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The nanocarbon family
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The potential of nanotube and graphene reinforced
composites

Strength/Stiffness

Structural applications

Matrices in our group
« Thermopolymers: PEEK, PP, PA, Nylon

« Thermosets: Epoxies, including RTM and

High strength/stiffness/toughness
Light weight

aerospace grades
 Elastomers: SBR, NBR, FKM, TPE, TPU
» Hybrid: Carbon-fibre, glass-fibre, Carbon black
« Ceramic: STO
* Metallic: Cu, CuW, Al

CNT/Graphene
fibers

Graphene
aerogels

Kinloch, Science 362 (6414), 547-553, 2018

CNT/Graphene

preforms (fabrics)

Reviews

Kinloch et al., Science, 2018;

Papageorgiou et al., Progress in Mat Sci 2018
Marsden et al, 2D, 2018

Hidalgo-Manrique et al., 2019

High thermal conductivity/stability
Anisotropic properties/CTE control

Thermal management

Energy transfer
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Kinloch, Science 362 (6414), 547-553, 2018

Strength/Stiffness

Structural applications

High strength/stiffness/toughness
Light weight
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Graphene
aerogels

CNT/Graphene
preforms (fabrics)

High thermal conductivity/stability
Anisotropic properties/CTE control

Thermal management

Energy transfer

Electrical conductivity

Nanotubes as a conductive additive is the

nanotube success story:

* Most masterbatch companies have a
nanotube conductive grade with uses
in automotive etc.

* All Li ion batteries use nanotubes as a

conductive additive.

“In a bid to gain a more competitive edge in
the rapidly growing global CNT market focused
on electric vehicle battery materials, the
largest Korean chemical company, LG Chem
has revealed today that it’s going to build the
fourth LG Chem Carbon Nanotube Plant.

The new plant is expected to produce 3,200
tons of CNT annually, contributing to the LG
Chem carbon nanotube plant’s total production
capacity is of 6,100 tons”
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Conducting Polymer Composites
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Insulating Elt'ect'rost'atic Conductive Highly
dissipative conductive
Anti static material: Sensor and EMI Conductor:
Fuel tanks, shielding: Metal
Mining pipes, Stain sensing material, replacement,
Antistatic storage Electronic nose devices Conducting

coatings
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Controlling electrical percolation

A Percolation region
r—=—n"
> Conductive * Sharp transition between conducting and not
2 conducting is not desirable for industry — can we
§ control the shape of the percolation curve?
§
Insulating * How do the standard high-end, carbon black and
A > nanotube fillers compare to the new graphenes?
, Filler content ] ) ]
Percolation threshold » [s there synergy between the fillers in a hybrid
system? E.g. there has been theories of graphene
m acting to bridge nanotube network.
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Filler morphology / Structure of Properties of

Processing condition filler network composites
o DSM TELIIN

1. Marsden, A. J., et al. "Electrical percolation in graphene—polymer composites." 2D Materials 5.3 (2018): 032003.
2. Park, Sung-Hoon, et al. "Modeling the electrical resistivity of polymer composites with segregated structures." Nature communications 10.1 (2019): 1-11.
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Carbon black Graphene nanoplatelet B o
Ketjenblack EC600JD XG C750 GNP VUL Seree EXaer

CAFM l
7 Hot

iD 2D
Carbon nanotube Graphene nanoplatelet

Our model system

Nanocyl®7000 XG M25 GNP
s~ 150 s ~1000 (in theory...) TEM

Hot press

—_—> 10cm*10cm*1mm

Cut for further
characterization

Electrical properties characterized in
AC mode

Through-plane direction
Conductivity at frequency of 1Hz will
be presented

Morphology characterized by TEM

and conductive AFM
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CNT
CB
C750 GNP
10-9 I L I v I v v I v I v I v I h
0 2 4 6 8 10 12 14 16
Filler content (wt%)

Essam, John W. "Percolation theory." Reports on progress in physics 43.7 (1980): 833.

Single Filler System: CB vs CNT vs C750 GNP

* Percolation theory

o =0¢(P—pc)f P >pe)

Percolation threshold(p,):
The critical concentration where conductive path forms.

Critical exponent (t): Governing the percolation transition

: |
: ¢ (wi) ! t R-square
CNT ! 021 1 180 0.99
CB 1 050 , 382 0.98
GNP : 750 ! 156 0.97
[



CB vs CNT vs GNP: TEM

The University of Manchester CB - 4wt% i GNP — 4wt%

= 10 X »

< 102
3 109

e CNT
o CB
C750 GNP
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0 2 4 6 8 10 12 14 16
Filler content (wt%)

* CB: good dispersion
* CNT: good dispersion

* GNP: poor dispersion with agglomerations

CNT-4wt%



MANCHESTER
1824

The University of Manchester

CB + GNP
102
_ 10!
10°
107
- 102 - *
- CB:CNT=30:70 10°
10° ! o CB:CNT=50:50 10° CB
10° 4+ CB:CNT=70:30 10° CB:GNP=50:50
v CB:CNT=90:10 10° CB:GNP=30:70
+ CB 107 CB:GNP=10:90
10° GNP
10° —F-——7— — ‘ 10° 3 -
0 2 4 6 8 10 12 14 16

Spec. Conductivity (S/m)

Filler Content (wt%)

Ratio of

CNT Pc (wt%) t
0 05 | 3.82
0.1 0.5 i 2.65
0.3 03 1 214
0.5 03 ! 2.03
0.7 03 ! 151
1 0.2 4 1.80

Filler content (wt%)

Ratio of CB Pc (wt%)

0
0.1
0.3
0.5

1

7.5
4.0
2.0
13
0.5

= =

1.56
1.57
2.02
2.86
3.77

102
10’
10°
101
102
10°
10+
10°
10°®
107
10

10°

Hybrid systems: 100+ different masterbatches!

CNT + GNP

CNT
CNT:GNP=50:50
CNT:GNP=30:70
CNT:GNP=10:90

GNP

T T 1

12 14 16

Filler content (wt%)

Ratio of CNT

0
0.1
0.3
0.5

1

Pc

(wt%)

7.5
1.9
0.4
0.3
0.2

P P -

t

1.56
1.61
2.03
1.60
1.80

*R — Square of all fittings are higher than 0.9
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2 Orientation: Skin effect in the NT-PC composites ' —o—0mm
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Not percolated
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Simulation Methods -~

Simulations to probe percolation behaviour as a function of
particle morphology and aggregation states.
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Research Platform

Percolation network

Percolating network(red) group that connect opposites boundary
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Relationship between particle morphology and percolation threshold
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1.0000 -

0.1000 4

0.0100 -

Percolation threshold, vol fraction

0.0010 4

0.0001

1 10 100 1000 10000 . .
* Percolation threshold for sphere: 0.3 vol fraction

* Aspectratio: 1

Effective Aspect ratio

. \ N
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Percolation threshold, vol fraction (

Relationship between particle morphology and percolation threshold

1.0000 -
@ Spherocylinders (cf. CNTs at
— ' CPS high AR)
%
0.1000 A
. Atube
A
X ‘.
0.0100 /
A
Q@
0.0010 A
y = 0.581x0952
R?=1.000
0.0001 T T T 1
1 10 100 1000 10000

C

Aspect ratio

| @

For large aspect ratios and a statistical filler particle
distribution the percolation threshold based on an
excluded volume concept can be estimated by [1]:

p, ~05-x71

[1] Balberg, I., Anderson, C. H., Alexander, S., & Wagner, N. (1984). Excluded volume
and its relation to the onset of percolation. Physical review B, 30(7), 3933.



Relationship between particle morphology and percolation threshold
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1.0000 -
@ Prolate ellipsoids (cf. CNTsat high
AR)
@ Oblate ellipsoids (cf. GNPs at high
L s XD 8e AR)
.. @ Spherocylinders (cf. CNTs at high
§ 01000 1 ‘ AR)
g ' Atube
E A0 @ disk
e} RS
] 8
5 ‘@ y = 0.828x0.937
© R =0.999
S
& 0000 | .
y=0581x0%52| " @
R? = 1.000 _1
pc. = constants - x
0.0001 ! ! ! | .
1 10 100 1000 10000 * Percolation threshold, p. results are
Effective Aspect ratio collected from the literature and our data

both indicate p. dominated by filler aspect

¢ | @ -~
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Percolation threshold, vol fraction

Relationship between particle morphology and percolation threshold

1.0000 1
@ Prolate ellipsoids (cf. CNTsat
high AR)
Literature @ Oblate ellipsoids (cf. GNPs at
‘ P high AR)
..' @ Spherocylinders (cf. CNTs at high
@) 0 AR)
0.1000 + .. O A our data (single system)
D‘ O tube/sphere
'.'E.."-.“ /
] @ disk/sphere
0.0100 - ‘
'.‘ y = 0.828x:0.937
., | _R2=0999
Q. .
".. "'..‘\ y T \
- -0.952 R
0.0010 | y=0.581x &
R?=1.000 RS
0.0001 T T T 1
1 10 100 1000 10000

Effective Aspect ratio

p. = constants - x~ 1

Sphere aspect ratio: 1
Tube aspect ratio: 100
Blend ratio: 1:1

Effective aspect ratio: 50

Blends of:
* spheres and disks (CB & GNP)
* spheres and tubes (CB & CNTs)
* Volume of each particle type the same

Blend ratios: 10/90, 30/70, 50/50, 70/30 and 90/10 by volume.
‘effective aspect ratio’ is volume average aspect ratio.

Data for blends fall close to lines for tubes and disks, confirming
dominance of high aspect ratio.




