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ARTICLE INFO ABSTRACT

Handling Editor: Dr Hao Wang When combined with additive manufacturing, nanoporous metals can be shaped into multifunctional and
interdigitated 3D circuits with hierarchical diffusional pathways, critical for optimizing electrochemical storage
devices. In an attempt to develop a method for extrusion-based additive manufacturing of nanoporous metals and
their composites, this paper examines a new polymer matrix composite reinforced with spherical nanoporous
copper powders (PMC-NP-Cu) synthesized by dealloying at high fill fractions (>45 vol%), that can be integrated
with fused filament fabrication (FFF). The role of capillary imbibition of the polymer into the metal’s nanopores
was investigated by examining their wettability, rheology, and density as a function of polymer’s molecular
weight (MW) particularly for a range of radius of gyration (Rg) between 2 and 20 nm comparable to its average
pore size (22 nm). It was found that the melt viscosity of PMC-NP-Cu with the shortest M, departed from
classical viscosity scaling (i.e., 1 oo Miy) which is attributed to the polymer imbibition into nanopores and
composite densification. For molecular weights equal to 5 and 200 kg/mol, it was found that the volume fraction
of the reinforcing phase was 16% and 8% higher respectively when imbibition was accounted for, resulting in an
increase of two orders of magnitude in its zero-shear viscosity. These results correlated to the extrudability tests
of PMC-NP-Cu filaments at higher packing factors (i.e., 47 vol%) for FFF. The insight of this study might be
beneficial to integrate nanoporous metals into binder-based 3D printing technology to fabricate interdigitated
battery electrodes and multifunctional 3D printed electronics.

1. Introduction

Interest in high surface area nanoporous metals and their integration
with freeform fabrication schemes enables fabrication of complex 2.5D
and 3D designs of hierarchical structures from centimeters to nanome-
ters scale, with each length scale synergistically serving unique func-
tionalities. Particularly, nanoporous metals that exhibit bi-continuous
pore and solid networks [1] have unique inherent properties such as
high specific surface area [2], higher chemical reactivity [3] and
enhanced ionic, phononic and electronic transport properties [4-6].
Advanced manufacturing methods such as microfabrication [7],
directed- or self-assembly and templating methods [8,9], or 3D printing
have trade-offs in resolution, design flexibility and throughput to build
hierarchical architectures at micro-, mm- and cm-scale into functional
devices. For example, (a) two-photon 3D nanolithography was used to
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template nanoscale architected metal foams which deterministically
defined open-architected porosity with the finest sub-100 nm resolution
[101, and (b) multiple lithographical steps and self-assembly were used
to template interdigitated nickel inverse-opal porous electrodes for
batteries [11].

Recently, the route of chemical dealloying 3D printed solid precursor
alloys was explored and yielded nanoporous gold [12] and copper 3D
structures [13] with macroscopic and hierarchical dimensions sup-
ported by the resolution of selective laser melting (SLM) (.e.,
~100-300 pm). Dealloying is an electrolytic or electroless etching
process in which the less noble element of a precursor alloy is selectively
etched by an acidic or alkaline media resulting in adatom formation and
clustering yielding a nanoporous structure [14-16]. However, deal-
loying of 3D printed precursors has drawbacks such as (i) the inherent
shrinkage and internal residual stress associated with dealloying that are
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Table 1
Polymer grades and their physical properties.
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Product Theoretical M,,, g/  Degree of polymerization, X,
Grade mol ( Mw of Polymer
Mw of repeat unit

Calculated bond length of
monomer [, nm

Polymer chain displacement
length r, nm

Polymer chain radius of
gyration, Ry, nm

Aquazol 5 5k 50.5 0.454
Aquazol 50 50k 505.1
Aquazol 200k 2020.2
200
Aquazol 500k 5050.5
500

5 2
10

20 12
35 19

imposed on 3D printed parts resulting in shape distortion and dimen-
sional inaccuracies, and (ii) the complex process-structure relationships
associated with rapid solidification of laser based methods (i.e., SLM)
which regulates the final phase of the printed precursor and, thus, alters
the pore morphology after its dealloying step in post-processing [17].

Contrary to that, extrusion-based metal additive manufacturing
techniques such as Fused Filament Fabrication (FFF) offers a low-cost
route to manufacture 3D printed prototypes and combining this tech-
nology with dealloying can pave the way to produce high surface area
conductive circuitries keeping the original microstructure unaltered.
However, this process route has not been explored much due to road-
blocks such as: (i) lack of a flowable composites reinforced with nano-
porous powders that can support moderate viscosities at high shear rates
(10-100s™ 1) and at high fill fractions (>50 vol%) [18], and (ii) lack of
understanding of capillary-driven polymer imbibition into the nano-
porous powders when they are solution mixed, as it alters the powder
fill-fraction and composite melt rheology which limits its extrudability
and printability. If not resolved, these problems lead to low green-part
density which leads to excessive shrinkage during debinding and sin-
tering and, overall, contributes to poor mechanical performance [19,
20].

Understanding capillary-driven imbibition into nanopores becomes

Dealloyed Morphology

critical to manufacturing processes. In fact, imbibition is a key phe-
nomenon in flexographic printing [21,22], inkjet printing [23,24], pe-
troleum oil recovery [25,26], and nanofluidic transport [27,28]. In the
extrusion and FFF printing of PMC-NP-Cu, there is a need to know the
volume fraction of the powders in the composite since that needs to be
maximized to minimize shrinkage [18] and, at the same time, to support
laminar flow at high-shear rates to provide good adhesion to the walls of
the extruder [18]. Since the degree of imbibition of polymeric solution
into dealloyed nanoporous metals had never been studied as a function
of molecular weight particularly for a radius of gyration that is
compared to the pore size of the metal host, it was an interesting area to
explore in this study.

In this paper, it was sought to combine chemical dealloying with
extrusion-based metal additive manufacturing technique to produce 3D
high surface area solids (dealloyed from known precursor phases)
without residual stresses. This was accomplished by dealloying gas-
atomized precursor Cu-Al powders prior to 3D printing to obtain
spherical and flowable nanoporous copper (NP-Cu) that can be readily
mixed into a polymer-matrix composite (PMC-NP-Cu) forming a feed-
stock for extrusion. On a more fundamental note, this paper sought to
quantify (i) the wetting and imbibition of polymer solutions and melts
into the nanopores as function of polymer M, and (ii) the resulting
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Fig. 1. (a) The step-by-step preparation of dried dealloyed nanoporous Cu (NP-Cu), (b) SEM image of the precursor CuAl powders,(c) dealloyed NP-Cu powders, (d)
XRD spectra of NP-Cu powders with an oxide passivation layer showing different peaks, (e) higher magnification image of a single CuAl powder, (f) single NP-Cu
powder and (g) EDS mapping of a single NP-Cu powder demonstrating minimal residual Al after dealloying.
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Step 2: Solvent-polymer Step 3: Annealing (@180°C) +
exchange (@ 80°C) vacuum imp?egnation

Fig. 2. (a) Solution mixing of porous metal powders with dissolved polymers to obtain the composite suspension, (b) feedstock made from the dried and solidified
composite suspension by mechanical cleaving, (c) step-by-step process of polymer imbibition into host metal powder nanopores during mixing with dissolved
Aquazol (step 1) and NP-Cu, solvent-polymer exchange under vacuum at 80 °C (step 2) and high temperature annealing under vacuum (step 3), (d) extruded filament
made out of 50 vol% NP-Cu and cross-sectional SEM image of one of its facets, and (e) 3D printing of PMC-NP-Cu-Aquazol and a 3D printed part consisting 40 vol%

packing of NP-Cu by design and 47 vol% when considering imbibition.

effects on the composite’s skeletal density and in the melt rheological
characteristics of the extruded PMC-NP-Cu filaments. It was found that,
if unaccounted for, they can explain extrusion failure by observing how
high degree of polymer imbibition can shift the jamming onset by
increasing the actual metal powder packing fraction. Although it seems
counter-intuitive to choose a high M,, thermoplastic to make the PMC-
NP-metal composite to achieve successful extrusion, it was found that
it was the preferred composite to design a successful binder based ad-
ditive manufacturing solution. This paper is a step toward developing an
extrudable feedstock for facile, low cost FFF printing of high surface area
circuitries, battery electrodes and concomitant 3D printing of highly
conductive metal and non-conductive polymer.

2. Experimental section
2.1. Materials

Four different sets of Aquazol (poly 2-ethyl-2-oxazoline) pellets
(pulverized and procured from the vendor “Polymer Chemistry Inno-
vation, Inc.”) were purchased (Fig. S8) with (i) Mw values of 5k, 50k,
200k, and 500k g/mol, (ii) density of 1.14 g/cm?® and (iii) average pellet
size of 3 mm. Aquazol is an amorphous, water-soluble, non-toxic, and
biodegradable polymer that was used to perform all tests conducted in
this study. Polymer chain end-to-end displacement length and polymer
chain radius of gyration (Rg) was calculated following the Flori-Huggins
theories [29-31] (Table 1). Note that the R, calculation is a rough es-
timate which does not involve the functional groups of the side chain.
The following equations were used to calculate displacement length, r,
and polymer chain radius of gyration, R:

2 =nl (¢

R, :1\/]% (2

Where n is the degree of polymerization or number of monomers in the
polymer, [ is the calculated bond length from the polymer molecular
structure and Nj, is the number of bonds in the polymer structure. Gas
atomized CuAl powders composed of 52.42 at.% of Cu, 47.45 at.% of Al,
and 0.13 at% of Fe and Si impurities were purchased from “Powder
Alloy Corporation (PAC)” to be used as our precursor alloy to produce
nanoporous Cu powders. The calculated density of the precursor from its
weight ratio was found to be 4.27 g/cm® with a mean particle size of
11.76 pm (Fig. 1 and Section A from the supplementary section to find
the density calculation).

2.2. Electroless chemical dealloying of copper-aluminum

The dealloying process yields a large amount of hydrogen production
and generates heat because of this exothermic reaction. Heat has dele-
terious effects such as triggering thermal runaway, reactant spillage and
inducing thermal coarsening of the porous metal structure. To control
heat generation, protocols were developed in our lab. To prepare an
alkaline bath for dealloying, 18 g of solid pure NaOH pellets (ACS re-
agent, >97.0% from the vendor Sigma-Aldrich) were dissolved in 50 mL
of DI water via stirring until the solution became homogenized. Subse-
quently, DI water was added to fill the beaker to a total volume of 150
ml. A thermocouple was placed inside the beaker to monitor the bath
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Fig. 3. (al) SEM image of the mirror polished cross-sectional facet of the composite block and (a2) EDS mapping of a full-size NP-Cu powder imbibed with Aquazol
5k g/mol showing elemental Copper and (a3) Carbon distribution, (b1) magnified SEM image of the mirror polished cross-sectional fact of the composite block, (b2)
EDS mapping of the same showing the Cu and (b3) C distribution from the metal-polymer interface to the powder core, (c) overlaid Raman spectra of aquazol in the
interstitial region between two NP-Cu powders and Raman spectra inside the NP-Cu pores.

temperature. The beaker was placed on a hot plate in room temperature
and a magnetic stirrer was set to rotate at 100 rpm. Next, a total of 15 g
of precursor CuAl was added to the solution with an increment of 1.5 g
every minute. The temperature was kept below 90 °C at all times with an
average temperature of ~70 °C. After dealloying and turning off the
magnetic stirring, powders sink to the bottom of the beaker, the solution
was decanted from the beaker and the dealloyed powders were washed
with DI water. Additional 3-5 cycles of solution decanting and fresh DI
water addition were performed. Note that powders were never allowed
to dry during the cycles of decanting. Powders were then transferred to
another beaker by squirting DI water and the excess DI water was dec-
anted from the top. After that, the wet powders were washed with
anhydrous ethanol and the excess ethanol was carefully decanted out
from the top by using a pipette. The powders (still in wet condition by
alcohol) were then transferred to the vacuum oven (Vendor: Across In-
ternational | 1.9 Cu Ft) and kept there at a negative 30 in Hg (negative
760 mm Hg) pressure for drying at 100 °C for a minimum of 12 h and a
maximum of 24 h. Our lab-scale NP-Cu production process steps from
precursor CuAl were shown in Fig. 1a and before and after dealloying
operation, powders were shown in Fig. 1 (b) and (c). Next, the chamber

was vented to the atmosphere, and powders were allowed to oxidize.
During this step, samples exhibited a maximum temperature of 35 °C
yielding a high surface area of 14.4 m?/g and an average pore diameter
of 8.4 nm by NaOH dealloying. The pore morphology data were ob-
tained from BET analysis using Micromeritics TriStar II Plus Version
3.03. Oxidized powders were then analyzed by XRD and it was found
that the alkaline dealloying process yielded around 15% Cu (II)oxide
(Fig. 1 (d)). EDS mapping of dealloyed NP-Cu showed minimal amount
of Al left after dealloying operation. After dealloying, porous Cu also
underwent volumetric shrinkage as Al etched away creating voids. This
shrinkage was computed and details about shrinkage estimation can be
found in the supplementary Section A (Figs. S1-4).

2.3. Mixing and composite fabrication

Composite suspension feedstocks were prepared by solution mixing
the polymeric solution with metal powders (Figs. 2, 3 and 5 (a)) using a
predefined protocol developed by the author in their earlier publication
[18]. A modified protocol was made to avoid bubble trapping inside the
sample (explained later in this section). The “no air bubble formation”
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inside the composite sample was confirmed by grinding and mirror
polishing the cross-sectional facets of the samples followed by SEM
images (Fig. S11). Initially, Aquazol was dissolved in ACS reagent,
99.5% pure ethanol (Vendor: Sigma-Aldrich) with a 1:10 (w/v) ratio
with an initial concentration of 4 g/mL. The magnetic stirring rate was
maintained at 100 rpm and low heating (80 °C) was employed on the
hotplate with the beaker top covered with aluminum foil until the
polymers were fully dissolved to reduce the air trapping during mixing
turbulence. After an hour, when the polymers were completely dis-
solved, and the solution concentration became 6 g/mlL, pre-weighed
dealloyed and oxidized nanoporous Cu powders (20 vol% considering
no imbibition) were gradually added to the polymeric solution. When
the porous metal powders and polymers were well mixed in half an hour
and a homogenous composite suspension was formed, the beaker was
taken into the vacuum oven to keep there at 80 °C for 20 min at a
negative one atmospheric pressure (negative 30 inches Hg). The top
aluminum foil cover was still maintained inside the vacuum oven to
avoid any unwanted solution spillage from the beaker and a 3 mm hole
was created in the center of the aluminum foil to facilitate solvent
evaporation. After 20 min, the suspension mix was taken back to the hot
plate again for stirring an additional 30-35 min reaching the concen-
tration to 8 g/mL. At this point it was taken into the second round of
vacuum drying for 20 min and after that, it was taken back to the hot
plate for additional stirring. When the suspension becomes more viscous
and reach the final concentration of 12 g/mL the suspension was dec-
anted to silicone molds with one-inch cavity and the molds were taken to
the vacuum oven to keep there under vacuum for an additional 20 min at
80 °C temperature. At this point, most of the alcohol was evaporated
(the boiling point of ethanol is 78 °C at atmospheric pressure) and a thin
elastic skin was formed on the molded suspension. A thin glass rod was
used to mechanically break and agitate the skin to ensure no remaining
ethanol stays inside the mold and to avoid any bubble formation. When
the suspension settled, and no more skin formation was observed, the
thick suspension was heated to reach 180 °C. Note that Aquazol is an
amorphous polymer and it completely softens at180 °C (DSC and TGA
curve of Aquazol is provided in Fig. S9). After reaching the desired
temperature the suspension inside the mold was kept under vacuum for
an additional 2 h to assist imbibition driven by annealing and vacuum
impregnation. After 2 h, the vacuum was released, and the suspension
was kept in the oven for an additional hour with atmospheric pressure
before taking out the mold from the oven to keep it inside the fume hood
overnight for natural drying to get the final solidified composite blocks
for our density and rheology test and microstructural analysis.

2.4. Extrusion

Extrusion was performed at 180 °C (both heaters at the same tem-
perature) in a desktop single screw extruder (“Noztek Touch” manu-
factured by Noztek) with a standard dual PID and variable motor speed
control. Before the extrusion, the composite suspension was prepared
following the same protocol as described in the earlier section. However,
in this case composite suspension was transferred to a bigger mold to be
dried and solidified and then cleaved manually by a mechanical snipper
(Crescent Wiss 9-3/4" Metal Master® compound action straight and
right cut aviation snips) to get the final composite feedstock with an
average size of 2.5 mm. The extruder motor speed was maintained at 40
rpm and the extrusion-die internal diameter was 2.85 mm with a min-
imal (avg. 5%) swelling. Upon extruding, all the filaments passed above
a small fan which lowered the filament temperature, and then filaments
were winded in a 100 mm diameter spool which was kept at a one-foot
distance from the extruder die. All filament extrusions were carried out
following a standard protocol [18] as mentioned in our previous article,
including (i) frequent cleaning, (ii) free-running before and after the
extrusion, and (iii) weekly deep cleaning to avoid any particle accu-
mulation inside the extruder barrel.
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2.5. 3D printing

1 cm® cube with 30%, 40%, and 50 vol% porous metal was 3D
printed with a layer thickness of 0.2 mm, infill density 100%, and print
speed of 20 mm/s using our desktop 3D printer Ultimaker Cura 2. The
glass printing bed was preheated to 71 °C and the initial layer height was
tripled to ensure good adhesion with the base layer. The detailed 3D
printing parameters are listed in the supplementary section Table S1.

2.6. Tests and characterizations

2.6.1. Wettability test

Contact angle and surface tension tests were performed at three
different concentrations (solution concentration 6 g/mL, 8 g/mL, and
12 g/mL) for all molecular weights of aquazol on the surfaces of a tightly
packed bed of dealloyed porous Cu. SDC-350 inclination optical contact
angle meter (manufactured by Dongguan Shengding Precision Instru-
ment Co. LTD) was used to perform all the contact angle and surface
tension tests. The apparatus was equipped with a professional-grade
high-precision injection system with the lowest droplet control accu-
racy of 0.01 pl and an adjustable brightness of the LED cold light source
system. Multiple contact angle measurements were carried out and a
representative contact angle was taken with a measurement accuracy of
+0.1°. The instrument’s other features (i.e. an automatic surface tension
calculator using the solution pendant drop’s image and an image
streaming option to capture continuous images at a 0.1-s frequency)
were also utilized in our study. Dealloyed nanoporous Cu powders were
placed in a mold and mechanically pressurized to get a tightly compact
powder bed as a substrate for the wettability test. The polymeric solu-
tion concentrations were increased gradually by evaporating the sol-
vents and subsequent contact angles were taken accordingly as a
function of increasing concentration. Contact angles for different
Aquazol of the initial concentration (6 g/mL) were analyzed (the
streaming digital images of the advancing droplet through the powder
packed bed were captured and analyzed by the ImageJ software) as a
function of time to understand the imbibition kinetics.

2.6.2. BET measurement

Brunauer-Emmett-Teller (BET) analysis of porous copper powders
was performed on Tristar II Plus (Micromeritics Instruments Corpora-
tion). First, powders were weighed in a glass vial so the mass of analyzed
powders is ~ 2-3 g. Next, the vials filled with powders were transferred
to VacPrep degassing station for 3 h at 80 °C using Ar gas. Further, the
vials were attached to Tristar II Plus using a clamp and vacuum is
applied. After this, the system submerged the vial to liquid nitrogen.
Lastly, by purging nitrogen gas into vials, the specific surface area and
pore size distribution of NP-Cu powders were derived.

2.6.3. Density test

Density measurement was carried out for each Mw of Aquazol after
making the composites with dealloyed nanopowders (three samples for
each composite). For each M,, of Aquazol, three samples were tested,
and five measurements were taken for each. The average densities and
standard deviations were calculated from the measured data. The den-
sity test was conducted based on Archimedes’ principle in AD-1654
density determination kit with an advanced electronic balance with an
accuracy of up to four decimal points. Instead of water mineral oil (p =
0.87 g/cm®) was used as a submerging liquid for this test since our
Aquazol could be dissolved by water.

2.6.4. Rheology test

Rheological tests were performed after melting the molded solid
composite block. Before conducting the test, samples were grinded and
mirror-polished in one facet down to 0.1 pm to ensure samples were
without bubbles entrapped inside it. 180 °C temperature was chosen for
Aquazol to be completely melted to measure the dynamic viscosity. For
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Fig. 4. (a) wettability test set up and polymeric fluid droplet cast on the NP-Cu powder bed (inset), (b) Contact angles (at t = 0s) of polymeric fluid (dissolved
aquazol in ethanol) as a function of concentration from 6 g/ml to 12 g/ml, (c) contact angles of polymeric fluid (at C=Cg)as a function of time through the packed
NP-Cu powder bed, (d) contact angle curves of different M,, aquazol solution droplets as a function of concentration (at t = 0s), (e) contact angle curves of advancing
droplets of different Mw samples through the packed bed as a function of time (at C=Co).

each test, solid composite blocks were broken and melted in a vacuum
oven, and then the composite melt sample was placed inside a rotational
rheometer (DHR 2 manufactured by TA instrument) on a 25 mm parallel
plate with a 400 pm gap size. Each sample was pre-soaked for 10 min
and a shear rate range of 2.8 x 10-3s~! to 1000 s~! was used to conduct
the flow sweep rheology test.

2.6.5. X-ray powder diffraction (XRD)

For phase characterization of the porous copper powder and their
present phases, samples were analyzed by X-ray diffraction (XRD, Mal-
vern Pan analytical Aeris, Research Edition), equipped with a Cu-Ka
source emitting radiation of 1.54060 A wavelength. Data collection for
diffraction patterns was acquired within a 10-100° 26 scanning range,
with 18.87 s per step, and step size defined as 0.0110°.

2.6.6. Microscopic characterization

Metal nanofoams were seen under Scanning Electron Microscopy
(SEM) to find microstructural difference before and after dealloying.
Powders were also analyzed via Energy Dispersive Spectroscopy (EDS)
to see the mapping of Cu, Oxygen and any residual Al left with the
dealloyed powders. Apart from that, for each composite block one cross-
sectional facet was grinded and mirror polished down to 0.4 pm to

undergo SEM and EDS mapping. EDS mapping was intended to see the
elemental carbon infiltration from the boundary of each porous wall
from the interstitial region to the pores. Each sample was gold-coated up
to 10 nm to increase the conductivity of the sample for SEM analysis. All
top-down cross-sectional images and EDS were carried out in Auriga
SEM manufactured by Zeiss. For the confocal Raman spectroscopy, a
green laser with a wavelength of 532 nm and 0.8 mW laser power was
used. The image taken with a laser spot size if 0.3 pm at the 100x
magnification.

3. Results and discussions

In this work, PMCs were formed with spherical nanoporous copper
powders at high-loadings (~47-68.9 vol%) to demonstrate their
extrudability into filaments and their 3D printability via FFF in a similar
approach to metal FFF [18] which includes dissolving the polymer phase
in a solvent, mixing NP-Cu into it, drying the solvent at 80 °C and
annealing it at 180 °C (Fig. 2). However, in the case of porous fillers, the
polymer matrix in its melt or solution state can partially or fully imbibe
inside the porous metal by capillary action which can increase the
packing volume fraction of the powders in the composite, which is
known to alter their viscoelastic behavior and extrusion performance
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Fig. 5. (a) Flow sweep rheology test setup, schematic of the density test setup, a sample composite block and a cartoon of NP-Cu powders with two different degree of
imbibition possibility by the infiltrating polymer, (b) dynamic viscosity vs. shear rate of pure aquazol melt at 180 °C, (c) composite block density as a function of M,,
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correlation as a function of polymer M,, with 20 vol% NP-Cu loading, and (f) dynamic viscosity vs. shear rate of composite melt made of 20 vol% NP-Cu powders

at 180 °C.

[18,32-34]. In regard to the metal host, several factors can regulate
imbibition, such as the tortuosity of the porous channels, their surface
roughness and surface passivation. On the polymer side, it can be
regulated by polymer-substrate interaction in the presence of different
solvents [35], their wettability characteristics and contact angle
[36-40], its melt rheology which widely depends on the polymer se-
lection and concentration, and the relative size of the radius of gyration
(Rg) of the polymer and the pore diameter [41-45] as the latter repre-
sents a physical barrier. Finally, the fluid confinement within the
nanopores can alter the macroscopic properties (e.g., viscosity) of the
polymeric phase through effects such as interfacial interaction [23],
segmental relaxation [42] and topological interaction [46]. Among all of

these possible mechanisms, this study focused its attention on the effects
of polymer chain radius of gyration has in regulating its imbibition into
the nanopores. Imbibition took place in three steps: (i) capillary infil-
tration when NP-Cu powders are first dispensed in the polymer solution
dissolved in Ethanol (Fig. 2a and c - step 1), (ii) solvent-polymer ex-
change process performed above the boiling point of the solvent (i.e.,
80 °C) in vacuum (Fig. 2¢ - step 2) and (iii) an annealing step above the
melting temperature of the polymer (Fig. 2¢ — step 3). To determine the
contributions of each step to the imbibition of the polymer and its
densification, this paper (a) presents physical evidence of imbibition via
EDS and Raman mapping of the polymer phase within the pores, (b)
measures the wettability of polymer solutions into metal powders
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associated with step-i and (c) the density of the composite both before
(step-ii) and after the annealing procedure (step-iii). As part of the effort
(a), EDS (See Fig. 3a-b) and Raman spectroscopy (See Fig. 3c) were
employed to analyzed the mirror-polished cross-section of the composite
after step-iii. In both EDS and Raman mappings, evidence of amorphous
C was found in the core of the porous powders. For the Raman data,
peaks at 1341 cm ™!, 1522 cm ™! and 2850 em ™! (Fig. 3¢) were observed
corresponding to amorphous carbon [47,48] confirming the presence of
the polymer within its pores. Peaks were broad due to the metal fluo-
rescence. The lack of peaks associated with bonding present in aquazol is
associated with the polishing step which altered the microstructure of
the polymer.

When mixing dissolved polymer solutions with the nanoporous
powder, it is a necessary condition for wetting to take place if the
powder is to be impregnated with it. To determine that, a wettability test
(Fig. 4) was carried out in which polymer solutions of different con-
centrations (i.e., different solvent-polymer ratios) were drop cast onto
powder beds of the nanoporous copper powder. As the droplet was cast,
it was absorbed into the powder bed at rates that depend on its initial
concentration and molecular weight. Thus, the contact angle formed
between air, the powder bed, and the polymer solution were recorded as
soon as the droplet is cast (i.e., t = 0) (Fig. 4a) and monitored in time (i.
e., 0(t)) (Fig. 4c). As evident from Fig. 4d, high molecular weight sam-
ples (i.e., 500 g/mol) produce non-wetting contact angles at t = 0 with
increasing angles at higher polymer concentrations which do not favor
imbibition of the polymer solution. In contrast, low molecular weight
samples (i.e., 5 g/mol) exhibit wetting contact angles (i.e., <90°) at all
polymer concentrations tested. This result suggests that mixing of
polymer solutions with metals at sufficiently low concentrations gua-
rantees imbibition conditions were met with the exception when mo-
lecular weight was 500 g/mol. In Fig. 4e, dynamic contact angles
normalized by 6, of the advancing droplet through the packed metal
powder bed were plotted. It was noticeable that the normalized contact
angle of samples with MW of 500k g/mol experienced an approximate
5% decrease with time which is significantly less than the samples with
MW of 5k g/mol that yielded a 30% decrease, suggesting the latter
became more wetting as the droplet settled on the surface. These graphs
along with the visual evidence serve as proof of how the imbibition ki-
netics was impacted by molecular weight which fortified our previous
claim that the lower the molecular weight polymers (shorter polymer
chain Rg) shows faster the imbibition through the nanopores in step — 1
(Fig. 2¢).

Once porous powders were wet with polymer solutions, the com-
posite underwent a phase inversion as it was dried with the solvent
exchanging with the polymer at 80 °C. In this step, polymer chains get
densified inside the nanopores driven by the polymer concentration
difference between exterior and interior domains of NP-Cu. This process
was governed by capillarity and diffusional processes and were expected
to depend on the relative size of Rg (which ranges from 2 nm to 20 nm
depending on molecular weight) and the average pore diameter (i.e., 22
nm). With further annealing at 180 °C above its melting temperature,
the polymer’s mobility increased due to the enhanced segmental dy-
namics under high thermal energy, making it more prone to imbibition,
diffusional transport and densification (Fig. 2¢ — step 3). To quantify the
degree of densification during these steps, a density test (Fig. 5a) was
performed on the composite after steps (i-ii). When the polymer imbibes
into the nanopores, the composite’s density should increase as it re-
places the pores. After step (ii), the density of MW 50k, 200k, and 500k
were within the error bar of the density measurement with only the MW
5k g/mol being distinctively 7% higher than the average of other mo-
lecular weights, suggesting the latter experienced a greater degree of
imbibition after step 3 (Fig. 2c). For reference, theoretical densities of
extreme cases were included in Fig. 5 (see supplementary Section A for

the detailed calculation) for when (a) pores were completely imbibed by
polymers (i.e., 1.41 g/cm®) and (b) no imbibition of polymers took place
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into the pores (i.e., 1.642 g/cm3). The theoretical densities were
calculated using the following equation:

maq + Mmetal maq + Mp_cy

Peomposite = unfilled
Vaq + Vi + vPores Doy + Tectu 4 mP—Cu( e — PlCu) (1 - X)
Pag Pp_cu
3

P—Cu
Poiel Pirue

Where, mpq and mpea are the as design weight of the polymer and
nanoporous Cu powders and Vag, Vi, Vunfilled pores are the calculated
volume of the polymer, metal and unfilled pores inside the nanoporous
Cu. For example, the increase in density between 200k and 5k g/mol
samples of 20 vol% translates to an increase in the packing factor of the
powder from 21.7 vol% to 23.2 vol% (Fig. S12). This improved imbi-
bition is attributed to the small radius of gyration of MW 5k g/mol (i.e.,
2 nm) relative to the average pore size of the nanoporous metal (i.e., 22
nm) which reduced the physical and entropy barriers for imbibition.
After step (i), the densities of the composites were also measured to
distinguish the contributions of each step. Samples with MW 200k and
500k g/mol exhibited entrapped gas bubbles (Fig. S10) after step 1
making it hard to draw any conclusions. However, samples with MWs 5k
and 50k were bubble-free and their density change was found to be 4%
and 11% higher after annealing, respectively. Note that Table S2,
Table S3, and supplementary Section A and Section B detail the calcu-
lations for the fill fraction of polymers and the packing volume fraction
of porous powders inside the polymer matrix. According to our density
data the fill fraction is almost 72% for MW 500k g/mol and 103% for the
5k g/mol. This result highlights the relevance of the annealing step in
supporting higher degrees of imbibition even when contact angle was
not favorable (>90°). Bubbles were eliminated after the vacuum
annealing step (ii) for all samples (Fig. S11). The density difference
between fully annealed samples of 5k g/mol and 50k g/mol was found to
be 6% which is equivalent to the fill fraction change of 36.4% and NP-Cu
powder packing volume fraction change of 1.5 vol% (see supplementary
Section A, particularly Fig. S12,Table S2 for additional details).

The rheology of suspensions is governed by two interacting forces: (i)
the hydrodynamic effect and (ii) particle-particle network force in-
teractions [49]. The latter dominates as the particle packing volume
fraction approaches closed-packed values as low as 10 vol% to 40 vol%
(depending on the suspension) [ [50,51]1]. For example, if the packing
volume fraction of porous copper powders increases due to imbibition,
the Krieger-Daughtery analytical model [88] predicts an increase in
zero-shear viscosity. In Fig. 5b, dynamic melt viscosity of the pure
aquazol was measured and compared with the melt viscosities of
aquazol mixed with solid Cu-Al powders (Fig. 5d) and aquazol-NP-Cu
composite (Fig. 5f) at 20 vol% loading to quantify the rheological dif-
ferences. Note the latter samples had a 20 vol% loading if imbibition was
not considered, but after density measurements, their actual a loading
range was found to be in between 21.7 and 23.2% (Table S3 and
Fig. S12). It was clear that both at the low and high shear rates, the
NP-Cu composite exhibited higher viscosities than its solid counterpart
and the pure aquazol, highlighting its thickening due to imbibition,
densification and particle reinforcement. A distinctive signature of
NP-Cu composite with 5k g/mol was an increase in its zero-shear vis-
cosity and shear-thinning at low shear rates, and a linear viscoelastic
plateau at high shear rates (Fig. 5f). In regard to the zero shear viscosity,
it is expected in a polymer or a composite to scale as ng o« MW at
shorter chain lengths, and as 19 « MW>* at chain lengths greater than a
critical molecular weight (Mc) [52] which can be calculated from the
storage modulus plateau of the melt polymer [53]. In Fig. Se, the
zero-shear viscosity scaling of NP-Cu and solid composites were shown
with 19 « MW?%°2 at the high MW range. In the same figure, the
zero-shear viscosity of composite melt made of 5k g/mol deviated
significantly from the theoretical MW scaling. The relatively small
addition in the packing factor of Aquazol-NP-Cu (i.e., 23.2 vol% for MW
5 g/mol) relative to Aquazol-CuAl (i.e., 20.0 vol%) may not be the only
explanation for such large changes in its rheology. In fact, other
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Fig. 6. Glass transition temperature (Tg) variation as a function of polymer
MW of pure polymer and Np-Cu-Aquazol composite at powder concentration of
20% by volume.

explanations such as its reduced particle size (owning to powder
shrinkage during dealloying) and its effect on viscosity [54], and
enhanced drag force with decreasing distance between particles [55],
leading to an increase in their coagulation kinetics [56] and melt vis-
cosity had been found in literature. Granick [57] demonstrated that the
effective shear viscosity of the infiltrating polymers inside the porous
wall increases as a result of slowing chain relaxation compared to the
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-

Composite extrusion feedstock Extruded Np-Cucomposite filament

Feedstock mixing and 3D printing of P-Cu PMC

Dried and solidified composite

AJA

3D printing of Np-Cu
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bulk. Albeit not ruled out, no evidence in our case suggests that the
polymer chains were in nanoconfinement within NP-Cu, which were
expected to have an increased viscosity [57], contributed to the overall
viscosity specially if one assumes them static within the pores.

There has been evidence [42,44,58-62] that polymer nanoconfine-
ment affects the segmental dynamics and glass transition properties in
PMC. While nanoconfined inside porous metal architecture, increased
topological constraints can perturb the segmental chain dynamics of
polymer chain and limit the chain entanglement [44,59,63] leading to
more tough materials with high glass transition temperature [42,58,64].
In our study portrayed in Fig. 6, for all the composites made of different
molecular weight polymers experienced an increase in their glass tran-
sition temperature (Tg) when compared with the corresponding Tg of the
pure polymer. The most distinguishable Ty increase was found in the
composite sample made with the lowest M,, polymer (5k g/mol), in
which the fill fraction was the highest. The increase in Ty points out to
the effect of spatial nanoconfinement on slowing down the segmental
dynamics of bound polymers which was mentioned in many literatures
[43,62]. Despite evidence of nanoconfinement effects, there was sub-
stantial amounts of polymer at interstitial regions between the nano-
porous metal powders which raised questions if the nanoconfined
polymer inside the pores played any role in the macroscopic rheology of
the composite or if the unconfined polymers were the dominant lubri-
cant between powders when the melt was being sheared. Further
research is needed to elucidate this point.

Additionally, a 3D printed composite was manufactured via fused
filament fabrication (Fig. 7). Rather than making the composite in block
via molding and casting, the solution mixed black paste was dried and
cut to make our customized feedstock for FFF. The feedstock (Fig. 7d)
was then fed into the extruder hopper to extrude PMC filament (Fig. 7e)
and, finally, they were 3D printed in a desktop FFF printer (Fig. 7f). The
full imbibition of nanopores filled by the lowest MW samples (i.e. 5k g/

i 5K g/mol
40 vol% by design
Actual vol%=55%
MFI: 6.1 g/10 min

g «3

. 200 K g/mol
e RS 40 vol% by design
§ Actual vol%=47%
&= MFI: 13.2 g/min
y i il

Fig. 7. Feedstock mixing and 3D printing process of PMC-NP-Cu: (a) dealloyed NP-Cu, (b) NP-Cu mixed with Aquazol dissolved in ethanol, (c) dried and solidified
composite, (d) mechanically cleaved custom made PMC-NP-Cu feedstock, (e) extruded filaments of 40 vol% NP-Cu, (f) 3D printing of PMC-NP-Cu and a 3D printed
part with 40 vol% NP-Cu assuming no imbibition (inset), (g) low melt flow and extrusion failure due to internal jamming of Aquazol 5 kg/mol, because of full
capillary imbibition packing vol% reached 55% from the design packing factor of NP-Cu (40 vol%), and (h) successful extrusion of Aquazol 200k g/mol where

packing reached 47 vol% (mixing design value NP-Cu = 40 vol%).
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mol) led to packing factor increase by 15 vol% resulting a jamming in-
side the barrel (Fig. 7g) with very low melt flow index (MFI) (~6 g/10
min) compared to moderate (>10g/10 min) MFI (Fig. 7h) for the sample
with 200k g/mol (which had around ~60 vol% fill fraction compared to
100% fill fraction of 5k g/mol sample, Fig. S12). The packing fraction
increase was calculated using the following the developed formula (the
detailed calculation is listed in supplementary section a):

Vx _ VP—Cu.
" Vi + Vg + Vi1 - X)

4

Where, VX is the volumetric packing% of nanoporous Cu with the fill
fraction of x%, Vp.cu, Vi, Vaq @nd Vynfilled pores are the calculated volume
of porous Cu, only metallic portion volume, volume of polymer and the
unfilled pore volume respectively. This phenomenon of actual metal
powder packing fraction increase, inside the polymer matrix based on
the degree of imbibition gives us both qualitative and quantitative
insight on how capillary imbibition can lead to extrusion failure via
jamming. Our study could be used as a deterministic tool to design new
materials including selecting the right MW polymer to be solution mixed
with NP-Cu for a successful extrusion and 3D printing. Also note that it is
possible that a disruption of the entanglement network may occur at low
molecular weights (e.g., 5k g/mol) further undermining the elonga-
tional flow.

4. Conclusion

Nanoporous metals have unique physiochemical properties because
of their inherent ligament size enabling their application in high surface
area electronics with diffusional pathways. Here we reported FFF based
3D printing process of PMC-NP-Cu with high fill fraction of NP-Cu and
ways to avoid jamming during extrusion which was originated from
capillary imbibition. To accomplish that, the role of capillary imbibition
of polymers into metal nanopores was investigated to understand its
effect on melt rheology, density and volumetric packing fraction of
nanoporous metal in the polymer matrix to enable its continuous
extrusion and 3D printing. It was demonstrated that the polymer M, or
Rg, ultimately dictates its zero-shear viscosity and shear thinning
response, which consequentially facilitates or inhibits capillary-driven
imbibition and densification of pores. Finally, a comparative analysis
of higher imbibition prone polymer (with shorter chain length or Ry) vs.
lower imbibition prone polymer (higher chain length or Rg) was studied
via extrusion, where small Ry polymers were found to experience
extrusion failure by jamming due to the combined effect of higher
volumetric metal packing and nanoconfinement, but the later succeeded
extrusion and continuous printing at higher volumetric metal content
(>50 vol% by design). This study provided a deterministic tool for a
successful materials design for FFF based extrusion and 3D printing
involving conductive nanoporous metals with high surface area for any
thermoplastic binder, which could be a steppingstone towards low cost
manufacturing of 3D printed electronics.
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