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Polymer nanocomposites: polymers filled with nanoparticles at low loadings
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Nanoparticle properties: high stiffness; high conductivities, high surface-to-volume ratio

Challenges: dispersion/distribution and interfacial behaviour
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Ma et al. (2010), 41: 1345, Comp. Part A.
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IINM Research
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Modelling Methodoloqy: overview
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Morphology K

——— Polymer constitutive law TEM, XRD, AFM
200 = 85°c i
i :&Ec 4 :’/’ )
2 100 \ A &
= - ’
7 3 ¥
g s0 . R F
< '/,:) ’ g
l]'on.cu 0.5 1.0 15 2.0 " ¢ Y
‘
'
-‘—-’—:
¥

truction:
Interface/interphase reconstruction

RVE /

NS Sy uy / S
Homogenisation

cmofiller properties Localisation A‘/é

) A"’

AAN

WARWICK



Reconstruction of initial morphology

TEM/XRD Experiment Digital reconstruction
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Acceptance-rejection algorithm
« Draw samples (e.g. orientation) from a given distribution
(e.g. skew-Gaussian)
 Intersection/overlap checks
« Ensures global/local periodicity
* Implementation: Fortran (2D) and Python (3D)
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Examples of 2D and 3D models

2D models 3D models

— . . . D. Weidt, £. Figiel / Computational Materials Science 82 (2014) 298-309
L. Figiel/Computational Materials Science 84 (2014) 244-254 D. Weidt, £. Figiel/ Composites Science and Technology 115 (2015) 52-59
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Constitutive model: polymer matrix

Stress-strain behaviour around Tg
- entangled polymer

Glass-rubber model
‘bond-stretching’ (B) | ‘conformational’ (C)
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Total Cauchy stress tensor:

o =06,+6.+0,1 where o, =K; InJ

A

) ) < O A _
Bond-stretching (B) stress tensor: JB+T_B =2G,D where Tg = z'B(aT,aS,aa)
B
. 5'% 1 o
Conformational (C) stress tensor: &M = (') (") = (x(') T.N )
k:l
Stress-induced crystallisation: Oc20cqiw  where  Ocgit = Oc it (aT,aS(S), D)
CP BLI:L'HE_V CY LEW,-"PU!_]H]".IET 52 (2011) 1803—1810 E Figiel er al  Modelling Simul. Mater. Sci. Ene. 18 (20109 G15001

L. Figiel, CP Buckley / International Journal of Non-Linear Mechanics 44 (2009) 389- 395
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Constitutive model: interface/interphase/gallery

Surface
modifier
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C. Pisano, L. Figiel/Composites Science and Technology 75 (2013) 35-41
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Scale transitions: macro-to-RVE & RVE-to-macro

: E
Macroscopic level macro

RVE level Mechanical field
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Non-mechanical field Ve RVE
Tangent operator r
_ pef RVE
QRVE (X) - QRVE + Vmacrogmacro "X+ gf (X) 0 N
C — O.macro 1
1 macro - f ® X
qRVE - V j CIRVE (X) dVRVE agmacro VRVE - v )
RVE VrvE
I. Gzdemir et al./ Comput. Methods Appl. Mech. Engrz. 198 (2008) 602-613 L Figiel er al  Modelling Simul. Mater. Sci. Eng. 18 (2010) 015001
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Case study 1: Secondary processing near Tq

After melt extruswn
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Experiment Simulation
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Morphology evolution with applied deformation TEM image analysis
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Nanocomposite sheet during thermoforming (100°C, 1s-1)
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Case study 2: Rate-dependent response |,

e CFRP laminates under impact loading U
Opening of matrix cracks (brittle nature of epoxy) |
— delamination at the interfaces, structural degradation

e Hypothesis: CNT/epoxy surface coating will enhance the impact
resistance due to an increase in energy dissipation/absorption.

(2) ENEphdiroat indolimeaf ANDonagkidmidgirthe matrix
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MWCNT properties Matrix behaviour

Elastic constants Strain energy function
zig-zag __ 4\/§Cr

E33 = Ab:ACOA\.(,\il),T,NC,OL)

(e /2)[9+3(C, 7/ C, )/ (21,) |

Edwards & Vilgis (1986), 27: 483, Polymer

— —1+(Crr02 /ca)/(znz) | |
3+(C,,21C,) 1 (21,) ejuvenation
gv
T =T .+ -T l1-exp| —
s — S%nzsinz (ﬂ/Zﬂ)Cr fo fo0 (Tfooo fao)l: p[ 8(\)/ ]}
31 =

2 2
(rCNTIZ)” (6+Cfr° / C") Buckley et al. (2004), 52: 2355, J. Mech. Phys. Sol.

:14+12COS(7Z'/n)—2COSZ(7Z'/n) Ad|abat|c heating
10+4cos(7/n)—6cos® (z/n) .
> lr_ = _p.=e7 QACT
Shen and Li (2004) Phys. Rev. B. T= ol D-6":D ]——C
Buckley et al. (2004), 52: 2355, J. Mech. Phys. Sol.

7,

MWCNTs parameters
Longitudinal modulus EF="/Eg=="" €87.21/1051.1 Values of model parameters

(GPa) _ _ . Epon 828/Jeffamine T403
Major Poisson's ratip yErsen /== 0.12807]
- 0.13686 Shear modulus G (Pa) 0.87e+9
Longitudinal shear modulus Gy, (GPa) 204.71 Bulk modulus K (Pa) 3.078e+9
In-plane bulk modulus K2 (GPa) 112.11 Glass transition temperature Tz (K) 353'_
In-plane shear modulus Gia (GPa) 2.0256 Density p (kgm *) . 11407
) o ) Number density of crosslinks Nz (m ¥) 5.7e+27
Weidt & Figiel (2015), 115: 52, Comp. Sci. Techn. Inextensibility factor of network = 0297
Final fictive temperature Ts... (K) 372
Linear viscoelastic relaxation time 1y (5) 2.02e+b
e.g. C, bond-stretching constant; C, bond-angle variation Rejuvenation strain range & 0339
constant; n - chirality Weidt & Figiel (2015), 115: 52, Comp. Sci. Techn.
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Interface behaviour

CNT pull-out via MD
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Weidt & Figiel (2015), 115: 52, Comp. Sci. Techn.
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Weidt & Figiel (2015), 115: 52, Comp. Sci. Techn.
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RVE size: (a) s (b) 02 (c) 20
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True stress [MPa]

CNT aspect ratio

Stress-strain rate response, and related parameters
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Concluding remarks

Computationally-efficient & accurate, multiscale approach
can assist in the optimisation of processing and property
enhancements for polymer nanocomposites

Further work ongoing on:

Linking with molecular simulations to account more accurately for
nanoparticle functionalization & nanoparticle-polymer interactions

Description of nanoparticle functionalization-related uncertainty

Computational efficiency enhancement for localisation-
homogenisation scheme through model reduction and parallel
processing

Incorporation of non-mechanical fields (e.g. thermal, electric) into the
scheme
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