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SUMMARY

Carbon nanotube (CNT)-reinforced polymer nanocomposites are
promising candidates for a myriad of applications.Ad hoc CNT-poly-
mer nanocomposite fabrication techniques inherently pose road-
blocks to optimized processing, resulting in microstructural defects,
i.e., void formation, poor interfacial adhesion, wettability, and
agglomeration of CNTs inside the polymer matrix. Here, we show
that a 3D printing technique offers improved processing of CNT-
polymer nanocomposites. During printing, the shear-induced flow
of an engineered nanocomposite ink through the micronozzle is
beneficial, as it reduces the number of voidswithin the epoxymatrix,
improves CNT dispersion and adhesion with epoxy, and partially
aligns the CNTs. Such microstructural changes result in enhanced
mechanical and thermal properties of the nanocomposites com-
pared to their mold-cast counterparts. This work demonstrates the
advantages of 3D printing in achieving improved processing dy-
namics for the fabrication of CNT-polymer nanocompositeswith bet-
ter structural and functional properties.
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INTRODUCTION

Carbon nanotubes (CNTs) demonstrate remarkable mechanical, thermal, electronic,

and optical properties, resulting in their widespread application across many disci-

plines.1–4 Particularly, CNTs are promising fillers as mechanical reinforcement in

polymer composites because of their high modulus, strength, specific surface

area, and aspect ratio.1,2 However, CNT-reinforced composites for structural appli-

cations have been limited due to poor matrix-reinforcement interfacial adhesion,

wettability, and agglomeration of the CNTs within thematrix material.3–6 These chal-

lenges are difficult to overcome since the very same properties that make CNTs

promising lead to these inherent flaws. For instance, the high specific surface area

of CNTs provides a desirable interface for stress transfer in polymer composites.

However, it also leads to strong attractive forces among CNTs, which entangle

CNTs and produce a bundling effect called agglomeration.7,8 This makes it difficult

to achieve uniform dispersion of CNTs in the polymer phase, limiting the efficiency of

CNTs in the polymer matrices and ultimately weakening the composites. Various

mechanical methods such as ultra-sonication, ball-milling, and high shear mixing

have been adopted to disperse CNTs in polymers.9–11 Besides, chemical functional-

ization of CNTs’ surface improved CNT-matrix interfacial interaction and dispersion
Cell Reports Physical Science 4, 101617, October 18, 2023 ª 2023 The Author(s).
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of CNTs in the matrix.12–14 However, these processes have limitations and can pose

several challenges, i.e., void formation, high viscosity, limited processability, and,

consequently, compromised mechanical and thermal properties.

3D printing is a rapidly growing manufacturing technology due to its versatility and

ability to produce complex structures with controlled microstructures and proper-

ties.15–17 It is also known as a sustainable manufacturing process, as it reduces ma-

terial waste and eliminates structural support for complex shaping, e.g., a physical

mold. Among the different 3D-printing methods, extrusion-based printing tech-

niques such as fused filament fabrication (FFF) and direct ink writing (DIW) enable

the fabrication of 3D structures with intricate cellular architectures. In both pro-

cesses, the material is selectively dispensed through a nozzle or orifice in a layer-

by-layer fashion at the macro-, meso-, and microscales. FFF is a heat-assisted extru-

sion-based technique that works by melting a continuous filament and depositing it

on a substrate. FFF-printed structures often suffer from defects such as shrinkage

and warping. Unlike FFF, DIW does not require a heat source and has emerged as

a more versatile printing technique that can develop 3D structures from a wide va-

riety of materials.18–21 One of the main challenges of DIW is to design and formulate

viscoelastic inks that can easily flow through a nozzle under shear and quickly recover

upon deposition. Therefore, the ink needs to demonstrate a non-Newtonian, shear-

thinning behavior for extrusion while possessing a sufficiently high storage modulus

to maintain the printed filamentary shape after extrusion.22 The ink also needs to

exhibit yield flow behavior such that the ink requires a certain amount of stress to

be applied before it begins to flow. With an optimized ink, DIW allows superior con-

trol over the composition, shape, and geometry of polymer composites, giving it an

edge over traditional fabrication methods. Additionally, this extrusion-based tech-

nique is favored because shear-induced alignment during printing can be leveraged

to align fillers during extrusion, resulting in high-performance anisotropic compos-

ites.23–26 Since shear-induced flow is intrinsically coupled to the DIW process, it is

imperative to understand the effect of shear stresses on void formation, adhesion,

dispersion, and alignment of anisotropic reinforcements in the polymer phase dur-

ing printing of composite structure. Understanding the dynamics of the printing pro-

cess and its effect on composite processing is critically important for 3D printing of

composites with better physical properties.

Extrusion-based additive manufacturing (AM) methods have been used to 3D print

CNT-polymer composites. Recently, for instance, CNT-epoxy composites were 3D

printed using a modified FFF technique. This method melted the solid epoxy resin

to extrude; however, the final 3D printed structures suffered from significant void

formation.27 In another work, CNT-epoxy composites were printed using DIW. How-

ever, the primary objective of this study was showcasing how CNTs can be used as a

radio frequency (RF)-absorbing unit within an uncured polymer system to establish

RF heating as an alternative to conventional curing.28 Furthermore, this work did

not discuss the effect of the printing process on the final microstructure and proper-

ties of the nanocomposites.

Here, we design a rheologically modified CNT-epoxy nanocomposite ink to 3D print

architected structures via DIW and compare the properties of printed composites

with the conventional mold-cast counterparts. The processing dynamics during

printing and the effect of printing on the microstructures of the composites have

been investigated thoroughly. The tapered nozzle imparts high shear stress on the

ink during the printing process, which reduces voids in the structure significantly.

Furthermore, 3D printing facilitates better dispersion, wetting, and partial alignment
2 Cell Reports Physical Science 4, 101617, October 18, 2023
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of the CNT fillers in the composite structure, which ultimately provides greater me-

chanical strength to the structure. Using optical and electron microscopy techniques

coupled with Raman spectroscopy, UV-visible (UV-vis) spectroscopy, and theoretical

simulations, we provide direct evidence of the improved processing dynamics, i.e.,

void reduction, better dispersion, improved CNT-epoxy wetting, and partial

alignment of CNTs during DIW of modified CNT-epoxy nanocomposites. Conse-

quently, the 3D-printed structures demonstrate superior mechanical and thermal

performance as compared to their mold-cast counterparts due to improved

microstructures.
RESULTS AND DISCUSSION

DIW of CNT-epoxy nanocomposites

In this work, an epoxy resin was used as the matrix phase because epoxies are widely

regarded for their high stiffness, strength, chemical resistance, low cost, and versa-

tile polymerization routes.29,30 Our investigation commenced through the evalua-

tion of the printability of the inks containing varying concentrations (0, 0.1, 0.3,

and 1 wt %) of CNTs (Figure 1A). The pristine epoxy behaves as a Newtonian fluid

and lacks the necessary rheological properties required for DIW (Figure 1B). After

dispersing CNTs in the epoxy matrix, the ink demonstrated an increase in viscosity

and showed slight shear-thinning behavior (ink formulation can be found in the

experimental procedures section). However, the CNT-epoxy ink cannot be printed

successfully at this stage (Figure 1C) since the ink is not able to retain the filamentary

shape after extrusion due to low storage (G0) and loss modulus (G00). Typically, DIW
requires that the ink demonstrates shear-thinning behavior, an optimum viscosity,

and suitable storage and loss modulus to allow for extrusion at low pressures while

maintaining its shape after printing.21 Ideally, the ink should possess sufficiently high

G0 and G00, and there should be a cross-over point between the G0 and G00 as a func-

tion of shear rate. During extrusion, when the force is applied (high shear rates), the

loss modulus is higher, and the ink acts more fluid-like. On the other hand, after

printing, when the applied force is removed (low/no shear rates), the storage

modulus is higher, and the ink acts as a solid, retaining the extruded filamentary

shape.31 To attain printability, the inks were modified by adding a rheology modi-

fier.32 Typically, rheology modifiers modify the microstructure of composites

through the formation of weak physical bonds. At optimized loading of rheology

modifiers, a material can be formed as a viscoelastic solid that behaves like a solid

but transitions into a liquid-like material under applied stress, when physical bonds

between modifier clusters break.33–36 A commonly used rheology modifier for DIW

of epoxy and other polymers23 is fumed silica, which forms interlocking clusters37–39

and can be used to suspend other second-phase reinforcement particles within the

matrix.40 This is advantageous in our case as it can retain the position of CNTs after

extrusion. We fabricated epoxy nanocomposites loaded with the same weight frac-

tion of fumed silica in both mold-cast and 3D-printed specimens. Note that the addi-

tion of fumed silica is known to deteriorate mechanical and thermal properties of

base polymers.37 Therefore, the ink formulation was optimized to have the minimum

amount of silica (8.5 wt %) that renders printability to the ink.

Rheology analysis of the modified ink revealed the highly shear-thinning (Figure 1B)

and shear-yielding (Figure 1C) behavior of the ink that is ideal for smooth flow during

printing without clogging the micronozzle. The relationship between the apparent

viscosity and the shear rate as shown in Figure 1B follows the power-law model21

h = K _gn� 1, where, h is the viscosity, K is the flow consistency index, _g is the shear

rate, and n is the power-law index. Typically, for shear-thinning fluids, n fits the
Cell Reports Physical Science 4, 101617, October 18, 2023 3



Figure 1. DIW of modified CNT-epoxy nanocomposites

(A) Schematic diagram depicting the various steps of modified CNT-epoxy nanocomposite fabrication via DIW.

(B) Apparent viscosity as a function of shear rate for modified epoxy-CNT, epoxy-CNT, and epoxy inks, which follows the power-law model.

(C) Storage (solid line) and loss (dotted line) modulus of modified epoxy-CNT, epoxy-CNT, and epoxy ink as a function of oscillation strain.

(D) Photograph of various 3D-printed modified CNT-epoxy nanocomposite structures showing the layer-by-layer assembly. Scale bar: 1 cm.

(E) Photographs and optical microscopy images of 3D-printed architected structures: (i) rectilinear structure of epoxy polymer (modified), (ii) rectilinear

and (iii) hexagonal honeycomb structures of modified CNT-epoxy nanocomposites, and (iv–vi) zoomed-in optical microscopy images of nodes of 3D-

printed modified CNT-epoxy nanocomposites. Scale bars: (i–iii) 4 mm and (iv–vi) 2 mm.
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parameter 0 < n < 1, while for Newtonian fluids, n= 1. The viscoelastic behavior (Fig-

ure 1C) of the modified ink also improved, meaning that G0 at low strain for the modi-

fied CNT-epoxy ink is one order of magnitude greater than G00, which is required for

retaining the shape after extrusion. Moreover, the cross-over point for the modified

CNT-epoxy nanocomposite ink occurs at a low enough shear strain (7%) and/or
4 Cell Reports Physical Science 4, 101617, October 18, 2023
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shear stress (2.4 3 103 Pa) as to enable printing using typical low extrusion forces

(Figure 1C). After the rheology of the ink was optimized, modified CNT-epoxy nano-

composites with architectures such as rectilinear and honeycomb structures were 3D

printed (Figures 1D, 1Eii, and 1Eiii; see Video S1 for a video of the 3D-printing pro-

cess). Figure 1Ei shows that architected structures can also be developed from

epoxy resin once the rheology has been modified (see Video S2 for a video of the

3D-printing process). The zoomed-in optical images of the nanocomposite struc-

tures, as shown in Figures 1Eiv–1Evi, demonstrate that the modified ink can be

used for high-resolution printing of 3D structures with smooth and continuous edges

of extruded filaments. Following the extrusion, the structures were thermally cured

to ensure better bonding between the printed layers and overall hardening of the 3D

objects (see experimental procedures section for curing protocol).

Morphology and microstructure of 3D-printed CNT-epoxy nanocomposites

Next, we evaluated the morphology and microstructure of the mold-cast and 3D-

printed modified CNT-epoxy nanocomposites using a holistic approach that com-

bined optical microscopy, X-ray computed tomography (CT scan), transmission

electron microscopy (TEM), Raman spectroscopy, UV-vis spectroscopy, and scan-

ning electron microscopy (SEM). Typically, epoxies with increasing concentrations

of nanofiller materials, such as CNTs, are susceptible to void formation during pro-

cessing.2 Strong particle-particle interaction leads to an increase in viscosity in the

polymer nanocomposites with increasing CNT concentrations, which hinders the

removal of entrapped bubbles from the composite. This leads to the formation of

voids in the final composites, which act as stress concentration zones and can lead

to catastrophic failure. Use of heat, mechanical vibration, sonication, or vacuum to

remove voids has proven to be ineffective, leaving behind residual voids in the com-

posite structure.6 Thus, removal of voids remains a challenge in conventional

manufacturing processing for fabrication of CNT-polymer composites with a high

viscosity. We therefore investigated void formation in composites fabricated via a

conventional technique (mold casting) and via 3D printing (DIW) with identical

composition. SEM micrographs of the fracture surface revealed significant void for-

mation in the mold-cast samples (Figure 2A), while the printed nanocomposites

showed reduced void formation (Figure 2B). Similar observations were made from

the CT scan images of mold-cast and 3D-printed nanocomposites (Figure S1). The

high shear force exerted during the DIW process is responsible for the reduction

of voids in the printed structure. As the ink passes through themicronozzle, the voids

and air pockets experience structural distortion under the fluidic shear stress. This is

followed by collapsing due to the in-plane confinement along the tapered channel

(see Video S3 and Figure S2 for observing the collapse of voids during 3D printing).

This leads to significant reduction of the voids in the 3D-printed structures. The ef-

fect of 3D printing on the reduction of microstructural voids can be better observed

when the mold-cast and 3D-printed samples without CNTs are analyzed and

compared (Figure 1Ei; Video S2). The optical microscopy images show that the

mold-cast epoxy sample has high void concentrations, while the 3D-printed sample

does not possess the same degree of void formation (Figure S3). Furthermore, the

absence of inter-filament voids in the fracture surface of the printed samples indi-

cates full coalescence of the filaments under shear during deposition (Figure 2B).

These findings clearly show that DIW has an inherent benefit of reducing void forma-

tion compared to conventional mold-casting techniques.

In order to employ CNTs as effective reinforcements in polymer composites, CNT-

polymer interfacial adhesion and proper dispersion of CNTs in the polymer matrix

are among the most critical factors.5,11 Poor interfacial adhesion results in
Cell Reports Physical Science 4, 101617, October 18, 2023 5



Figure 2. Morphology and microstructure of mold-cast and 3D-printed modified CNT-epoxy nanocomposites

(A and B) Scanning electron microscopy (SEM) images of cross-section of mold-cast and 3D-printed samples showing void reduction in 3D-printed

sample.

(C and D) Transmission electron microscopy (TEM) images of CNT pullout in mold-cast and 3D-printed samples.

(E and F) SEM images of the fractured surfaces of mold-cast and 3D-printed samples showing poor dispersion in the mold-cast sample compared with in

the 3D-printed sample. Poorly dispersed CNTs are marked by dashed circles (red) in (E).

(G and H) TEM micrographs of (G) mold-cast and (H) 3D-printed samples. The mold-cast sample shows agglomeration (marked by arrow) of CNTs. Also,

most of the regions of the mold-cast sample show the absence of CNTs, indicating poor dispersion. In the 3D-printed sample, there is better dispersion

of CNTs without any cluster formation.

(I and J) Optical image of mold-cast and 3D-printed samples. The orange square marks the area where Raman spectroscopic measurements were

carried out.

(K and L) Raman mapping (I2D) of mold-cast and 3D-printed modified CNT-epoxy nanocomposites. The dashed circle (yellow) in (K) represents a void in

the Raman image. Normalized 2D peak intensity (I2D) reveals the distribution of CNTs, where I2D = 0 shows the absence of CNTs.
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inadequate load transfer between polymer and CNTs, while poorly dispersed CNTs

can agglomerate, thereby having a direct impact on the physical properties and the

performance of the composites. In our work, a high-resolution TEM was used to

analyze both mold-cast and 3D-printed samples to gain insight about the CNT-poly-

mer interfacial adhesion. As shown in Figure 2C, themold-cast sample revealed CNT

pullout, suggesting poor wetting or adhesion between the polymer matrix and the

CNTs. Conversely, for the 3D-printed sample, CNT pullouts were wetted (enclosed)

by the epoxy resin, indicating better adhesion of the CNTs with the matrix (Fig-

ure 2D). This is a direct consequence of the constrictive pressure during extrusion

that ensures a forced interaction between the CNTs and the polymer matrix.41 Under

the presence of high shear forces, the interfacial interaction between CNTs and poly-

mer has been improved. As such, during CNT pullout, the polymer matrix was pulled

with the CNTs. This phenomenon is not observed in the mold-cast sample.
6 Cell Reports Physical Science 4, 101617, October 18, 2023
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Improving the CNT-epoxy interfacial interaction is expected to improve themechan-

ical and thermal properties of the nanocomposites,42,43 as we will observe

further on.

In order to determine the degree of CNT dispersion in the epoxy matrix for mold-

cast and 3D-printed samples, we investigated the distribution of CNTs in the poly-

mer matrix by observing the fracture surface under SEM, TEM, and Raman spectros-

copy. Themorphologies of the fracture surface of mold-cast and 3D-printed samples

under an SEM are presented in Figures 2E and 2F, respectively. From Figure 2E, clus-

ters of CNTs are seen in the mold-cast sample (marked with red dashed circles), and

little or no CNTs are visible in the relatively smooth region of the fracture surface.

This illustrates uneven distribution of CNTs in the mold-cast samples, suggesting

poor dispersion and agglomeration. In contrast, the 3D-printed sample showed

the presence of well-dispersed CNTs throughout the epoxy resin (Figure 2F). To

further investigate the dispersion of CNTs, TEM micrographs of both mold-cast

and 3D-printed samples were analyzed. A TEM image of the mold-cast sample

clearly shows CNT agglomeration (Figures 2G and 2H). There is significant entangle-

ment between CNTs, forming CNT clusters, while most other areas do not have any

CNTs. This suggests poor dispersion in the mold-cast specimen. On the other hand,

the 3D-printed sample highlights well-dispersed CNTs. The better dispersion is

made more evident by observing the surrounding. Contrary to the mold-cast sam-

ple, the surrounding area in the 3D-printed sample contains a fair dispersion of

CNTs and does not form a dense CNT cluster. Therefore, it can be said that DIW im-

proves the dispersion of CNTs within the polymer matrix.

The differences observed under SEM and TEM are further corroborated by

Raman spectroscopy. The penetration depth of the Raman laser used for the mea-

surement was up to 100 mm, which allowed the detection of embedded CNTs in

either sample.44,45 Both samples exhibit typical peaks for CNTs, with a G-peak at

�1,590 cm�1 and a D-peak at �1,350 cm�1, in addition to peaks for epoxy and

fumed silica (Figure S4A).46 However, the 2D peak (�2,688 cm�1) for CNTs, which

was pronounced for CNT-epoxy nanocomposites, was not observed for epoxy sam-

ples. Therefore, the 2D peak intensity (I2D) was used to indicate the spatial distribu-

tion of CNTs in different samples.47 The optical images of the mold-cast and 3D-

printed samples are shown in Figures 2I and 2J, respectively, and the orange square

in these images depicts the region where the Raman spectroscopic mapping was

conducted. The I2D distribution map shows agglomeration, or poor dispersion, of

CNTs in the mold-cast samples, which is evident in Figure 2K, through the confined

area of bright cyan regions in the vicinity of the voids (marked with a yellow dashed

circle). Moreover, since the number of voids is higher, the agglomeration, or poor

dispersion, of CNTs in the mold-cast sample is also significant, especially around

the voids. On the contrary, the 3D-printed specimen reveals a uniform dispersion

(Figure 2L) of CNTs across the mapped surface (more uniformly distributed bright

cyan regions). Furthermore, the comparison of individual Raman spectra of CNT

powders and mold-cast and printed samples (Figure S4A) exhibits a gradual upshift

in the G-peak positions from powdered CNTs (1,586.6 cm�1) to the printed sample

(1,607.6 cm�1), with an intermediate value for mold-cast samples (1,594.6 cm�1).

The observed shift in the frequency (cm�1) of Raman modes of CNTs could be inter-

preted to estimate the interaction between CNTs: shifting toward a higher frequency

corresponds to a lesser CNT-CNT interaction, which reflects the state of dispersion

or disentanglement.48 Since the highest shifting was observed for the 3D-printed

samples, it can inferred that CNTs are relatively more disentangled in the printed

sample compared with the CNT powders and the mold-cast sample. We have also
Cell Reports Physical Science 4, 101617, October 18, 2023 7
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observed a similar trend in peak frequency shifting (Figures S4D and S4E) for a large

scan area of the sample. In the mold-cast sample, an �36% region of areal mapping

illustrates the upshifting of the prominent G Raman mode of CNTs, while for the

printed samples, an �72% region in the mapped area shows the upshift (Raman

spectroscopic image analysis details can be found the experimental procedures sec-

tion). Thus, the epoxy matrix of the printed sample leads to a greater disentangle-

ment in nanotubes, suggesting better dispersion in the printed sample as compared

with the mold-cast sample. During extrusion, the induction of high shear forces de-

agglomerates CNTs,11 while the presence of yield stress in the ink helps to prevent

the CNTs from re-agglomeration. The magnitude of the forces at the yield point in

the ink is expected to exceed the relatively weak van der Waals forces of CNTs

responsible for their agglomerations, thereby improving the overall dispersion of

the CNTs.

In order to provide a quantitative analysis of the dispersion of the CNTs in the mold-

cast and 3D-printed samples, UV-vis spectroscopy49 was also employed. From the

UV-vis spectra (Figure S5), we observe that the 3D-printed ink has higher absorbance

throughout the entire range of the wavelength of light used in the study. Conse-

quently, the area below the UV-vis spectrum line was also greater for the 3D-printed

ink. This suggests that the extruded 3D-printed ink has more dispersed CNTs

compared with the mold-cast samples.49,50 Furthermore, using the Beer-Lambert

law, the degree of the dispersion of CNTs can be analyzed quantitively. In our

case, for mold-cast samples, the degree of dispersion was found to be 25.5%–

28.5%, while that for the 3D-printed sample was 52.73%–58.96% (details can be

found in the experimental procedures section and in the supplemental information).

This shows a nearly 2-fold improvement in the dispersion of CNTs for the 3D-printed

sample compared with the mold-cast sample.

Previous studies on DIW of nanocomposites have shown that the shear forces arising

during extrusion through the micronozzle align nanofillers, i.e., 2D materials,51

MXenes,26 and cellulose nanocrystals,24 in the matrix during printing. The align-

ments in printed structures outperformed composites filled equivalently with

randomly oriented fillers. While controlled CNT alignment is difficult to achieve in

polymer composites fabricated via conventional techniques, we speculated that it

is possible to attain some degree of CNT alignment along the print direction during

DIW.21 To investigate possible CNT alignments during DIW, a simulation of the

extrusion process inside the print nozzle is carried out using the exact experimental

parameters. The motion of the epoxy is assumed to be a steady laminar flow, and

CNTs are represented as prolate rigid particles with an aspect ratio l. The motion

of a prolate particle in the shear flow is described by Jeffery’s equations and is pe-

riodic, with solutions called Jeffery orbits. In cylindrical shear (Poiseuille) flow, the

radial velocity distribution u(r) is given by

uðrÞ = 2CuD
�
1 � r2

�
r20
�
: (Equation 1)

Here, r0 is the radius of the cylinder, and <u> is the average velocity of the flow.

Due to forces from the liquid acting on the particle, its ends engage in a paddle-like

periodic motion, tracing Jeffery orbits.52 With an increasing aspect ratio of the par-

ticle, the orbits become sharper, and the particle spends more time in the alignment

along the direction of the flow. The alignment effects are thus strong for CNTs with

their extreme aspect ratios. Examples of trajectories (Jeffery orbits) traced by the

ends of a rigid particle with aspect ratio l = 158 are shown in Figure 3A. Different
8 Cell Reports Physical Science 4, 101617, October 18, 2023



Figure 3. Partial alignment of CNTs in 3D-printed modified CNT-epoxy nanocomposites

(A) Jeffery orbits for a rigid particle representing CNT with aspect ratio l = 158 in a shear flow.

Different orbits correspond to different initial orientations of the particle.

(B) Alignment of CNTs with aspect ratio l = 158 in a Poiseuille flow with radius r0 = 0.45 mm and

average velocity <u> = 100 mm/s. Maximum alignment is near the wall, where flow velocity is small.

(C–E) SEM images of modified CNT-epoxy nanocomposites in (C) mold-cast samples showing

random orientation of CNTs and in (D and E) 3D-printed structures showing partial CNT alignment.
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orbits correspond to different initial orientations of the particle. The motion slows

down near the turning points where the tube is parallel to the x axis, producing

the alignment effect. This alignment effect is illustrated in Figure 3B, showing the so-

lution of Jeffery’s equations for CNTs with an aspect ratio l = 158 in a Poiseuille flow

having an average velocity <u> = 100 mm/s in a cylinder with a radius r0 = 0.45 mm.

The figure shows the evolution of CNTs starting with random initial orientations and

moving along the flow (from left to right) at different radial distances r from the cen-

ter of the cylinder. The alignment effect is highest near the wall, where shear is

maximum. Note that the time spent in alignment with the flow depends on the

CNT’s aspect ratio and initial orientation but not the shear rate of the flow. To obtain

further experimental evidence, SEM images of the surface of dissected mold-cast

and 3D-printed samples were analyzed and compared (see the experimental pro-

cedures section for sample preparation). While the mold-cast samples showed

random orientation of CNTs (Figure 3C), the SEM micrographs provide evidence

of partial alignment of CNTs in the 3D-printed sample along the direction of printing

(Figures 3D and 3E, shown by marked arrows). This alignment is expected, as shear

forces and the extensional flow field that develops within the micronozzle during

DIW are known to align anisotropic fillers in a matrix.41 On the other hand, the

mold-cast sample has no external force to induce CNT alignment within the matrix,

and hence, the CNTs in the mold-cast specimen are randomly oriented. Note that

the poor dispersion and/or agglomeration effects of CNTs are repeatedly observed

in the mold-cast sample, consistent with our previous observations (Figure 3C). We

anticipate that the improved processing dynamics associated with DIW, i.e., void
Cell Reports Physical Science 4, 101617, October 18, 2023 9
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reduction, improved interfacial adhesion, CNT dispersion, and partial alignment of

CNTs, would enhance the thermal and mechanical properties of the 3D-printed

nanocomposites compared with their mold-cast counterparts.

Thermal andmechanical properties of 3D-printed CNT-epoxy nanocomposites

Next, we investigated the thermal properties of mold-cast and 3D-printed modified

CNT-epoxy nanocomposites to understand the effect of the above-mentioned

morphological and microstructural variations. CNTs are known for their exceptional

thermal properties; however, it is known that voids, poor dispersion, agglomeration,

and isotropic ordering in composite materials throttle the full potential of CNT-rein-

forced composites.53 Using the laser flash method,54 we obtained the thermal diffu-

sivity and conductivity of the mold-cast and 3D-printed specimens. The thermal con-

ductivity (k) can be calculated using the relation k = rDCp, where r is the measured

density, Cp is the specific heat capacity, and D is the measured diffusivity (see the

experimental procedures section for measurement of density and specific heat ca-

pacity). To investigate the effect of shear-induced partial CNT alignment, the test

was conducted in two ways: a laser oriented orthogonal (parallel) to the print direc-

tion and transverse (perpendicular) to the print direction (Figure 4A). While all three

specimens possessed identical composition, mold-cast samples displayed the

lowest thermal diffusivity (Figure 4B) and conductivity (Figure 4C). On the other

hand, the 3D-printed samples, tested in both ways, showed better thermal proper-

ties (Figures 4B and 4C) than the mold-cast samples. Reduced void formation,

improved CNT-polymer adhesion, and better CNT dispersion are expected to be

responsible for the superior thermal conductivity of the 3D-printed samples. Note

that the printed samples with print direction parallel to the laser displayed the high-

est thermal conductivity. This indicates that the thermal conductivity might be asso-

ciated with the observed partial CNT alignment along the print direction.

To investigate the heat transfer and dissipation behavior within the structure, in situ

surface temperatures of both mold-cast and 3D-printed samples were recorded with

a thermal infrared (IR) camera while a white supercontinuum laser (45 mW) was held

incident on the samples for light-induced heating. As observed from the thermal

mapping images, shown in the inset of Figure 4D, the induced heat is concentrated

in a smaller region for mold-cast samples compared with the 3D-printed sample,

indicating better heat flow and dissipation within the 3D-printed structure. For com-

parison, the single-line temperature profiles along the direction marked with blue

and red arrows (Figure 4D, inset) for both sample surfaces were extracted from

the temperature mapping captured by the IR camera and analyzed for comparison

(Figure 4D). When illuminated with a laser of the same power, the line profile of

the mold-cast structure showed a higher peak temperature but a smaller full width

at half maximum (FWHM) than that of the 3D-printed structure. To observe the

time-dependent heat dissipation behavior, temporal changes in the maximum sur-

face temperature were also recorded (Figure 4E), which shows better performance

for the 3D-printed nanocomposites. These results clearly show that the 3D-printed

samples have superior thermal conductivity and heat dissipation behavior compared

with the mold-cast samples.

Finally, the mechanical performances of the mold-cast and 3D-printed nanocompo-

sites containing varying concentrations of CNTs were analyzed and compared. To

investigate the potential effects of shear-induced CNT alignment, the tensile bars

were 3D printed with different printing paths—one oriented longitudinally along

the tensile direction and the other oriented transverse to the tensile direction (Fig-

ure S6). The results from the mechanical tests are summarized in Figure 5 (see
10 Cell Reports Physical Science 4, 101617, October 18, 2023



Figure 4. Thermal properties of mold-cast and 3D-printed modified CNT-epoxy nanocomposites

(A) Schematic illustration in the laser flash experiments, which depict laser orientation for mold-cast

and 3D-printed samples. For 3D-printed samples, the laser is oriented along both transverse

(perpendicular) and orthogonal (parallel) directions to the print direction.

(B) Thermal diffusivity, obtained from the laser flash experiment.

(C) Thermal conductivity, calculated from thermal diffusivity of mold-cast and 3D-printed samples.

(D) Comparison of surface temperature line profile obtained from the thermal infrared (IR) mapping

(inset) along the direction marked with blue and red arrows for mold-cast and 3D-printed samples,

respectively, under 45 mW laser illumination.

(E) Comparison of temporal heat dissipation behavior of mold-cast and 3D-printed samples.
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Tables S1 and S2 for tabulated values). As illustrated in Figure 5A, the tensile

strength for both the mold-cast and 3D-printed samples improved with increasing

CNT concentrations. Note that for all wt % of CNT loading, the tensile strength of

the 3D-printed samples with either print path is higher than their mold-cast counter-

parts. The observed difference is attributed to the improved processing dynamics of

the DIW technique for the fabrication of CNT-epoxy nanocomposites (Figure 2). The

percentage increase in the average tensile strength for the 3D-printed samples

evidently shows that the enhancement of the tensile strength is most pronounced

for the samples 3D printed with the longitudinal print direction (Table S3). Improve-

ment in the tensile strength is also observed along the transverse direction; however,
Cell Reports Physical Science 4, 101617, October 18, 2023 11



Figure 5. Mechanical properties of mold-cast and 3D-printed modified CNT-epoxy nanocomposites

(A and B) Comparison of (A) tensile strength and (B) Young’s modulus of mold-cast and 3D-printed samples (printed along transverse and longitudinal

directions) corresponding to different CNT concentrations. The error bars represent the standard error of the samples.

(C–H) Fracture surface analysis of mold-cast (C–E) and 3D-printed samples (F–H) under an SEM. The river-like fracture patterns in mold-cast samples are

indicated with yellow arrows in (C). Epoxy-like pockets (without CNTs) observed in mold-cast samples are marked with yellow dashed lines in (E).
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the effect is not as pronounced as along the longitudinal direction. The variations in

the mechanical strength between the printing direction corroborate the shear-

induced partial alignment of CNTs, as shown previously with theoretical and exper-

imental evidence (Figures 3 and S8C). The most significant increase in the mechan-

ical strength between the mold-cast and the 3D-printed samples is observed for

0.1 wt %, and with increasing CNT loading, the percentage increase between the

tensile strength of the mold-cast and the 3D-printed samples decreases (Figure S7).

This is likely due to the difficulty in uniformly dispersing a high loading of CNTs in the

viscous polymer matrix, regardless of the manufacturing technique. Nevertheless,

thanks to DIW, even at high CNT loading (1 wt %), the 3D-printed samples outper-

formed the mold-cast samples in terms of their mechanical strength.

The Young’s modulus values of themold-cast and 3D-printed samples are presented

in Figure 5B and show significantly higher values for 3D-printed samples (with a print

path along the longitudinal direction) compared with their respective mold-cast

counterparts. For example, the modulus improved from 2.94 G 0.22 to 4.26 G

0.03 GPa for 0.1 wt %, from 3.36 G 0.16 to 4.26 G 0.04 GPa for 0.3 wt %, and from

3.32G 0.32 to 4.07G 0.19GPa for 1 wt%CNT loading. Interestingly, the 3D-printed

samples with a print path along the transverse direction show improvement over

mold-cast samples only for 0.1 wt%. For 0.3 and 1wt%, the nanocomposites demon-

strate equivalent values of Young’smodulus as that of mold-cast samples. For this set

of 3D-printed samples, since the applied load during the tensile test acts perpendic-

ular to the direction of partial CNT alignment, these structures are prone to mechan-

ical failure by delamination under certain stresses or orientations.

To shed further light on the observed differences in the mechanical properties, the

fracture surface morphologies of the mold-cast and 3D-printed samples were
12 Cell Reports Physical Science 4, 101617, October 18, 2023
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analyzed under an SEM (Figures 5C–5H).Clearly, the fracture process and the fracture

surface of themold-cast (Figures 5C–5E) and the 3D-printed (Figures 5F–5H) samples

are different. Although both samples display some degree of roughness (Figures 5C

and 5F), which is typical of CNT-polymer nanocomposites, a closer look at higher res-

olution revealed that the surface of the mold-cast samples is smoother (Figures 5D

and 5G). The relatively smooth surface of the mold-cast sample indicates generally

uninterrupted crack propagation after a crack has been initiated.30,55 Note that the

presence of significant voids in the mold-cast samples (Figures 2A and S8A) can act

as stress concentration zones and can easily initiate cracks. Furthermore, as can be

seen in Figure 5C, the river-like pattern of radiating lines (marked by arrows) is a char-

acteristic of rapid crack growth. On the other hand, for 3D-printed samples, the frac-

ture surface appeared to have a greater degree of roughness (Figures 5F–5H). This

suggests crack deflection and longer crack propagation length along different frac-

ture planes. This might be due to the presence of uniformly distributed and well-

adheredCNTs, which can facilitate better stress transfer between thematrix and rein-

forcement.30,55 The growth of a propagating crack front can be inhibited upon

encountering a rigid obstacle—in this case, the well-dispersed CNTs. The crack front

then has tomove around the fillers to progress, which leads to the creation of two sur-

faces that join later at same or different heights. However, the crack may also prop-

agate along the filler-matrix interface, leading to the creation of more fracture sur-

faces due to off-plane loading. This leads to the increase in surface roughness of

the fracture surface, and as a result, more ridged patterns were observed throughout

the fracture surface of 3D-printed samples (Figure 5H). Thus, creation of more sur-

faces and/or the joining of crack faces at different heights canbe thought of as an indi-

cation of improved filler-matrix interfacial interaction56 and thus should result in

improved mechanical properties. Moreover, the mold-cast samples frequently dis-

played pockets of very smooth surface morphology (area marked by dotted line),

where the reinforcing effects of CNTs are not observed (Figures 5E and S8B). Such

smooth surface morphology is typically observed in neat epoxy samples. The

frequent presence of such pockets suggests poor dispersion and regions susceptible

to crack initiation and propagation. The co-existence of fracture-prone planes

throughout the sample facilitates a continual crack path that requires less energy

for the propagation of the crack.30 Because of the observedmicrostructural changes,

the 3D-printed samples demonstrated better performance than the mold-cast sam-

ples in terms of tensile strength and Young’s modulus. Overall, due to the improved

processing dynamics in 3D printing, there is a considerable improvement in micro-

structures and interfaces, which are critical for the fabrication of CNT-polymer nano-

composites with better mechanical and thermal properties.

In summary, architected CNT-epoxy nanocomposites with better mechanical and

thermal properties were 3D printed from an engineered viscoelastic ink. This work

demonstrates the potential of DIW in mitigating the conventional processing chal-

lenges of CNT-polymer composite fabrication, such as poor interfacial adhesion,

wettability, and agglomeration. Thanks to the high shear force generated during

the extrusion printing, the anisotropic CNT nanofillers undergo partial alignment

within the 3D-printed samples along the print direction. We systematically show

that the DIW technique provides a better microstructure andmorphology compared

with traditional mold-casting approaches. Consequently, the 3D-printed samples

demonstrate superior thermal diffusivity, conductivity, and heat transfer mecha-

nisms while having higher tensile strength and Young’s modulus. This work demon-

strates that DIW is not only useful in fabricating complex on-demand structures but

that it also offers comprehensive advantages for composite fabrication by intrinsi-

cally improving the microstructure and physical properties. Such capabilities of
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the 3D-printing process add to the engineering design and process optimization for

realizing high-performance CNT-polymer nanocomposites.

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, Muhammad M. Rahman (maksud@rice.edu).

Materials availability

All commercial chemicals were purchased from standard companies (Sigma-Aldrich

and Millipore Sigma) and used without further purification. The study did not

generate new, unique reagents.

Data and code availability

All data supporting and codes for analyzing the findings of this study are available

within the article and are described in the supplemental information or are available

from the lead contact upon reasonable request.

Formulation of CNT-epoxy nanocomposite ink

CNT-epoxy nanocomposite inks for DIW and mold casting were prepared by

dispersing CNTs (multi-walled CNTs, Nanocyl NC7000) into a 3:1 formula of epoxy

resin (Epon 826, Sigma Aldrich, and Jeffamine D230, Sigma Aldrich) using a plane-

tary centrifugal mixer (THINKY MIXER ARE 310) at 2,000 rpm for 4 min. First, Epon

826 was heated to 100�C to reduce the viscosity for 10 min. CNTs at varying concen-

trations (0.1, 0.3, and 1 wt %) were added into the heated Epon 826 resin and mixed

using the THINKY mixer. To reduce the viscosity for the facilitation of sonication, the

CNT-epoxy formula was heated to 130�C for 10 min and transferred to a hot plate

preheated to 100�C. The CNT-epoxy resin was sonicated for 30 min at 100�C at

50% amplitude using a probe sonicator (Q125 Sonicator). Following sonication,

8.5 wt % fumed silica (Sigma Aldrich, S5130–100G) was added and mixed using

the THINKY mixer in three increments of 4 min at 2,000 rpm.

Mold casting

To cast the CNT-epoxy nanocomposite ink that was prepared following the fabrica-

tion section above, a stainless-steel dog bone mold (following ASTM d638) was

greased to prevent adhesion of the nanocomposite to the mold. The CNT-epoxy

nanocomposite ink was cast onto the greased mold. To prevent void expansion dur-

ing curing, the ink was set for 48 h at room temperature, followed by a second curing

step at 130�C for 1 h. The cured specimens were removed from the mold while still

hot to prevent fracture and the introduction of residual stresses. After curing, the

samples were polished to remove surface disparities.

3D printing of CNT-epoxy nanocomposites

CNT-epoxy nanocomposite ink was loaded into a 30 mL, Luer-Lock syringe and

centrifuged to remove air bubbles. Smooth-flow tapered tips (Nordson EFD) were

used to ensure further that any remaining air bubbles did not clog the tip duringprint-

ing, which would cause non-uniform printing. Using a high-resolution 3D printer (Hy-

rel Engine HR), CNT-epoxy inks were extruded at room temperature onto silicone

mats fixed to the 3D-printing build plate. Slic3r software was used to generate the

G-code script for 3D printing based on the designed geometry and other pro-

grammed parameters, including extrusion width, printing speed, and layer height,

to determine the printing path. The 3D-printed samples were cured following the
14 Cell Reports Physical Science 4, 101617, October 18, 2023
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same protocol as the mold-cast specimen. After 48 h at room temperature, the 3D-

printed structures were heated to 130�C for 1 h. To 3D print dog bones, dimensions

of the mold (ASTM d638) were recorded and replicated using a 20G tapered nozzle.

Rheological characterization

Rheological properties of inks were measured using ARES G2 Rheometer using a

25 mm flat plate geometry with a gap of 1,000 mm. Flow and viscosity curves were

obtained in strain-rate controlled measurement at shear rates from 1 to 1,000 s�1.

Oscillatory amplitude sweeps were performed at an angular frequency of 1 Hz

with the strain from 0.01% to 10%.

Micrograph analysis

Optical images captured using a Zeiss Axio Scope.A1 at 203 magnification and no-

des of 3D-printed CNT-epoxy nanocomposites were captured using a Zeiss Stemi

200–CS at 0.65 magnification. Morphology and fracture surfaces were observed us-

ing a field-emission SEM (FEI Quanta 400) with 20 kV accelerating voltage. The sur-

faces were coated with a thin layer of gold (�10 nm) using a sputter coater to prevent

charging. TEM micrographs were obtained using a JEOL 2110F TEM operated at

60 kV. TEM samples were prepared by polishing a thin specimen of CNT-epoxy to

sub-1 mm using a hand-polishing method. The thin samples were cracked (pulled

manually), and the edges of the fracture were investigated to observe CNT pullout.

The optical image reported in Figure 1D was captured using an iPhone XR camera

and color corrected to reduce warmth.

Raman spectroscopy

Raman spectroscopic mapping has been carried out using a Renishaw Raman spec-

trometer inVia confocalmicroscope. A green-colored laser line (l=532 nm)with a 5%

laser energy source (solid-state, model RL53250) of 5 s exposure at 503 magnifica-

tion was used for the investigation. The grating used was 1,800 groove/mm. The cali-

bration of the instrument was carried out using an Si wafer at room temperature. The

Ramanmodes of G and 2D peak were fitted through Lorentzian curve to interpret the

peak shift. The spectrum of CNT powder has been used as a reference material.

Raman image analysis

The percentage of upshifting was calculated based on the ratio of number of pixels

with hue values less than 150 (out of 256) to the total number of pixels. The two fig-

ures (Figure S4) show the selected regions that have hue values higher than 150. In

our analysis, a hue value higher than 150 suggests no upshifting in the Ramanmodes

and thus corresponds to Raman modes as observed in CNT powders or bundles.

UV-vis spectroscopy

UV-vis has been carried out using NanoDrop 2000 UV-Vis spectrophotometer. The

range of wavelength of light used was 200–900 nm. Two samples were fabricated

for the UV-vis experiment: (1) a ‘‘control’’ sample, which depicts the mold-cast sam-

ple where the ink does not undergo the 3D-printing extrusion process, and (2) an

‘‘extruded’’ sample, a representative of the 3D-printing case where the ink was

extruded from a 3D-printing syringe. Therefore, the ink formulation and preparation

of both samples are the same; however, we varied only the fact that the 3D-printed

ink was extruded from a nozzle in order to subject the ‘‘extruded’’ ink to the forces

responsible for increasing dispersion and the properties described in our work.

The two formulations were then weighed, and an equal amount of acetone was

added, followed by Thinky mixing and sonication, to make them dilute and

dispersed enough for conducting solution-based UV-vis spectroscopy. In order to
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quantitatively estimate the degree of CNT dispersion, the concentration of the exfo-

liated CNTs was calculated based on the Beer-Lambert law:

concentration of exfoliated CNTs =
specific absorbance at 500 nm

specific extinction coefficient ðat 500 nmÞ � leng

(Equation 2)

Here, the path length is 1 cm, and the extinction coefficient value for CNTs at 500 nm

are considered in the range of 41.14–46 mL/mg-cm.49

The percentage increase in the dispersion state, then, can be estimated using the

following relation:

percentage increase in dispersion state =
concentration of exfoliated CNTs

initial CNT concentration
:

(Equation 3)

X-ray CT scans

X-ray CT scans were conducted at Aramco Americas (Houston, TX, USA) to show the

variation of void formation in CNT-epoxy nanocomposites. X-ray CT scans were

collected using an NSI X5000 Industrial CT scanner (North Star Imaging). The circular

scans were performed at 720 views per rotation and a circular pitch of 50 mm. The

reconstructed radiographs were processed using ImageJ Volume Viewer.

Sample preparation for observing CNT alignment

Filaments of highCNT loading (2.75wt%)were extruded froma 20Gnozzle. Toobserve

theCNTalignment along theextrusiondirection, the filamentwasdissected into a cross-

section parallel to the print path and was sputter coated to be observed under SEM.

Specific heat capacity

The specific heat at each temperature was calculated from the CNT-epoxy nano-

composite specimen using a TA Instruments Q20 differential scanning calorimeter

(DSC). The sample was heated at a ramp rate of 10 C min�1 with nitrogen flow,

and the specific heat was calculated following ASTM E1269-11.

Density measurements

A pycnometer (AcuPyc II) was used to measure the density of laser flash specimens.

Ten density measurements were taken and averaged by the instrument.

Thermal conductivity

To measure thermal conductivity, CNT-epoxy nanocomposite samples containing

0.3 wt % CNTs were 3D printed. Sections of all samples were cut and polished

into 1.2-mm-thick disks with a radius �10 mm. Thermal diffusivity was measured us-

ing the laser flash technique (LFA 457, Netzsch), and the thermal conductivity was

calculated using k = dDCp, where d is the measured density, Cp is the specific

heat capacity, and D is the measured diffusivity.

Heat transfer behavior

A white light from a supercontinuum laser (Fianium, WL–SC–400–8, 400–900 nm, 4

ps, 80 MHz) was applied for light-induced heating without further focusing (Beam

Gaussian diameter D4s = 2.16 mm), while in situ surface temperatures were re-

corded with a thermal IR camera (FLIR, A615). A neutral density filter (Thorlabs,

NDC–100C–4M) was applied to adjust the total power of illumination to 45 mW.

Direct illumination of the thermal camera with our light source did not cause any

observable increase in temperature, indicating that the illumination source has no
16 Cell Reports Physical Science 4, 101617, October 18, 2023
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mid-IR (2–10 mm) photons. Therefore, the measured temperature rising during the

experiments results only from photothermal heating effects rather than from scat-

tering of the incident light. The incident light was aligned perpendicularly and

centered on the top surface of the sample, and the thermal camera image was taken

at 25� away from the incident light. The thermal images of the illuminated samples

were then collected, and the temperature line profile along different directions on

the sample surface was extracted for comparison.
Mechanical testing

All uniaxial in-plane tensile tests were conducted at room temperature using an MTS

858 servohydraulic machine in accordance with ASTM d638 type V scaled to a length

of �60 cm and a width of �9.5 cm. The loading rate was 1 mm min�1, and the span

length was fixed for each sample at 30mm. The test was performed using a 5 kN load

cell, and the data were recorded until the specimen fractured. At least three speci-

mens were tested for each formulation category to ensure the consistency of the

data. The grips of 3D-printed dog bones were polished flat to fasten 3D-printed

dog bones during testing.
SUPPLEMENTAL INFORMATION
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