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Advantages:
Specific strength
Specific stiffness

Disadvantages:
Poor damage tolerance
Low toughness

Laminate level
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Ashby, Materials Selection in Mechanical Design, 2011
Dalfi et al. Polymer Composites (2019) p. 4573-4587

Thermosetting composites advantages and disadvantages |
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Barely visible external damage can lead to

significant delamination

Transver se
crack ply

Ply level

Delamination

Intra-ply level

Fibrematrix Matrix cracking
debonding

How to balance these properties?
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MANGHIIER Hybridization in composites: an overview icon 2 )
The University of Manchester ‘ Ao
Hybrid Composites: Balance in-plane and out-of-plane properties S

Cost-effective solution to improve damage tolerance
* Fibre hybridization (i.e. two or more fibre types)

* Matrix hybridization (i.e. two or more matrix types)

Hybridisation scale: N\

S-glass/PP/epoxy _
° Inter-layer H _ - (Dalfi et al., 2019)

* Intra-layer m
* Intra-yarn
(Swolfs et al., 2014)

a b

Swolfs et al. Composites Part A (2014) p. 181-200
Dalfi et al. Polymer Composites (2019) p. 4573-4587.

Conducive failure modes to improve damage tolerance
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Solid/Hollow fibres hybridization: an opportunity (QZAD)
N
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v Hollow fibre can be used as
a channel to inject resin and
repair the damaged
structure

v' Alter the specific elastic
properties and micro stress
fields compared to the non-
hollow hybrid RVE

1 Intra-laminar fibre
hybrid lamina
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Matrix o Hollow fibre . Solid fibre

(x3,x3)
X3 6max
d—> X5
1 .1
(x2,%3)

Yang et all. 2013b. Composite Science and Technology. Pag. 14-20.
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Periodic Boundary Conditions -
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Periodic microstructure Periodic displacement

ﬁ(O, X2, x3)' ﬁ(D; X2, X3) = 71)
xz l_/l)(xl, O,Xg)"l—l)(xl,l;,xg) =£?
ﬂ)(xli X2, O )_ ﬂ)(xli X2, L ) - U3
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1 Lamina constants
61']' = V_[ Gij dV
v E11A
1 lizz = 1233
Sij = Vj Eij av GlZ A= 013
v G23
Vio =V
23

v o j» €;j are the micro stresses and micro strains

Intra-laminar fibre

hybrid lamina v’ 6y}, §;j are the macro stresses and macro strains
(Banerjee etal., 2014) Assumptions: _ _ . .
£ & E. |G c c v" Linear elastic behaviour of the constituent materials
11 22 — %33 12 — %13 23 v . . . .

--- ¢ Isotropic or transversely iotropic fbres

71294 23 é 3(:5} o 2 o 35 i gg ¥ Nomicro voids

' ' ' ' ' v' Perfect fibre-matrix interface bonding
3.5 1.29 1.29 0.35 0.35 1.29 v

No yielding or failure

Banerjee et al. 2014. Composites Part B. Pag. 318-327.



The University of Manchester ‘ BELFAST 2023

Validation of the RVE model QCCM 23')

(Banerjee etal., 2014) "' i

The comparison of the homogenised lamina properties of carbon/epoxy lamina (with V¢~ 0.60) using the RVE and analytical models .
e Rule of mixture

E11 Ezz = E33 G12 = G13 623 = 9 E\1 = Eirc Vic+ E11g Vig + Em Vi
[GPa] [GPa] [GPa] [GPa] =

158.63 + 0.00 895+ 0.03 5184005 3154001 0254000 0444000 12~ VizcVre+Vizg Vg +Vm Vm
Analytlcal 159.20 8.61 4.41 3.06 0.26 0.41 Modified Halpin-Tsai

Variation (%) 0.36 3.95 17.46 2.94 3.85 8.14

The comparison of the homogenised lamina properties of E-glass/epoxy lamina (with Vs; = 0.60) using the RVE and analytical models

E E E G G G E 1+ E(chfc + ngig)
11 22— 33 12— 13 23 _ G, — (Ve +MaV5g)
DT 44.8240.00 13.98+0.31 5. 53 +0.11 5134004 0.5+ 0.01 0.38+0.01 5Fibre packing material combination)

n(Loading, )

Analytical 44.84 12.21 4.47 4.32 0.25 0.40
Variation (%) 0.04 14.50 23.71 18.75 0.00 8.03 E=Ey =Es
G =G =0Gq3

The comparison of the homogenised lamina properties of carbon/solid-E-glass/epoxy lamina (with Vs ~ 0.15 and V¢; ~ 0.45) G=Cp=0C
using the RVE and analytical models T

T - Transverse Isotro
Eiq Eyp = E33 Gz = Gy3 G23 D= D % . . Ep by
[GPa] [GPa] [GPa] [GPa] e TS = V23 = Vr =27 —1

T 74.36 + 0.00 1234+ 0.16 5.33+ 0.08 440 +0.02 025+0.00040+000 _
Analytical 73.43 11.27 4.45 431 0.26 0.31 Variationsare due to the packing system

T and element strateqy used in the
Variation (%) 1.27 9.49 19.78 2.09 3.85 30.11 reference-> £ chosen

Banerjee et al. 2014. Composites Part B. Pag. 318-327.

1+ E(T]chc + T]gig)
1- (chfc + T'I,gi,g)

E’_
= -
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The comparison of the homogenised properties of carbon/epoxy (L-1), E-glass/epoxy (L-2), carbon/solid-E-

Specific elastic properties

glass/epoxy (L-3) and carbon/hollow-E-glass/epoxy (L-4) laminae.

. E11 E22=E33
| e

158.63 + 0.00

44.82 + 0.00
74.36 £ 0.00
67.81 £ 0.00

8.95+ 0.03
13.98 +£ 0.31
12.34 £ 0.16
10.60 £ 0.04

612 = 613
[GPa]
5.18 + 0.05
553+ 0.11
5.331+ 0.08
498 + 0.04

623 1/) — 1/) 1’)23 :6
[GPa] ta s [g/cm?]

3.15 +0.01
5.13 + 0.04
4.40 + 0.02
3.67 £ 0.00

0.25 %+ 0.00
0.25+£0.01
0.25 4 0.00
0.25+ 0.00

0.44 +0.00
0.38 £ 0.01
0.40 £ 0.00
0.44 £ 0.00

1.58
2.04
1.93
1.70

|CCM 23
\ SR

VfH—net ~ (0.36

209% hollowness

The comparison of the specific homogenised properties of carbon/epoxy (L-1), E-glass/epoxy (L-2), carbon/solid-E-

glass/epoxy (L-3) and carbon/hollow-E-glass/epoxy (L-4) laminae

é12/ﬁ = é13//5

Eyp/p = E33/p

GPa. cm3/g
100.15 + 0.00 5.65 + 0.02 3.27 + 0.03 1.99 + 0.01
21.97 + 0.00 6.85 + 0.15 2.71 + 0.05 2.51 + 0.02
38.61 + 0.00 6.41 + 0.08 2.77 + 0.04 2.28 +0.01
39.95 + 0.00 6.24 £ 0.02 2.93 £ 0.02 2.16 £ 0.00

carbon/hollow-E-glass/epoxy density comparable to carbon/epoxy

E,,/p and G,,/p are slightly higher in and carbon/hollow-E-glass/epoxy than carbon/solid-E-glass/epoxy.

The hollow fibre content lowers the specific transverse elastic properties (E,,/p, Ez3/p and G,3/p) compared to E-glass/epoxy lamina.
E,/pand G,,/p = G,3/p are increased compared to E-glass/epoxy
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 Slightly higher maximum stress for 20% hollowness
[ ]

Stress redistribution and larger stress amplification region
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Conclusions

» The effective density of carbon/hollow-E-glass/epoxy lamina is comparable to that of carbon/epoxy lamina.

» Higher longitudinal modulus (E;,) is obtained for carbon/solid-E-glass/epoxy and carbon/hollow-E-glass/epoxy
laminae when compared to that of solid-E-glass/epoxy lamina.

* An increase in the transverse Poisson’s ratio (V,3) is observed in carbon/hollow-E-glass/epoxy lamina because of the
hollow fibre content compared to solid-E-glass/epoxy lamina.

« The hollow fibre content lowers the specific transverse elastic properties (E,,/p, Ezz/p and G,3/p), while having a
negligible effect on the major Poisson’s ratios (v, = V;3) compared to solid-E-glass/epoxy lamina.

« The specific longitudinal elastic modulus (E;,/p), and the specific longitudinal shear modulus (G,,/p = G,3/p) are
increased compared to solid-E-glass/epoxy.

Future work

Alter the micro stresses and
specific elastic properties

Investigate different carbon/E-glass/epoxy fibre volume fraction
Investigate different hollowness % for hollow E-glass fibres
Interfacial stresses analysis

Progress damage modelling
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Thank you for
your attention!

Questions?
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