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Abstract Powder injection-molding (PIM) simulations are
useful to identify appropriate combinations of material, pro-
cess, and geometry variables required for successful
manufacturing outcomes. PIM simulations can identify opti-
mized processing parameters without the requirement of ex-
pensive trials when changes are made to feedstock composi-
tion or geometry design. However, PIM simulations require
physical, thermal, and rheological feedstock properties as in-
put data that require additional time, expertise, and expense.
Whereas injection-molding simulation platforms typically of-
fer over 5000 listings of property datasets for polymers, there
are presently fewer than 5 such listings for ceramics and
metals. The present work compares experimentally measured
physical, thermal, and rheological properties for an aluminum
nitride (AlN) feedstock to estimated values based on known
filler properties and semi-empirical models. Injection-molding
experimental studies carried out on a simple test geometry
showed reasonable correspondence to PIM simulations using
the two datasets. Further, mold-filling simulations were per-
formed on complex heat-sink substrate geometries to compare
the output of PIM simulations using experimentally measured
and estimated feedstock property datasets. The present study
indicates the merit of using estimated feedstock properties as
input parameters in mold-filling simulations that could be ex-
tended for a variety of material systems and geometries early
in the PIM design stage.

Keywords Powder injectionmolding . Simulations .Material
properties . PIM . Estimation . Aluminum nitride

1 Introduction

Powder injection molding (PIM) is a net-shaping process used
to manufacture parts with complex shapes at high production
volumes with metals or ceramics. Utilizing computer-aided
engineering (CAE) tools early in the design stage can enable
further growth in the $2 billion industry [1]. CAE tools are
useful to evaluate appropriate process settings, mold and part
geometry design, and feedstock properties necessary to man-
ufacture superior quality parts [2–6]. Common CAE tools
include Autodesk Moldflow, Sigmasoft, PIMsolver, and
Modelx3D. CAE design tools depend on the availability of
powder-polymer mixture (feedstock) property data such as
density, specific heat, viscosity, thermal conductivity, viscos-
ity, and specific volume. In order to support the design engi-
neer to perform injection simulations of plastics, the CAE
design tools typically list complete property datasets for
around 5000 polymers. However, fewer than five such prop-
erty datasets are available for metal and ceramic injection-
molding feedstocks in these CAE tools. This situation presents
a significant barrier to the use of metal and ceramics in
injection-molding process and product design.

American Society for Testing and Materials (ASTM) stan-
dards exist for measuring material properties that are required
to perform PIM simulations. However, changes in feedstock
composition may be needed to address manufacturing defects.
Subsequently, new measurements of feedstock properties
would be required to conduct additional simulations, signifi-
cantly adding to costs and delays in proceeding from design to
production. To address this issue, a recent paper from our
research group evaluated several models to estimate feedstock
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properties for any powder-polymer composition [4]. That
study identified models that appear to best predict thermal,
physical, and rheological properties based on existing litera-
ture data on filled polymers.

In the present study, aluminum nitride (AlN) feedstock
properties estimated using this procedure were compared with
experimental measurements. The aim of the present paper is to
understand the influence of feedstock properties from experi-
ments and estimations on predictions derived from mold-
filling simulations.

The current work focuses on three major issues. Firstly,
AlN feedstock was prepared and its properties such as density,
specific heat, thermal conductivity, viscosity, and pressure-
volume-temperature parameters were experimentally mea-
sured. Semi-empirical equations were simultaneously used
to also estimate these properties. Secondly, injection-
molding experiments were performed using the AlN feed-
stock on a simple tensile-bar geometry to test the results of
mold-filling simulations. Thirdly, the experimental and esti-
mated feedstock property datasets were used to conduct
injection-molding simulations on complex heat-sink geome-
tries, a common application for AlN, and consequently iden-
tify the feedstock properties that had the most influence on the
results of mold-filling predictions.

2 Experimental and simulation methods

AlN feedstock used in the study was prepared using a twin-
screw extruder with length-to-diameter (L/D) ratio of 40. The
AlN feedstock consisted of a powder-polymer mixture with
80.5 wt.% AlN powders (median particle size, 1.1 μm) and
19.5 wt.% binder. The binder comprised paraffin wax, a low-
density polyethylene, a modified polypropylene, and stearic
acid. Details of the binder composition and feedstock
compounding are provided elsewhere [7, 8].Material property
measurements were made for the AlN feedstock and the un-
filled wax-polymer binder for density, thermal conductivity,
specific heat, viscosity, and PvT parameters at Datapoint Labs
(Ithaca, NY).

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

Mold-filling simulations were performed using Autodesk
Moldflow software. The software is capable of simulating

results in three dimensions (3D) and uses a finite element
method (FEM) for calculating velocity, temperature, and pres-
sure profiles in defined geometry. To analyze FEM results, the
defined geometry is dived into smaller elements that are joined
together by the means of a mesh. Results are calculated for
each element in the mesh. The typical mesh types are mid-
plane, dual-domain, and 3D in Autodesk Moldflow. Mold-
filling simulations were performed using estimated and exper-
imental feedstock properties of AlN to understand the influ-
ence of scatter in feedstock property estimates on mold-filling
behavior.

The testing studies to estimate the accuracy of simulations
were carried out using AlN feedstock on a tensile-bar geom-
etry (Fig. 1). The AlN feedstock was injection molded into a
tensile geometry using an Arburg 221M injection-molding
machine. An injection gate with a size of 6.5 mm was used
to inject the AlN feedstock into the mold cavity. Injection-
molding experiments were performed at a melt temperature
of 444 K and injection pressure of 14 MPa by keeping the
flow rate constant at 33 cm3/s to obtain parts with complete
mold fill. The applicability of simulations in practical applica-
tions was studied on two types of heat-sink substrate geome-
tries shown in Fig. 2. Solidworks software was used to design
these heat-sink substrate geometries. A heat-sink substrate
without fins (Fig. 2a) and a heat-sink substrate with fins
(Fig. 2b) were designed to understand the influence of geom-
etry design on injection-molding output parameters and feed-
stock properties. The two heat-sink substrate geometries were
imported into the Autodesk Moldflow software and meshed
using a “3D” mesh type (150,000 mesh elements) to conduct
mold-filling simulations. A 3D mesh type was selected as it
provides most accurate 3D representation of results in thick or
thin solid regions in the part when compared with mid-plane
and dual-domain mesh types.

3 Results and discussion

3.1 Feedstock property estimation requirements

Aluminum nitride feedstock properties were estimated
for density, thermal conductivity, specific heat, viscosity,
and PVT parameters. Select semi-empirical equations
were used that estimate feedstock properties as a func-
tion of composition, AlN filler, and binder property
values. Several literature reports were studied to gather
AlN filler property data for density, specific heat, and
thermal conductivity. Filler properties collected from lit-
erature were reported for 300 K (Table 1). Twenty-two
values of density for AlN were gathered from the litera-
ture [1–13, 29, 30]. It can be observed from Table 1 that
the AlN filler density was 3250 ± 50 kg/m3. The recip-
rocal of the density values were also used to estimate the

2814 Int J Adv Manuf Technol (2017) 90:2813–2826



filler-specific volume for AlN. Six data points of spe-
cific heat for AlN were gathered from literature [20,
30–32]. It can be observed from Table 1 that AlN
filler-specific heat was 800 ± 30 J/kg K. Eighteen values
of thermal conductivity for AlN were gathered from lit-
erature [11, 13, 17–19, 21, 22, 24, 30, 33]. It can be

observed from Table 1 that AlN filler thermal conduc
tivity was 230 ± 70 W/m K.

Experimentally measured feedstock properties were com-
pared with estimations based on filler property values for each
physical, thermal, and rheological property using models de-
scribed in the rest of the sections.

(b)(a)Fig. 2 Mold geometry used for
injection molding simulation (a)
heat-sink substrate without fins
and (b) heat-sink substrate with
fins

(a) 

(b) 

(c) 

(d) 

50 mm 

Fig. 1 Injection molding testing
and simulations on a) tensile bar
geometry, b) 100 % filled AlN
tensile-bar geometry with
experiments, c) 100 % filled AlN
tensile bar geometry using
experimental dataset (Table 9),
and d) 100 % filled AlN tensile
bar geometry using dataset 1
(Table 9)
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3.1.1 Density

Density measurements are required in injection-molding simula-
tions to predict part weight and variations in density that occur
inside the mold geometry.

Density measurements Table 2 summarizes the experimental
density of AlN feedstock used in this study. The solid density of
AlN feedstock was experimentally measured to be 2150 kg/m3,
and melt density was experimentally measured as 1940 kg/m3.
The solid and melt densities of the wax-polymer binder were
measured to be 880 and 730 kg/m3, respectively [7, 8].

Density estimatesAn inverse rule of mixtures (Eq. 1) was used
to estimate solid and melt density of AlN feedstock. This equa-
tion has been previously evaluated to be suitable for predicting
powder-polymer density at higher weight fractions of fillers [29].
Equation 1 provides a coefficient of determination (R2) of 0.97
when fitted to literature data on measured powder-polymer den-
sities (50–70 wt.%).

1

ρc
¼ X b

ρb exp
þ X p

ρp
ð1Þ

Xp is weight fraction of AlN filler (0.805), Xb is weight
fraction of wax-polymer binder (1–Xp) and ρc, ρb exp, and ρp
represent density of composite, binder, and filler, respectively.

The AlN filler density (ρp) values were obtained from lit-
erature as listed in Table 1. The binder density (ρb exp) value
was used from the experimental value in Table 2. The solid
and melt density of AlN feedstock was estimated for 22 data
points of AlN filler density (Table 1). In Table 2, numbers in
italics represent experimentally measured values of ρc and
ρb exp. The estimated values of average solid and melt density
(ρc avg) were 2130 and 1940 kg/m3. The estimated minimum
values for solid and melt density (ρc min) were 2050 and
1880 kg/m3. The estimated maximum values for solid and
melt density (ρc max) were 2150 and 1960 kg/m

3. The estimat-
ed average (ρc avg), maximum (ρc min), and minimum (ρc max)
density values from Table 2 were used to create the dataset
necessary for performing mold-filling simulations.

The composition of the AlN feedstock is experimentally de-
termined by weighing the components prior to mixing.

Therefore it is useful to report these values on a on a weight-
fraction basis. However, several material properties such as vis-
cosity and thermal conductivity require volume fraction as basis
[29]. To calculate volume fraction the feedstock solid and binder
density in Table 2 were used in conjunction with Eqs. 2 and 3.

ϕp ¼
X p

.
ρp

X p

.
ρp þ X b

.
ρb exp

ð2Þ

ϕb ¼
X b

.
ρb

X p

.
ρp þ X b

.
ρb exp

ð3Þ

ϕp and ϕb are binder and powder volume fractions. ϕp was
calculated as 0.52 and ϕb was calculated as 0.48.

3.1.2 Specific heat

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

Specific heat measurements Specific heat measurements
were made for the AlN feedstock and the wax-polymer binder
for a temperature range between 280 and 450 K. The data is
represented in Table 3. It was observed that the specific heat of
the wax-polymer binder initially increased up to the transition
temperature of the binder (320 K) and showed a decrease in
specific heat with further increase in temperature. Specific

heat of wax-polymer binder Cpb exp

� �
ranged between 2080

and 4640 J/kg K and AlN feedstock Cpc exp

� �
ranged between

920 and 1210 J/kg K [7, 8].

Table 1 Literature filler
properties of AlN fillers at 300 K Filler Solid densitya (ρp, kg/m

3) Specific heatb

(Cpp , J/kg K)
Thermal conductivityc

( λp, W/m K)
Reference no.

AlN 3250 ± 50 800 ± 30 230 ± 70 [6, 9–28]

* ρp has 22 data points
+Cpp has 6 data points
++λp has 18 data points

Table 2 Density of AlN feedstock and wax-polymer binder at 300 K

Density (3/kg) ρb exp
a ρc exp

a ρc est
b

Solid 880 2150 2130 ± 20

Melt 730 1940 1940 ± 20

aMeasured experimentally
b Estimated using Eq. 1 for 22 data points of ρp from Table 1
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Specific heat estimates Several mathematical models have
been published in literature that can estimate specific heat of
a powder-polymer mixture [29]. In the present study, a mod-
ified rule-of-mixtures model (Eq. 4) was used to estimate spe-
cific heat. Equation 4 provides R2 values ranging from 0.92 to
0.97 when fitted to literature data on measured specific heats
of five 47–75 wt.% filled-polymer systems [29]. The specific
heat of AlN feedstock was estimated using Eq. 4 for
80.5 wt.% AlN feedstock.

Cpc ¼ Cpb exp
X b þ CppX p

� �
� 1þ A� X bX p

� � ð4Þ

Xp is weight fraction of AlN feedstock (0.805), and Xb is
weight fraction of wax-polymer binder. Cpc, Cpb exp

, and Cpp

represent specific heats of composite, binder, and filler, re-
spectively. A is a fitting constant for spherical powders with
a value of 0.2.

To make estimates, the specific heat of AlN feedstock for a
temperature range of 280 to 430 K and the polymer binder-
specific heat ðCpb exp

) for corresponding temperatures was tak-

en from Table 1 [7, 8]. There is a lack of literature data for
specific heat values of AlN over the temperature range of
interest. It was therefore assumed that specific heat of AlN
filler remained constant between 280 and 430 K.

The values for AlN filler-specific heats Cpp

� �
were obtain-

ed from literature and are reported in Table 1. The binder-
specific heat Cpb exp

� �
value for temperatures between 283

and 423 K were experimentally measured and reported in
Table 3. The specific heat of AlN feedstock was estimated
for 6 data points of AlN filler-specific heat (Table 1). The
estimated average (Cpc avg), maximum (Cpc max), and mini-
mum (Cpc min) specific heat values from Table 3 were used
to create a data set necessary for performing mold-filling
simulations.

3.1.3 Thermal conductivity

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

Thermal conductivity measurements Thermal conductivity
measurements for AlN feedstock and the wax-polymer binder
were made for a temperature range between 316 and 436 K.
Representative experimental measurements are shown as bold
values in Table 4. It was observed that the thermal conductiv-
ity of the wax-polymer binder decreased with an increase in
temperature. The thermal conductivity measurements of AlN
feedstock followed a similar trend. The thermal conductivity
of the wax-polymer binder (λb exp) ranged between 0.162 and
0.195 W/m K. The AlN feedstock (λb exp) ranged between
2.06 and 4.26 W/m K [7, 8].

Thermal conductivity estimates The Maxwell model,
Bruggeman model, and a modified Lichtenecker model have

Table 3 Specific heat of AlN
feedstock and wax-polymer
binder for temperature between
283 and 423 K

Specific heat Cp (J/kg K) Temperature (K)

283 298 331 374 423

Cpbexp
a 2080 3360 4640 3490 2530

Cpcexp
a 920 1110 1090 1130 1210

Cpc est
b 1050 ± 35 1240 ± 35 1570 ± 35 1850 ± 35 1150 ± 35

aMeasured experimentally
b Estimated using Eq. 4 for 6 data points of Cpp from Table 1

Table 4 Thermal conductivity of
AlN feedstock and wax-polymer
binder for temperature between
316 and 436 K

Thermal conductivity (W/m K) Temperature (K)

316 356 377 397 436

λb exp
a 0.195 0.182 0.176 0.171 0.162

λc exp
a 4.26 2.23 2.66 2.06 2.50

λc est
b 1.82 ± 0.01 1.71 ± 0.01 1.67 ± 0.06 1.62 ± 0.08 1.55 ± 0.10

aMeasured experimentally
b Estimated using Eq. 5 for 6 data points of λp from Table 1
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been previously used to estimate thermal conductivity [29]. In
the present study, the Bruggeman model (Eq. 5) was used to
estimate thermal conductivity of 52 vol.%AlN feedstock [29].

1−ϕp ¼
λp−λc

λp−λb exp

� �
λb

λc

� �1=3 ð5Þ

ϕp is the volume fraction of AlN feedstock (0.52). λc, λbexp,
and λp represent thermal conductivities of the composite,
binder, and filler, respectively.

In order to estimate the thermal conductivity of AlN feed-
stock for a temperature range of 310 to 440 K, the binder
thermal conductivity (λb exp) were taken from Table 4 [7, 8].
The values for AlN filler thermal conductivities (λp) were
obtained from literature and taken from Table 1. There is lim-
ited availability of literature data for thermal conductivity of
AlN filler for a range of temperature. It was assumed that
thermal conductivity of AlN filler remains constant between
310 and 440 K. The thermal conductivity of AlN feedstock
was estimated for 18 data points of AlN filler thermal conduc-
tivity (Table 1). Table 4 shows the estimated thermal conduc-
tivity as a function of experimental thermal conductivity for a
range of temperatures of AlN feedstock. The estimated aver-
age (λc avg), maximum (λc max), and minimum (λc min) thermal
conductivity values from Table 4 were used to create datasets
necessary for performing mold-filling simulations.

3.1.4 Viscosity

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

Viscosity measurements Viscosity measurements for the
AlN feedstock and the wax-polymer binder were performed
for temperatures of 415, 420, 425, and 430 K and shear rates
from 10 to 104 s−1 are represented in Fig. 3. It was observed
that the viscosity of the wax-polymer binder and AlN feed-
stock decreased with an increase in shear rate and temperature
(Fig. 3). A representative version of AlN feedstock viscosity
data from Fig. 3 is shown in Table 5.

Viscosity estimates The Chong model, Eiler model, Mooney
model, and Krieger Dougherty model have been previously
used to estimate viscosity [29]. In the present study, a simpli-
fied Krieger Dougherty model (Eq. 6) was used to estimate
viscosity. Equation 6 provides R2 values ranging from 0.94 to
0.99 when fitted to literature data on measured viscosity of
three 50–60 vol.% filled-polymer systems.

ηc ¼
ηb exp

1− ϕp

ϕmax

� �2 ð6Þ

ηbexp is the viscosity of binder, ηc is the viscosity of feed-
stock, ϕp is volume fraction of feedstock, and ϕmax is the
volume fraction of critically loaded feedstock.

Viscosity of the AlN feedstock was estimated for 40 differ-
ent shear rates in ranges between 10 and 104 s−1 and for tem-
peratures 415, 420, 425, and 430 K using Eq. 6 and polymer
binder viscosity (ηb exp) values from Fig. 1. The volume frac-
tion of AlN feedstock (ϕp) was calculated to be 0.52 using
Eq. 2. Viscosity was estimated for ϕmax of 0.6, 0.64, and 0.68
critical filler content.

To perform mold-filling simulations, the viscosity of had to
be represented in terms of fitted constants. A cross-WLF equa-
tion (Eq. 7)was used to extract fitted constants for ϕmax of 0.6,
0.64, and 0.68.

η ¼ η0

1þ η0γ
τ*
� �1−n ð7Þ

η is the melt viscosity (Pa s), η0 is the zero shear viscosity, γ
is the shear rate (1/s), τ* is the critical stress level at the tran-
sition to shear thinning and is determined by curve fitting, and
n is the power-law index in the high shear rate regime. Power-
law index, n is also determined by curve fitting.

The temperature dependence of viscosity of any powder-
polymer mixture can be calculated using Eq. 8.

η0 ¼ D1exp −
A1 T−T*
� �

A2 þ T−T*
� �

 !
ð8Þ

T is the temperature (K). T*, D1, and A1 are curve-fitted
coefficients. A2 is the WLF constant and is assumed to be
51.6 K.
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Fig. 3 Experimentally measured viscosity of AlN feedstock and wax-
polymer binder (inset) for a shear rate range of 10 to 104 s−1 and a
temperature range between 415 and 430 K
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Table 6 presents the cross-WLF constants extracted from
experimental viscosity data of wax-polymer binder (ηb exp)
and from estimated viscosity data using Eqs. 7 and 8. The
values of these constants were obtained by curve fitting the
estimated viscosity for ϕmax of 0.6, 0.64, and 0.68 and are
represented as ηcmax, ηc avg, and ηcmin , respectively, in Table 6.

3.1.5 Specific volume

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

Specific volume measurements Mold-filling simulations re-
quire specific volume data of feedstock’s typically for temper-
ature range between 298 and 453 K and pressure range be-
tween 0 and 200 MPa. For these temperatures, the experimen-
tally measured values of specific volume of AlN feedstock
and a wax-based polymer binder are shown in Fig. 4a, b re-
spectively shows for various temperatures and at 100 MPa
pressure, as an example. Similar measurements were per-
formed for a range of pressures of relevance to injection mold-
ing. A representative version of AlN feedstock viscosity data
from Fig. 4 is shown in Table 7.

Specific volume estimates A rule-of-mixtures (Eq. 9) was
used to estimate specific volume of AlN feedstock. It has been
found to be suitable for predicting the powder-polymer-
specific volume at higher weight fractions of fillers [29].
Equation 9 provided an R2 value of 0.99 when fitted to liter-
ature data on measured specific volume for two 20–80 wt.%
filled material systems [29]. To estimate specific volume for a
range of temperature and pressure of AlN feedstock a simple
empirical equation (Eq. 9) was used.

υc ¼ X pυp þ υb exp 1−X p

� � ð9Þ

To calculate the specific volume of AlN filler, the recipro-
cal of density of AlN filler was used (Table 1). The density of
AlN was gathered at 300 K from 22 values in the literature.
Table 7 shows estimated and experimental specific volumes of
AlN feedstock as a function of temperatures and pressure. In
order to estimate specific volume of AlN feedstock for a range
of temperatures and pressures, it was assumed that specific
volume of AlN filler does not change with temperature and
pressure.

The specific volume for AlN feedstocks was estimated for
average, maximum, and minimum values of AlN filler specif-
ic volume. The specific volume of AlN filler was calculated
from the inverse of AlN filler density values from Table 1.
Additionally, to performmold-filling simulations inMoldflow
Insight software, specific volume of AlN feedstock needs toT
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be represented in terms of fitted constants. A Dual-domain
Tait equation (Eq. 10) was used to extract these fitted con-
stants for average, maximum, and minimum AlN feedstocks
specific volumes. Table 8 presents the Dual-domain Tait con-
stants extracted for estimated average νc avg, estimated maxi-
mum νc max, and estimated minimum νc min specifc volume.
These values were obtained using Eq. 10

υ T ; cð Þ ¼ υo Tð Þ 1−Cln 1þ p
B Tð Þ

� �
þ υt T ; pð Þ

� �
ð10Þ

υ(T,c) is the specific volume at a given temperature and
pressure, υo is the specific volume at zero gauge pressure, T
is temperature in K, p is pressure in pascals, and C is a con-
stant assumed as 0.0894. The parameter B accounts for the
pressure sensitivity of the material and is separately defined
for the solid and melt regions. For the upper bound when
T > Tt (volumetric transition temperature), B is given by
Eq. 11.

υo ¼ b1m þ b2m T−b5ð Þ
B Tð Þ ¼ b3me −b4m T−b5ð Þ½ �

υt T ; pð Þ ¼ 0

ð11Þ

b1m, b2m, b3m, b4m, and b5 are curve-fitted coefficients. For
the lower bound, when T < Tt, the parameter, B, is given by
Eq. 12.

υo ¼ b1s þ b2s T−b5ð Þ

B Tð Þ ¼ b2se −b4s T−b5ð Þ½ �

υt T ; pð Þ ¼ b7e b8 T−b5ð Þ− b9pð Þ½ �

ð12Þ

b1s, b2s, b3s, b4s, b5, b7, b8, and b9 are curve-fitted coeffi-
cients. The dependence of the volumetric transition tempera-
ture Tt on pressure can be given by Eq. 13

T t pð Þ ¼ b5 þ b6 pð Þ ð13Þ

Dual-domain Tait constants from Table 8 were further used
to create a dataset necessary for performing mold-filling
simulations.

3.2 Simulation testing

The approach presented in current study uses material proper-
ty estimates to perform injection-molding simulations. Testing
studies were carried out to understand the accuracy of simu-
lations. The testing studies were carried out using AlN

Table 6 Cross-WLF constants
for AlN feedstock Cross-WLF constants ηc exp

a ηc min
b

(ϕmax = 0.68)
ηc avg

b

(ϕmax = 0.64)
ηc max

b

(ϕmax = 0.60

n 0.38 0.40 0.40 0.40

τ* (Pa) 180 58,300 26,860 16,300

D1 (Pa s) 8.78 × 1010 2.23 × 1015 2.23 × 1015 2.23 × 1015

D2 (K) 263 361.95 360.93 360.17

A1 (K/Pa) 14.24 48.49 49.55 50.19

A2 (K) 51.60 51.60 51.60 51.60

a Calculated from Eqs. 7 and 8 and experimental (ηc ) values from Table 5
b Calculated from Eqs. 7 and 8 and estimated (ηc ) values from Table 5
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feedstock on a tensile-bar geometry (Fig. 1). Further details
about the results from injection-molding experiments are pro-
vided elsewhere [23]. Figure 1b shows a 100 % filled tensile
bar obtained from an injection-molding experiment. Injection
molding simulations were performed for process conditions
similar to that of injection-molding experiments using AlN
feedstock datasets to understand the effectiveness of PIM sim-
ulations in predicting mold-filling behavior. AlN feedstock
experimental dataset and dataset 1 from Table 9 were used
as inputs for performing simulations. Simulations with the
experimental dataset and dataset 1 (Table 9) resulted in
100 % filled part (Fig. 1c, d). The part weight for injection-
molding experiments was ~9.95 ± 0.02 g while the part weight
was predicted within ±0.5 % for both the datasets. The linear
shrinkage for injection-molding experiments was
~0.8 ± 0.15 % while the linear shrinkage predicted within
±0.13 % for both the datasets. The above results indicate the
suitability of the Moldflow simulation platform to reasonably
capture results from injection-molding experiments. Further,
the correspondence in mold-filling predictions between exper-
imentally measured and estimated values of feedstock proper-
ties appear to be reasonable for at least simple geometries and
warrant further investigation with more complex geometries,
such as the heat-sink components evaluated in this paper.

3.3 Application of simulation

The applicability of simulations in practical applications was
studied on two types of heat-sink substrate geometries as
shown in Fig. 2. A “.udb” catalog file was created for exper-
imental and estimated AlN feedstock properties presented in
Tables 2, 3, 4, 6, and 8. For the current study, seven datasets of
AlN feedstock properties were cataloged and their details are
listed in Table 9. To perform simulations for each of the seven
datasets, a set of process input parameters were identified. An
injection location was selected at the bottom face of the heat-
sink substrate since it provides uniform flow distribution of
melted feedstock throughout the geometry. Injection-molding
simulations were performed for each of the seven datasets
presented in Table 9.

The selected input parameters for the current simulation
study are represented in Table 10. Injection time was set at
0.1 s, mold and melt temperatures were set at 308 and 423 K
while velocity to pressure switchover (V/P) point was selected
as 99 %. This set of process input parameters were selected as
the injection pressure and volumetric shrinkage results for
experimental AlN feedstock dataset lie in the optimum pro-
cessing range for both heat-sink substrate geometries.

The first set of injection mold simulation comparisons was
conducted for the experimental AlN feedstock property
dataset and estimated AlN feedstock property datasets 1–3
(Table 9). The process simulation results are divided into flow,
temperature, and pressure-related output parameter. Dataset 1T
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in Table 9 represents average estimated feedstock properties
for AlN. Dataset 2 in Table 9 represents minimum (lowest)
estimated feedstock properties for AlN and dataset 3 in
Table 9 represents maximum (highest) estimated feedstock
properties for AlN. It was observed that flow and
temperature-related output parameters of estimated datasets
1–3 had a close match to that of experimental output param-
eters. Pressure-related output parameters for datasets 1–3 were
overestimated when compared with experimental dataset out-
put parameters. As suggested in a previous work by our re-
search group, the cause for such overestimation can be attrib-
uted to sensitivity of viscosity estimates towards pressure-
related output parameters [2]. To understand the sensitivity
of viscosity on pressure-related output parameters, datasets

4–6 were created by substituting estimated feedstock viscosity
with experimental feedstock viscosity data (Table 9). The de-
fect evolution was studied by analyzing location of air traps
and weld lines both for experimental and estimated datasets.

3.3.1 Flow-related output parameters

The progressive mold-filling behavior observed by using the
experimental feedstock property dataset for the heat-sink sub-
strate without fin is shown in Fig. 5a while progressive mold
filling for heat-sink substrate with fin is shown in Fig. 5b. A
similar progressive mold-filling behavior was observed for
simulations using estimated AlN feedstock property datasets
1–3 (Table 9) for both the heat-sink substrate geometries.

Table 9 AlN feedstock datasets
used for injection-molding
simulations

AlN feedstock
dataset

Densitya

(ρc, kg/m
3)

Specific heatb

(Cpc, J/kg K)
Thermal conductivityc

(λc, W/m K)
Cross-WLF
constantsd

Dual-domain
Tait constantse

Experimental ρc exp Cpc exp λc exp ηc exp νc exp
1 ρc avg Cpc avg λc avg ηc avg νc avg

2 ρc min Cpc min λc min ηc min νc min

3 ρc max Cpc max λc max ηc max νc max

4 ρc avg Cpc avg λc avg ηc exp νc avg

5 ρc min Cpc min λc min ηc exp νc min

6 ρc max Cpc max λc max ηc exp νc max

a Data from Table 2
bData from Table 3
c Data from Table 4
dData from Table 6
eData from Table 8

Table 8 Dual-domain Tait
constants for AlN feedstock Dual-domain Tait constants νc exp

a νc min
b

(νp = 0.30)
νc avg

b

(νp = 0.32)
νc max

b

(νp = 0.44)

b5 (K) 331 331 331 331

b6 (K/Pa) 1.30 × 10−7 1.30 × 10−7 1.30 × 10−7 1.30 × 10−7

b1m (m3/kg) 4.64 × 10−4 4.75 × 10−4 5.77 × 10−4 4.64 × 10−4

b2m (m3/kg K) 1.87 × 10−7 1.88 × 10−7 1.95 × 10−7 1.87 × 10−7

b3m (Pa) 2.05 × 109 1.79 × 109 2.17 × 109 1.65 × 109

b4m (1/K) 4.60 × 10−3 3.58 × 10−3 6.15 × 10−3 2.25 × 10−3

b1s (m
3/kg) 4.55 × 10−4 4.67 × 10−4 5.69 × 10−4 4.56 × 10−4

b2s (m
3/kg K) 2.05 × 10−7 2.05 × 10−7 2.05 × 10−7 2.05 × 10−7

b3s (Pa) 2.52 × 109 1.56 × 109 1.63 × 109 1.31 × 109

b4s (1/K) 3.01 × 10−3 5.88 × 10−3 6.35 × 10−3 4.21 × 10−3

b7 (m
3/kg) 5.08 × 10−5 4.73 × 10−5 5.34 × 10−5 4.09 × 10−5

b8, (1/K) 8.54 × 10−1 8.62 × 10−1 8.97 × 10−1 8.17 × 10−1

b9 (1/Pa) 5.06 × 10−6 5.25 × 10−6 3.53 × 10−5 5.19 × 10−6

a Calculated from Eqs. 10 to 13 and experimental (νc) values from Table 7
bCalculated from Eqs. 1 to 13 and estimated (νc) values from Table 7
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3.3.2 Temperature-related output parameters

Part weights result comparisons for heat-sink substrate with
and without fins are presented in Fig. 6. The part weight was
determined from the room temperature density value (Table 2)
and the total volume defined for the meshed geometry (Fig. 4).
It was observed that part weights both for experimental AlN
feedstock property dataset (Table 9) and estimated AlN feed-
stock property datasets 1–3 (Table 9) were higher for the heat-
sink substrate with fins. This increase in part weights for heat-
sink substrate with fins can be attributed to the increase in part

volume due to the addition of fins. Part weights for the exper-
imental dataset and estimated dataset 1 were comparatively
similar with an error of 2 % for both the heat-sink substrate
geometries. It was observed that part weight increases with a
decrease in feedstock property estimates. The maximum feed-
stock property estimate, dataset 3 (Table 9), has the lowest part
weight while the minimum feedstock property estimate
dataset 2 (Table 9) has the highest part weight.

Percent volumetric shrinkage result comparisons for the
heat-sink substrate without fins and with fins are presented
in Fig. 7. The volumetric shrinkage calculations were based
on the difference between the PvT state during molding and
the reference state where pressure (P) is 0 MPa and tempera-
ture (T) is at ambient temperature of 298 K (Fig. 4). For
ceramic-filled polymers, the percent volumetric shrinkages
have been reported to range between 1.2 and 2.4 % [34]. It
can be observed from Fig. 7 that volumetric shrinkage for the
experimental AlN feedstock property dataset is ~1.2 % while
volumetric shrinkage from the estimated AlN feedstock prop-
erty datasets 1–3 are in the range of 0.98–1.3 %. The percent
volumetric shrinkage for experimental dataset and estimated
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Fig. 7 Comparison of percent volumetric shrinkage for heat-sink
substrates with fins and without fins using the experimental feedstock
property dataset and estimated feedstock property datasets 1–3 (Table 9)

2.0 

4.0 

6.0 

p
a
r
t
 
w
e
i
g
h
t
,
 
g
 

heat sink 

substrate 

without fins 

heat sink 

substrate  

with fins 

estimated feedstock 

property dataset 1-3  

experimental feedstock

property dataset 
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without fins using the experimental feedstock property dataset and
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Table 10 Process input parameters for injection-molding simulations

Input parameters Values

Fill time 0.1 s

Velocity to pressure switch over 99 %

Mold temperature 308 K

Melt temperature 423 K

mold fill, % 

100 % 

75 % 

50 % 

25 % 

0 % 

25 % 50 % 

75 % 100 % 

mold fill, % 

100 % 

75 % 

50 % 

25 % 

0 % 

25 % 50 % 

75 % 100 % 

(a)

(b)

Fig. 5 (a). General progressive mold-filling behavior observed for heat-
sink substrate without fins. (b). General progressive mold-filling behavior
observed for heat-sink substrate with fins
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dataset 1 are comparatively similar with an error of 0.8 % for
the heat-sink geometry without fin and an error of 6 % for the
heat-sink substrate with fins. The volumetric shrinkage ranges
shown in Fig. 7 for datasets 1–3 correspond to the simulated
values using the minimum and maximum feedstock property
datasets. The maximum feedstock property estimates, dataset
3 (Table 9), showed the lowest shrinkage (minimum value in
Fig. 7) while the minimum feedstock property estimates,
dataset 2 (Table 9) showed the highest shrinkage (maximum
value in Fig. 7).

Packing times result comparisons for heat-sink substrate
without fins and with fins are presented in Fig. 8. Packing
time in injection molding starts when the mold is filled
completely and ends when the packing pressure is released.
In the packing stage, pressure is applied to the feedstock melt
to compress the polymer so that more feedstock gets filled into
the mold. Packing times are dependent on the heat transfer rate
and amount of heat needed to cool the feedstock from melting
temperature to ambient temperature. It can be observed from
Fig. 8 that packing times for experimental feedstock property
dataset (Table 9) and estimated feedstock property datasets 1–
3 (Table 9) were comparatively same for both heat-sink sub-
strate geometries. Packing times showed no sensitivity for
estimated datasets 1–3 indicating that variation in thermal
conductivity and specific heat estimates do not correspond
to variations in packing times. If thermal conductivity and
specific heat are estimated in same order of magnitude as that
of experimental measurements then the corresponding pack-
ing time estimates can be predicted reasonably well.
Additionally, it was observed that heat-sink substrate with fins
have higher packing times due to their higher volumes.

3.3.3 Pressure-related output parameters

Injection pressure comparisons for both the heat-sink substrate
geometries are presented in Fig. 9. Injection pressure is the
pressure applied to the feedstock melt by the ram during the

mold-filling stage that causes the material to flow inside the
cavity and later during packing stage to compress the feed-
stock melt inside the cavity. The maximum pressure at the
nozzle during the filling phase when the switch over occurs
from velocity filled to pressure filled (Table 10) is referred to
as the injection pressure in simulations. Large pressure gradi-
ents duringmold-filling stage are a sign of flow imbalance due
to improper gate location and very small or very high fill times
[35]. Therefore, identifying minimum injection pressures that
provide the least amount of shrinkage are best for obtaining a
quality part with no defects. It can be observed in Fig. 9a that
injection pressures for estimated feedstock property datasets
1–3 are higher by a factor of 10 when compared with injection
pressures obtained from experimental feedstock property
dataset (Table 9) for both heat-sink substrate geometries.

To account for the overestimation in injection pressure, the
viscosity estimates were substituted with experimental values
from viscosity measurements and datasets 4–6 were created
[2]. It can be observed from Fig. 9b that the injection pressures
for datasets 4–6 were comparatively close to the injection
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Fig. 9 a.) Comparison of injection pressure for heat-sink substrates with
fins and without fins using the experimental feedstock property dataset
and estimated feedstock property datasets 1–3 (Table 9).b.) Comparison
of injection pressure for heat-sink substrates with fins and without fins
geometry using the experimental feedstock property dataset and
estimated feedstock property datasets 4–6 (Table 9)
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pressure obtained from using the experimental feedstock
dataset (Table 9). Therefore, an improvement in viscosity es-
timates is necessary to obtain accurate injection pressure esti-
mates and is a part of our future study.

The clamp force is another pressure-related output param-
eter. It is the maximum force required to keep the mold closed
during the filling stage. Clamp force is a function of injection
pressure and the area of the part projected onto the XYplane.
It can be observed in Fig. 10a that the clamp force for estimat-
ed feedstock property datasets 1–3 were slightly higher when
compared with clamp force obtained from experimental feed-
stock property dataset (Table 9) for both the heat-sink sub-
strate geometries.

To account for the overestimation in clamp force, the vis-
cosity estimates were substituted with experimental values
from viscosity measurements and datasets 4–6 were created
due to sensitivity of clamp force towards viscosity [2]. It can
be observed from Fig. 10b that clamp force for datasets 4–6
were comparatively close to the clamp force obtained by using

the experimental feedstock dataset (Table 9). A further im-
provement in viscosity estimates is therefore necessary in or-
der to obtain accurate clamp force estimates and is a part of
our future study.

4 Conclusions

The present study indicates the merit of using estimated feed-
stock properties as input parameters in mold-filling simula-
tions that could be extended for a variety of material systems
and geometries early in the PIM design stage. The approach
developed in the present study provides the following key
conclusions:

1. Literature filler properties used in conjunction with mix-
ture models for predicting the physical, thermal, and rhe-
ological properties of AlN feedstocks provide comparable
(within the same order of magnitude) estimates to exper-
imentally measured feedstock properties for AlN.

2. Mold-filling simulations performed using estimated and
experimentally measured AlN feedstock properties show
reasonable correspondence to injection-molding experi-
ments for a simple tensile-bar geometry.

3. Mold-filling simulations performed for more complicated
heat-sink geometries clearly indicate that similar results
could be obtained by using estimated and experimentally
measured AlN feedstock properties (datasets 1–3) for
predicting mold-filling behavior, part weight, % volumet-
ric shrinkage, and packing time but were underestimated
for clamp force and injection pressure.

4. Using a combination of estimated AlN feedstock proper-
ties and experimentally measured viscosity (datasets 4–6)
improved the correspondence to simulation results that
solely used experimentally measuredAlN feedstock prop-
erties for injection pressure and clamp force predictions of
complex heat-sink geometries. This result indicates that
improved methodologies for estimating shear rate and
temperature-dependent viscosity of highly filled polymers
are needed in the future to continue to build on the advan-
tages provided by the present work.
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