Table B.7.

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

tempelléature, 1o, Pa.s pred;)cat.esd no; 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
D, 8.73E+10 ) 2.01E+06
A 32.13
375.15

Calculations represented in Tables B.2 through B.7 and Figures B.1 through B.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 C: Procedures for PVT Calculations

Specific volume was calculated for 0.48, 0.49, 0.5, 0.51 and 0.52 volume fractions AIN
for the pressure values of 0, 50, 100, 150 and 200 MPa over a temperature range of 298

to 433 K. Equation C.1 was used to calculate specific volume.
Ve = XpU p + U (1— Xp) (C.1)

An illustration of the specific volume calculations is shown in Table C.1 and a plot

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

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

 volume
fraction
powder

specific specific specific specific specific specific specific

temperat volume volume volume volume volume volume volume
ure [K] [m'kg] [m’kg] [m¥kg] [m'kg] [m’kg] [mPkg] [m¥/kg]

AIN AIN
(binder) (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 | 491E-04 | 4.86E-04 | 4.80E-04 | 3.18E-04
421.98 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
427.49 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

AIN AIN AIN AIN AIN




150

5.4E-04
0.48 volume fraction P=50 MPa
5.3E-04 —m=(0.49 volume fraction
=@==(.5 volume fraction
>-2E-04 =3=(0.51 volume fraction
- 5 1E-04 =i=(.52 volume fraction
S
E s5.0£04
:
= 4.9E-04
e
=
£ 4804
@
&
4.78-04 T=345.45K
4 6E-04
4.5E-04 +

300 320 340 360 380 400 420 440 460

temperature [K]

Figure C.1. Specific volume as a function of temperature at 50 MPa pressure.

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

6C.4.

ol = v,(m) [1 ~cin(1+ %) + v (T, p)]
where, v (T,p) is the specific volume at a given temperature and pressure, v, is the
specific volume at zero gauge pressure, 7 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 7T"> T; (volumetric transition temperature), B is given by Equation C.3:

_ _ C3
Vo = by + bam (T — bg)B(T) = bypelbsmT=2)y (T, p) = 0 €3)
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where, b1, bom, bsm bam, and bs are curve-fitted coefficients. For the lower bound, when

T < T,, the parameter, B, is given by Equation C.4:
Uo = bys + byg(T = bs)B(T) = bysel~24s(T=sly (T, p) = b,elbsT-bs)=(bsp)] (C.4)

where, by, bas, bss, bys, bs, by, bs, and by are curve-fitted coefficients. The dependence of
the volumetric transition temperature, T;, on pressure can be given by Ty(p) = bs+bs(p),

where b5 and bg are curve-fitted coefficients.

Calculation of Dual-Domain Tait constants was done in four stages. In the first stage,
constants bs and b 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 C.2. A linear curve-
fitting step was done on intermediate T; values and the values of bs and bs were

determined. This is shown in Figure 6.6.

380
bs=1.90E-7 K/Pa
370 e e
& Tt

N y =1.90E-07x + 3.36E+02
e 300 b—-————————
= bs=336 K

I e et L

340 L] L] L] L]

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

pressure, Pa

Figure C.2. Volumetric transition temperature as a function of pressure.

In stage two of the calculations, constants b, b, and bj,, b, were calculated by
reading the values of the plot as shown in Figure C.3. Using informed guesses, the

remaining set of Tait constants were assumed. Using Equations C.4-C.6 in an Excel
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spreadsheet, the specific volume was predicted for temperatures ranging from 298 to 433

K.

S.50E-04 ; ;
——0.48 volume fraction | P=0MPa | _

5.40E-04 A ....................... ______ o

op 530E-04 e o e

= ? | | | il

i 5.20E-04 4

£ |

E by,=5.07E-4

S 5.10E-04 {-aps

& |

= %

g 5.00E-04 1b;~4.94E-4; | | |

2 m?/kg J}f ¥ =2.28E-7x+ 4.18E-4 ‘ : 1

‘ bys—2.28E-7 |

4.90E-04 | o g A e R
4.80E-04 . : .

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

Figure C.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 that was calculated for the first domain was
used to calculate Tait constants bs,, by, b;, bs, and by. 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 b3, and by, 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 the solver to calculate the Dual-Domain Tait constants b3, bsm, b3s, bys, bs, b7,
bs, and by is illustrated in the following steps. The step-by-step illustration shown below

was performed on Microsoft Excel 2010 using a Window-based computer.
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Table C.2. Calculation of Tait constants with the use of SSD and a GRG nonlinear

solver.

tempelléature, ‘:I(l;l;’l?g)’ V(l;l;’s()l’iclfestllkg SSD Tait constants
298.00 4.86E-04 4.87E-04 5.09E-13 bs 331
300.76 4.87E-04 4.87E-04 6.24E-13 bs | 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 | Zone 1 | bs, | 2.71E+08
311.78 4.89E-04 4.90E-04 1.77E-13 bam | 4.88E-03
314.53 4.91E-04 4.91E-04 1.72E-16 bis | 4.92E-04
317.29 4.92E-04 4.91E-04 3.87E-13 bys | 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 the “Data” tab. In the “Data” tab click
the “Solver” button that will open a pop-up window called “Solver Parameters” as shown

in Figure C.4.

,,,,,, o 2 R®
)s | Data | Review  View  Adddns  Acrobat a@o@ =
)
! Solver Parameters = 5 Data Analysis
2y Solver
{!
Set Objective: GE612 =
Connedtions Sort & SIS Analysis
To: Max © Min Value Of:
D E F
By Changing Variable Cells:
$G$11:4G$15
SUM(diff"2 ~ )
) Subject to the Constraints: fA2)  Tait constants
g Add
1.09E-13 b5 b5_50 331
i.24E-13 b6 Change 650 | 1.656-07

bim_50 | 5.07E-04

i.72E-13 blm
eEL3 b2m bam 50 337607

b3m_50 | 2.71E+08

1.42E-13 b3m
1TE-13 bdm bam_50 | 4.88E-03
.T2E-16 bls d [LMT] bls 50 | 4.926-04
1.87E-13 b2s o S - b2s 50 | 1.82€-07
1.45E-12 b3s b3s_50 | 5.79E+08
"'588E12; bds SCcs Sovig pethed GRG Noniinear [] bas 50 | 0.00126
""""" b7 Solving Method E-11| b7 50 | 7.32E-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 InearSover Probens, and slect the Evolutonary engine for Slver problems that re o |l

Help [ Solve ] [ Close ]

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

Step 2: Select the “SSD” cell for “Zone 1,” similar to the one given in Table C.3 in the
“set objective” space, in order to solve for b3, by Since the goal is to minimize SSD,
click on the circle beside “Min” as shown in Figure C.5. Select “GRG Nonlinear” as the
solving method. Further select cells referring to Tait constants b3, and by, in the
“changing variable cell” space. bz, and by, values are similar to the ones shown in

Table C.2.



Solver Parameters

Set Objective:

To: Max

$8$146:$8$147

By Changing Variable Cells:

Subject to the Constraints:
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2
&

® Mn ) Value Of:

Change

Delete

Reset All

Load/Save

Select a Solving Method:

Solving Method

non-smooth.

[¥] Make Unconstrained Variables Non-Negative

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

1t IK
I jIII 7

GRG Nonlinear Ek Options
GRG Nonlinear 2
Simplex LP

[Evolutionar

Figure C.5. Selection of solving method and input parameters for calculating b3,,, and

Step 3: In order to reach a suitable

bym.

convergence value, click on the “option” button in the

solver parameter window. This will open a small pop-up window as shown in Figure

C.6. Click on the “GRG Nonlinear” tab and set the convergence value to 2 1 x 1072,

Finally, click the “OK” button.

Options 2 ==

All Methods  GRG Nonlinear | volutionary |

Convergence: 0.000000000001
Derivatives
@® Forward O central
Multistart

Population Size: 10000]

Random Seed: o

X

] use Multistart

Require Bounds on Variables

Figure C.6. Set convergence value for GRG Nonlinear method.

Step 4: Click on the “Solve” button to get new values for b3, and by.
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Step 5: Repeat Steps 2 to 4 to minimize SSD corresponding to the “Zone 2” bz, by, bs,
b;, bs, and by cells as shown in Table C.2. These cells 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.



157

Appendix D: Procedures for Calculations of Coefficient of

Determination

Coefficient of determination (R”) values were calculated for density, specific heat,
thermal expansion coefficient, thermal conductivity, elastic modulus, viscosity, and
specific volume properties. This was done in order to determine how well the
experimental data fits with the rule of mixture (ROM) associated to it. ROM’s are based
on the values of filler and unfilled polymer properties data. In most cases, this data is
either taken from handbook or from literature references. Further, when these values are
used in ROM’s to calculate a R” value, an error arises in the value due to prior
approximation in the filler and unfilled polymer data. In order to minimize this error and
to generate a better fit, a GRG nonlinear solver was used. An illustration to represent
this is shown for density in which Rajesh et al [1] used a powder-polymer mixture of
polytetrafluoroethylene (PTFE) and rutile (TiO;). The value of density for PTFE was
taken as 2.2 g/cm’ and that of TiO2 was taken as 4.23 g/cm’ as the initial estimate. R

calculation for density values for Rajesh et al [1] are shown in Table D.1

density, g/cm’

Filler wel)g(ll;t fraction 52 ﬂ 62 ﬁ

Expenmen.tal values 26 27 o 29

Rutile
Inverse rule of mixtures
. 2.60 2.69 2.79 2.9

Rutile
SSR 0.021 [2.85x107[2.13x10| 0.024 | 4.98x10™ 0.99
SSE -0.004 0.003 0.004 -0.003 |-1.91x107°|
SSD 1.52E-05|1.15E-05|1.47E-05| 1.12E-05| 5.27x10°

Table D.1. Calculation of R” for density values using experimental data from Rajesh et al

[1]

SSE: Sum of squares of errors; SSR: Regression of sum of squares; SSD: Sum of square
of differences.



158

The inverse rule of mixtures (Equation D.1) was used for predicting density values.

1 X, X
Pc Pp Pp

where, p is the density, X is the mass fraction and the subscripts ¢, b and p stand for the

(D.1)

composite, binder and powder, respectively.

In order to determine R’, the following approach was used. For each observation,

variation in experimental and predicted values can be explained using Equation D.2:
y=y'+e¢ (D.2)

where y is experimental value, y’ is the predicted value and ¢ is the error associated with
the predicted value. Further, a mean of experimental density values was calculated (y).
Then regression of sum of squares (SSR) was calculated at each weight fractions using

Equation D.3.
SSR =X —¥)? (D.3)
Further, sum of square of errors (SSE) was calculated using Equation D.4:
SSE=y—y' (D.4)
Additionally, sum of square of difference (SSD) was calculated using Equation D.5:

SSD =Xy — y')? (D.5)
Finally, R* was calculated using Equation D.6:

__SSD

2 — > D
R*=1 SSR

(D.6)

Since the R? calculated is based upon the values assumed from handbook and literature, a
GRG nonlinear solver was used to minimize the difference between experimental and
predicted values of density. The step-by-step illustration that follows was performed on

Microsoft Excel 2010 using a Windows based computer.
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Step 1: Open Microsoft Excel 2010 and click on the “Data” tab. In the “Data” tab click

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

. .
in Figure D.1. - @ =
Data | Review  View  Adddns  Acrobat a@o@ R
| = 5 Data Analysis
= 2, Solver
|
iections Sort & Filter Data Tools Outline Analysis
Solver Parameters =] v
=
D E F G [E
Set Objective: 613
To: Max © Min Value Of: 0
By Changing Variable Cells:
$H$23:8H824|
28 Subject to the Constraints:
add
285[0.00213[0.02351572| 4.984E-02 | o0
23 0.004 -0.003 -1.906E-05 ) —
i-05[147E-05| 1.12E-05 5.265E-05
315 33 31 g :
- - - ob [¥/] Make Unconstrained Variables Non-Negative
35 | 3156 3287 Select a Solving Method: GRG Nonlinear E
5] 00031 [0.03482801] 7358E-02 [ oo Sohing Mcthed
- Select the GRG Nonl for Sol Proble that th i . Select the LP Simple
35 | 0006 | 0013 | 1201E-04 e e e o e eleet oo cores e o Cr
i-03[3.23E-05 1.79E-04| 2.161E-03 non-smooth.
op Help [ Solve ] [ Cigse ]
B 28 3 28175 b
ol

Figure D.1. Solver parameter window in Microsoft Excel 2010.

Step 2: Select the “SSD” cell similar to the one given in Table D.1 in the “set objective”

space in order to solve for p, and p,. Since the goal is to minimize SSD, click on the

circle besides “Min” as shown in Figure D.2. Select “GRG Nonlinear” as the solving

method. Further, select cells referring to filler and unfilled binder density, p, and p;, in

the “changing variable cell” space.
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&

® Mn ) Value Of:

Change

Delete

Reset All

Load/Save

Select a Solving Method:

Solving Method

non-smooth.

[¥] Make Unconstrained Variables Non-Negative

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

1t IK
I jIII 7

GRG Nonlinear Ek Options
GRG Nonlinear 2
Simplex LP

[Evolutionar

Figure D.2. Selection of solving method and input parameters for calculating p, and py.

Step 3: In order to reach a suitable convergence value, click on “option” button in the

solver parameter window. This will open a small pop-up window as shown in Figure

D.3. Click on the “GRG Nonlinear” tab and set the convergence value to > 1 x 1072,

Finally click the “OK” button.

Options 2|

All Methods  GRG Nonlinear | volutionary |

Convergence: 0.000000000001
Derivatives
@ Forward O Central
Multistart

Population Size: 10000

X

[ use Multistart

Random Seed °

Require Bounds on Variables

Figure D.3. Set convergence value for GRG Nonlinear method.

Step 4: Click on the “So/ve” button to get new values for p, and py.
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Calculations presented in Table D.1 and Figures D.1 through D.3 were performed to
calculate p, and p,. Similarly Steps 1 through 4 were used to calculate filler and unfilled
binder properties for specific heat, thermal conductivity, thermal expansion coefficient,

elastic modulus, viscosity and specific volume with the help of a solver.
Reference:

1. S. Rajesh, K. P. Murali, H. Jantunen, and R. Ratheesh, “The effect of filler on the
temperature coefficient of the relative permittivity of PTFE/ceramic composites,”

Physica B: Condensed Matter, vol. 406, no. 22, pp. 43124316, 2011.
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Appendix E Procedures for Mold Flow Simulations

Simple heat sink geometries were designed using SolidWorks 2010 software as shown in

Figure E.1.

Figure E.1: Mold geometry used in injection molding simulations: a) simple heat-sink
substrate without fins, and b) heat sink substrate with fins.

In order to do mold flow simulations on heat sink geometries shown in Figure E.1, the

geometries were first imported into Autodesk Moldflow Insight 2010 software.

A step-by-step method shown below illustrates how the injection molding simulations

were performed.

Step 1: Open Moldflow Insight 2010 software and click on the “File” tab. This will open
a pop-up window in which the heat sink geometry created using SolidWorks is selected.

Figure E.2 illustrates the appearance of the popup window.



W Autodesk Moldflow Insight 2010-R2 Educational Edition - [Home | Autodesk Exchange for Moldflow Insight]

L
= 0 o e | X ra | Ao [ D2 (I3 5 [57 A8 a0 20 @ (@ i@ -1 4A a*
P 4 Import x|
al€ ) ~ Libraries v Documents v My Documents v parts v 23 | Search parts 2]
Organize v  New folder = - 0 @
Task =
[EC  r Favorites Documents library Arange by Folder =
o h B Desktop parts
B Downloads Narme | Date modified ~ | Type ['si
%] RecentPlaces
— [l heat sink geometry with 0.5 mm wall thickness with fins 7/29/2012 1107 M IGES Part
5 Libraries [= heat sink geometry with 0.5 mm wall thickness without fins 7/29/2012 1105 PM  IGES Part
| Documents
& Music
&= Pictures
B videos
1% Computer
&, Local Disk (C3)
8 anns stal v 7] 4 I i
File name: [heat sink geometry with 0.5 ram wall thickness with fins | [arModels ~|
/.

Figure E.2. Selecting heat sink geometry for injection molding simulation

=l5lx|
=l&lx]|
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Step 2: After selecting the desired geometry, another window will pop-up in which the

meshing type is selected. Figure E.3 illustrates selection of mesh type window.

Import 21x

Before you can import this file you must select the type of
mesh you want to work with

Solid 3D v  Cancel |
Widplane

Heb
Solid 2D

[~ Show impot log

Figure E.3. Selection from the type of meshes types.

Select the “Solid 3D” mesh type as it gives the most accurate results and has the widest

range of simulation result types. Then press Ok.

Step 3: On selecting “Solid 3D,” a new widow will pop-up. In this window, select the

circle next to “create new project”

Import - Create/Open Project 2 x|
o~ Tocontinue, you need a project to impot your file into. Use
(1) this dialog to specify the name and location of your new
project or select an existing project to open.

(¢ Create new project

e e | R
Create in: Z:\Windows.Documents\My Doc Browse...

Note: Itis recommended that you create only one project per
directory. The directory wil be created i it does not already exist.

" Dpen existing project

_ e |
Cancel Help

Figure E.4. Creating a new project.

Once a new project file is created, the screen will look like the one shown in Figure E.S.
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Figure E.5. Typical layout of Moldflow Insight software after creating a new project.

Step 4: In the task pane shown in the left side of Figure E.S double click on the “create

mesh” tab to generate a mesh. An illustration of this is shown in Figure E.6.

o File
E%DH (VY| XEF (30|l
DAOBH S [DB

AP EI0EReS —

x|
Tasks Tools

Toolbox

Z L ¢ & 3 % &
T

[Generate Mesh I

The mesh generation process will iy to create an
appropriate mesh for the analysis process. Use the
options below to change the meshing parameters.

I” Remesh alieady meshed parts of the model

Help
[ MeshNow | JobManager | Cancel |
General ]NUR@S | Tetra | Tetra Advanced |
I~ *Remesh boundary ieview
Global edge length: 08 i
* Merge tolerance: [0

I~ Place mesh n active layer

PYXERYR

[Default Layer
VIIGES Suface
IGES Curves

Ready

Figure E.6. Generating mesh wizard.
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Click on the “Mesh Now” button, which will generate a solid 3D mesh on the imported
heat sink geometry.

Step 5: Now that the mesh is created, a mesh repair wizard is used in order to remove
any mesh errors. Click on the “Mesh” tab on the menu bar and then click on the “Mesh
Repair Wizard” option. This will open a pop-up widow as shown in Figure E.7. Then

click on the “next” button and in the process fix any errors in the mesh. Finally, press the
“finish” button.

Options for 3D Mesh Diagnostics 2l x|
You can change the options for 3D mesh diagnostics in order to focus on particular
items of regions. Options can not be changed during the diagnostics session.

Iterns to check
¥ Inverted tetras [~ Riestict to visible
¥ Collapsed faces Eitie
IV Insufficient refinement through thickness
[V Intemal long edges
V' Tetras with extremely large volume:
[V Tetras with high aspect ratio
V' Tetras with extreme angle between faces
r [V Show model
| News> | Close_|[_Finish Heb |

Figure E.7. Mesh repair wizard.
Step 6: Further, in the task pane double click on “Fill,” which is the default injection

molding condition. Then select the “Fill + Pack” option from the pop-up window that
opens. The selection option for the injection molding condition is as shown in Figure

E.8. Click Ok and proceed to the next step.

Select Analysis Sequence 2 x|
K

0f

Cantel

Fill + Pack +Warp
Cool +Fill + Pack +Warp

More...

Fil+pack

Figure E.8. Selection of analysis sequence.
Step 7: Then select the required material that has to be injection molded by double

clicking on the “Generic PP: Generic Default” option in the task pane. A window will
pop-up where manufacturer of the material needs to be selected and then a specific trade
name of the material needs to be selected. An illustration of this selection process is

shown in Figure E.9. Then click on the “OK” button.
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Select Material 2] x|
€ Commonly used materials:
Q434N 14322 =
aluminum nitide binder misture: 14322
Alurinum Nitide 0.48: 16882
0.48 AIN: 14522
[Aluminum Nitide 0.56: 16882 =] |_ s
@ Speciic material: Custorice Malerial List. | ResetMaterialList |
Manufacturer
[14522 | Import..
Trads name

I~ Seach.

Selected material
Detall.. |  Repot. | Fesn L"' _EI;?IQyI&age £
N b b

or:

code:

[V Add material to commonly used list after selecting

oK Cancel | Heb |

Figure E.9. Material selection process.

Step 8: Double click on “Set injection location” from the task pane and place the

injection point on the heat sink geometry.

Step 9: Finally, set the process settings by double clicking on the “processing setting” tab
on the task pane. This will open up a pop-up window where the mold surface temperature
was set at 30 °C and melt temperature was set at 160 °C. Set the rest of the parameters as

shown in Figure E.10 and press the “OK” button.

Process Settings Wizard - Fill +Pack Settings 2] x|
Mold suface temperature~ [30 c
Melt temperature 140 c
Fillng control
[ Automatic ~|
Velocity/pressure switch-over
[ Butomatic =
Pack/holding cantrol
| %Filing pressure vs time ~|  Editprofie...
Cooling time
e - Edit eiection cileria..
Advanced options...
[V Fiber orientation analysis f fiber material Fiber parameters. N

[ Bitefringence analysis if material data includes optical properties

0K Cancel Help

Figure E. 10. Process setting wizard.
Step 10: In the end, double click on the “start analysis” tab in the task pane to start the

injection molding simulation.

Following steps 1 through 10, injection-molding simulations were performed 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.



