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SUMMARY

Due to the significant differences in the physical and chemical prop-
erties of polymers and metals, their additive manufacturing is con-
ducted using very different and incompatiblemethods or conditions.
Such incompatibility is a significant limitation for multimaterial 3D
printing and fabrication of 3D functional composites. We address
this issue by creating functional composites composed of thermo-
plastic elastomers, Field’s metal, and graphene; and their 3D print-
ability by fused filament fabrication is achieved. The fully recyclable
3D-printable composites are featured with widely tunable internal
structures and mechanical, thermal, and electrical properties. Multi-
physics modeling is further developed to elucidate the structure-
property relationship. The 3D structures can be transformed from in-
sulative to conductive based on the melting and coalescence of
Field’s metal nanoparticles. The incorporation of graphene bridges
the adjacent Field’s metal particles and significantly enhances con-
ductivity. Such 3D-printable polymer-metal hybrid platform could
enable advancements in soft electronics and robotics and in energy
storage.
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INTRODUCTION

Additive manufacturing of polymers, metals, and their composites has been at the

forefront of manufacturing and materials research in recent decades.1–3 Compared

with traditional manufacturing, additive manufacturing or 3D printing is easy to

customize, is capable of fabricating complex geometries, has lower tooling costs,

and generates less material waste.4,5 The application of 3D printing in various fields

has started to revolutionize the manufacturing of medical devices, automotive/aero-

space components, sports equipment, and construction projects.6–9

Polymers and metals are the two most important types of materials in additive

manufacturing. Due to the significant differences in the physical and chemical prop-

erties of metals and polymers, 3D printing of the two types of materials is conducted

using very different and incompatible methods or conditions.4,10 The 3D printing

technologies commonly used for polymers (which have relatively low softening or

melting temperatures) include extrusion-, resin-, and powder-based methods.11–13

Of these, extrusion-based methods, especially fused filament fabrication (FFF), are

widely used due to their low costs and the broad selection of compatible poly-

mers.10,13,14 FFF involves layer-by-layer extrusion through a heated nozzle of a poly-

mer filament, which cools and solidifies on the printing bed.15 In contrast, the 3D

printing of metals generally utilizes quite different methods and conditions, such

as powder bed fusion, binder jetting, and direct energy deposition,16,17 which
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generally involve the use of a high-energy laser or an electron beam to sinter or melt

the metal particles into 3D parts.18

The incompatibility of additive manufacturing processes and conditions for poly-

mers and metals is a significant limitation for multimaterial 3D printing and the fabri-

cation of polymer-metal composite structures. There are recent research endeavors

to integrate metals and polymers in the FFF 3D printing process for fabricating

metallic 3D structures. However, simple blending of metallic particles (such as iron

or bronze) with thermoplastics for FFF 3D printing without sintering results in

decreased printability and poor mechanical properties compared with pristine poly-

mers.19–21 Metal FFF and bound metal deposition technologies, which are based on

metal injection molding, have also been developed.22–24 For instance, filaments

containing stainless steel powder (80–90 wt %) mixed with polyacetal and polyolefin

can be used for FFF, and the 3D-printed objects require post-processing and sinter-

ing at high temperatures to obtain the final parts. However, this approach has

several major limitations, including the following: (1) high-temperature sintering

(1,380�C) required after printing is energy and cost intensive; (2) large and aniso-

tropic deformation during the sintering process (20% or more) limits the fabrication

precision; (3) a debinding process that employs harsh chemicals needs be per-

formed before the parts can be sintered; and (4) specialized equipment is required

for the debinding and sintering of the printed parts.

Compared with those recently developed metal FFF 3D printing technologies, the

fabrication of continuous 3D metallic or composite structures that can be fully re-

cycled and without the need for high-temperature sintering will have significant ad-

vantages due to the ease of fabrication, energy savings, and lower carbon emissions.

To achieve this objective, it is necessary to utilize metals or alloys with melting points

(Tm) that are within the regular printing temperatures used in FFF technology (i.e.,

250�C or lower).

The most intensively studied metals with low Tm are gallium-based liquid metals

such as EGaIn (a eutectic alloy of gallium and indium) and Galinstan (an alloy of gal-

lium, indium, and tin).25–28 As their Tm values are below room temperature, these

alloys can be easily extruded with pressure into a mold or channel.29,30 Also, the for-

mation of an ultrathin oxide layer on the surface helps to stabilize structures made

from gallium-based liquid metals.31–33 There are quite a few recent reports on 3D

printing with liquid metals or their composites.34–38 However, the low Tm (below

room temperature) also brings significant limitations to their 3D printing because

the 3D-printed structure is unable to stably maintain its complex geometry without

a support matrix.39–42 Another major limitation in using gallium and its alloys for ad-

ditive manufacturing is their corrosive nature to most other metals,25 which leads to

severe damage to the metallic components of 3D printers and related equipment.

Compared with those liquid metals, several important types of low-melting-point al-

loys (LMPAs) have Tm values that are above room temperature, andmost contain bis-

muth (Bi); examples are Rose’s metal, Wood’s metal, and Field’s metal (FM).43 Of

these, FM (a eutectic alloy of bismuth, indium, and tin) stands out as an ideal candi-

date for additive manufacturing.44,45 Its Tm of 62�C ensures stability under ambient

conditions and melt processability under FFF 3D-printing conditions. Moreover, it

does not contain toxic elements such as lead, and it is not corrosive to most other

metals. There is increasing interest in FM for nanotechnology and advanced fabrica-

tion beyond its conventional use in die casting and prototyping.31,46,47 However, FM

itself is not suitable for extrusion-based 3D printing due to its high rigidity and
2 Cell Reports Physical Science 4, 101604, October 18, 2023



Figure 1. Schematic illustration of the hybrid material system and 3D printing

(Top) Schematic and chemical structure of LMPA NPs, copolymer TPE, and graphene used in this

study. (Bottom) FFF 3D printing with LMPA-TPE hybrid filaments to fabricate 3D polymer-metal

composites with widely tunable internal structures. The printed structures can be fully recycled into

the original components.
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modulus (9.25 GPa) at room temperature, as well as its unsuitable rheological prop-

erties (low viscosity and non-thixotropic) in its melt state.48

To overcome these issues, in this study, we create LMPA nanostructures and inte-

grate them with a soft and flexible thermoplastic elastomer (TPE) matrix. TPE is a

type of block copolymer with the excellent processability of a thermoplastic and

the high elasticity of an elastomer.49,50 The FM-TPE composites are successfully pro-

duced in filaments, and such hybrid filaments are used for FFF 3Dprinting into various

3D structures with highly tunable internal structures and physical properties. Multi-

physics modeling is developed to theoretically elucidate the structure-property rela-

tionship. The temperature-induced melting and coalescence of FM nanoparticles

(NPs) inside the TPE matrix are critical for the on-demand and reversible control of

mechanical properties and electrical conductivity of the printed structures. More-

over, graphene is incorporated in some composites, which can bridge the FM NPs

and create conductive pathways. It also enables the creation of 3D metal-graphene

structures with excellent shape/size retention (97% and higher) when the TPE binder

is removed by calcination. The 3D-printed composite structures can be easily re-

cycled into separate FM and TPE for new printing and reduce the overall cost.
RESULTS AND DISCUSSION

Hybrid material system for 3D printing

In our hybrid material system, the two major components are LMPA NPs and TPE,

with the option to further incorporate graphene (Figure 1). The LMPA, such as FM

NPs, can be conveniently fabricated by probe sonication of bulk FM in solution.
Cell Reports Physical Science 4, 101604, October 18, 2023 3
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The TPE used in our study is polystyrene-b-polyisobutylene-b-polystyrene (SIBS),

with the chemical structure shown in Figure 1. SIBS was chosen as the soft matrix

for the following reasons: (1) its thermal processability and high stability enable

FFF printability and recyclability; (2) its high elasticity enables the LMPA-TPE com-

posites to be potentially conductive and stretchable; and (3) its well-defined and

tunable molecular structure enables chemical functionalization when needed. It is

noted that SIBS with high polyisobutylene (PIB) content (70% or higher) is too soft

(Shore A 43 or lower) for consistent FFF 3D printing. We incorporated polystyrene

(PS) homopolymer in SIBS (weight ratio of 1:1) to further enhance the printability

as demonstrated in our previous studies.51,52 In the following discussion, TPE

is used to represent the SIBS/PS polymer matrix for simplicity. The FM-TPE compos-

ites with tunable composition and internal structures are used for FFF 3D

printing (Figure 1); the morphology and properties of printed structures have strong

dependence on the filament composition and post-printing processing, as will be

discussed later. Importantly, the 3D-printed structures can be fully recycled into

the original LMPA and TPE components for sustainable manufacturing and reducing

cost.

Properties of FM NPs and TPE

FM NPs were prepared by probe sonication of bulk FM in toluene in the presence of

small organic ligands (1-dodecanethiol), and the temperature of the solution (70�C)
was above the Tm of FM. The organic ligands are necessary to achieve relatively small

size and narrow size distribution of FM NPs. A scanning electron microscopy (SEM)

image (Figure 2A) shows that the FM NPs are special in shape and have sizes in the

range of 150–400 nm. Dynamic light scattering (DLS) data (Figure 2B) further show

that the average hydrodynamic diameter of the FM NPs is about 250 nm. The size

distribution can be further improved by purification with step centrifugation. The

dimension of the FM NPs plays an important role in their interactions with the TPE

copolymer matrix. An average size of below 500 nm is needed to achieve their uni-

form dispersion within the soft matrix. The presence of organic ligands and oxide

shells on the surface of the FM NPs also affects their coalescence during their print-

ing and processing,53–55 as will be discussed in a later section.

Differential scanning calorimetry (DSC) study (Figure 2C) of bulk FM confirms its Tm at

62�C and a solidification temperature (Ts) during the cooling cycle of 57�C. For the FM

NPs, the melting point remains at 62�C. However, due to the size-induced undercool-

ing effects,44,56 the solidification point shifts to lower temperatures, with two peaks at

35�Cand 26�C. The TPEmatrix used in this study, SIBS, has a typicalmicrophase-sepa-

rated morphology between the PS and the PIB blocks, forming PS cylinders dispersed

in the PIB matrix, as shown in the atomic force microscope (AFM) image (Figure 2D).

The TPEmatrix has twoglass transition temperatures, one is for the PIB block at around

�60�C, and the other is for the PS block at around 96�C (Figure S1).

Fabrication and characterization of the FM-TPE composites

The FM NPs and TPE were blended in toluene to form a homogeneous solution, and

then the solvent was evaporated to obtain composite films. Such FM-TPE composite

films were then cut into small pieces and fed into a desktop extruder to fabricate

composite filaments for FFF 3D printing. Representative images of the filaments

are shown in Figures 3A–3D. The filaments have a uniform diameter of 1.75 mm,

mechanical flexibility, and a smooth surface. It is noted that the dark color of the

filaments is due to the strong light scattering of FM NPs inside the filament.

Cross-section SEM (Figure 3D) of 50 wt % FM-TPE filament clearly shows that the

high density of FM NPs is uniformly distributed inside the polymer matrix.
4 Cell Reports Physical Science 4, 101604, October 18, 2023



Figure 2. Characterization of FM NPs and TPE matrix

(A) SEM image of FM NPs prepared by probe sonication.

(B) DLS curve of the FM NP dispersion in a solvent.

(C) DSC curves for bulk FM and FM NPs.

(D) AFM phase image of the SIBS copolymer TPE showing microphase separated morphology.

Scale bars, 10 mm (A) and 200 nm (D).

ll
OPEN ACCESSArticle
The internal structure of FM-TPE composites and its dependence on the metal-to-

polymer ratio are theoretically investigated with a phase-field model. This model

simulates the structure evolution of two mutually exclusive melts of different vol-

ume fractions and of initially uniform spatial distribution by numerically solving

the Cahn-Hilliard equation and visualizing the separation of the two phases

(more details in Figures S2 and S3).57,58 Figure 3E shows the internal structure of

the FM-TPE composites with different FM contents (3Ei, 50 wt %; 3Eii, 70 wt %;

3Eiii, 80 wt %; 3Eiv, 90 wt %) in the stable state predicted from the phase-field

modeling. It can be seen that with the increase in FM loading, a higher density

of larger metal particles is generated from the coalescence of smaller FM NPs.

When the FM weight fraction exceeds 90 wt %, the FM and TPE spontaneously

form a bicontinuous structure. It is noted that the phase-field modeling is applied

under the condition that both TPE and FM are in the melt state for a sufficiently

long time, which has differences with the experimental FM-TPE composite fabrica-

tion within a finite time, but the general trends in internal structure evolution match

well with each other (see also Figure S4).

To study the thermal stability and validate the weight percentage of FM NPs inside

the composite filaments, thermogravimetric analysis (TGA) was performed (Fig-

ure 3F). For the FM-TPE filaments, the thermal degradation started at around

370�C, and the maximum degradation rate occurred at around 440�C. The residual

weight at 500�C and higher corresponds to the amount of FMNPs in the composites.

For the FM-TPE composites prepared with 70 and 80 wt % FM, the residual weights
Cell Reports Physical Science 4, 101604, October 18, 2023 5
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Figure 3. Preparation and characterization of the FM-TPE composites

(A) Photo of the FM-TPE filament.

(B–D) SEM images of the surface (B) and cross section (C and D) of a 50 wt % FM-TPE filament.

(E) The internal structure of FM (blue)-TPE (yellow) composites with different FM contents (i, 50 wt %; ii, 70 wt %; iii, 80 wt %; iv, 90 wt %) generated from

the phase-field modeling. The simulation box size is 95 by 95 mm.

(F) TGA curves of FM-TPE composites with 70 and 80 wt % FM.

(G) DSC curves of the FM-TPE composites with 70 and 80 wt % FM.

(H) DMA characterization including storage and loss modulus of the 50 wt % FM-TPE and TPE samples. Inset shows the damping (tan d) of the same

samples.

(I) Shear viscosity as a function of shear rate for 30 wt % FM-TPE sample. Scale bars, 0.5 mm (B and C) and 20 mm (D).
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are about 65% and 76%, respectively, which confirms the composition of the com-

posite filaments.

DSCcharacterizationwas conductedon theFM-TPEcompositeswith70and80wt%FM

(Figure3G). Themain peaks all originate fromFMNPsand theglass transition of theTPE

matrix has amuch lower intensity. Themeltingpeaks for FMNPsappear at 62�C forboth

samples. The solidification peaks for the70wt%FM-TPE composite appear at 36�Cand

28�C, which is due to size-induced undercooling and consistent with pristine FM NPs.

Interestingly, for the 80wt%FM-TPE composite, in addition to the two undercooled so-

lidification peaks at 32�C and 23�C, there is also another solidification peak at 54�C,
which is close to the Ts of bulk FM. This indicates that, when the FMNP loading is close

to or exceeds 80wt%, some of the FMNPs can coalesce and form relatively largemetal

structures in the polymer matrix during filament fabrication. This is confirmed by SEM

images of the filament cross section as shown in Figure S4.

Dynamic mechanical analysis (DMA) was used to study the thermomechanical prop-

erties of the FM-TPE composites (Figure 3H). With the incorporation of FM NPs, the

50 wt % FM-TPE has substantially higher storage and loss modulus at temperatures

below the Tm of FM (62�C) due to the reinforcement effect of rigid FM NPs. When

temperature increases to close to and above the Tm of FM, the composite and pris-

tine TPEs have very close modulus values. From the damping curves (Figure 3H,

inset), it can be seen that pristine TPE has two major transitions, a high-temperature

transition, corresponding to the glass transition (Tg) of the PS at �100�C, and a low-

temperature transition consisting of a shoulder at �40�C associated with the PIB

block and a strong peak at �15�C due to a sub-Rouse-type motion caused by relax-

ation at longer time scales.59,60 For the 50 wt% FM-TPE composite, in addition to the

transitions mentioned above, it has a shoulder peak at around 65�C, which is due to

the melting transition of FM NPs at this temperature range.

Another important parameter for successful FFF 3D printing is the shear viscosity at

printing temperature, which can be measured by a capillary rheometer. The shear vis-

cosity of themelt needs to be in a suitable range because too-high shear viscosity leads

to difficulty in extrusion from the nozzle, and too-low shear viscosity leads to overextru-

sion. The shear viscosity as a function of shear rate at a temperature of 230�C for the

pristine TPE and 30 wt % FM-TPE is shown in Figure 3I. Both samples show shear-thin-

ning behavior. The shear viscosity at a shear rate of 20 s�1, which correspond to a print-

ing speed of �2 mm s�1 (details of the shear rate calculation are in the supplemental

information), is 1,125 and 832 Pa s for the pristine TPE and 30 wt % FM-TPE, respec-

tively. Both values are within the suitable range for FFF 3D printing.

Also, the results show that FM-TPE has a lower shear viscosity than pristine TPE at

low shear rates (below 100 s�1), but higher than it at higher shear rates, The possible

mechanism is that, in the high-shear-rate region, the FM NPs are better dispersed,
Cell Reports Physical Science 4, 101604, October 18, 2023 7



Figure 4. Representative 3D-printed samples from FM-TPE composite filaments

(A and B) Star and twisted cylinder printed from 10 wt % FM-TPE composite filament. On the left is the 3D model, and on the right is the photo of the

printed structure.

(C) Comparison of the printing quality of the same infill-patterned cubes using three different composite filaments: 10 wt % FM-TPE, 30 wt % FM-TPE,

and 80 wt % FM-TPE.

(D) Recycling of a 3D-printed cube of 80 wt % FM-TPE into its original components: FM and TPE.

(E) 3D-printed cube with infill patten from FM-TPE-graphene filament (80 wt % FM and 10% graphene).

(F) Conversion of the 3D-printed FM-TPE-graphene structure to metal-graphene composite with excellent shape retention. All scale bars, 5 mm.
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and the FM-TPE composite is similar to conventional polymer nanocomposites with

sub-microparticles, whose viscosity is higher than that of pristine polymers. This is

consistent with many previous studies on the rheological properties of polymer

nanocomposites.61 In the low-shear-rate regime, the FM NPs are expected to

have more local coalescence,62 and the FM melt has a lower viscosity compared

with the TPE melt. Therefore, the overall shear viscosity is reduced due to the exis-

tence of large low-viscosity domains in the polymer matrix, the detailed mechanism

of which will be systematically investigated in a future study.
FFF 3D printing with FM-TPE composites

With the elucidation of the physical properties of the FM-TPE composites, the fila-

ments were then used for the fabrication of 3D structures via FFF 3D printing.

Figures 4A and 4B show a 3D-printed star and twisted cylinder from a 10 wt %

FM-TPE filament. It can be seen that the shape fidelity is high (within 3% difference

compared with the digital model) and the surface is relatively smooth. We also inves-

tigated and compared the printability of FM-TPE composites with different FM

contents. Figure 4C shows the same cubic structure with infill patterns printed
8 Cell Reports Physical Science 4, 101604, October 18, 2023
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from FM-TPE filament with 10, 30, and 80 wt % FM. In this composition range, all of

the composites show reasonably high printability. The surface roughness slightly in-

creases with increasing FM content. It is also noted that, for the 3D-printed 80 wt %

FM-TPE composite, there are some shiny metallic spots on the structure, which are

due to the coalescence of FM particles at high concentrations during printing.

Another unique advantage of our FM-TPE composite system is its full recyclability.

The 3D-printed FM-TPE composite structures can be dissolved in an organic solvent

(such as toluene). The metal NPs will precipitate and separate from the polymer so-

lution, while the TPE can be recovered after the solvent is evaporated. We demon-

strated the recycling of an infill-patterned cube printed from 80 wt % FM-TPE fila-

ment. After the recycling, the separated FM and TPE film are shown in Figure 4D.

Weight measurements and comparison indicate that both the FM and the TPE can

be recovered at 99.1% or higher of their original amount. Those recycled FM and

TPE can be reprocessed into composite filaments for new 3D printing.

Importantly, due to the presence of a thin oxide shell on the surface of FMNPs and the

insulative nature of the TPE, the FM-TPE composite structures have low conductivity in

the as-printed state even at high FM content (such as 80wt%). To address this issue and

bring additional functionality to the composites, we incorporated graphene into some

of the FM-TPE composites. For instance, we prepared FM-TPE-graphene composites

(80 wt % FM and 10% graphene) by a similar solution blending and then used the com-

posite filament to 3D print a cube with infill pattern (Figure 4E).

The FM-TPE-graphene composite maintains high FFF printability with some coa-

lesced FM particles visible on the surface. Moreover, such 3D-printed FM-TPE-gra-

phene structures can be converted into fully inorganic metal-graphene composite

structures (Figure 4F) with excellent shape and size retention (with dimensional

shrinkage of less than 4%). This is much better than conventional metal FFF 3D print-

ing, where the size shrinkage is usually 15%–20% or higher during post-printing pro-

cessing. Such 3D metal-graphene composite structures are ideal candidates for en-

ergy storage and electronics applications.

The internal structure of the 3D-printed FM-TPE composites was studied by cross-

section SEM and energy-dispersive X-ray spectroscopy (EDX) analysis. Figures 5A–

5C show the cross-sectionmorphology of the 3D-printed sampleswith three different

FMNP loadings: 50, 70, and 80 wt %. It can be seen that the 50 wt % FM-TPE sample

has uniformly dispersed FM NPs with relatively small size (<1 mm) in the TPE matrix.

For the 3D-printed 70 wt % FM-TPE structure, some larger FM particles (tens of mi-

crometers) due to local coalescence start to appear. When the FM loading further in-

creases to 80 wt %, more coalesced large FM particles appear, and a few defects can

also be observed.

For the 3D-printed FM-TPE-graphene (80 wt% FM and 10 wt% graphene) composites

(Figure 5D), the TPE now acts as a polymer binder for graphene and FM NPs. The FM

NPs are intercalated by graphene nanosheets, which leads to significantly enhanced

electrical and thermal conductivity, as will be discussed later. Furthermore, the inter-

penetrated metal-graphene structure enables excellent shape retention capability, as

shown in Figure 4F.Without graphene, the as-printed FM-TPE structures are generally

not able to maintain their integrity after the TPE is removed, due to the discrete FM

NPs. Relatively high loading of FM NPs (80 wt %) is also important for excellent size

and shape retention, as composites with higher volume fractions of TPE or lower

FM loading are expected to lead to more shrinkage after TPE removal.
Cell Reports Physical Science 4, 101604, October 18, 2023 9



Figure 5. Internal structure characterization of the 3D-printed composite structures

(A–D) Cross-section SEM images of the 3D-printed structures from (A) 50 wt % FM-TPE, (B) 70 wt % FM-TPE, (C) 80 wt % FM-TPE, and (D) 80 wt % FM-TPE-

graphene.

(E) EDX spectrum collected from the cross section of a 3D-printed 80 wt % FM-TPE structure; inset shows the SEM image of the measured area.

(F) The corresponding elemental mapping of the cross-section area (E inset) in the 3D-printed 80 wt % FM-TPE structure. Scale bars, 200 mm (A–C), 10 mm

(D), and 50 mm (E and F).

ll
OPEN ACCESS Article
The EDX spectrum (Figure 5E) obtained from the cross section of the 3D-printed

80 wt % FM-TPE structure clearly shows the characteristic peaks for carbon (0.26

keV), bismuth (2.42 keV), indium (3.29 and 3.70 keV), and tin (3.47 keV). Elemental

mapping (Figure 5F) further confirms that the majority of the FM NPs are well

dispersed in the polymer matrix without severe aggregation. Micro-computed to-

mography (micro-CT) was also used to study the internal structure and showed

that FM NPs are uniformly dispersed inside the TPE matrix (Figure S5).
Transformation from insulative to conductive state by structural tuning

Another important property of the FM-TPE composites and their 3D-printed struc-

tures is their potentially high electrical conductivity. Bulk FM has high intrinsic elec-

trical conductivity on the order of 105 S/m. However, due to the existence of an insu-

lating oxide shell on the surface, FM NPs are not electrically conductive until the

oxide shell is broken or removed. In our FM-TPE composite system, due to the

spacing between the NPs and the existence of the oxide shell on the NPs’ surface,

conductive pathways cannot be generated, and the composite will be electrically in-

sulative in the as-printed state. For instance, the conductivity of the as-printed 80

wt % FM-TPE structure was measured to be 1.38 3 10�7 S/m (Figure 6A). Cross-sec-

tion SEM (Figure 6B) confirms that FM NPs are dispersed in the polymer matrix

without formation of interconnected metal structure. Different methods can be

used to form conductive pathways in liquid metals or LMPAs.63,64

We first studied thermal annealing as a potential method to enhance the electrical

conductivity of the FM-TPE composites. In the first method, we thermally annealed

the as-printed sample at 120�C for 12 h. The electrical conductivity of the thermally

annealed sample increased by about 6 orders of magnitude to 7.80 3 10�2 S/m
10 Cell Reports Physical Science 4, 101604, October 18, 2023
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Figure 6. Transformation from insulative to conductive state and Joule heating-induced reversible shape changes

(A) Electrical conductivity of 3D-printed 80 wt % FM-TPE composite in as-printed, thermally annealed, and mechanically sintered states.

(B and C) Cross-section SEM images of the 80 wt % FM-TPE composite (B) in as-printed state and (C) after mechanically induced coalescence.

(D) Electrical conductivity of the FM-TPE-graphene composite; inset shows the schematic of the internal structure.

(E and F) Cross-section SEM images of the FM-TPE-graphene composite at two different magnifications.

(G) Photo of the FM-TPE-graphene composite for Joule heating measurements.

(H) IR imaging of the FM-TPE-graphene composite at different time points with increasing temperature.

(I–K) Reversible shape transformation of the FM-TPE-graphene composite (I) in the initial state and (J) after Joule heating and bending and (K) recovery

to flat state after Joule heating and cooling. Scale bars, 20 mm (B, C, and E) and 1 mm (F).
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(Figure 6A). The probablemechanism is that, during thermal annealing (above the Tg

for the TPEmatrix), the polymer chains in the TPEmatrix relax and rearrange, and the

FM NPs are also melted, so that more pronounced phase separation between FM

and TPE in the matrix as well as local coalescence of FM NPs can occur.

To further enhance electrical conductivity, we conducted mechanically induced sinter-

ing on the 3D-printed FM-TPE composites. In this process, a stylus can be used to me-

chanically scribe along the surface of a heated sample (at 85�C), or the sample (for cylin-

drical shape) canbe rolled between two rigid plates. The process is still non-destructive,

as the forceapplied iswithin theelasticdeformation rangeof theTPEmatrix. The80wt%

FM-TPE composite structure after mechanical sintering showed a dramatic increase

(9 orders of magnitude) in conductivity to 2.78 3 102 S/m (Figure 6A). Cross-section

SEM (Figure 6C) further confirmed that a large fraction of the FMNPs form a continuous

metal structure after coalescence with a small fraction remaining discrete.

Both the thermal annealing and the mechanical sintering methods require post-

printing processing to transform the composites into a highly conductive state,

which is not desirable for some applications. To address this challenge, we incorpo-

rate graphene into the composites, which can bridge the adjacent FMNPs to enable

high conductivity in the as-printed state. For instance, the FM-TPE-graphene com-

posite (80 wt % FM and 10% graphene) shows an intrinsic high conductivity of 102

S/m (Figure 6D). Cross-section SEM images (Figure 6E) show that the 2D graphene

nanosheets intercalated with the FM NPs into an organized internal structure. Inter-

estingly, some of the FM NPs were wrapped with graphene sheets as indicated by

the characteristic wrinkles on the surface (Figure 6F).

The high conductivity and ordered internal structure of the FM-TPE-graphene com-

posites enable a strong Joule heating effect. We studied this by applying a 15 V

voltage across a rectangle-shaped FM-TPE-graphene composite and monitoring

the temperature rise with an infrared (IR) camera (Figure 6G). The temperature of

the sample (Figure 6H) quickly increased to 112�C at 30 s and 158�C at 180 s. These

temperatures are higher than the Tg of TPE and Tm of the FM NPs, so that the com-

posite structure also softens substantially during the Joule heating process.

The reversible mechanical property changes during Joule heating can be utilized to

achieve reversible and programmable shape transformations. We demonstrated this

by using a rectangular FM-TPE-graphene composite (Figures 6I–6K). The structure

was flat in the initial state, and after application of a 15 V voltage for 30 s, it softened

and could be easily shaped into desirable geometries such as an arc shape (Fig-

ure 6J). The bent shape can be stably fixed by pausing the voltage, so that the FM

NPs solidify, and the overall structure becomes rigid. The arc-shaped structure

can withstand more than 20 times its own weight without deformation. Subse-

quently, to recover its original shape (Figure 6K), the electrical voltage can be

applied again to soften the structure and enable a full recovery.
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Theoretical and experimental study on mechanical properties

The incorporation of metal NPs in a TPE matrix is expected to have a substantial ef-

fect on the mechanical properties of the composites and 3D-printed structures.

Theoretical investigation using coarse-grained molecular dynamics (MD) modeling

was conducted on the composites. This model adopts a discretized triangular spring

network and mass beads at the network nodes for the composite mechanics and

mass. The mechanical parameters of FM springs and TPE springs are determined

by Young’s modulus and the strength of these materials measured experimentally,

and their spatial distribution is determined according to the results of the phase-field

simulations.

We theoretically studied the effects of FM content on the mechanical properties of

the FM-TPE composites (Figure 7A, see also Table S3). From the stress-strain curves,

it can be seen that, with the increase in FM content, the modulus gradually increases,

the ultimate strength has a slight decrease, and the yield strain has a substantial

decrease. It is noted that all curves show a long tail at high strain, which is due to

the existence of soft/polymer bridges that still connect the sample after the rigid re-

gions are broken. When the FM content increased to 95 wt %, a continuous metal

network spontaneously formed, and the modulus was significantly increased to a

value (E = 2.2 GPa) that was close to that of FM and significantly higher than that

of composites with lower FM content (Table S3). The internal structures of those

composites right before rupture are shown in Figure 7B. It shows that the micro-

cracks are formed at or close to the interface between themetal and the polymer ma-

trix. Also, with increasing FM content in the composites, the number of microcracks

is reduced and the size of the microcracks is increased.

We also studied the effects of internal structure on the mechanical properties of

FM-TPE composite at a fixed composition; the results are shown in Figures 7C and

7D. For the 70 wt % FM-TPE composite, the metal phase is composed of discrete

NPs in the TPE matrix, and the four different initial states (insets in Figure 6C) corre-

spond to increasing average NP size. The stress-strain curves were obtained by

applying tensile stress to the coarse-grained MD model. The mechanical properties

of composites with those different internal structures are very close to one another.

The internal structures during crack initiation and rupture (Figure 7D) show that the

microcracks are mainly initiated at themetal/polymer interface, and composites with

a higher number of FM NPs have more microcracks with smaller size.

We then experimentally characterized the mechanical properties of FM-TPE fila-

ments with tensile testing (Figure 7E and Table 1). The 10 wt % FM-TPE filament

has a modulus of 380 MPa, tensile strength of 9.6 MPa, and elongation at break of

54.6%. With the increase in FM content, the FM-TPE filaments show increasing

modulus, but at the cost of decreasing strength and elongation at break. The exper-

imental tensile results match well with the coarse-grained MD simulation; the differ-

ences in quantitative values mainly originate from the size difference between the

simulation box and the experimental samples, as well as defects during sample

preparation.

The FM-TPE filaments were used to 3D print dog bone samples for tensile testing

(Figure 7F). For instance, at ambient temperature (25�C), the 3D-printed 70 wt %

FM-TPE shows a modulus of 612 MPa, strength of 8.5 MPa, and elongation at break

of 18.4% (Table 1). Those values are substantially higher than that of the correspond-

ing filament, which is unique and advantageous for fabricating stable and strong 3D

composite structures. The probable reason for such enhancement is that during the
Cell Reports Physical Science 4, 101604, October 18, 2023 13



Figure 7. Mechanical properties of the FM-TPE composites and 3D-printed structures from

computational modeling and experiments

(A) Stress-strain curves for FM-TPE composites with different FM contents from coarse-grained MD

simulation.

(B) Internal structures of the FM-TPE composites right before rupture.

(C) Stress-strain curves for 70 wt % FM-TPE with different initial internal structures based on phase-

field simulation; curves with different colors correspond to the different inset morphologies.

(D) Snapshots of the 70 wt % FM-TPE composites with different internal structures during crack

formation and rupture. The size of all the simulation boxes in their initial state is 75 mm.

(E) Stress-strain curves for FM-TPE filaments with 10, 30, 70, and 80 wt % FM in experiments.

(F) Stress-strain curves for 3D-printed dog bones with 70 and 80 wt % FM at two different

temperatures in experiments. Inset shows a representative photo of a 3D-printed dog bone, and

the scale bar represents 1 cm.
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FFF 3D printing, the composites were melt-extruded from the nozzle, during which

the two-phase structures can evolve into more stable configurations through rear-

rangement and coalescence of FM NPs.
14 Cell Reports Physical Science 4, 101604, October 18, 2023



Table 1. Mechanical properties by tensile testing of FM-TPE composites

Composition Sample state Tensile strength (MPa) Elongation at break (%) Modulus (MPa)

10 wt % FM-TPE filament 9.6 G 0.2 54.6 G 5.4 380 G 56

30 wt % FM-TPE filament 9.3 G 0.6 24.3 G 3.5 428 G 40

70 wt % FM-TPE filament 4.9 G 0.4 5.1 G 0.6 431 G 29

80 wt % FM-TPE filament 4.0 G 0.1 3.9 G 0.4 651 G 55

70 wt % FM-TPE 3DP dog bone 8.5 G 0.3 18.4 G 1.1 612 G 32

80 wt % FM-TPE 3DP dog bone 8.0 G 0.2 19.0 G 1.3 790 G 41
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Importantly, due to the reversible phase transition of FM NPs at their melting point

(62�C), the 3D-printed structures are expected to have significantly different me-

chanical properties at temperatures below and above that transition. This was

confirmed by tensile testing of the 3D-printed FM-TPE at 85�C (Figure 7F), which

shows a much lower modulus of 22 MPa, a strength of 1.3 MPa, and an increased

elongation at break close to 40%. Similar strong temperature dependence of me-

chanical properties was also observed for the 3D-printed 80 wt % FM-TPE sample,

whose modulus decreased from 790 MPa at 25�C to 98 MPa at 85�C. The TPE matrix

also has temperature-dependent mechanical properties (Figure S6), but their extent

is much lower than that of the FM-TPE composites. Such reversible and temperature-

dependent mechanical properties will be useful for applications in soft actuators and

robotics.

Additive manufacturing of polymers and metals is usually achieved with very

different and incompatible methods and conditions. In this work, by integrating

LMPA, TPE, and graphene into functional composites with widely tunable structures

and properties, we have achieved 3D-printable polymer-metal composites that are

fully compatible with the widely used FFF method. The processing-structure-prop-

erty relationship and 3D printability of such FM-TPE composites were elucidated

by systematic characterization and multiphysics modeling. The FM NP loading in

the TPE matrix has significant effects on the printing and physical properties of

the 3D-printed structures. At relatively low FM content, the FM NPs remain sepa-

rated in the TPE matrix and the overall composite structures are soft and electrically

insulative. At high FM content (80 wt % or higher), the composites are much more

rigid, and conductive pathways in the TPE matrix can be achieved by inducing the

coalescence between adjacent FM NPs with thermal and/or mechanical methods.

The reversible melting-solidification of FM NPs in a soft matrix also enables the

on-demand and reversible tuning of the mechanical properties of the composite

structures. Importantly, the 3D-printed FM-TPE composites can be conveniently re-

cycled into their original components by solvent treatment and reused for new 3D

printing.

Moreover, the incorporation of graphene can effectively bridge the adjacent FMNPs

and significantly enhance the electrical and thermal conductivity of the FM-TPE com-

posites and 3D-printed structures. Also, the interpenetrated metal-graphene

network enables excellent shape retention after removing the TPE with calcination,

so that 3D metal-graphene structures with well-defined sizes and shapes can be

conveniently fabricated. A strong Joule heating effect of the 3D-printable FM-

TPE-graphene composites was also demonstrated, and such rapid temperature in-

crease was accompanied by the significant softening of the composites due to the

melting of FM and reaching the rubbery state of the TPE. Reversible and program-

mable shape transformation of the FM-TPE-graphene composites was achieved by

taking advantage of the reversible softening and solidification of the composites
Cell Reports Physical Science 4, 101604, October 18, 2023 15
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with electrical voltage. Our study provides a versatile material platform for additive

manufacturing of polymer-metal and metal-graphene composites and has prom-

ising applications in soft electronic sensors, robotics, and energy storage.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources should be directed to and will be ful-

filled by the lead contact, Weinan Xu (weinanxu@uakron.edu).

Materials availability

All composites can be produced according to the procedures outlined below from

commercial reagents.

Data and code availability

All experimental and simulation data are available upon request from the lead

contact.

Materials

FM (Roto144F low-melt fusible ingot alloy) was purchased from Rotometals. PS (MW

192,000 g/mol) and 1-dodecanethiol were purchased from Sigma-Aldrich. SIBS

(SIBSTAR 073T, MW 75,500 g/mol) was received from Kaneka. Toluene was pur-

chased from Fisher Scientific. Graphene was prepared by electrochemical exfolia-

tion of graphite. All chemicals were used as received without any purification unless

otherwise clarified.

Fabrication of FM NPs

Bulk FM pieces with measured weight were cut and placed in toluene with the addition

of organic ligand 1-dodecanethiol. The solution was then heated to 80�C and probe

sonicated (QSONICAQ55) for 10min. The particle size can be controlledwithin a range

by the sonication time and amplitude. The organic ligands help to stabilize the FMNPs

and prevent aggregation. The produced FM NPs were collected by centrifugation and

washed with toluene three times to remove the excess thiol ligand.

Fabrication of FM-TPE composite filaments

In a typical procedure, SIBS copolymer and PS homopolymer (weight ratio 1:1) were

dissolved in toluene to get 2 wt % polymer solution. Then a corresponding amount

of FM based on the required weight fraction was added to the polymer solution,

together with 1-dodecanethiol ligand. The solution was then heated to 85�C to

melt the FM, and two cycles of probe sonication (15 min each with 10 min interval)

were used to disperse the FM NPs homogeneously in the polymer solution. Subse-

quently, the solution was transferred to a polytetrafluoroethylene (PTFE) mold and

slightly heated (40�C) until the solvent was fully evaporated. The composite film

was then cut into small pieces and fed into a desktop extruder (Wellzoom B2) to

fabricate the filament. The extruding temperature was set at 170�C, and the diam-

eter of the extrusion nozzle was 1.75 mm. Filaments were cooled in air and collected.

The rate of filament production was 2–5 mm/s.

FFF 3D printing

FM-TPE composite filaments were used for FFF 3D printing by a commercial 3D

printer (Wanhao Duplicator i3) equipped with a modified printing head (Flexion

extruder). The nozzle diameter was 0.8 mm, the printing temperature was 230�C,
the build plate temperature was 60�C, and the printing rate could be varied from
16 Cell Reports Physical Science 4, 101604, October 18, 2023
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2 to 20 mm/s. The printing head moved in x, y, and z directions controlled by the

software. Three-dimensional models were built using SolidWorks software.

Recycling of the 3D-printed structures

The 3D-printed composite structure was immersed in toluene to dissolve the TPE

matrix. Then the solution was centrifuged to separate the FM NPs from the polymer

solution (7,000 rpm for 5 min). The supernatant was transferred to a PTFE dish and

dried to obtain the TPE polymer film. The precipitated FM NPs were collected

and washed. Then the FM NPs were placed in 1 M HCl and heated above the Tm
to fuse them together into a bulk piece, followed by DI water washing and drying.

Characterization

Atomic force microscopy (AFM) was conducted with a Bruker Dimension Icon AFM. Im-

ages were acquired in tapping mode using Si cantilevers with 300 kHz resonance fre-

quencyat0.5Hz scan rate. SEMwasconductedusingaJEOL-7401FE-SEMat5kVaccel-

erating voltage. Rheological propertieswere studiedwith a capillary rheometer (Rosand

RH7) at 230�C.Theshear ratewas set in the5–1,000 s�1 range.Adiewitha24:1L/D ratio

and 1 mm diameter was used. Thermal stability was studied by TGA (TA Instruments

Q500). The temperature range was from room temperature to 700�C at a heating rate

of 10�C min�1. The experiment was conducted under a nitrogen atmosphere. DMA

(TA Q800) was used to characterize the viscoelastic behavior in the �100�C to 120�C
range. The heating and cooling rate was 5�C min�1. Samples were oscillated at 1.0%

strain amplitude at 1 Hz frequency. Tensile tests were conducted with an Instron 4204

tensile tester according to the ISO 37 standard. The electrical conductivity was

measured by the two-probe method using a Keithley 2400 source meter. Sweep

mode was utilized with a measuring window from �5 to 5 V. The IR thermal imaging

was conductedwithaTesto870 thermal imagingcamera.Micro-CT scanwas conducted

on a Bruker Skyscan 1172; the voltage was set at 80 kV, the X-ray source current was

124 mA, and the exposure time was 646 ms for each rotation step.

Phase-field model

A phase-field model was used to simulate the diffusion and separation of the binary

FM-TPE melt mixture, which enabled the two melts to start with arbitrary mixed

conformation and form an equilibrated structure. This model is enabled by numeri-

cally solving the Cahn-Hilliard equation given as:

vu

vt
= V2

�
df ðuÞ
du

� q2V2u

�
; (Equation 1)

where �1 < u < 1 is the difference in concentration of the two phases (u < 0 for TPE

and uR 0 for FM), f ðuÞ = 1
4ðu2 � 1Þ2 is the double-well free-energy function, and q is

the width of transition region between the two phases, in analogy to a diffusion co-

efficient with a unit of ½length�2= ffiffiffiffiffiffiffiffiffiffiffiffiffi½time�p
. The discretized form of this differential

equation with periodic boundary conditions in the x–y direction enables simulating

the time evolution of the two mixed phases in the 2D plane.

Coarse-grained molecular dynamics model

We use a coarse-grained model composed of a regular triangular meshwork to

model the FM-TPE composite. Each spring is modeled by a Morse potential. The

spring energy is given by:

E = D
�
1 � e�aðr � aÞ�2; (Equation 2)

where D and a are parameters of the potential energy, and a is initial length of the

spring that corresponds to the lattice constant of the triangular network. Considering
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the area of each mass bead, as the node of the network, is given by
ffiffi
3

p
2 a

2, and each

bead is connected to three neighboring beads, the spring stiffness is given by:

d2E

dr2
ðr = aÞ = 2Da2 =

ffiffiffi
3

p

4
Et; (Equation 3)

where E is Young’s modulus and t is the material thickness. The spring strength is

given by:

max

�
dE

dr

�
=

1

2
Da =

ffiffiffi
3

p

3
sc ta; (Equation 4)

where sc is the material ultimate strength. Using Equations 3 and 4, we can solve for

the potential parameters as:

a =
3E

16sca
and D =

32
ffiffiffi
3

p

9
s2
ca

2t

,
E: (Equation 5)

We summarize the numerical value of the potential parameters of the two material

phases (FM and TPE) in Table S2.

Multiphysics modeling

We use the phase-field model to generate the equilibrated structure with certain FM

wt % and use the coarse-grained model to model the mechanics of each material

phase. This model enables us to compare the deformation and failure mechanisms

of the FM-TPE composites by adjusting the wt % and NP size as well as the phase

mechanics and their interfacial strength. The simulations are performed by using a

LAMMPS package65 with time step of 0.01 ms and loading applied with a constant

strain rate (0.0001/ms) under control.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.xcrp.

2023.101604.
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