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The ANAM Initiative.

Broad collaboration between Cambridge Engineering and

Materials Science Departments, and Ulster University, and
several industrial partners.

Focus on direct-spun CNT materials, made by the Windle

Process
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Carbon Nanotubes

Individual Tubes: MWNT
wall structural properties

E=1TPa
o; > 100 GPa
p ~ 2200 kg/cm?3

. breaking site
: -

Wang et al, (2010)

Good understanding of

mechanics with strong

theoretical validation
Yu et al (2000)

Wang et al (2010)
Zhang et al (2014)
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. Intrinsic Properties
MWNT b L

(Falvo et al,

1997)
Large elastic ¢
deformation

C=C double bond
Hexagonal Lattice

‘ (Poncharal et al,
: 1999)
Determination
of modulus by
electrostatic

, vibrations
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Electrical Conductivity: 2 x 10° s/cm
Thermal Conductivity: 3500 W/mK

« If not, why?

« Can we realise the properties
of CNTs in Direct-spun Mats
and other Bulk CNT Materials?
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Carbon Nanotubes: Intrinsic Properties
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Specific Electrical Conductivity Sm2/kg
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Production and Microstructure Methane, Ferrocene,

. . Thiophene

of direct-spun CNT Mat & Fibre o
from the ‘Windle Process’ .

T~1300°C

Aerogel Formation
by CNT

= i
/ CNT Aerogel Agglomeration

, Tension during winding  «ggck”
Q
ey -

Interconnected Detail of Network Cross-section of
Bundle Network Junctions: Bundles Bundle Microstructure
branch and Cross
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Bulk CNT Materials: methods of manufacture
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The Properties of Bulk CNT Materials: Electrical & Thermal
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The Properties of a Direct-spun CNT Mat: Uniaxial Response,
composition, and electrical properties

0.7
0.6 / ,r.d;“f*”’
0.5 ,@“"*“”
~~~~~ f"’ 041
ﬁ 0.3
| 0.2
——0 Degrees | —0 Degrees
- - 45 Degrees | | 0.1r¢ - = 45 Degrees| 1
-------- 90 Degrees --------90 Degrees
005 01 015 0.2 025 0.3 0o 0.65 011 o.'15 o.'2 025 0.3
€11 €11
Fracture and Delamination Out of Plane Response
! o (kPa) T_. 600
10 mm 10 llllll X
mm “—J—CéD ?‘6\400
\ ° d ] &
50 mm 50 mm -Gold \g 200
Coating
0
22 kJ/m2 5.3 J/m?2 CNT Mat
l —-Glass Slide SRS _2‘4 .
ANAM Initiative SRC University of BB UNIVERSITY OF

Z|m
"0

» CAMBRIDGE 9

d Phy: | Sciences

84
B
PP

ULSTER ¥

Advanced Nanotube Application and Manufacturing

=




58
BHHE

E. X 2

Direct-spun CNT Mat: In-Plane Piezoresistivity, and Unloading

E,, (GPa)
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In-Situ Tensile Testing

CNT Mat Sample
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Microstructural change during the uniaxial response

1. Bundle

2. Network
Alignment

straightening Rl o e [ &5 ¥« bending/
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10 nm

Direct-Spun Mats: the story -

100 nm

m pm

Cross-section of
Bundle Microstructure

Detail of Network
Junctions: Bundles
branch and Cross

Interconnected
Bundle Network
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Rope-like CNT bundles
form random
interlinked bundle
network

Network deforms like a
foam, with transverse
deflection of struts.
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Micromechanical Model for direct-spun mat

1 um

Approximate
network with a
periodic
honeycomb unit
cell
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CNT Bundles are
Anisotropic:

E,; = 680 GPa
G,,= G,3=9.5 GPa

T3 ii19
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Modulus below that of CNTs
because...

1 . Network structure causes
foam-like network deformation.
2 . Bundles are rope-like.
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Micromechanical Model for direct-spun mat

CNT Bundles are
Anisotropic:

E,; = 680 GPa
G,,= G,3=9.5 GPa
E,, = E3;=50 GPa
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Macroscopic yield
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shear strength of
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Routes for Improvement...

1[}0: T
Anisotropic Voigt ¢ ;@ o
Upper Bound o
A oy -
— 10F : E
gl
0) il Oour M
x X
o]
Z
zZ 01k fOI‘GB K EB:
L B %KG(1+sin 0)?
Sommated Enetwork = P cos? 6
Isotropic lower
001k bound - -
: Therefore, improvement in
mechanical properties can come
. - from ALIGNMENT of CNT
1 " 1% 10 BUNDLE MICROSTRUCTURE

Density p (kg/m?®)

ANAM Initiative

Advanced Nanotube Application and Manufacturing

UNIVERSITY OF
CAMBRIDGE

&%
BHHE
o

E R 2

eering and

EPSRC Uni\-'ersityof BB
ke 1BiGisTER &

R



Response in Fluids

a0
Load Cell ——Acetone
- Ethanol
40 —— Taoluene
—— MNMP
B_rass —_ = Chlorofom
Link M 30 —— Chlorosulfonic Acid| 1
e ~ o — A
% = 102 s
= 20 £= s
Brass CNT
Grips . Mat 10
Sample
Self-tightening 0
Wrapping )
E Grips 0.5 1 15
\ Brass
Dropping Rods a0
FUl'"'_|9|: Direct-spun — Ar
with CNT mat — ArEtone
Valve
Stepper 40 NP
Motor and
Screw
Drive Waste Fluid
container
0.3

ANAM Initiative

L3
5 45 B
S EE2

Advanced Nanotube Application and Manufacturing

o M ULSTER 8

- Chlorosulfonic acid
lowers ¢ and E by
over an order of
magnitude.
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at same rate.
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R in Fluid
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Debundling/debonding upon CSA Immersion
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Debundling/debonding upon CSA Immersion
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The presence of adsorbed ions at the CNT wall, and in the
solution screen the positive charge upon the CNT walls,
and overcome the van-der-Waals attraction.
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Fluid Processing in superacid solutions
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Drawing process to enhance
alignment
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Properties of drawn fibres
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Summary

- The properties of direct-spun carbon nanotube materials (and
CNT materials in general) vary across a wide range of density.

- The stiffness and strength of direct-spun mats is reduced by the
CNT bundle network of low nodal connectivity, and by the
rope-like structure of the CNT bundles.

- Mechanical and electrical properties of direct-spun CNT mats are
enhanced by tensile drawing in different fluids, particularly in
superacids.

Production and Microstructure Methane . Ferrocen e,
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