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3D printing metals via material extrusion utilizes a metal particle reinforced polymer matrix composite (PMC) as
the filament which is typically made with gas-atomized powders as fillers. Its rheological behavior limits the
maximum metal content of the printed green composite which, consequently, hinders further reductions to part
porosity and shrinkage. In this paper, the scaling of the dynamic viscosity of melt-extruded PMC filaments made
of PLA and Ni-Cu gas-atomized powders is studied as a function of the metal’s volumetric content and feedstock
pre-mixing strategies and correlated to its extrudability performance. Extrudable and uniform filaments with the

Sintering

Highly filled polymers highest metal content of 63.4 vol% were produced by employing solution-mixing of the PMC feedstock and
Jamming compared to physical mixing which only reached 54 vol%. After sintering, the improved metal content of 3D
Shrinkage printed parts from solution-mixing reduced linear shrinkage by 76% in comparison to physical mixing, resulting

in an absolute shrinkage value of 0.49%. By characterizing the PMC feedstock via flow-sweep rheology tests, a
distinct extension of the shear-thinning zone towards high shear rates (i.e. 100 s™!) at high metal content was
observed for the case of solution-mixed feedstock — a result that is attributed to the improved adhesion of the
PMCs to the walls of the rheometer. PMCs with such characteristics correlated well to favorable extrudability and
windability test outcomes (i.e. no particle jamming or metal accumulation at the die). The Krieger-Dougherty
analytical model was employed to predict the zero-shear rate viscosity as a function of the metal content in
the PMCs, however, the latter property is not necessarily correlated to the viscosity at high shear rates (10-1000
s™1) due to a complex shear thinning response. Since PMCs experience high shear rates in the die orifice,
additional theoretical models are needed to predict shear-thinning at high metal content in PMCs and, thus,
improve our prediction of PMC’s rheology, its design, and extrudability to maximize its metal content.

1. Introduction

Metal additive manufacturing via material extrusion (a.k.a. Fused
Filament Fabrication or FFF) offers low-tooling costs, table-top systems,
user-friendliness [1], reduced powder handling needs and hazards, and
multi-material printing capabilities [2] in comparison with
well-established approaches such as selective laser sintering (SLS) [3],
selective laser melting (SLM) [4,5], directed energy deposition (DED)
[6] and metal binder jetting [7,8]. As a result, it can be installed inside
commercial, residential and research settings, distributing
manufacturing near design teams, home users, and hobbyists to facili-
tate design iteration [9]. However, metal-based material extrusion has
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its own drawbacks, such as the need for debinding the thermoplastic,
surface roughness [10], high part shrinkage that limits dimensional
tolerances, and significant level of part porosity due to pores between
tracks and metallic powders that limits mechanical strength [11]. The
latter two limitations originate during filament extrusion [12] since they
are both mitigated by increasing the metal content of the resulting green
parts.

Thus, to print denser green parts, it becomes necessary to understand
the role of shear-thinning in the PMCs during extrusion [13]. Recent
literature explores the effects of the powder size distribution [14-18],
powder shape [19,20], and the interfacial adhesions [21] between the
metal and thermoplastic to minimize the viscosity of the melt.
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Non-spherical metal fillers often exhibit limited flowability as they are
plagued by mechanical interlocking, which is a function of particle size
and shape and which often promotes clustering [22,23]. Studies
revealed the advantages of gas atomized metal particles over water
atomized and ball-milled powders not only from the perspective of
rheology, but also from the perspective of achieving homogeneity,
higher packing factor, and greater part density after sintering [14,20,
24]. Additionally, maintaining the homogeneity of highly filled metals
in the thermoplastic matrix is critical [23,25,26], as particles are more
prone to aggregation, leading to mechanical interlocking in highly
concentrated PMCs [23]. Attempts to quantify dispersion were only
limited to either simulation and theoretical studies [27,28] or non-metal
fillers and nanocomposites [29-32], often undergoing solid-state mixing
(i.e. ball mill and traditional mixing) [23,33,34].

As the metal content reaches more than 55 vol%, homogeneity of
metal dispersion in the PMC feedstock prior to extrusion plays a vital
role in preventing the particle jamming in the extruder. The so-called
“traditional mixing” method relies on the physical mixing of dry poly-
mer and metal powders typically in a low energy stirring mixer to ho-
mogenize the feedstock prior to extrusion, where additional mixing
takes place in the melt inside the extruder’s barrel due to the action of
the reciprocating screw [35]. However, mixing inside the barrel by the
action of the screw does not always provide enough circulation for
enabling sufficient mixing, particularly in the case of thermoplastics
with high melt viscosity that promotes laminar flow [36]. Moreover,
winding the extrudate in a spool of PMC filaments with a metal content
of more than 40 vol% becomes difficult due to its high stiffness and
brittleness [37] for it to be bent into the desired radius of curvature.

In this paper, a compatible solvent-based solution pre-mixing strat-
egy [38] was adopted and metal particle distribution and homogeneity
in PMC were compared with the traditional approach for fabricating
filaments using a popular single-barrel extruder from Noztek. The
extrudability and windability of PMC filaments composed of PLA and
gas atomized Ni-Cu powder were tested from low (28 vol%) to high
(63.4 vol%) metal loading in gradual increments as a function of the
physical and solution pre-mixing strategies. It was revealed that the
solution-mixed feedstock attained a maximum metal loading of 62 vol%
that passed both the extrudability and windability criteria of extrusion
tests and a maximum metal loading of 63.4 vol% that passed the
extrudability test only. In contrast, the physically-mixed feedstock only
reached the highest extrudable filament content of 54 vol% metal and
the highest windable filament content of 43 vol% metal. Additionally,
the homogeneity of the metal in the filaments as a function of its content
is characterized in detail via thermogravimetric analysis (TGA).

While examining the rheology of the melted composite via flow
sweep rheology test and dynamic mechanical testing (DMA), it was
sought to understand (i) predictors of the extrudability of the PMCs as
well as (ii) the scaling of the viscosity at both low and high shear rates. In
a flow sweep rheology test, the zero-shear viscosity of PMCs was
measured and found to scale as a function of metal content for both the
physically- and the solution-mixed precursors in close agreement with
the theoretical model by Krieger and Dougherty [39] for monodispersed
rigid spheres. Also, the flow sweep tests suggest that physically-mixed
feedstock is more prone to slippage at the high-shear rate ranges
imposed by the die (i.e. between 10 and 1000 s_l). SAOS (Small
amplitude oscillatory shear) test was conducted to demonstrate the
materials behavior shift from viscoelastic state to elastic solid state as a
function of metal content [40].

Next, the dimensional shrinkage of 3D printed parts measured after
sintering was found to be inversely proportional to the initial volumetric
metal content of the green part. In summary, this work not only repre-
sents a framework for studying highly packed and homogenously
dispersed metal particles for PMC filament production but also sheds
light on the complexity of the rheological scaling of PMCs with
increasing filler content, which becomes increasingly relevant (i) to in-
crease the green part density and (ii) to improve extrudability of
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unconventional PMC fillers such as space-mined and cementitious ma-
terials, and nanomaterials for novel 3D printing applications.

2. Materials and method
2.1. Materials

Semi-crystalline and biodegradable [41] polymer PLA pellets (pul-
verized and procured from Filabot with a vendor-reported M,, ~170,
000 g/mol, density 1.25 g/cm® and average pellet size of 2.5 mm; see
Fig. S1 from the supplementary section) was chosen to perform all the
extrusion and rheology tests conducted in this study. Gas atomized
Ni-Cu powders (68 wt% Cu and 32 wt% Ni with a vendor-reported
density of 8.94 g/cm®) with a median particle size of 62.4 um (see
Fig. S2 and Table S1 from the supplementary section) were procured
from PAC (Powder Alloy Corporation) to be used as our metal fillers.

2.2. Manufacturing method

2.2.1. Mixing

Two methods were selected for mixing of the polymer and metal
prior to extrusion and termed as “physical mixing” and “solution mix-
ing”. For the physical mixing method, vacuum dried pulverized PLA was
blended in a solid phase with Ni-Cu powders and transferred to a plastic
bag. For the solution mixing method, vacuum dried PLA was added into
a beaker with DCM (dichloromethane) with a 1:10 (w/v) ratio (which
suggests for every 1 g of PLA to dissolve, 10 ml DCM was used) and
magnetically stirred (350 rpm) on a hotplate at 35 °C for 4-6 h to allow
complete dissolution. Subsequently, pre-weighed NiCu alloy powders
were added gradually with the aid of the elevated hotplate temperature
(60 °C) and mechanically stirred for an hour to get a thick paste-like
suspension as the solvent evaporated. The suspension was poured into
a handmade aluminum foil boat and dried in a vacuum furnace at 60 °C
for 4 h and after that, it was kept for natural drying for 24 h in a fume
hood. After drying, the thick paste turned into a solid chunk and cut into
an average of 5 mm pieces by a steel strapping cutter to get the final
feedstock feedable into the extruder’s hopper (see Fig. S5 from the
supplementary section). The details of the solution mixing process along
with extrusion, winding and 3D printing are shown in Fig. 1.

2.2.2. Extrusion

Extrusion was performed at 180 °C (heaters placed before the die
and at the end of the compression zone were maintained at the same
temperature) in a desktop single screw extruder (model name: “Noztek
Touch ” manufactured by Noztek) with a standard dual PID and variable
motor speed control. The extruder motor speed was varied between 30
and 40 rpm (30 rpm for < 50 vol% metal loading and 40 rpm for
>50 vol% metal loading). Increasing the rotational speed was necessary
to synchronize the extrusion output rate with the winding speed at
higher metal loading. The extrusion-die I.D was 2.85 mm. After extru-
sion, all the filaments passed above a small extruder fan to lower down
the filament temperature, and then filaments were winded in a 100 mm
diameter spool which was kept at a one-foot distance from the die. All
filament extrusions were carried out following a standard protocol
which includes (i) turning on the heating elements of the extruder and
waiting for at least 15 min after the controller reaches extrusion tem-
perature (180 °C) to ensure heat equilibration inside the barrel, (ii)
turning on the motor and manually loading the PMC feedstock while
adjusting its loading rate to maintain the hopper fill level constant at
about one half of its maximum capacity and keeping the motor speed
constant, (iii) allowing the PMC feedstock to be extruded for 5-10 min
to stabilize the flow before collecting 12-ft filaments for further char-
acterization, (iv) at the end of PMC’s extrusion, cleaning the barrel by
flushing dried PLA for 5-10 min after a single run to purge any materials
accumulated inside the barrel, and (v) not running more than two weeks
without deep cleaning it (i.e. open apart the barrel and the screw, and
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Metal 3D printing (— Filament winding

<__

Single-screw extrusion

Fig. 1. Process overview: (A) solution mixing of PLA with DCM and Ni-Cu, (B) single screw extrusion, (C) winding of PMC filament in a spool, (D) 3D printing with
the PMC filament, and (E) high metal loading filament extrusion (62 vol% metal filament in the magnified SEM image).

clean the inside thoroughly with a metal brush and a heat gun).

2.2.3. Extrusion and winding experiment design

Experiments were designed to quantify the homogeneity of metal
particle dispersion and to study the PMC filament’s melt rheology with
increasing metal content. A strict predefined protocol (mentioned in the
extrusion section) was maintained and an experimental framework for
extrudability and windability was created which is described in Tables 1
and 2. Five different sets of feedstocks were prepared for extrusion for
each mixing method starting from the pre-mix content of 70 wt% (25 vol
%) metal and then increasingly to 80%, 85%, 87.5% and 90 wt% (36%,
44%, 50%, and 56 vol% consecutively). At 56 vol% content of metal,
physically-mixed feedstocks failed both the extrudability and wind-
ability criteria in the extrusion test. Hence, additional feedstocks of 92,
92.5, and 92.55 wt% (i.e. 62%, 63.4%, and 63.5 vol% respectively) of
metals were prepared via solution mixing only. For all specimens, 12 ft
of stable and continuously extruded filaments were collected for further

Table 1
Terminology of different terms used in the experimental framework.

Terms Used Definition

Extrudability (Pass/Fail) The ability to continuously collect at least 12 ft long
uniform filament fabricated by material extrusion
was termed as “Pass”, and, otherwise, termed as
“Fail” if filaments broke before 12 ft due to “melt
fracture” or “nozzle clogging”.

The ability to wind at least 12 ft long uniform
filaments in a 100 mm diameter spool without any
breakage due to brittleness/stiffness was termed as
“Pass”, and otherwise, termed as “Fail” if filaments
broke due to brittleness. This criterion may be
changed according to the change of spool diameter
and temperature of the filament during winding
Homogeneity of metal particle dispersions in the
entire 12 ft long filament measured by TGA. Pieces
were cut from the filament at every two feet sections
to measure the metal concentration variation via
TGA. Each piece removed from a different filament
section was about 15-20 mg by weight.
Homogeneity of metal particle distribution in a
random filament section measured by micro-X-ray
tomography. Filament volume probed was 2-3 cm
in length with an average diameter of 2.75 mm

Windability (Pass/Fail)

Global dispersion
homogeneity or uniformity

Local dispersion
homogeneity or uniformity

analysis. Also, the windability criterion was based on a set-up with very
short distances (i.e. 1 ft) between the extruder’s die and the winder, and,
as a result, the filament was still hot during winding and it formed with
the curvature of the spool (i.e. it is not straight). Note that this did not
follow industry standards.

2.2.4. 3D Printing

Multiple 1 cm® cubes of varying metal content were 3D printed with
a layer thickness set to 0.2 mm, infill density 100%, and print speed of
20 mm/s using a desktop 3D printer Ultimaker 3. The glass printing bed
was preheated to 60 °C for better thermal distribution and a matte blue
gaffer tape was used on top of the print bed to promote better adhesion
with the base layer. The detailed 3D printing parameters are listed in
Table S4 of the supplementary section.

2.2.5. Sintering

The green 3D printed cubes were placed inside a smelting graphite
crucible surrounded by sintering refractory ballast composed of alumina
and graphite powders. The refractory ballast materials acted as a solid
mold to conform to the shape of the printed part. The samples were
loaded into a tube furnace with ultra-high pure (99.999%) Argon at-
mosphere and debinded with a very slow ramp rate (0.2 °C/min) up to
420 °C (slightly more than the polymer degradation temperature) to
ensure the dimensional integrity is not destroyed while PLA was boiled
and sublimed away from the printed structure. A 5 °C/min ramp rate
was used from 420 °C to reach the sintering temperature of 1061 °C
(around 93% of the Ni-Cu alloy melting temperature [42]) to hold there
for 5 h allowing necking growth and densification.

2.3. Thermal characterization by TGA and DSC

All the filament samples collected for the extrusion test were 12 ft in
length and passed the desired extrudability test according to a pre-
defined protocol (protocol described in the extrusion section)
except for 56 vol% physically-mixed filament sample, which broke a
couple of times during the extrusion before reaching 12 ft. However,
uniform filaments of 56 vol% physically-mixed filament were collected
as a rod to test its homogeneity of dispersion and suspension rheology.
From every 2 ft out of 12 ft filament, a small cross-section (weighing less
than 20 mg) was sectioned and extracted to undergo thermogravimetric
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Table 2
Extrudability and windability outcomes from two feedstock mixing process.
Pre-mix content % (before extrusion) Post-mix content % (after extrusion) Mixing method Extrudability Windability
By volume By weight By volume By weight
~63.5 ~92.55 - - Solution mixing Fail Fail
63.3 92.5 63.4 92.5 Solution mixing Pass Fail
62.0 92.0 61.9 92.0 Solution mixing Pass Pass
56.0 90.0 60.9 91.5 Solution mixing Pass Pass
56.5 90.3 Physical mixing Fail Fail
50.0 87.5 52.5 88.5 Solution mixing Pass Pass
54.0 89.0 Physical mixing Pass Fail
44.0 85.0 49.5 87.5 Solution mixing Pass Pass
47.0 86.0 Physical mixing Pass Fail
36.0 80.0 37.9 81.3 Solution mixing Pass Pass
43.0 84.5 Physical mixing Pass Pass
25.0 70.0 27.8 73 Solution mixing Pass Pass
28.0 73.5 Physical mixing Pass Pass

Source: Experimental outcome from our predefined extrudability-windability framework (motor speed= 30-40 rpm, extrusion temperature of 180 °C).

analysis (TGA) in order to determine the metal concentration inside the
polymer matrix. TGA 550 (manufactured by the TA instrument) was
used with a scan rate of 10 °C/min in a nitrogen-controlled atmosphere
ramping the temperature from 25 °C to 500 °C. A total of five data
points (five TGA measurements of metal wt% after the complete
degradation of polymer around 400 °C) were taken for every 12 ft long
filament sample involving all combinations of metal loading and mixing
strategies, to investigate how the metal vol% varies along the filament
length and that is how the global homogeneity of metal dispersion (see
Table 1 and Fig. 3A) was measured. The details on the extrudability and
windability criteria and homogeneity are given in Tables 1, 2, and Fig. 3.
Each PMC filament metal wt% was converted to vol% by utilizing the
NiCu alloy powder composition (62% Cu, 38% Ni), the density of alloy
(8.94 g/cc, source: vendor PAC technical datasheet), and density of
polymer (1.25 g/cc, source: vendor Filabot technical datasheet). The
conversion from as designed pre-mix wt% to vol% is shown in Table S2
from the supplementary section.

To see how different PLA processing influences its microstructure,
differential scanning calorimetry (DSC) (DSC 250, manufactured by TA
instrument) was utilized. Less than 10 mg of dried PLA specimen were
collected from different processing stages: (i) as purchased pure PLA
pellets, (ii) PLA after dissolving in DCM, (iii) extrudate of pure PLA, (iv)
extrudate of DCM dissolved PLA and placed inside the DSC chamber
with a scan rate of 10 °C/min in a nitrogen atmosphere to see the glass
transition temperature, cold crystallization temperature, and the
melting point of PLA (see Fig. 5D). Note that all samples were vacuum
dried before putting inside the DSC chamber. The heat-cool-reheat cycle
was used to remove any thermal and processing history before the test.

2.4. Rheological characterization by flow sweep test and DMA

All rheological tests were performed on extruded filaments that were
re-melted and placed in a rotational rheometer (DHR 2 manufactured by
TA instrument) with a 25 mm parallel plate configuration and 400 ym
gap size. To avoid the bubble effect each filament was vacuum melted in
a furnace at 180 °C before transferring to the heated rheometer plate.
The filament was pre-soaked for 10 min and a shear rate range of
2.8 x 107357 to 200 s7! was used to conduct the flow sweep rheology
test at a constant (180 °C) temperature to observe the change of dy-
namic viscosity with increasing shear rate. This shear rate range was
carefully chosen after running several tests varying the metal loading to
avoid earlier slippage due to a large velocity gradient developed be-
tween the parallel plates at higher shear rates. Normally, viscosity and
shear stress lines move along in the opposite direction while subjected to
an increasing shear rate. Slippage is identified when an abrupt change in
both the magnitude and direction of stress is observed, resulting in a
drastically low viscosity and shear stress. For further analysis, high shear
rate data plagued by slippage were cropped out and excluded according

to the criterion described in the supplementary section (see an example
of data cropping when the data is afflicted by slippage in Fig. S3). Only
extrudable filaments were considered for the characterization, and the
only exception to this case was 56 vol% pre-mix physically-mixed filament
(i.e. 58 vol% post-mix), which was not extrudable according to our definition
of 12 ft continuous extrusion, but the filament was collected for the rheology
test from the stable and uniform portion of the filament rod. For the dynamic
mechanical analysis (DMA) test, a small amplitude oscillatory shear
(SAOS) test was utilized to predict the viscoelastic response of the
solution-mixed filaments. To ensure the most reliable data, a linear
viscoelastic range was pre-determined by running a series of amplitude
tests. A strain value of 0.5% with an angular frequency range of 0.1 rad/
s to 500 rad/s was used for the SAOS test.

2.5. Microscopic characterization by SEM and X-ray microtomography

The filament cross-sections were prepared for SEM by dipping the
filament in liquid nitrogen for 5 min to make the PLA brittle and cleaved
manually to obtain a flat cross-section. Each sample (e.g. 2 cm length
and 2.85mm avg. diameter) was gold-coated with a thickness of
10-12 nm to increase its conductivity before putting into the SEM
chamber. All cross-sectional images of the filaments were taken in the
Phillips XL30 Environmental FEG-FEI scanning electron microscope
(SEM). In addition, four filament samples were prepared (with a 2-3 cm
length and 2.75 mm avg. diameter) with low (25 vol% pre-mix) and
high (50 vol% pre-mix) metal content of two different mixing strategies
for micro-computed X-ray tomography (micro-XCT) to see the local
spatial distribution of metal particles (defined in Table 1) and to quan-
tify the degree of metal clustering. XCT scans were performed on the
extruded filament sections using a lab-scale Zeiss Versa 520 x-ray mi-
croscope (Carl Zeiss Microscopy, Pleasanton, CA, USA). All specimens
were scanned with the same XCT data acquisition parameters for com-
parison. An accelerating voltage of 120 kV was used. 3201 projections
were captured with an exposure time of 1 s per projection. A voxel size
of 3.02 um was achieved using a 4X objective lens, a camera binning of
2, and a geometric magnification (i.e. ratio of source to detector distance
to the source to specimen distance) of 2.25.

3. Results and discussions
3.1. Extrudability-Windability

The inclusion of highly concentrated metal particles in polymer
matrices is challenging to be extruded and winded. Improving the
mixing and homogenization of the precursor feedstock is a way to
facilitate the flowability of the polymer/metal composite melt inside the
barrel [35]. Here, an extrusion test (defined in Table 1) was employed
for comparing two precursor mixing methods: (i) physical mixing that
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mechanically blends solid polymer with metal powders and (ii) solution
mixing in which metals are added to solvent dissolved polymer solu-
tions, dried, and trimmed as pellets. Fig. 2 shows the morphology of
filament cross-sections for both mixing methods. Fig. 2A1-B1 are SEM
images of cross-sections of PMC filaments with 44 vol% and 56 vol% of
post-mix metal content for physical mixing. In physically-mixed feed-
stocks, PMC filaments containing 44 vol% of metal were extrudable
(Fig. 2A2) but not windable, while metal concentrations equal to and
higher than 56 vol% led to unstable filament extrusion [12] (Fig. 2B2).
In contrast, Fig. 2C showed the results for solution-mixed filaments
containing 62 vol% metals, which showed uniform metal particle dis-
tributions (Fig. 2C1) and did not pose any difficulty to continuous
extrusion and winding (Fig. 2C2). The maximum pre-mix metal con-
centration to pass both the extrusion and windability criteria was 36 vol
% and 62 vol% for physical mixing and solution mixing, respectively
(see Tables 1 and 2), though the post-mix actual metal concentration
that passed the extrusion test was 43 vol% (see Table 2 and Fig. 3A). It
was possible to successfully extrude up to 63.4 vol% metal using the
solution mixing method, but it failed to meet the windability criterion.
Attempt to extrude 63.5 vol% or more metal was failed as the particles
experienced jamming in the narrow orifice of the extruder die as it
approached the empirical random close packing (~64%) [43,44].

3.2. Homogeneity of metal dispersions

TGA was conducted on samples extracted at every two feet along the
length of the continuously extruded 12 ft filaments, fabricated to
examine the metal mass content and its spatial distribution. Multiple
tests generated both the average and standard deviation of mass content
and its values were converted to volumetric content (see Section 2.3
“Characterization” and Table S2 from the supplementary section for
conversion details). Fig. 3A shows that the standard deviation of the

“ " I56%
500 pm Mix
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Extrudable
. NOT windable

NOT extrudable
NOT windable .\
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metal’s spatial content gradually decreased with the increasing metal
content irrespective of the mixing strategies due to the smaller mean free
path for particle movement. Also, the filament’s average post-mix metal
content (after extrusion) was closer to the pre-mix metal content (as
mixed in the feedstock) in the case of solution mixing as compared to
physical mixing. Note that, in Fig. 3A, a data point was taken for the
physically-mixed sample of 56 vol% metal; although it did not pass our
extrudability criterion because the filament broke during 12 feet
continuous extrusion twice. However, extruded filaments were long and
stable enough to measure their homogeneity. In Fig. 3B, the post-mix
metal vol% trend (TGA outcome from the extruded filament section)
along the filament length is shown. The volumetric metal content and its
trend along the filament length has the potential to detect the early
stages of material accumulation in the barrel. Thus, its spatial content
was fitted with a line, and its slope is displayed in Fig. 3C. The rather
chaotic and trendless values of the slopes suggest metal particle accu-
mulation inside the extruder barrel to be unlikely. In Fig. 3D and E,
different filament sections with comparable post-mix metal content are
shown. Fig. 3D3 shows 56 vol% physically-mixed filament; it was not
extrudable and windable according to our protocol, while Fig. 3E3
(solution-mixed sample) was still extrudable and windable without
experiencing jamming or extrusion instability.

While the TGA analysis of the filament’s homogeneity on a global
scale (i.e. along 12 ft long samples) revealed that both mixing strategies
could extrude filaments continuously at a pre-mix content of 50 vol%, it
raised the question of whether the suspension mixing inside the ex-
truder’s barrel was sufficient to homogenize the physically-mixed
feedstock or if the filaments had different degree of homogeneity. To
answer this question, it was necessary to quantify the degree of homo-
geneity on a local scale between filaments prepared from precursors that
were physically or solution-mixed from reconstructed 3D datasets ob-
tained using X-ray computed microtomography (XCT). XCT scans were

Extrudable ~
Windable

Fig. 2. Cross-sectional SEM images of extruded filaments with the pre-mix metal content of 44 vol% (A1), 56 vol% (B1) and 62 vol% (C1). Examples of filaments that
illustrate the pass/fail extrudability and windability criteria (A2, B2, C2) with corresponding pre-mix metal content and feedstock mixing method as labeled in the

first row (Al, B1, C1).
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Fig. 3. Quantification of homogeneity of extruded filaments via TGA and cross-section SEM images: (A) actual (post-mix after extrusion) vs. designed (pre-mix) metal
percentage, (B) metal vol% content in different positions along the 12 ft filament length, (C) slopes of slopes of post-mix metal vol% content extracted from linear fits
along the filament length in (B), (D) cross-sectional images of physically-mixed metal filaments, and (E) solution-mixed metal filaments; higher magnification images
are provided at insets. Pre-mix metal content and feedstock mixing method labeled in the top-right corner of every image in D and E.

performed on extruded filaments that were 25 vol% and 50 vol% in pre-
mix metal content from both physically and solution-mixed feedstock.
Cross-sectional XCT images from each sample set were shown in Fig. 4
(a) (b) (c) and (d), for each metal vol% (high pre-mix 50 vol% and low
pre-mix 25 vol%) and mixing methods (physical and solution mixing)
out of nearly 250 images taken by XCT.

Following the scan, the dataset was reconstructed using an in-house
filtered back-projection algorithm. The gray values corresponding to the
Ni-Cu powders were thresholded and segmented from the filament
volume in the 3D datasets using Matlab. Finite body tessellation was
performed using Euclidean distance maps to calculate the Coefficient of
Variance (COVy) of the mean nearest neighbor distance. Note that par-
ticles were considered to be neighbors if they share a cell wall that is
equidistant between particles. The degree of clustering in the specimens
(Fig. 4e) was measured through COVy, which is defined as:

(]
COvVd = —
d

where d is the average of the mean near neighbor distances between all
particles and o4 is the standard deviation of the mean near neighbor
distances. The extent of clustering is proportional to the calculated COV4
value. A COVyq approaching 0O indicates a homogenous particle distri-
bution and a random distribution of particles is characterized by a COVyq
of ~0.36 [27,45]. Fig. 4(f) and (g) shows a comparison of the

distribution of the mean neighbor distances and the number of neigh-
bors for the 25vol% physically-mixed and 25 vol% solution-mixed
specimens. Both specimens show no significant differences in both dis-
tributions and COVy4 values, indicating that the degree of clustering in
both filaments (i.e. from solution and physically-mixed feedstocks) is
similar. This implies that, although two different mixing strategies were
employed, mixing inside the extruder by the action of the reciprocating
screw is enough to homogenize the spatial distribution of the particles of
the physically-mixed feedstock up to a pre-mix content of 50 vol%. This
can be attributed to the large shearing stresses involved in extrusion as
well as the relatively large volume fraction of particles that inherently
causes the particles to be arranged in a homogeneous distribution. Thus,
it can be concluded that solution mixing does prevent jamming and al-
lows for the extrusion of uniform filaments with higher metal content
(>54 vol%), but it does not produce more uniform filaments than
physically-mixed feedstock in scenarios in which both feedstocks pro-
duce extrudable filaments.

3.3. Effect on Rheology

Spherical-shaped gas atomized metal powders were chosen due to
their high flowability and to reduce the interlocking effects during
extrusion. Both mixing methods produce filaments whose melt suspen-
sion viscosity scales with metal content, especially the zero-shear-rate
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Fig. 4. Virtual cross-sections of extruded filaments obtained using XCT, (a) 25 vol% physical mixing, (b) 25 vol% solution mixing, (c) 50 vol% physical mixing, (d)
50 vol% solution mixing, (e) an example virtual cross-section of the 25% solution-mixed specimen showing the tessellation output with segmented particles (in
orange) and cell walls between particles (in blue), (f) comparison of the distribution of mean neighbor distances and, (g) distribution of the number of nearest
neighbors in extruded 25% physically-mixed and 25% solution-mixed filaments. (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this article.)

viscosity (7,) values (Fig. 5A and B). As compared to the melt suspension
viscosity of the physically-mixed filaments, the solution-mixed filaments
showed lower viscosity at the same shear rates and comparatively less
steep plateau regions (below 55 vol% in Fig. 5A-B). For physical mixing
above 58 vol% metals and at high shear rates (i.e. > 10 s’l), its viscosity
drops more sharply in the shear-thinning region and its shear rate range
shrinks, terminating at a shear rate of about 10 s™!. While a lower vis-
cosity in this case as compared to other cases with lower metal content
would be considered an advantage for extrusion, the shear-thinning
region terminates at a shear rate that is lower than the shear rates
experienced during extrusion (i.e. > 10s!) through the die’s small
opening. Since the termination of the shear-thinning region is associated
with the onset of slippage, it is argued that physically-mixed feedstock is
more prone to slippage and unable to maintain the fluid’s adherence to
the wall and a velocity gradient along the radial direction of the die. This
is the most plausible explanation for the poor extrudability test results
associated with the physically-mixed feedstock (Table 2). With the in-
crease of shear rate, polymer chains are dis-entangled, and they tend to
align with the shear direction, and when all the polymer chains are
aligned a second Newtonian plateau was attained [46]. These plateau
regions were observed only in the lower metal concentration (up to

43 vol% of metals), and as the metal content continued to increase, these
secondary plateau regions disappeared (Fig. SA and B). This disap-
pearance of the secondary plateau can be explained by the increasing
restriction imposed by added metal particles, which creates the
obstruction towards disentanglement and alignment as the polymers
tend to coil around those metal particles. The highest metal concentra-
tion of the solution-mixed extrudable and windable filament was 62 vol
%, which was found to be an outlier as its secondary plateau region
reappears even though it had the steepest shear-thinning line and
finally, its shear-thinning region extends into higher shear rates as
compared to the physically-mixed filaments of the highest metal content
(Fig. 5A). This means that the solution-mixed filament of 62 vol% can
sustain much higher shear rates than any of the physically-mixed fila-
ments without slippage. This could be translated to the exceptional
ability of the 62 vol% solution-mixed sample to withstand a much
higher shear rate than the physically-mixed sample before slippage oc-
curs, which explains better extrudability characteristics observed in our
previous extrusion test (Table 2 and Fig. 2C1 and C2). Conversely, if
physically-mixed feedstock slips, it becomes more prone to jamming
and, thus, this would explain its poor outcomes in the extrudability tests.
It is worth noting that local (i.e., between metal particles) and global (i.
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Fig. 5. Melt viscosity vs. shear rate at the different metal concentrations for filaments from (A) solution-mixing and (B) physical-mixing methods, (C) melt viscosity
vs. shear rate of polymers at different processing states, and (D) DSC of pure PLA in different processing stages.

e., as measured by the rheometer) shear rates could also vary due to
shear banding [47,48]. Metal concentrations of 63.5 vol% or greater led
to extrusion failures due to jamming. At the microstructural level, it
remains unproven why the PMC composite exhibits better adhesion to
the walls of the rheometer or the extruder die. It is possible, albeit not
proven, that the solution mixing step weakens secondary bonding be-
tween its polymer chains and allows them to disentangle more easily
under shear and, thus, form a higher surface area contact to the extruder
walls with better adhesion. This subject has been discussed in the
literature [48].

To provide further insight into the effects of dissolution of PLA in
solvent and extrusion of PLA during processing, the viscosity of pure PLA
was measured: (i) as purchased PLA (ii) PLA after dissolving in DCM,
(iii) pure PLA extrudate, and (iv) PLA extrudate after dissolving in DCM
(Fig. 5C). Note that all samples were vacuum dried without the presence
of solvent (Fig. 5C-D). Processed PLA dropped the zero-shear-rate vis-
cosity from 1400 Pa-s for as-obtained to 1000 Pa-s and 900 Pa-s for
dissolved PLA beads and extruded PLA filaments, respectively. Extrusion
of dried PLA after dissolving in DCM further decreased this viscosity to
500 Pa-s for the zero-shear viscosity. This is attributed to the disen-
tangled and aligned polymer chains provided by pre-dissolution and
extrusion. For the case of thermoplastic (Fig. 5C), although dissolution
in DCM helped to reduce the zero-shear viscosity of pure PLA by its
intrinsic plasticizing effect, improvement of extrudability was not
observed at higher shear rates (i.e. > 30 s’l) since all shear-thinning
lines converged (Fig. 5C). Significant shear thinning (four orders of
magnitude drop in dynamic viscosity) was evident in the case of sus-
pensions (Fig. 5A/B) compared to the shear-thinning experienced by
polymer (only an order of magnitude drop in dynamic viscosity,
Fig. 5C). The flat plateau region in pure PLA (Fig. 5C) versus steep slopes

in PLA/metal composites (Fig. 5A/B) implied the facilitation of shear-
thinning from metal powders [49]. These two effects are associated
with the notion that the local shear rates (i.e. in between two metal
powders) might be much higher than the global shear rates (i.e.
measured macroscopically) [50].

At the same time, DSC was collected to understand the influence of
DCM and extrusion on the microstructure of PLA. DSC plots (Fig. 5D)
showed the trend of cold crystallization (T;), and melting point (Tp,), as
well as the degree of crystallinity (Xc) defined by where Xc=
(AHc+AHm) x 100/AHm®, where AH, and AH, are the crystallization
and melting enthalpy of PLA and AHm? is the enthalpy of fully crys-
tallized PLA with infinite crystal thickness with a value of 93 J/g [51].
Tn and X, increased with the introduction of DCM dissolution, drying,
and extrusion (see Table S3 from the supplementary section for details).
The double melting peak of PLA is signifying the two different ordering
of crystallites [52]. X, of DCM dissolved PLA increased substantially (by
23%) from the X, computed for pure PLA beads, which could be an effect
of solvent [53] and shear flow [53,54] during PLA dissolution in DCM or
physical aging [53] during extended cooling of the DCM dissolved solid
PLA chunk. Since all of our samples for the rheology tests were taken
after extrusion and no distinguishable difference was seen in terms of X,
(only 0.5%, see Table S3 from the supplementary section) between the
extruded sample of pure PLA and extruded sample of DCM dissolved
PLA, logically, the influence of polymer crystallinity on the rheological
scaling is considered negligible. Some researchers mentioned the degree
of crystallinity can lead to higher viscosity [55,56] and crystallinity can
reversely influence the plasticization [57]. However, the route of
quantifying crystallinity in our PMC filament was not adopted and may
be subject to future studies since the impact of crystal morphology on
the rheological signature of suspension [58] is difficult to understand as
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they are decoupled with multiple variables [53] i.e. shear flow [59],
geometric confinement [60], interparticle free spacing [61] and the
presence or concentration of nanoparticles itself as a nucleate to crys-
talize [62].

3.4. Comparison of experimental zero-shear-rate viscosity with the
analytical model

The experimentally measured 7, was compared with theoretical
predictions based on the Krieger and Dougherty [39] analytical model
Eq. (1).

—[n)- @m
%)
Ny = m(l - ) (¢}

[

where, @, indicates the maximum attainable packing fraction of
spherical and rigid particles, @ is the volumetric packing fraction, 7, is
the suspended liquid (in our case PLA polymer melt) viscosity and 7, is
the zero- shear-rate viscosity of the suspension (suspension with filled
particles). [5] is the intrinsic viscosity of suspension which is closely
associated with the aspect ratio of the particles in terms of deviation
from the ideal sphere [39]. As rigid and hard metal spheres were used in
this case, the modified equation of Quemada [63] using [7|@m = 2 is
applicable here. For our case, variable metal content were used in @
values, random close packing (RCP) value of 0.64 was used as @, zero
shear viscosity value of pure PLA extrudate (873 Pa.s) was used as 7, for
physically-mixed samples and zero shear viscosity value of dried
(PLA+DCM) extrudate (515 Pa.s) was used as 5, for solution-mixed
samples to get the 7, from the model and compared with the experi-
mental 7, to match the model. The experimentally measured 7, at
different metal concentrations matches well with the Krieger and
Dougherty analytical model, as seen in Fig. 6. Note that this is done
without any fitting parameter and simply using parameters experi-
mentally measured. Krieger and Dougherty’s model of 7, predicts more
accurately the experimental data of the solution-mixed feedstock than
that of physically-mixed. The difference mainly stems from the distinc-
tion between the theoretically calculated zero shear viscosity of physical
mixing cases and solution mixing cases, because in physical mixing
suspending liquid viscosity 7, is higher than that of the solution mixing.
Besides, solution-mixed feedstock could reach at higher metal content in
filaments because unlike physical mixing it could be extruded without
wall slippage, so it was possible to compare with the theoretical model at
higher metal content. The close match with the theoretical model with a
very high viscosity at higher metal concentration indicates that hydro-
dynamic forces dominate over the thermodynamic forces due to more
particle-particle interactions and enhanced collision probabilities,
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which leads to the dramatic escalation of viscosity and the suspension
starts to behave more like a solid at low shear rates as @ approaches
~0.64, the dense random close packing (RCP) [44,64-66].

The physics of molten filled polymer suspension at higher filler
concentration is extremely complex due to multi-body interactions [44,
67]. In the zero-shear rate limit, the maximum packing fraction is
considered a 0.64, known as the random close packing limit. For the
high shear rate limit, the maximum packing is typically considered 0.71,
close to the maximum packing value of 0.74 for face-centered cubic
(FCQC) structure [44,65]. Smith and Zukoski [44] mentioned that in a
very high packing limit near the RCP (0.64), zero-shear viscosity ap-
proaches infinity. Cassagnau [67] described this particular phenomenon
of zero-shear viscosity diverging to infinity, which can be a result of
forming a network structure from interparticle interaction. Our experi-
mental outcome had a good agreement with that observation, as in our
extrudability test we were unable to extrude 63.5 vol% or more metals,
which signals the material behavior shift to elastic solid or in other
words it exhibited infinite viscosity (see Fig. S4 from the supplementary
section, for a piece of jammed materials that were taken out from the
extruder barrel as a solid block). This extrusion failure phenomena can
be explained in the light of jamming physics. As the packing fraction
increases and approaches the critical limit, the type of interaction
among the particles plays a stronger role over the interstitial liquid
between particles. This sudden transition of flow behavior near the
critical threshold packing is very complex to understand since depend-
ing on the flow history, the primary source of viscous dissipation can be
generated from the friction of the adjacent particles if there is a contact
network formed or it can be the outcome of hydrodynamic dissipation of
interstitial liquid thin film [66]. Near the critical concentration, a subtle
change in size and spatial distribution can suspend its ability to flow,
which happens from the interlocking of the particles at the narrow
orifice of the extruder die when there is strong particle-particle contact
[68]. Majumdar et al. [69] explained this jamming transition phenom-
enon as an after-effect of small residual shear stresses developed from
the interaction of particles and die wall. With the aid of numerical
simulation, O’Hern et al. [70] concluded that the threshold packing
fractions narrows its distribution curve and reaches a peak as it ap-
proaches random close packing and he explained that jamming stems
from the extremely long stress relaxation time for highly loaded sus-
pensions. van der Werff et al. [71] considered pairwise interactions of
particles and concluded that the longest relaxation time becomes longer
with increasing particle volume fraction making the mean relaxation
time of suspension so high that it could be considered as elastic solid in
finite observation time. Our SAOS test (described in the next section)
also supports this evidence, as with the increase of metal concentration
at a higher shear rate tand value diminishes which effectively
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Fig. 6. Comparison of experimental zero-shear-rate viscosity with the analytical model of Krieger and Dougherty [39]: (A) solution-mixed samples, and (B)

physically-mixed samples.
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consolidates the fact that material behavior shifts from viscoelastic state
to elastic solid-state making it impossible to flow.

3.5. Small Amplitude Oscillatory Shear test (SAOS)

To characterize the viscoelastic behavior and its transition of
solution-mixed composites, SAOS test was employed as a function of
metal content [40]. From the frequency sweep test, storage modulus (G')
and loss modulus (G'") were measured, allowing for the calculation of
the damping parameter, (tand). Adding more metal particles increased
both dynamic moduli over the entire range of frequency. The increase of
frequency increased both the storage and loss modulus (Fig. 7A and B)
because both the hydrodynamic force and inter-particle interaction were
increased with higher shear rates [72]. Since metals were rigid and the
global shear rate is concentrated in the narrow interstitial of the parti-
cles, even without the particle-particle interaction at increasing shear
rate, elasticity of suspending fluid can influence the hydrodynamic ef-
fects with particle rotational movement, flow lines around the particles,
and squeezing flow between interstitial particles [73]. At a very low
inter-particle distance, a low-frequency plateau was observed in both
dynamic moduli curves at the highest vol% of metals, which could be a
signature of space-filling network structure [73] or pronounced con-
nectivity [74]. The most distinct change of the tan 5 values was the
decrease of transition frequency and the depression of dampening pa-
rameters, as a function of metal vol% increase (Fig. 7C and D). With the
increasing concentration of metals, depression of damping was observed
which signifies that the suspension exhibits a more elastic behavior that
arises from the stiffness of rigid fillers [75] and obstructs the polymer
chain mobility requiring longer relaxation time. The earlier transition
frequency observed for higher metal concentration signifies the earlier
onset of elastic behavior at a lower frequency which has a good agree-
ment with Lozano et al. [74] who claimed this comes from the effect of
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more pronounced connectivity among particles at higher concentration.

3.6. Debinding, sintering, and dimensional shrinkage analysis

Increasing the metal content of filaments to its absolute maximum is
a rational strategy to minimize the part shrinkage during the post-
processing (e.g., debinding and sintering) of metal-based material
extrusion. This is one of the most critical drawbacks of metal FFF (Fused
Filament Fabrication) that limits the dimensional integrity and tolerance
of a printed part. To measure shrinkage, multiple 1 cm® cubes of varying
metal concentrations were 3D printed (see the experimental Section 2.2
and Table S4 from the supplementary section for more details), then
debinded and sintered to quantify the linear shrinkage as a function of
metal content. Note that no jamming was observed in the narrow orifice
of the printer’s head even when the 62 vol% metal filaments were used,
which points out to the good printability of the solution-mixed filaments
at higher metal content. To quantify the improvement of dimensional
shrinkage, the highest extrudable and windable physically-mixed fila-
ment (43 vol%) and solution-mixed filament (62 vol%) were compared.
The heat treatment cycle recipe contained a debinding step with a very
slow heating rate of 0.2 °C/min to allow uniform heat penetration
without destroying the cube structure. The debinding temperature was
set slightly above (420 °C) the degradation temperature (around 400 °C,
as measured by TGA) of PLA, to slowly boil the PLA without much
agitation. Immediately after debinding, the sintering step was added
with a heating rate of 5 °C/min ramping up to the sintering temperature
(1061 °C), where the part was held for 5 h to allow coarsening of the
particles and densification of the part structure. The sintering temper-
ature was determined based on the available data [42] from the Ni-Cu
alloy phase diagram, which is around 93% of the NiCu alloy melting
point. The whole procedure was conducted in an ultra-high pure Argon
atmosphere in a smelting graphite crucible surrounded by refractory
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ballast materials (a mixture of Al,O3 and graphite powders). The sin-
tering ballast acted as a solid mold, allowing slow and uniform heat
penetration to conform to the part’s shape and maintain structural
integrity. Since the samples were sintered in an inert atmosphere, only
native oxides are expected to be present in the printed parts. As a result,
the gray-color of the printed blocks matches that of the original NiCu
alloy powders (see Supplementary Fig. S6). The linear shrinkage of the
post-sintered part was significantly improved to 0.49% for the part
printed with the 62 vol% solution-mixed filament, compared to the
2.02% shrinkage experienced by its counterpart printed with the 43 vol
% physical mixed metal filament (Fig. 8). Note that, it is likely that more
complex geometries different than a cuboid might have higher values.
Thus, this accounts for a 76% reduction in the linear shrinkage in the
sintered part. Although the part printed is still plagued by porosity
inherent to material extrusion using metals, our experiment proved the
potential of dimensional shrinkage improvement by homogeneously
packing metals near the semi-empirical maximum packing fraction since
dimensional shrinkage is inversely proportional to the initial metal
content. The shrinkage values obtained here are close to those reported
by commercially available filaments by Virtual Foundry [76] and are
significantly lower than those reported in the literature [77-84], which
is explained by the fact that this study employs an entire process scheme
that most closely match that of commercial metal-based material
extrusion process (i.e. feedstock material selection and mixing pro-
cesses, debinding and sintering protocol, refractory powder support and
atmosphere, and printing parameters).

The printed parts exhibit a density of 3.09 g/cc and 4.48 g/cc for the
blocks printed from filaments with a metal content of 43 vol% (physi-
cally-mixed) and 62 vol% (solution-mixed), respectively. This result
highlights the improved density that is achieved from increasing the
volumetric metal content in the filaments at identical sintering condi-
tions. While the sintered parts are still highly porous compared to the
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theoretical density of this alloy (9.84 g/cc), the added porosity is
attributed to intra-track and inter-particle porosity common to the FFF
process. Additional studies are needed to understand the improvements
in densification [85,86] that can be achieved by increasing the sintering
temperature and its trade-off with shrinkage. Finally, a cross-section of
the metal 3D-printed block was made by polishing one of its facets and
optical micrographs were taken along different regions of the
cross-section to highlight the intra-track and intra-particle porosity
(Fig. 8C). The morphology showed necking between particles and the
porosity that is characteristic of metal FFF shown in multiple references
[87,88]. This work has been limited to understanding the shrinkage
effects of the densified green parts and more information on the strength
and hardness of metal FFF parts can be found in the literature [89-91].

4. Conclusion

This study sheds light on the rheology scaling of extruded PMCs by
tailoring the feedstock pre-mixing strategy. Attention was given to
examine and compare two feedstock mixing strategies by analyzing their
effects on the particle homogeneity, melt suspension viscosity, and
filament extrudability. It was found that the solution mixing method is
more effective than the physical mixing method in terms of the PMC’s
extrudability and windability as it has the rheological capability of
avoiding wall slippage and jamming at higher metal content. However,
local dispersion homogeneity of particles essentially remained the same
for both higher (<55 vol%) and lower (25 vol%) metal content irre-
spective of the mixing strategy due to the effective shear mixing expe-
rienced inside the extruder. Even though the zero-shear viscosity of the
solution-mixed 62 vol% filament was extremely high, it was still
extrudable and windable, because it could sustain a higher shear rate
without experiencing wall slippage, whereas physically-mixed filament
could not sustain such a high shear rate and experienced unstable
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Fig. 8. Shrinkage assessment: (A) dimensional shrinkage minimization of sintered part by shifting to 62 vol% solution-mixed filament from 42 vol% physically-
mixed filament, (B) printed part dimension measurements before and after sintering and (C) micrograph of mirror polish facet of the sintered cube with 62 vol

% metal.

11



A.G. Hasib et al.

extrusion due to slippage at higher metal content leading to extrusion
failure much before than 62 vol%. Our experimental results align well
with the Krieger and Dougherty theoretical model developed for zero
shear viscosity of filled polymer systems with rigid hard spheres. Also,
the linear dimensional shrinkage of our printed parts was reduced by
76% after sintering for the highest filament content of 62 vol% (highest
extrudable and windable filament from solution-mixed feedstock),
compared to 43 vol% (highest extrudable and windable filament from
physically-mixed feedstock). Above all, this study helps one to under-
stand the synergistic impact of rheology scaling, particle homogeneity,
and packing of metals in a polymer matrix as a limit to continuous
extrudability, windability, and dimensional shrinkage of sintered part
by metal additive manufacturing via material extrusion.
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