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Abstract
In this work, new boron nitride-reinforced epoxy-based composite inks for direct-ink write (DIW) additive manufacturing are presented. Printed com-
posites are characterized for thermal conductivity, flexure, and impact energy, along with optical and electron microscopy. The new inks utilize boron 
nitride nanobarbs (BNNBs), a novel form of boron nitride nanotube, where the surface is decorated with hexagonal boron nitride nanoplatelets. BNNBs 
are shown to improve the thermal conductivity of the printed composites up to 32%, the strength up to 34%, and stiffness up to 44%. Anisotropy was 
observed in all measurements, suggesting that the BNNBs become aligned during printing.

Introduction
Boron nitride nanotubes (BNNTs) are a one-dimensional 
nanoscale material analogous to carbon nanotubes (CNTs) 
but consisting of boron and nitrogen atoms instead of carbon. 
Like CNTs, BNNTs are ~ 10–50 nm in diameter, up to tens of 
microns in length, can be single- or multi-walled, and have 
superior mechanical properties, demonstrating Young’s modu-
lus of up to 1.3 TPa,[1] tensile strength up to 33 GPa,[1] and 
thermal conductivity up to 2400 W/m/K.[2] In addition, BNNTs 
have a higher oxidation resistance than CNTs and are stable in 
air up to 850°C vs 500°C for CNTs.[3] BNNTs are also elec-
trically resistive with a band gap of ~ 5.5  eV[4] and dielectric 
constant of 5.9.[5]

CNT use as a reinforcement in composite materials has been 
somewhat limited by (i) agglomerations due to van der Waals 
forces limiting the amount that may be uniformly dispersed 
within a matrix and (ii) weak interfacial interaction between 
the CNTs and polymer matrix candidates.[6] In contrast, BNNTs 
display both superior wettability and dispersion when added 
to epoxy resins.[6] In addition, the polarity of B–N  bonds[7] 
produces stronger matrix interfacial interactions that ultimately 
result in higher mechanical performance at comparable load-
ings, as well as the ability to add larger total amounts without 
agglomeration.[6]

Recent developments in chemical surface modifications to 
CNTs have enabled their more widespread use as a reinforce-
ment in polymer composites due to reductions in agglomeration 
and increases in polymer matrix interfacial bonding strength. 
Similar improvements have been proposed for BNNTs,[8] but 

developments in this area lag behind that of CNTs. However, 
in addition to chemical modification, nanotube morphological  
modification has the potential to reduce agglomeration and 
increase interaction with polymer matrices, thereby increasing 
the efficacy of BNNTs as mechanical reinforcement. For exam-
ple, boron nitride  NanoBarbsTM (BNNBs) are BNNTs that have 
been enhanced through surface nucleation of hexagonal boron 
nitride (hBN) crystals (Fig. 1a). The hBN dispersed along 
the BNNT creates an irregular surface which serves to limit 
agglomeration by maintaining sufficient distances between sur-
faces, thereby reducing van der Waals attraction between nano-
tubes. In addition, hBN decoration serves to increase matrix 
interfacial interaction by permitting mechanical interlocking 
between the BNNT surface and matrix while maintaining B–N 
polarity.

Recently, additive manufacturing (AM) methods have dem-
onstrated considerable opportunities to fabricate composite and 
hybrid materials with unique mesostructural and microstruc-
tural architecture, including control over the arrangement and 
orientation of high-aspect ratio filler materials.[9–17] Material 
extrusion AM presents unique capabilities for such control 
due to the fact that the shear flow phenomenon associated with 
extrusion tends to align high-aspect ratio fillers. For example, 
Shofner et al. showed that CNTs align in the print direction 
during printing of CNT-reinforced ABS thermoplastic, leading 
to improved strength and modulus along the print direction.[17] 
More recently, Hmeidat et al. demonstrated that the material 
extrusion AM process effectively orients nanoclay platelets and  
silicon carbide (SiC) microfibers along the print direction, with  
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the use of smaller deposition nozzles and higher printing speeds  
leading to increased filler alignment, resulting in higher mechan-
ical anisotropy.[12, 18] The alignment of the microfibers was con-
firmed with scanning electron microscopy (SEM), while the ori-
entation of nanoclay platelets was measured using small-angle 
X-ray-scattering (SAXS). In this work, researchers also found 
that reinforcement with fumed silica, comprised of spheroidal 
silica nanoparticles, did not result in any measurable mechanical 
anisotropy within the printed epoxy composites.[12]

Transport properties in printed polymer composites have 
received somewhat less attention than mechanical properties, 

but recent work has shown considerable promise. For example, 
Collino et al. demonstrated that acoustic fields can be used to 
spatially partition multiple filler materials in epoxy resin during 
a printing process,[9, 10] and Melchert et al. used acoustic fields 
to arrange and orient conductive carbon fibers in a flexible pol-
ymer matrix to control anisotropic conductivity.[14] Kokkinis 
demonstrated elegant control over composition and orientation 
of magnetically functionalized alumina platelets in a polymer 
matrix through selective application and manipulation of mag-
netic fields during the printing and curing process.[19] Raney 
and Compton et al. achieved unique helical arrangements of 
carbon fibers in a 3D-printed epoxy composite by rotating the 
material extrusion print head during the printing process.[15] In 
this process, the ratio of rotation rate to translation rate influ-
ences the helical angle of fibers relative to the filament axis and 
enables some portion of fibers to be reoriented transverse to the 
layer plane. Such developments present new opportunities to 
improve functionality of printed components by controlling and 
designing the orientation of thermally conductive filler materi-
als in 3D printing feedstocks.

Here, we report the mechanical and thermal properties of 
new 3D-printed boron nitride nanobarb/epoxy composites that 
show exceptional property improvement with small additions 
of BNNBs. The deposition process is shown to impart thermal 
and mechanical anisotropy to the printed composites which is 
attributed to the orientation of the BNNBs. Results highlight 
the promise of small additions of BNNBs to existing epoxy 
composite ink formulations to further improve strength, stiff-
ness, and thermal properties.

Experimental
DIW inks were formulated using Epon 826 epoxy resin (Hex-
ion, Inc., Columbus, OH), with Cab-o-sil TS-720 fumed sil-
ica (Cabot Corporation, Alpharetta, GA) as the viscosifying 
additive. This particular fumed silica is functionalized with 
polydimethylsiloxane (PDMS) and has a base surface area 
of 200  m2/g (www. cabot corp. com/ solut ions/ produ cts- plus/ 
fumed- metal- oxides/ hydro philic). Primary particle size is typi-
cally ~ 7–40 nm.[20] 1-ethyl-3-methylimidazolium dicyanamide 
(EMIM DCA) ionic liquid was used as the latent curing agent 
(BASF Basionics VS 03, obtained from Sigma Aldrich, Inc., 
St. Louis, MO). BNNBs (BNNano, Cary, NC) were first dis-
persed in the epoxy resin via high-shear mixing to result in 
mixtures containing 1 wt% and 5 wt% BNNBs. The BNNBs 
have nominal length of 10 µm, nominal diameter of 8 nm, and 
nominal hBN decoration ~ 25 nm in thickness (BNnano, private 
communication). To the epoxy/BNNB mixtures, 11.11 parts per 
hundred (pph) fumed silica and 5 pph curing agent (relative 
to the mass of the epoxy resin) were added sequentially, with 
each addition of material followed by mixing in a centrifugal 
planetary mixer (FlackTek, Inc., Landrum, SC) at 1700 rpm and 
100 Torr (133.3 kPa) for 4 minutes. An additional baseline ink 
was also formulated without any BNNBs for comparison. The 
mixing procedure follows that described in Hmeidat et al.[18] 

Figure 1.  (a) Transmission electron microscopy (TEM) image of a 
decorated boron nitride nanobarb. Image courtesy of BNnano. 
(b) The direct-ink write 3D printing platform with printed silicone 
honeycomb. (c) Printed 3-pt flexure bars for the present study.

http://www.cabotcorp.com/solutions/products-plus/fumed-metal-oxides/hydrophilic
http://www.cabotcorp.com/solutions/products-plus/fumed-metal-oxides/hydrophilic
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and resulted in bubble-free, printable inks. The final ink formu-
lations contained 0 vol.%, 0.5 vol.%, and 2.55 vol.% BNNBs, 
which will be subsequently referred to as 0BN, 0.5BN, and 
2.5BN, respectively.

Following mixing, inks were loaded by spatula into 10  cm3 
syringe barrels which were capped and centrifuged at 4000 rpm 
for 7 min (Sorvall™ ST-8 Centrifuge, Thermo Fisher Scien-
tific, Waltham, MA) to remove air pockets in the ink that may 
have been introduced during loading. Loaded syringe barrels 
were then placed in a high-pressure adaptor (HP3, Nordson 
EFD, Westlake, OH), mounted on a 3-axis positioning stage 
(Shopbot Tools, Inc., Durham, NC), and connected to a voltage-
controlled pressure regulator (Omega Engineering, Inc., Nor-
walk, CT) to extrude the material pneumatically. Print paths 
were generated in G-code using Scilab software (Scilab Enter-
prises, France) and all samples were printed at 30 mm/s using 
a 577-µm-diameter tapered Luer-lock nozzle tip (McMaster-
Carr, Elmhurst, IL). Build plates were coated with adhesive-
backed PTFE-coated aluminum foil (Bytac, Saint Gobain 
North America, Malvern, PA) to prevent permanent adhesion, 
following Compton and Lewis.[11] The printing platform is 
shown in Fig. 1b. Rectangular bars were printed and cured for 
thermal conductivity measurements, flexural tests, and Izod 
impact testing. Thermal conductivity samples were cut from 
large printed bars using a low-speed diamond saw (Allied High 
Tech) and thermal conductivity measurements were made using 
the transient plane source  method[21] (TPS 2500 S, ThermTest 
USA, Charlottesville, VA). For each formulation, two sets of 
thermal conductivity measurements were made, one with the 
print direction oriented normal to the planar source (orienta-
tion 1), and one with the print direction oriented parallel to the 
planar source (orientation 2). Flexural tests were conducted at 
room temperature by means of an electromechanical load frame 

(Model 45, MTS Systems Corporation, Eden Prairie, MN, 
USA), equipped with a 10 kN load cell. Specimens with nomi-
nal dimensions of ~ 40 mm × 8 mm × 2 mm were tested in 3 -pt 
flexure using a crosshead rate of 0.9 mm/min and span length 
of 32 mm. Two sets of bars were printed with unidirectional 
print paths, one oriented along the length of the bend bar (lon-
gitudinal), and one oriented transverse to the length of the bend 
bar (transverse) (Fig. 1c). At least three specimens were tested 
for each formulation and print direction. Additional rectangu-
lar samples were printed for Izod impact testing with nominal 
dimensions of 65 mm × 12.5 mm × 6 mm. All Izod samples were 
printed with the print path oriented along the long dimension of 
the bar, and after printing, samples were milled and notched for 
testing in accordance with ASTM D256-10(2018). At least four 
impact tests were conducted for each formulation.

Results and discussion
Printed objects are shown in Fig. 1c. All three formulations 
printed successfully and the presence of BNNBs was not 
observed to substantially change the printing behavior. That 
is, the inks containing BNNBs were able to be printed using 
the same nozzle size and print speed as the 0BN ink without 
clogging or introducing obvious defects to the printed samples. 
Thermal conductivity was found to increase with the presence 
of BNNBs for both orientations tested, from 0.236 W/m K for 
the 0BN ink in both orientations to 0.27 W/m K and 0.31 W/m 
K in orientation 1 for the 0.5BN and 2.5BN inks, respectively, 
and to 0.245 W/m K and 0.283 W/m K in orientation 2 for the 
0.5BN and 2.5BN inks, respectively (Fig. 2a). When tested 
in orientation 1, these values represent in an increase in ther-
mal conductivity of 14.7% and 31.6% over the base material, 
while measurements in orientation 2 are only 3.8% and 19.6% 

Figure 2.  (a) Thermal conductivity of the printed composite measured in two orthogonal orientations. (b) Izod impact energy of the printed 
composite measured along the print direction. (c) Flexural modulus of the printed composites measured along and transverse to the print 
direction. (d) Flexural strength of the printed composites.
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higher than the base material, for the 0.5BN and 2.5BN inks, 
respectively. The differences in thermal conductivity observed 
between orientations may be a result of printing-induced orien-
tation of the BNNBs, but it should be noted that these specific 
plane source measurements were made in isotropic mode; the 
true thermal conductivity along each material direction remains 
unknown and will be the focus of a dedicated follow-on study.

Izod impact data are shown in Fig. 2b. The impact energy 
of the base material is 1.38 ± 0.139 kJ/m2, while the 0.5BN 
composite displayed an impact energy of 1.55 ± 0.049 kJ/m2 
and the 2.5BN composite was measured as 1.47 ± 0.131 kJ/m2. 
Although the mean values show some improvement in impact 
energy with BNNBs, the standard deviation in measurements 
is quite large and an analysis of variance indicated that the 
individual datasets are not significantly different.

The flexural modulus and strength for all the printed com-
posites are plotted in Fig. 2c, d. For the longitudinal specimens, 
the flexural modulus increased from 2.99 ± 0.13 to 4.0 ± 0.07 
GPa (a 34% increase) for the 0.5BN composite, and to 4.3 
GPa (a 44% increase) for the 2.5BN composite. Conversely, 
for the transverse specimens, the modulus did not significantly 
change with the addition of 0.5 vol.% BN (3.15 ± 0.22 GPa 
for 0BN compared to 3.25 ± 0.06 GPa for the 0.5BN com-
posite), and only increased moderately to 3.46 ± 0.09 GPa (a 
10% increase) for the 2.5BN composite. Flexural strength 
values were observed to increase monotonically with increas-
ing BN loading in the longitudinal specimens, whereas a mild 
decrease in strength was observed in the transverse specimens 
with increasing BN loading. Specifically, along the print direc-
tion, strength increases from 107.3 ± 3.2 MPa to 124.8 ± 3.3 

and 133.0 ± 0.2.7 MPa for the 0.5BN and 2.5BN compos-
ites, respectively, corresponding to a 16% and 24% increase. 
Transverse to the print direction, strength decreases from 
106.0 ± 10.4 MPa to 96.5 ± 13.3 and 88.5 ± 10.2 MPa for the 
0.5BN and 2.5BN composites, respectively, corresponding to 
a 9% and 16.5% decrease. Hmeidat et al.[12] studied the same 
base composite reinforced with fumed silica and found no 
dependence of flexural strength or stiffness on the print direc-
tion, nozzle size, or print speed. Based on Hmeidat’s results, 
the anisotropy observed in the present study is attributed to the 
alignment of the BNNBs during the printing process.

Optical micrographs of the fracture surfaces of the longitudi-
nal flexure specimens show the characteristic mirror, mist, and 
hackle regions indicative of brittle fracture in glassy polymers 
(Fig. 3a, c, e).[22, 23] For the 0BN and 0.5BN composites, a small 
subsurface flaw is visible in the mirror region that likely acted 
as the crack initiation point, while no such flaw is immediately 
apparent in the 2.5BN composite. The fact that the flaws are 
subsurface for the former two samples provide confidence that 
the surface texture that results from the printing process was 
not a major strength-limiting feature. As BN content increases, 
the roughness of the fracture surfaces increases as well, which 
may be indicative of the BNNBs acting as crack deflection 
points during crack growth. Fracture surfaces also show that 
the flexural bars are devoid of large, printing-related pores. Opti-
cal micrographs of the fracture surfaces of the Izod impact test 
specimens are shown in Fig. 3b, d, f. In contrast to the flexural 
specimens, the Izod fracture surfaces are predominantly smooth 
and glassy for all three formulations. The machined notch can be 
seen on the right side of each sample, but the 0BN and 0.5BN 

Figure 3.  (a), (c), (e) Optical micrographs of the fracture surfaces of 3-pt flexure specimens. (b), (d), (f) Optical micrographs of the fracture 
surfaces of Izod impact specimens. (a), (b) 0BN composite. (c), (d) 0.5BN composite. (e), (f) 2.5BN composite.
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composites are otherwise free of distinguishing features. The 
2.5BN composite contains a regular array of small, dark features 
that have spacing equivalent to the spacing between printed fila-
ments. While these features may appear to be interstitial void 
spaces between filaments, as has been regularly documented 
in thermoplastic material extrusion methods,[24–26] they are not 
actually voids. Close inspection of the fracture surface revealed 
that all of the dark features are filled with cured epoxy resin that 
does not appear to contain either of the filler materials. Hmeidat 
et al.[18] observed similar features in printed epoxy/nanoclay 
composites. In that work, they suggested that the epoxy resin 
may seep out of the filler network during the curing process to 
“heal” small voids in the microstructure.

High-magnification scanning electron microscopy (SEM) 
images of the fracture surfaces of the 2.5BN flexural samples 
are shown in Fig. 4. Individual nanobarbs are visible on the sur-
face of both the longitudinal specimens (Fig. 4a) and the trans-
verse specimens (Fig. 4b). Some of the exposed BNNBs are 
highlighted on the images with yellow ellipses and boxes, but 
many others can be seen on the surfaces as well. Based on the 
projected area and the relative frequency of the BNNBs, some 
degree of orientation with printing direction is apparent, with 
more frequent, but shorter segments visible on the longitudinal 
sample than on the transverse sample. For the same volume frac-
tion, a higher number of visible barbs would be expected on a 
section plane transverse to the orientation of the barbs through 
a simple probability argument as discussed by Bay and Tucker 
 III[27] in the context of fiber orientation tensors. Although this is 
not definitive proof of a high degree of orientation, these quali-
tative observations corroborate the anisotropic elastic modulus 
and flexural strength measurements in these printed composites.

Although dispersion of the BNNBs appears to be good in 
most cases, some agglomerations of fumed silica and BNNBs 
are apparent on the fracture surfaces. One such example is 
shown in Fig. 4c, where several long BNNBs can be seen bridg-
ing a void in the epoxy matrix on the fracture surface of a longi-
tudinal flexure specimen. Interestingly, the individual BNNBs 
appear to be well-separated from one another despite the higher 
concentration in this region. The barbs are several microns in 
length, with the longest having approximately seven microns 
exposed with each end embedded in the epoxy matrix. A higher 
number of these agglomerations were observed in the 2.5BN 
samples compared to the 0.5BN samples, which may explain 
the diminishing returns in thermal and mechanical property 
improvement with the addition of 2.55 vol.% BNNBs com-
pared with the addition of only 0.5 vol.% BNNBs. Finally, the 
agglomerates that were observed on fracture surfaces were gen-
erally comprised of both fumed silica agglomerates and BNNB 
agglomerates, suggesting that there may be interaction between 
the two species whereby a preexisting fumed silica agglomer-
ate may attract or collect the longer BNNBs in the mixture or 
vice versa. Similar potential interaction between fumed silica 
and silicon carbide microfibers has been discussed by Hmeidat 
et al.,[12] and this will be an important area for future study to 

Figure 4.  SEM images of the fracture surfaces of 3-pt flexure 
specimens. (a) Longitudinal sample. Some BNNBs are indicated 
by yellow ellipses. (b) Transverse sample. Some BNNBs are high-
lighted with yellow boxes. (c) An agglomerate of fumed silica and 
long BNNBs observed in the longitudinal sample.
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enable the refinement and improvement of multi-component 
epoxy-based DIW inks.

Summary and conclusion
In summary, novel epoxy-based DIW inks have been formu-
lated with Epon 826 resin, fumed silica, and 0.5 or 2.55 vol.% 
BNNBs. Thermal conductivity was enhanced up to 32% with 
the addition of BNNBs, while flexural modulus was enhanced 
up to 44% and flexural strength up to 24% at the highest load-
ing tested. Impact energy was not strongly affected with the 
addition of BNNBs. All printed composites containing BNNBs 
displayed anisotropy that is characteristic of 3D-printed com-
posite materials, with greater property improvements occur-
ring along the print direction due to the alignment of the 
reinforcing phases. Microscopy of fracture surfaces revealed 
predominantly pore-free printed composites with corroborat-
ing evidence of BNNB alignment along the print direction and 
the presence of some agglomerates containing BNNBs several 
microns long. The work suggests high potential for BNNBs as 
low-volume fraction constituents in high-performance, multi-
functional epoxy-based 3D-printed composites.
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