
A new twist  in nanotubes
Carbon nanotubes are remarkable 
structures: conduct ive, lightweight, and 
incredibly strong. But despite decades 
of research, it  remains unclear how to 
retain these propert ies when scaling up 
to the macroscale. 

At Lawrence Livermore National 
Laboratory, researchers developed a 
promising approach. They made twist-
spun yarns out of individual carbon 
nanotubes and coated the result ing 
fibers with polymers to st itch together 
neighboring nanotubes, boost ing 
mechanical performance. However, 
further development required more 
details about the internal structure of 
these polymer-nanotube composites. In 
part icular, the researchers sought to 
understand how processing parameters 
influence key structural features such as 

nanotube alignment, density, porosity, 
and polymer loading.

In this work, the Livermore researchers 
used synchrotron x-ray techniques to 
analyze the hierarchical, twisted 
morphology of carbon-nanotube yarns 
and their composites. Such high-tensile- 
strength fibers are of interest as a way to 
support target capsules for inert ial 
confinement fusion experiments at the 
National Ignit ion Facility (NIF). The 
fibers may also be useful for wearable 
electronics and smart text iles, or art ificial 
muscles and neurons. 

The ar t  of nanotube spinning 
The Livermore team has been working to 
push the boundaries of mechanical 
performance in vanishingly thin 
carbon-nanotube yarns with diameters 
well below 5 micrometers. They recent ly 
developed a promising approach using 

the deposit ion of vapor-phase polymers 
and thermal cross-linking to effect ively 
distribute mechanical loads across 
neighboring carbon nanotubes in 
twist-spun yarns, result ing in a 300% 
increase in material st iffness 
(Young's modulus). 

In previous work, this finding was 
corroborated using small-angle x-ray 
scattering (SAXS) at ALS Beamline 7.3.3. 
The scattering data provided hints that the 
polymer infilt rat ion was influencing the 
structure of the nanotubes within the yarn, 
but a more detailed and quantitat ive 
picture was needed to understand the 
connect ions between processing, 
structure, and propert ies. 

Thr eading t he ener gy needle
To this end, the researchers employed a 
combinat ion of complementary soft  x-ray 
techniques at the ALS, including scanning 

Scient i f ic 
Achievement
Using the Advanced Light 
Source (ALS), researchers found 
quantitat ive correlat ions between 
processing parameters and the 
structure of ultrafine, polymer-
reinforced carbon-nanotube fibers.

Signi f icance 
and Impact
The work will facilitate the 
product ion of high-strength 
materials, including those 
needed for posit ioning target 
capsules for fusion research at 
the National Ignit ion Facility.

Workflow for carbon nanotube yarn fabricat ion and characterizat ion. (1) ?Forests? of carbon 

nanotubes, grown on a silicon wafer, are laser-etched to create t racks. (2) Nanotubes in a t rack are 
drawn out  and spun and then either left  unt reated or (3) t reated with a vapor-phase polymer 
coat ing, either with or without  a final thermal cross-linking step. (4) Finally, yarns are mounted in a 
synchrot ron x-ray beamline (ex situ) for st ructural characterizat ion.

How Pr ocessing Affect s St r uctur e 
in Composi t e Nanotube Yar ns
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t ransmission x-ray microscopy (STXM) 
at Beamline 5.3.2.2, which enabled 
nanoscale imaging and density mapping 
with elemental specificity, and SAXS at 
Beamline 11.0.1.2, to analyze the nanotube 
alignment and bundling structure.

The ALS was crit ical to this study because 
it  is opt imized for low energies, enabling 
the analysis of inherent ly thin and low-Z 
materials. The STXM beamline enabled 
quantitat ive spectromicroscopy across 
the carbon and oxygen K edges for 
analysis of the nanotubes and polymers 
independently, all with 30 nm resolut ion, 
while the soft  x-ray scattering beamline 
provided ample scattering contrast not 
attainable at tradit ional high-energy 
SAXS beamlines.

Pr ocess?st r uctur e cor r elat ions
The data revealed a ubiquitous inverse 
relat ionship between density and diameter 
(density ~ diameter?2), highlight ing 
bounding limits for fabricat ing ultrathin, 
dense yarns. The results also confirmed 
that the vapor-phase polymer infilt rat ion 
approach produces a uniform and 
near-perfect filling of the voids between 
nanotubes without altering the nanotube 
alignment, which explains the excellent 
mechanical performance. 

The information from these experiments 
provides valuable feedback into ongoing 
material-development efforts at NIF, 
advancing us toward realizing fusion as a 
sustainable energy source. Future work 
will cont inue to push the performance of 

nanotube yarns, seeking to elucidate the 
dynamic structural evolut ion of these 
materials under applied mechanical loads.
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Nanoscale morphology of prist ine, coated, and cross-linked carbon nanotube yarns analyzed by 
scanning elect ron microscopy (SEM), STXM, and SAXS. Warmer colors (red) in the STXM images 
correspond to greater mass, and cooler colors (blue) correspond to less mass. The 2D SAXS images 

for the three yarn types provide informat ion about  the orientat ion dist ribut ion of carbon nanotube 
bundles within the yarn, which is essent ially unchanged.
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