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Metal fused filament fabrication (MF3) combines fused filament fabrication
and sintering processes to fabricate complex metal components. In MF3,
powder-polymer mixtures are printed to produce green parts that are subse-
quently debound and sintered. In the design for MF3 (DfMF3), it is important
to understand how material properties of the filament affect processability,
part quality, and ensuing properties. However, the materials property data-
base of powder-polymer materials to perform DfMF3 simulations is very lim-
ited, and experimental measurements can be expensive and time-consuming.
This work investigates models that can predict the powder-polymer material
properties that are required as input parameters for simulating the MF3 using
the Digimat-AM� process design platform for fused filament fabrication. Ti-
6Al-4V alloy (56–60 vol.%) and a multicomponent polymer binder were used to
predict properties such as density, specific heat, thermal conductivity, Young’s
modulus, and viscosity. The estimated material properties were used to con-
duct DfMF3 simulations to understand material-processing-geometry inter-
actions.

INTRODUCTION

Metal fused filament fabrication (MF3) is a hybrid
3D printing process used to fabricate custom 3D
metal components. MF3 provides an alternative to
other energy-intensive metal additive manufactur-
ing (AM) processes such as laser-powder bed fusion,
selective laser sintering, and direct energy deposi-
tion. MF3 is a multi-step process that involves: (1)
mixing and extrusion of a powder-polymer mixture
into filaments, (2) 3D printing of a green part, (3)
polymer removal from the 3D printed green part by
debinding to get a brown part, and (4) densifying the
brown part to achieve dense metal parts by sinter-
ing. Expected benefits of MF3 include greatly
expanding the property window of parts fabricated
using the established fused filament fabrication
(FFF) process, printing with mixed and multi-
material systems, minimizing powder exposure at
the printing stage, and expanding the range of
materials available to current designers and users
on the most widely used FFF platform.1

Figure 1a shows a typical process overview for
MF3 demonstrated by our group to fabricate Ti-6Al-
4V alloy components. The powder-polymer mixtures
used in MF3 are adapted from metal injection
molding (MIM) and are processed by modifying
FFF process that typically fabricate polymeric
parts.1,2 Although materials design rules are known
for processing powder-polymer mixtures using
MIM, they cannot be directly applied to formulate
new MF3 materials owing to differences in physical
phenomena involved in the two processes. More-
over, processing with polymers using FFF is well
known, but very limited literature exists on the
processing of polymer systems with high solid
loadings (> 50 vol.%) typically used for MF3.1,3–7

For example, in MIM, powder-polymer feedstocks
are melt-processed at high shear rates in the range
of 102–105 s�1.2 However, the FFF processing of a
polymer is typically done at a shear rate in the
range of 10–300 s�1.8 These differences pose signif-
icant processing challenges for powder-polymer
mixtures that display shear-thinning behavior.
Furthermore, other properties such as density,
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thermal, mechanical, and equation-of-state param-
eters (PVT) change with variation in powder-poly-
mer concentrations. Any variations in powder-
polymer composition can consequently affect fila-
ment properties, filament processing, 3D printing,
debinding, and sintering. Accordingly, material
compositional variations can affect the design of
not only component geometrical attributes but also
overhangs and support structures in the printed
part. Figure 1b represents our present approach to
capture material influences on processing and part
attributes using a design-for-metal-fused-filament-
fabrication (DfMF3) platform.

Our current work on processing Ti-6Al-4V pow-
der-polymer mixtures with MF3 has examined
several defects at different stages of MF3 processing
owing to compositional variations and their impact
on processing and geometry (Fig. 2). Figure 2a and
b were imaged using scanning electron microscopy
(TESCAN Vega 3), and Fig. 2c and d were imaged
using optical microscopy (Olympus BX-51). Fig-
ure 2a shows the presence of pores in the filament,
leading to lower filament densities. These filaments
were also found to buckle and crack under pressures
exerted by the pinch roller during 3D printing
owing to a lower strength. Figure 2b shows printing
defects, such as gaps across layers within a cross
section resulting in low green density in MF3 parts,
which can magnify post-sintering. Typical cracks
occurring during debinding presumably because of

the internal stresses in a part are presented in
Fig. 2c. Finally, Fig. 2d shows the distribution of
porosity within and between printing tracks and the
gap between layers following sintering.

Understanding defect evolution during MF3 pro-
cessing will be crucial to achieve the desired mate-
rial properties and part functionality. Specifically,
simulation tools to correctly identify appropriate
material compositions and process parameters for
designing parts suitable for MF3 can help reduce the
trial and error involved in producing defect-free
parts. As the density and thermal properties for
metal-polymer systems are much higher than for an
unfilled polymer, correct design protocols for parts
with overhangs and support structures need to be
identified with MF3. The potential of the MF3

process in fabricating metal parts has been shown
in some of the published work for 17–4 PH stainless
steel, copper, WC-10Co, W-Cr, and Cu-10Sn mate-
rials.1,4,5,9–13 However, the use of design tools to
perform material and process simulations in MF3

has not yet been explored, thereby limiting the
widespread use of the MF3 process to manufacture
parts with different materials for a variety of
applications.12

Many FFF simulation platforms, such as Digi-
mat-AM� (MSC Software), GENOA� (AlphaSTAR),
and GENESIS� (Vanderplaats R&D), are commer-
cially available and are currently being evaluated
and adapted by us to conduct DfMF3 simulations.

Fig. 1. (a) Process overview for MF3 with examples of fabricated Ti-6Al-4V parts by our group, and (b) the present work for determining the input
material parameters for conducting DfMF3.
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Common to these simulation platforms is the need
for a range of powder-polymer mixture material
properties such as physical, thermal, mechanical,
rheological, and equation-of-state parameters (PVT)
as input parameters.14–16 Compared with properties
of > 5000 different grades of plastics commonly
used in injection molding simulation platforms,
< 10 polymeric material systems are available in
the database of FFF simulation platforms and none
for MF3 materials. Any variations in powder con-
centrations or change in powder-polymer mixture
material properties will require new experimental
measurements to be performed, which can be time-
consuming and expensive.

The current work addresses the important gap in
the availability of powder-polymer properties for
DfMF3 by selecting material models that predict
properties using metal properties available in the
literature in conjunction with experimentally mea-
sured polymer matrix properties. To identify the
influence of varying powder contents (solid loading,
chemistry), properties were estimated for density,
thermal conductivity, specific heat, modulus, coeffi-
cient of thermal expansion, viscosity as a function of
shear rate and temperature, and specific volume as
a function of pressure and temperature. The esti-
mated material properties for the Ti-6Al-4V powder-
polymer were used to understand simulation out-
puts such as warpages and dimensions using the
DfMF3 platform, Digimat-AM�. Furthermore, a

comparison of warpage and dimensions between
DfMF3 simulations and 3D printing experiments
was performed for a 59 vol.% solid loading Ti-6Al-
4V powder-polymer material system. The output of
the DfMF3 study was compared with FFF simula-
tions and experiments of an unfilled acrylonitrile
butadiene styrene (ABS) polymer. It is expected
that the overall approach will significantly reduce
the trial and error in designing new materials used
to fabricate complex MF3 parts.

MODELS FOR POWDER-POLYMER
MATERIAL PROPERTIES

Various models can predict material thermophys-
ical properties for powder-polymer mixtures.17–28

Our recent work compared various models used to
predict the density, modulus, thermal conductivity,
specific heat, viscosity, and specific volume and
identified models that provided the best fit to
experimental measurements of powder-polymer
properties.26,27,29 From the set of models screened
for predicting material properties, models that
provided the best fit (coefficient of regression R2 fit
of 0.87–0.99) with experimental measurements in
prior work were selected. In the current work, a
protocol was developed to use existing literature
filler (powder) properties and experimentally mea-
sured binder properties in conjunction with the
selected models to estimate the powder-polymer
properties required to perform DfMF3 simulations.

Fig. 2. Typical defects observed during the MF3 process of the Ti-6Al-4V alloy system fabricated by our group showing (a) dark regions
representing pores within a cut cross section of a powder-polymer filament, (b) gaps between layers within an MF3 fabricated green part, (c)
crack propagation observed after debinding, and (d) presence of pores present in the sintered MF3 part (Color figure online).
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Material properties include density, thermal con-
ductivity, specific heat, modulus, coefficient of ther-
mal expansion, viscosity as a function of shear rate
and temperature, and specific volume as a function
of pressure and temperature. As a representative,
yet high-impact material, Ti-6Al-4V alloy was used
as the filler phase while experimentally measured
properties of a wax-polymer binder were used as a
matrix phase. Table I lists the thermomechanical
properties of Ti-6Al-4V alloy at room temperature
collected from literature sources.31–40

MATERIALS AND EXPERIMENTAL
METHODS

Ti-6Al-4V powder has been selected as the filler
phase to perform material property estimations.
The effects of powder particle size distribution,
shape, and packing behavior are not considered
within the scope of the present work and will be
addressed in future studies by our group. The
binder used in this work comprised paraffin wax,
low-density polyethylene, polypropylene, and stea-
ric acid.

Binder thermomechanical property measure-
ments including density, modulus, specific heat,
thermal conductivity, coefficient of thermal expan-
sion, viscosity, and specific volume were conducted
at Datapoint Labs (Ithaca, NY) and previously
reported by us.28 These measurements were per-
formed according to the ASTM standards listed in
the supplementary Table S-I. Solid density mea-
surements were made for the binder using the
Archimedes principle as laid out in ASTM standard
D792. A PerkinElmer differential scanning
calorimetry (DSC) was used to measure specific
heats for the binder following ASTM standard
E1269. Thermal conductivity measurements for
the binder were made using a K-System II thermal
conductivity system following ASTM standard
D5930. Viscosity for the binder was measured
according to ASTM D3835 using a Goettfert Rheo-
graph capillary rheometer. Pressure-volume-tem-
perature (PVT) measurements for the binder were
made with a Gnomix PVT apparatus following
ASTM D792. The feedstock properties for the com-
posite with Ti-6Al-4V as filler with polymer binder
were estimated using models discussed in the
following sections.

For 3D printing experiments, four ASTM E8
tensile samples were printed on an FFF machine
(Pulse 3D printer by Matterhackers) with 59 vol.%
Ti-6Al-4V powder-polymer feedstock filaments. The
preparation of MF3 filaments was adapted for Ti-
6Al-4V based on previous studies that have been
reported elsewhere.12 The print parameters con-
sisted of a layer height of 150 lm, bead width of
550 lm, extrusion temperature of 240 �C, bed
temperature of 65 �C, nozzle diameter of 400 lm,
and constant print speed of 10 mm/s. For compar-
ison, ABS, a common polymer for FFF printing, was
used for 3D printing tensile bar geometries and
comparing the attributes of the part with simula-
tions using material properties available in the
Digimat-AM material database.

ESTIMATING PROPERTIES
OF POWDER-POLYMER MIXTURES

The experimentally measured values of the poly-
mer binder and literature Ti-6Al-4V filler properties
were used to estimate feedstock properties of Ti-6Al-
4V powder-polymer composite containing 56–
60 vol.% solid loading.

Density

The density of a filler-binder mixture is important
in MF3 for calculating thermal stresses, shrinkage,
overhang and support structure design, and can be
estimated using various available models.17,18 In
this article, an inverse rule of mixtures was used to
estimate the composite feedstock density, given in
Eq. 1. This model has previously been verified in
published work from our group by comparing it with
experimental measurements for various fillers.26,29

1

qc

¼ Xf

qf

þ Xb

qb

ð1Þ

where q is the density, X is the mass fraction, and
the subscripts c, b, and f stand for the composite,
binder, and filler, respectively.

Although the feedstock formulation is repre-
sented by weight fractions, for preparing powder-
polymer mixtures, volumetric comparisons are more
useful to compare powders of differing densities.
Therefore, the volume fractions of powder and
binder were estimated from the mass fractions
using Eqs. 2 and 3, respectively:

Table I. Material properties of Ti-6Al-4V alloy at room temperature

Property Value Reference

Density (kg/m3) 4.42 ± 0.06 Refs. 30–37
Specific heat (J/kg K) 560 ± 30 Refs. 35,37–40
Thermal conductivity (W/m K) 6.5 ± 0.4 Refs. 35–40
Coefficient of thermal expansion (9 10�6 K�1) 8.8 ± 0.4 Refs. 35–37,39,41,42
Modulus (GPa) 110 ± 3 Refs. 35–39,43,44
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/f ¼
Xf

qf

Xf

qf
þ Xb

qb

ð2Þ

/b ¼ 1 � /f ð3Þ

where /f and /b are the volume fractions of the
filler and binder, respectively.

The experimentally obtained solid density for the
binder system (qb) (provided in supplementary
Table S-II) and the filler properties compiled from
the literature (provided in Table I) were used to
estimate the solid density of Ti-6Al-4V-binder mix-
tures as a function of volume fraction using Eq. 1
and shown in Fig. 3a. It was observed that for a
change from 0.56 to 0.60 volume fraction of Ti-6Al-
4V, the composite solid density increased from
2860 kg/m3 to 3000 kg/m3. Further applicability of
the model was verified by experimental density
measurements for Ti-6Al-4V powder-binder feed-
stock at 0.59 volume fraction, which was found to be
2950 kg/m3, representing a deviation < 0.6% from
the estimated value of 2965 kg/m3. For further
verification, estimates of the model to experimental
data on a PTFE-TiO2 system showed a coefficient of
determination (R2) of 0.98, confirming good appli-
cability to make density estimations.26

Young’s Modulus

The Young’s modulus of the feedstock has a direct
influence on the strength and distortion of parts
fabricated by MF3. Good adhesion between metal
particles and the polymer is essential to achieve a
high Young’s modulus. Furthermore, solid loading,
binder compositions, and temperature strongly
influence Young’s modulus. Among various models
available19–21 to predict Young’s modulus of a filler-
polymer mixture, Halpin and Tsai19 developed a
widely accepted model that takes into account the
filler shape and loading direction. It has been widely
used in studies in predicting the modulus, and its
estimates have been verified by experimental data

for various filled polymer systems.45,46 This model is
shown in Eq. 4:

Ec

Eb
¼ 1 þ ng/f

1 � g/f

ð4Þ

where E is the elastic modulus, n is a shape
parameter dependent on the geometry and loading
direction, / is volume fraction, and subscripts c, b,
and f stand for the composite, binder, and filler,
respectively.

The parameter g is given by Eq. 5:

g ¼ Ef=Eb � 1

Ef=Eb þ n
ð5Þ

The parameter n can be approximated to 2 for
spherical particles.19 The Young’s modulus for the
binder (Eb) was determined experimentally at room
temperature (available in supplementary Table S-
II) and reported in our prior work.28 The Ti-6Al-4V
filler properties were collected from the literature as
shown in Table I. The Young’s modulus for inter-
mediate volume fractions was estimated using
Eqs. 4 and 5. As seen in Fig. 3b, the modulus
changed from 11.4 GPa to 12.8 GPa with the change
in volume fraction from 0.56 to 0.60. For verifica-
tion, estimates of the model to experimental data on
an epoxy-glass mixture above 0.4 volume fraction
filler showed a coefficient of determination (R2) of
� 0.88, confirming good applicability to predict
Young’s modulus.26

Specific Heat

For polymers and metal powder feedstocks, the
heat capacity is dependent on the processing tem-
perature. The polymer melting results in phase
change and further changes the heat capacity. For
MF3, it is critical to understand the cooling trends
that occur in the entire range of processing temper-
atures. In the current work, a modified rule of
mixtures was used22 as given in Eq. 6 to determine
the specific heat of the filler-polymer mixture. This

Fig. 3. Estimated (a) density, and (b) Young’s modulus for Ti-6Al-4V filler-binder feedstock at different volume fractions.
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equation has been successfully applied to mixtures
with high volume fraction fillers. In our previous
work,26–29 the predicted values from this model
have been evaluated against experimental specific
heat measurements and have produced a high
coefficient of determination (R2) of 0.97, suggesting
good applicability.

Cpc
¼ Cpb

Xb þ Cpf
Xf

� �
� 1 þ A � XbXf½ � ð6Þ

where A is a correction factor assumed to be 0.2 for
spherical particles. Cp is the specific heat, X is the
mass fraction, and subscripts c, b, and f stand for
the composite, binder, and filler, respectively.

The specific heat for the binder system (Cpb
) was

experimentally obtained at different temperatures
(provided in supplementary Table S-II) as previ-
ously reported,28 and the filler properties were
found in the literature (Table I and supplementary
Table S-III for each temperature). The values were
used to estimate the specific heat capacity over a
range of filler volume fractions using Eq. 6 and are
plotted in Fig. 4a. Figure 4a shows that for a change
from 0.56 to 0.60 volume fraction of Ti-6Al-4V
powder at 303 K, the specific heat decreased from
983 J/kg K to 926 J/kg K. With an increase in
temperature, the specific heat first increased from
983 J/kg K at 303 K to 1173 J/kg K at 322 K and
then decreased to 855 J/kg K at 443 K. Additional
data for the specific heat for each volume fraction
and temperature are provided in supplementary
Table S-III. For verification, estimates of the model
to experimental data on a paraffin wax-iron mixture
at 0.6 volume fraction filler showed a coefficient of
determination (R2) of 0.99, confirming excellent
applicability to predict specific heat.26

Thermal Conductivity

The addition of metal particles in the polymer
matrix increases the thermal conductivity of MF3

feedstocks because of the higher thermal conduc-
tivity of the metal. In MF3, the feedstock thermal
conductivity is useful in the selection of extruder
and built plate temperatures that ensure high
density and layer-to-layer bonding. The Bruggeman
model shown in Eq. 7 was used to estimate the
thermal conductivity of the powder-polymer
mixture:

1 � /f ¼
kf � kc

kf � kb

� �
kb

kc

� �1=3
ð7Þ

where k is the thermal conductivity, / is the volume
fraction of powder, and the subscripts c, b, and f
stand for the composite, binder, and filler, respec-
tively. Equation 7 has been previously reported to
predict the thermal conductivity of filled-polymer
feedstock systems in reasonable agreement with
experimental measurements.22,26–28,47

The binder thermal conductivity (kb) was exper-
imentally determined (provided in Table S-II) as

previously reported,28 and the filler properties were
taken from the literature (Table I); intermediate
volume fractions were estimated using Eq. 7 (avail-
able in Table S-IV). It can be inferred from Fig. 4b
that for a change in volume fraction from 0.56 to
0.60 for Ti-6Al-4V powder at 316 K, the thermal
conductivity increased from 1.3 W/m K to 1.5 W/
m K. With an increase in temperature from 316 K
to 438 K at 0.59 volume fraction, the thermal
conductivity first increased from 1.47 W/m K to
1.50 W/m K at 357 K and then decreased to
1.41 W/m K at 438 K. The trend was similar for
other volume fractions of Ti-6Al-4V feedstocks. The
trend of the curve for the composite feedstock is

Fig. 4. Estimated thermal properties of composite Ti-6Al-4V powder-
binder feedstock at different volume fractions for (a) specific heat as
a function of temperature, (b) thermal conductivity as a function of
temperature, and (c) coefficient of thermal expansion.
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dominated by the thermal conductivity of the
matrix/binder material. The typical crest and
trough observed in the curve are due to the changes
in the binder state from solid to liquid while being
heated to a definitive temperature. For verification,
estimates of the model to experimental data on
PLA-aluminum mixture above 0.5 volume fraction
filler showed a coefficient of determination (R2) of
� 0.9, confirming good applicability to predict ther-
mal conductivity.26

Coefficient of Thermal Expansion (CTE)

Three-dimensional printed components expand
and shrink during the heating and cooling stages
of the process. Uneven temperature distributions
can cause warping in parts due to the buildup of
residual thermal stresses while cooling. Thermal
stresses are proportional to the CTE of powder-
polymer mixtures, which can be calculated by
several models.24–28 The general rule of mixtures
shown in Eq. 8 requires fewer empirical constants
compared with other models.

ac ¼ /faf þ abð1 � /f Þ ð8Þ

where a is the thermal expansion coefficient, / is the
volume fraction, and the subscripts c, f, and b stand
for the composite, filler, and binder, respectively. In
our previous work,26 when evaluated against exper-
imental values it yields a regression coefficient of
determination (R2) in the range of 0.87–0.97, indi-
cating a good fit.

The CTE for binder (ab) was experimentally
obtained (see Table S-II), and the filler properties
were found in the literature, provided in Table I,
while the values for intermediate volume fractions
were estimated using Eq. 8. In Fig. 4c, for a change
in volume fraction from 0.56 to 0.60, the CTE
decreased from 29.7 9 10�6 K�1 to
27.8 9 10�6 K�1. For verification, estimates of the
model to experimental data on an epoxy-alumina
mixture at 0.5 volume fraction filler showed a
coefficient of determination (R2) of � 0.9, confirming
good applicability to predict CTE.26

Viscosity

In MF3, the molten feedstock material flows
through the nozzle to form the desired geometry.
The rheological understanding of powder-polymer
mixtures is crucial since at higher powder loadings
the feedstock viscosity increases. The typical filler
content ranges between 50 vol.% and 65 vol.%, and
the viscosity varies as the inverse of powder particle
size. Rheological characteristics provide clear
understanding related to flow instabilities while
printing and thereby the influence of powder load-
ing, shear rate, and temperature on the material
flow properties.

The Krieger-Dougherty model26–28,48 has been
found suitable for predicting viscosity values for

highly filled powder-polymer mixtures from our
previous work, generating a coefficient of determi-
nation (R2) ranging from 0.94 to 0.99 compared with
experimental viscosity measurements. A simplified
form of the model is given in Eq. 9:

gc ¼
gb

1 � /f

/m

h i2
ð9Þ

where g is the viscosity. Subscripts c and b stand for
the composite and binder, respectively. /m stands
for the maximum packing fraction of the filler and is
approximated to be 0.64 for randomly packed
spheres,49 and /f is the filler volume fraction.

Figure 5 shows the variation in viscosity as a
function of powder volume fraction, shear rate, and
temperature (tabulated data provided in supple-
mentary Table S-V). At 413 K and a shear rate of
800 s�1, increasing the volume fraction of powder
from 0.56 to 0.60 increases the viscosity from
840 Pa s to 3350 Pa s. For example, for a volume
fraction of 0.59 at 423 K with an increasing shear
rate from 20 s�1 to 1600 s�1, the viscosity decreases
one order of magnitude from 5130 Pa s to 590 Pa s.
Similarly, increasing the temperature from 413 K to
423 K decreases the viscosity from 2140 Pa s to
840 Pa s for 0.59 volume fraction at 800 s�1. For
processes operating under low shear rates, it is
highly important to have low feedstock viscosity for
successful flowability, especially for the MF3 process
where the filament strength properties provide
enough force for a continuous flow through the
nozzle and successful printing operation. Experi-
mental viscosity measurements for 0.59 volume
fraction Ti-6Al-4V powder-binder feedstock at
423 K and 160 s�1 was found to be 600 Pa s,
representing an overestimated value of 2070 Pa s.
The differences in the particle packing behavior of
Ti-6Al-4V powder may result in /m > 0.64 for the
viscosity prediction of randomly packed, monosized
spheres, resulting in overestimation compared with
experimental data. For additional verification, esti-
mates of the model to experimental data on an
LDPE-alumina mixture at 0.6 volume fraction filler
showed a coefficient of determination (R2) of � 0.95,
confirming good applicability to predict viscosity for
the system.26

Viscosity is sensitive to shear rate and tempera-
ture. At low temperatures, the mixture viscosity is
high, making it difficult to print. At high tempera-
tures, the binder could break down or powder-
binder separation could result during extrusion.
Therefore, a bounded range of conditions is likely to
exist across which successful printing is best
achieved. The Cross-WLF equation can be used to
numerically capture the shear rate and temperature
changes in viscosity,50 as shown in Eq. 10:

g ¼ g0

1 þ g0 _c
s�

� �1�n
ð10Þ
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where g is the melt viscosity (Pa s), g0 is the zero
shear viscosity (Pa s), _c is the shear rate (s�1), s* is
the critical stress level at the transition to shear
thinning (Pa), which is determined by curve fitting,
and n is the power-law index in the high shear rate
regime, also determined by curve fitting.

The viscosity of a filled polymer mixture and its
temperature dependence can be calculated using
Eq. 11:

g0 ¼ D1 exp � A1 T � T�ð Þ
A2 þ T � T�ð Þ

� 	
ð11Þ

where T is the temperature (K), T*, D1, and A1 are
curve fitted coefficients, and A2 (assumed as 51.6) is
the WLF constant. 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. Represen-
tative extracted cross WLF constants for a 59 vol.%
solid loading Ti-6Al-4V feedstock are provided in
supplementary Table S-VI.

Specific Volume

Warpage and non-uniform shrinkage during cool-
ing are some of the reported issues in the polymer
FFF process That are equally important in MF3.
The variation in specific volume as a function of
temperature and pressure could help provide sub-
stantial information in mitigating dimensional vari-
ations during shrinkage of MF3 parts. The specific
volume also depends on the filler volume fraction
and was calculated using the rule of mixtures17

shown in Eq. 12. The rule of mixtures has been
found to be a reliable method in predicting the
specific volume of polymer filled systems, with our
previous work26 producing a high coefficient of
determination (R2) of 0.99 compared with experi-
mental results.

tc ¼ Xftf þ tb 1 � Xfð Þ ð12Þ

where t is the specific volume, X is the mass
fraction, and the subscripts c, f, and b refer to the
composite, filler, and binder, respectively.

Figure 6 shows the variation of specific volume on
the temperature, pressure, and powder volume
fraction (data available in Table S-VII). Increasing
the volume fraction from 0.56 MPa to 0.60 at 0 MPa
decreased the specific volume from 3.51 9 10�4 m3/
kg to 3.34 9 10�4 m3/kg at 300 K. When the tem-
perature was increased from 300 K to 450 K at
0 MPa, the specific volume increased from
3.51 9 10�4 m3/kg to 3.87 9 10�4 m3/kg for feed-
stock with a 0.56 volume fraction of Ti-6Al-4V
powder. However, with increasing pressure from
0 MPa to 50 MPa (at 300 K and 0.56 volume
fraction), the specific volume was found to decrease
from 3.51 9 10�4 m3/kg to 3.48 9 10�4 m3/kg. For
additional verification, estimates of the model to
experimental data on a PP-aluminum mixture at 0.5
volume fraction filler showed a coefficient of deter-
mination (R2) of 0.99, confirming good applicability
to predict the specific volume for the system.26

A two-domain Tait50 model (Eq. 13) can be used
for generating specific volume data as a function of
temperature and pressure pertaining to the MF3

processing conditions:

t T;pð Þ ¼ t0 Tð Þ 1 � C ln 1 þ p

B Tð Þ

� �
þ tt T;pð Þ

� 	

ð13Þ
where t(T,p) is the specific volume at a given
temperature and pressure, t0(T) is the specific
volume at zero gauge pressure, T is the temperature
in K, p is pressure in Pa, and C is a constant
assumed to be 0.0894 for the two-domain Tait
model. The parameter B(T), accounts for the pres-
sure sensitivity of the material and is separately
defined for the solid and melt regions. For the upper
bound50 when T> Tt (volumetric transition tem-
perature), the parameters, t0, B and t(T,p) are given
by Eqs. 14, 15 and 16 respectively.

t0 ¼ b1m þ b2mðT � b5Þ ð14Þ

Fig. 5. Estimated viscosity of the Ti-6Al-4V powder-binder feedstock for a shear rate of 20–1600 s�1 at (a) 413 K, and (b) 423 K with different
volume fractions.
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BðTÞ ¼ b3me
�b4mðT�b5Þ½ � ð15Þ

ttðT;pÞ ¼ 0 ð16Þ
where b1m, b2m, b3m, b4m, and b5 are curve-fitted
coefficients. For the lower bound,50 when T< Tt,
the parameters, t0, B and t(T,p) are given by
Eqs. 17, 18 and 19 respectively.

t0 ¼ b1s þ b2sðT � b5Þ ð17Þ

BðTÞ ¼ b3se
½�b4sðT�b5Þ� ð18Þ

ttðT;pÞ ¼ b7e
½b8ðT�b5Þ�ðb9pÞ� ð19Þ

where b1s, b2s, b3s, b4s, b5, b7, b8, and b9 are the
curve-fitted coefficients. The dependence of the
volumetric transition temperature, Tt, on pressure
can be given by Eq. 20:

TtðpÞ ¼ b5 þ b6ðpÞ ð20Þ

Representative extracted dual-domain Tait con-
stants for 59 vol.% solid loading Ti-6Al-4V feedstock
are provided in supplementary Table S-VIII.

SIMULATION CASE STUDY RESULTS

In the current study, Digimat-AM� was used as a
simulation tool that takes material thermophysical
properties as the input parameters. Here, material
properties for the 59 vol.% Ti-6Al-4V powder-poly-
mer feedstock system estimated using the models
presented previously were used as input parameters
to predict warpage/dimensional changes for a ten-
sile bar printed with MF3.

Figure 7a shows the CAD file with dimensions for
an ASTM E8 tensile sample. The part dimensions of
this geometry obtained from simulations and MF3

experiments were in excellent agreement (data
provided in supplementary Fig. S-1). Warpage
analyses of simulated and fabricated samples of

59 vol.% Ti-6Al-4V MF3 samples are shown in
Fig. 7b and c, respectively. Simulation results pre-
dicted the maximum warpage was located at the
edge of the tensile bar and the magnitude of
warpage at this location along the Z direction was
0.07 mm. In close agreement with simulations, the
MF3 experiments with the green parts verified that
the location of the maximum warpage was identical.
However, the magnitude of the warpage at this
location in the Z direction was slightly higher at
0.3 ± 0.04 mm. To further assess the differences
between MF3 and FFF results, simulations and
experiments were also conducted on a standard ABS
polymer for the same tensile bar specimen and are
represented in Fig. 7d and e. For ABS parts from
simulations, the location of maximum warpage was
identical to the MF3 simulation result. However, the
magnitude of warpage at this location in the Z
direction was comparatively higher at 0.14 mm. In
FFF experiments with ABS, the location of maxi-
mum warpage correlated with the ABS simulation.
However, the magnitude measured in the Z direc-
tion was also slightly higher at 0.7 ± 0.15 mm. The
warpage results obtained from simulations as well
as experiments are summarized in Fig. 7f. These
results indicate that the location of maximum
warpage is accurately predicted for both material
systems. However, the magnitude of warpage is
under-estimated by the Digimat-AM� simulation
platform for both systems and needs further anal-
ysis and refinement in the future. Typically, uneven
heat distribution creates internal stresses within a
part, resulting in warpage.51,52 Several material
properties are known to contribute to the overall
warpage. However, the CTE value of the 59 vol.%
Ti-6Al-4V powder-binder system (2.8 9 10�5 K�1) is
lower than that for ABS (9 9 10�5 K�1) and is
concluded to be the major reason for the differences
in the extent of warpage in the two material
systems.

Fig. 6. Estimated specific volume of Ti-6Al-4V powder-binder feedstock at different filler volume fractions for (a) 0 MPa, and (b) 50 MPa.
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The above results suggest the potential for using
the material property estimation protocol for ana-
lyzing complex geometries using other output
parameters of the MF3 process including warpage,
residual stresses, porosity, and distortion. Prelimi-
nary results demonstrating the geometry capability
are shown in supplementary Fig. S-2. These studies
are currently underway in our group and will be
reported in the future. Supplementary Table S-IX
provides material properties for the other most
commonly used metals that can be used to estimate
input material properties for other MF3 systems
based on the protocols presented in the present
study. These studies are also currently underway in
our group and will be reported in future
publications.

CONCLUSION

Based on the estimated metal-polymer mixture
properties and their use in process simulations, the
following conclusions can be drawn:

� The variation of material properties related to
dimensional changes as a function of filler
attributes and filler volume fraction can be
estimated for Ti-6Al-4V powder-polymer mix-
tures.

� The properties estimated using various models
enable the evaluation of component-level attri-
butes fabricated by MF3 using DfMF3 platforms.
The component-level attributes included here
are the final dimensions and warpage.

� The overall approach enables the understanding

of the dependence of MF3 processing of complex
Ti-6Al-4V components on the material composi-
tion.

� The experimental protocols for verifying the
estimated material properties presented in this
work can help in further refining the models and
analyzing their influence on successfully pre-
dicting MF3 outcomes.

� It is expected that the overall approach will help
reduce significant trial and error in designing
new materials that can be used to fabricate
complex geometries using MF3.
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Fig. 7. Experimental and simulation result verifications using estimated values: (a) CAD file for ASTM E8 tensile sample with dimensions. (b)
Simulation of the part using the estimated material properties for 59 vol.% Ti-6Al-4V + binder feedstock. (c) Printed green parts with 0.59 vol.%
of Ti-6Al-4V + binder feedstock. (d) Simulation of the ABS part using the available material database in Digimat-AM�. (e) Printed part with ABS
material filament. (f) Warpage analysis resulting from experiments and simulation for 59 vol.% Ti-6Al-4V + binder feedstock and ABS (Color
figure online).
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