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Spa ce @ AML / UUoOP Participation in R&D activities for Space

ESA-GSTP-(2013-2014) NAFO: Use of Nanocomposite reinforced Foams for Manufacture of
Superlightweight Stiff Sandwich Panels

ESA-GTF-(2012-2015) NANO-2: Design, Development, Manufacturing and Process Monitoring for
structures of nano-modified multifunctional pre-preg materials targeting near term space applications.
ESA-GSTP-(2011-2013) NACO-2: Non-conventional Matrix / CNT Reinforced Composites for Applications
in Space - 2.

EU-FP7-SPACE-(2011-2014) DEORBIT-SAIL: De-Orbiting of Satellites using Solar Sails

ESA-NPI-(2009-2011) MINERVA: Methodology for Innovative Health Monitoring of Aerospace structures
using dynamic response measurements and advanced signal process.

ESA-TRP-(2010-2011) NAREMA: Nanotube Reinforced Structural Materials for Spacecraft Applications.
ESA-TRP-(2009-2010) DELAT: Delamination Assessment Tool for Composite Structures.

ESA-GTF-(2008-2009) NANO: Nano-modified fiber reinforced polymers in terms of mechanical, electrical
and thermal properties towards the development of new materials for space applications.

ESA-GSTP-(2007-2009) NACO: Non-conventional Matrix / CNT Reinforced Composites for Applications in
Space.

. ESA-EDU-(2004-2007) YES2: Second Young Engineers Satellite Project. University of Patras YES2

Mechanical Center of Expertise.

AML/UoP is member of the University of Patras Cube-sat QB50 Team (UPSAT)
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Adamant Composites Ltd.

A@A MANT
P O S T E 5
* Young SME company * Competences
e Foundedin 2012 — Multi-scale reinforced

. Composites
 Based in Patras, Greece P

— Composites Processing and

* Highly experienced Manufacturing

mechanical and aeronautics . . . :
, — Engineering Design and Analysis
engineers

www.adamant-composites.gr
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Overview of presentation

e Systemic approach of nano-reinforcement

* Review of implementation approaches for nano-
reinforcement of composites

e Up-scaling strategies towards final structures

* Modeling capabilities for nano-reinforced
composites
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* Nano-composites have been around already since
the ‘90s

 CNT gave a boost to research of nano-composites

The tipping point
Nano-modification of FRP matrix
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Multi-Scale Composites
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Multi-Scale Composites

Carbon Nanotubes
Nano-scale

Mag = 582KX EHT = 10.00 kv FORTH/ICE-HT

2pm WD= 5mm

Signal A = InLens Noise Reduction = Pixel Avg. Zeiss SUPRA 35VP
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Use of nanotechnology For structural applications

* Nano-augmentation

— augment existing or new materials with nanomaterials
with significantly enhanced properties for improvement
of the structural and functional performance, and
therefore reduction of structural weight and cost

* Nano-engineering
— targeted use of different nanomaterials

* Nano-enabling

— Nano-only

Edelman et al. Nanocomposites for Future Airbus Airframes, October 2008

Applied Mechanics Laboratory/UniPatras — Adamant Composites - ESA 9" ESA-MNT, Lausanne, Switzerland / 10-13 June 2014



Background Questions

* Progress has been made, but where do we stand
after >10 years?

* What do the end-users see and say?
* Focus is on structural nano-composites
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Framework of presentation

e Structural Composites: E > 10GPa, o > 50MPa
* Fibrous composites = Manufacturing methods
* Review from the manufacturing perspective

Mechanical
J

* Multi-functional performance
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State-of-the-Art Approach

e State-of-the-Art Approach
— PROCESS

|

PROCESS ), 4 MATERIALS

» AC/prepreg process |
* Infusion-based/RTM processes '
— MATERIAL
* Nano-materials used in /> Composite manufacturing
. process
literature for what property ? —
— Electrical / ( *
Production Steps
— Thermal - \
- Mechanical Reinforcing Concepts
— Damping . T
p A
— EtC. / \/7 Literature
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State-of-the-Art For Prepreg/Autoclave

* Prepreg/Autoclave conventional process

L L R L L L L e T T L I

. Supplier ;; Manufacturer
1]

| - -
! : " | Il.Preparation of lIl. Lamination IV. Composite V. Post Production |
: |. Raw Materials ,:,',_ materials Process Production IFI‘I:II:EBS Process I
. I n L I ' I '
' - Prepreg :: - Cutting to size - Layup - Vacuum - Demoulding :
- other I - Assembling - Temperature - Tempering :
\ i - other - Pressure - Finishing :
! " Curing i
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Beyond the State-of-the-Art For Prepreg/Autoclave

|. Raw Materials Provision
Nano-Species Fm-ﬁmg Material
Raw Material Provision rovision
[Mano-materials production [premiar suppliars of
companies) compasite materals)
4 4 lll. Production nano-doped composite
N\ \ structures via Autoclave
Transformation of .
raw nang-species I — Ply Cutting
products to [_‘_.>
imermediate: form Nano-Enabling Step
-
.1rn|r.-|1|ur| Laminatian Hnuld
Production &
\ Vacuum HrEIEI'”E Preparation
L r
i oy
@ Aut:claan [hen
FL”II FII.-IP |-I|.| ||||

De- rrnull:mg f

NOT Inspection
Trimming

l. Nano-enabled Prepreg Production

Generic nann-enahled FRPflat
product produced via autoclave.
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State-of-the-Art For Resin Transfer Techniques

Moulding

e, ETIENET

i cutting to size
== preheating

preforming

assembling

curing/ '
cross-inking demoulding trimming = il
tempering finishing:
rinding, polishin
"‘9 P ° p-aintﬁmpo ’
Il. Preparation of Ill. Lamination IV. Composite V. Post Production N i
. Kaw Materists materials Process Production Process Process ‘I/
- Fabrics - Cutting to size - Layup - Moulding - Demoulding
- Resin - Preheating - Injection - Tempering
- Hardener - Preforming - Curing - Finishing
- other - Trimming
- Assembling
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Beyond the State-of-the-Art For Resin Transfer Techniques

* Nano-Enabled FRPs through Resin Transfer

COMPOSITES MANUFACTURING
Nano-enabled Infusion-based - RTM

. l. Preparation of lll. Lamination V. Composite V. Post Production
|. Raw Materials materials Process Production IF'n:u:.mss Process fl>

L]
- neFibres - Cutting to size - Layup +nefabric - Moulding - Demoulding
- neFabric - Preheating - Injection - Tempering
- neMatrix - Preforming - Curing - Finishing
- other - Trimming
- Assembling
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Approaches for nano-
augmentation

Bulk matrix modification

NANO-
AUGMENTING APPROACH SCHEMATIC EXPLANATION
ELEMENT

Matrix Nano-doped Preferential orientation through thickness
resin

Qiu et al. Nanotechnology 18 (2007) 275708

t al. Polymer 46(23), 10269-10278 (2005)
25KV - x5/
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Approaches for nano-
augmentation

Targeted growth of CNT

NANO-
AUGMENTING APPROACH SCHEMATIC EXPLANATION
ELEMENT

Fabric Nano-doped fabric, Wicks et al. Composites Science and Techn
Nano-reinforcement £8
grown on fabric,
Transplanted

Constant pressure
Prepreg ply<_ =2 !»

Aligned
CNT forest
<

ology 70 1 (2010) pp. 20-28.

;Wﬁg \
/RN %ﬁ

Interlaminar

v

Detall of FFRP Microstructure

Roller

Silicon"substrate
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Approaches for nano-
augmentation

Other techniques

NANO-
AUGMENTING APPROACH SCHEMATIC EXPLANATION

ELEMENT

Matrix/ Nano-doped
Laminate liquid (resin or
Interlayer solvent),

Spray coating
or Printing

Fabric Nano-doped
fibre sizing
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Approaches for nano- Other techniques

augmentation
ANO
A APPROA A DI ANA ()
Matrix/Laminate Nano-filled
Interlayer polymer particles,
Dry nano-
particles
Laminate Nano-doped
Interlayer slurry/paste for
Filming
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Approaches for nano-
PP Nano-augmented fibres

augmentation
e —
NANO-
AUGMENTING APPROACH SCHEMATIC EXPLANATION
ELEMENT

Laminate Nano-doped
Interlayer polymer fibre in
fabric/veil form

Zhang et al. Science, 306 (2004), pp. 1358-1361
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Approaches for nano-
PP Nano-augmented fabrics

augmentation
NANO-
AUGMENTING APPROACH SCHEMATIC EXPLANATION
ELEMENT

Fabric/ 3D
Laminate microstructure/
Interlayer preform of

nano-particles
(Buckypaper)

Buckeye composites Florida State University Wang et al. Nanotechnology 2008;19(7):075609
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Scientific Origination

e Carbon Nanotubes
* Other Carbon-based species

Mag~ JI6KX EHT = 15.00 kV
2 W= dmm
— signal A = InLeme Nolse Reduction = Line Ave

FORTHRIE-HI
LEO SUPRA ASVP

EHT = 1500 kV
T W= 4mm

p— Sigeal A - InLen Nolee Reduction = L Avy

FORINICE M
LEO SUPRA 35VF
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Former ESA Project NAREMA survey

CNS Type

m CNT
m CNF
CB

"

= EPOXY

» CYANATE-ESTER

Matrix type

Phenol formaldehyde resins
(PF)
= POLY/VINYL ESTER

» POLYIMIDE

9™ ESA-MNT, Lausanne, Switzerland / 10-13 June 2014

® MW-CNT
= DW-CNT

SW-CNT
m CS-CNT
» XD-CNT
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Extending the

, Towards nano-engineering
nanomaterials pallete

FIHRTIFICE - IET
LEG ®UFRA L

(d) Nano-clays

_. = n.ﬂr"l "-l_.-—_'—.-:'

""'_-"L-:"'-'T""?'r'ﬂ'_'-' Tetrahedral sheet

_1-'-,‘
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Achieved performance

e Mechanical

— Increased Fracture and Fatigue resistance
* e.g.100% Gic, 80% Giic

— Improved damage tolerance
* e.g. up to40% CAIl

 Electrical

— Increase in trough thickness electrical conductivity
— Up to 10 [S/m] using CNT

* Thermal
— Improvement in through thickness conductivity
— Up to 50% using hybrid nano-formulations
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Indicative nano-enabled

Products

products for composites

BuckyShield (Buckeye
Composites, USA)

Raw MWCNT & Epocyl
(Nanocyl, BE)

Baytubes (Bayer
Materialscience, D)
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Implications of
nanotechnologies

For industrial use

Challenge Description

Incompatible production The proposed approaches work well at lab scale but investment on new
scale production lines and processes are required to bring these technologies to
industrial production.

Compatibility with existing  Many of the proposed technologies require alternations in the supply chain
production methods and the production processes or at best special handling conditions

Materials used are very It is very often the case that the results achieved are specific on the materials

specific
Commercial availability and Commercial availability of the materials is limited or restricted for certain

used and are not transferable to industrially used materials.

proprietary information ~ Products (e.g. resins, fibres).

Quality assurance in Quality assurance measures are not yet defined for such nano-enabling
industry processes and in some cases may violate already established standards.
Performance

Technology adoption drivers: Compatibility
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Importance of modelling

Why modeling?

@NANO-scale

* The road to the launch

Mission
Definition

Modeling
“If you cannot model it, you can't fly it”
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Nano-modeling capabilities Background

* Based on physical and chemical principles,
predict material properties

* Understand trends and capabilities of materials

* To predict the performance of the materials
under service conditions

* To design materials according to application
needs
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Nano-modeling capabilities Available approaches

Modeling Methods

Computational . . Computational
Chemistry EEE) | Multi-scale Modeling —p e

Modeling Tools

Quantum Mechanics Nano-mechanics Micromechanics Structural Mechanics

Discrete Molecular Structure | Continuous Material Structure

'I‘

a
\ 4

Spatial Scales (m)

1010 10 109 10°
Time Scales (sec)

|

|

1055 1010 10« —*
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Nano-modeling capabilities

e Interphase’s Kapitza Conductivity kg, & Thickness t, Influence

Effective Thermal Conductivity kef W/m*K)

1% CNTs Content CHTs Content

1.80
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140

1.0 //
1.00 , s -

0.0 — —1/

060 —

nan

L]

.04

IOQE-10 1OOE-OF 1.0VE-OF 1.00E-0F LOOE-OF 1.ME-DS I.00F-04 I[.00E-03 I.00F-02 I.00F-0I 1.008+00

Kapitza Thermal Conductivity k. (W/m*K)

—s+—ielnm —8—i=5mm telbmm oo Perfectly Bonded = = Experimental Value

Electrical and Thermal

properties

Percolation studies

& Expemental Yolies

1E-] | O AR5 IRYE siza worisbla ¢ Ko CHTes 5070
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| A AR=5) I FYE st waniabla | Ho CHTe= 100- 55

= thia] Pt slation Cunve a=t

% 05% 0F% 0T 0F% 0% i

CNT CONTENT [, w.f]

A 1 1% 1% 17 LB 5% 16N
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Nano-modeling capabilities Multi-physics problems

Experiment

. — "t
i 2 "v-"“ 1 . . _’
T o _/‘ Avorage iavea
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FEA Model -
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¥ S —
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Estimation of TRL NANO-ENABLED COMPOSITES HYPE

A Peak of Expectations
¥
S
'-E ‘ TRLA
~r 4 N s EEEEEEEEEEEEEED
I 0 N
st /N
Plateau of Productivity
Slope of Enlightenment
Technolg .” Trough of Disillusionment
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‘ ESANACD o 0"’
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>
2000 2002 2003 2010 2013 2020 Time
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Perspectives

e Targets to be achieved still remain:

— Enable passive multifunctional utilization
* Thermal conductivity
* Electrical conductivity
* EM compatibility

— Reduce mass and improve strength
* “Made to Measure” materials Made-To- /
~ Measure
Philosophy \

\ 4
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Nano-materials palette For nano-enabled composites

\
\

._ Mechanical "

\ Electrical
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Nano-Enabling Technology For prepregs

* Applicable to already commercial prepregs

* Develop a suitable nano-formulation
* |Introduce the nano-formulation into the material
* Calibration trials for composite processing

e Evaluation of the produced composite’s
performance

* Given the requirements (input) we develop the
nano-formulation and run the evaluation process
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Achieved performance Mechanical

Cyanate ester prepreg with CNT formulations

60,00

50,00 |

—

40,00 -

30,00 -

20,00 |

Interlaminar Shear Strength [Mpa]

10,00 |

0,00 -

Reference Low Content Medium Content High Content
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Achieved performance Thermal conductivity

Cyanate ester prepreg with CNT and Hybrid formulations

140% Hybrid
CNT -based formulations founiations
L 120% T
a0 - ;
e -
| % T -
> 100% I 1 1
>
o 80%
S
ge]
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Achieved performance Dynamic Mechanical Analysis

Cyanate ester prepreg with CNT formulations

20000 ,
High
— Medium
- Reference

15000
)
o
3
g
= 0]
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< 10000
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©
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