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Introduction

» High demand of defect-free advanced fibre polymer composites
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Materials and materials models

* Ko K,y and K, = thermal conductivity ( W/mK)
 k; = cure rate constant ( per second)

i 2 2 2 i
Ky« % + KYYZTZ + K, (,‘;Z—ZT +q = pGC, % ; » A, = pre exponential factor (per second)
; i  E; = activation energy (J/mol)
q= err% * R =universal gas constant_(J-moI:l-K'l)
T * T= absolute temperature in kelvin

Cure Kinetics model (Zhang et al. 2009): * (= internal heat generated flux (W/m?)

; « H, =total heat reaction (J/Kg)
(0.6

ol * o =degree of cure

E:

: : (__1) Cure Kinetics parameters of
Arrhenius equation: k; = Aj e\ RT

epoxy (Zhang et al. 2009):

9 _ (ky + kp a™)(1 — o))"

Properties of epoxy (*Zhang et al. (2009) and *Substech A, (sec?) 20.77
datasheet) : A, (sec?) 0.821
Material : Density (kg/m?°), p 1225 E, (J-mol) 38330
Epoxy : Araldite LY 1564 Elastic modulus (MPa), E 2500 E, (J-mol) 20000
Hardener : Aradur 22962 Poisson's ratio, v 0.3 m 0.786
o _ Specific heat (J/kgK), C, 967 n 3.207

Mixing ratio : — '
Thermal conductivity (W/mK), K, =K, =K, 0.191 R (J-molt-K1) |8.314

Epoxy: Hardener = 4:1 . ol 6
Coefficient of thermal expansion ( °C) 50 x10 H. (J.kg™1) 277000




Methodology

Modelling of randomly distributed pores inside
an RVE:

Assumptions:

= Spherical pores.
= Location and diameter of pores are random.
= Pores do not intersect each other

= |ntersection of pores with RVE boundary is neglected

Diameter of spherical pores (Vajari et al. 2014) = 20
to 50 pm
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Structural Periodic Boundary Condition (PBC)

Implementation of PBC (Tian etal 2019): O Step 1: Categorization of node

* Inner face (excluding node on common edges and corners)
 Inner edge (excluding nodes of corners)
« Corner

Mesh size 12.5 um (C3D4)

O Step 2: Three reference points
« RP1 and RP2 for pure shear loading
« RP3 for pure tensile loading

O Step 3: linear multipoint constraint equation on each node
of boundaries ( *Abaqus manual)

uft — uf” — uRP =0

PBC constraint equations are automated in Abaqus via a user-defined python script.



Structural RVE Homogenization + UMAT

S, St
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N

Pure xz shear

Mesh size 12.5 pm (C3D4)

Mesh size 5 um (C3D4)
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To determine the effective properties of RVE:
1) &gk = &k and g;; = 0 for tensile deformation

2) e = 0and g = 1/, for shear deformation
herei,j,k=12and3and i #j

Total no of mesh elements in RVE = 253,636
Total no of constraint equation (PBC) = 3,783
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0 -0-Z Tension + 5% Pores with PBC

0 0.008 0.016 0.024 0.032 0.04
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Structural RVE Homogenization + UMAT

Isotropic linear elastic model (assumed quasi-isotropy)

0117 [A T+ 2u A A 0O 0 O]r€117
022 A A+ 2u A 0 0 O] €22
o33 _ A A A+2u 0 0 O0]] €33
a3 | 0 0 0 u 0 0]]2€23
013 0 0 0 0 u O0f|2€13
L@z 0 0 0 0 0 pull2e;.

Where A and p are lame’s parameters and given by:
E

2(1+v)
B Ev
(1 +v)(A1-2v)

u:G:

A

Where v, E, G are Poisson’s ratio, elastic modulus and shear
modulus.

UMAT with proposed ‘multilinear elasticity’

Stress (o)

A

) . .
On = Miicro scale (incl. pores)

On—1 Y |==- Proposed UMAT model

’f
’/
d

) ) [
»

@

A python script is written to automate execution of
proposed material model in abaqus

Strain (g)



Structural RVE Homogenization + UMAT

True Stress (MPa)

Single element verification with UMAT

Single element mesh size = 0.25 mm (C3D8)
Total no of constraint equation (PBC) = 21

OB HQR g

X Tension + 5% Pores with PBC
Y Tension + 5% Pores with PBC
Z Tension + 5% Pores with PBC
X Tension + Single Element + UMAT
Y Tension + Single Element + UMAT
Z Tension + Single Element + UMAT

5% Pores

Single element

0.01

True Strain

0.015

True Stress (MPa)

Mesh sensitivity parametric analysis for no of
divisions in UMAT
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15 2
10
5
0 . . . .
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Thermal PBC and Thermal RVE Homogenization

E | D Effective thermal conductivity tensor (k)i].: g g.igi
1 (q) ey . F
<k>1] — = \7_’1"1 kll k12 k13 % 0189 N
| AT ] (k>1] = |ka1 ka2 K3 £ 0187 1
' i+ | Vi =7 k31 Ksz ka3 g 0.185 1
1 j >
A’ C’ i -8 0.183 7
RP3 ] Where, 3 0.181 -
] A B (q), = Effective heat flux vector S 0.179 -
! : S 0177 -
. i T, = Temperature gradient vector =
T+ —TI- —TRP = P P J i F 0175 -
. _ i AT = Imposed temperature boundary condition i 0% 1% 2% 3% 4% 5%
11 = 4 i L;-Side length of the RVE the x; direction Porosity percentage
Heat flux (HFL) , - Temperature =
(mW/mm?) (°C) :
+3.34e+00 - '
B o | B
PBC constraint equations are automated +2.68+00 ; ‘
. . . +2.46e+00
in Abaqus via a user-defined python +2.24¢+00
. +2.02e+00
script. e
e | A
+1.14e+
B | A A
+6.95e-01 z X 12




Concept of Dynamic RVE
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Dynamic RVE is generated in the Abaqus by python scripting to automate preprocessing.
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Structural vs coupled thermo-structural homogenized cure model

Cure rate (s1)

Only structural homogenized curing Coupled thermo-structural homogenized curing

Degree of cure

Degree of cure

1
1
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1
1
1
1
1
1
1
|
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1
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1
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0.0015 - 0.12 0.16 0.2 0.24 0.28 2% Porosity i & 0.0015 A 0.12 016 0.2 0.24 0.28 —0-30AJ Poros!ty
1 @©
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0.0012 - i £ 0.0012 - —¢— 1% Porosity
0.002 : 8
0.0009 - 0.0019 4 | 0.0009 - decrens
0.0018 - i
1
0.0006 - 0.0017 A i 0.0006 -
/0/ 0.0016 - i
1 . T T T
. 052 054 056 0.8 i . 0.52 054 056 0.58
] ] ] ] ] ] ] ] I 1 T T T T T T T ] T
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1
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Autoclave curing

Air Compressor

In-house built Autoclave (w/ CF Composites, India)
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Conclusions

 Periodic boundary conditions with structural and thermal homogenization of RVE has been implemented.

» As number of multilinear divisions on UMAT increases, accuracy of results increases. For 10, 20, 50 divisions,
accuracy of results is same, so based on CPU time 10 division is suitable for analysis.

« With an increase in porosity by 1% at micro scale, thermal conductivity of RVE decreases by 1.3%.
« Adynamic RVE approach is proposed and coupled with thermo-structural homogenized cure model.

Next plan of work:

» Incorporation of reinforcement to simulate curing of fibre reinforced polymer composite.
« Experimental validation of Macro scale FE model for tensile and flexural test will be performed.
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