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Architecture-specific behavior of Non-Crimp Fabric composites under Mode-|
and Mode-Il loads
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Fracture toughness calculation
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Introduction — Delamination in composites

Crahworthiness — key criteria for adoption of composites as material of
construction for stress bearing applications in automotive

Delamination — one of the most critical energy absorption mechanisms

Critical strain energy release rates (CSERR) for delamination under Mode-l and
Mode-Il (G,. and G,,.) measured in this study

llc

Literature reports [1, 2, 3, 4, 5]:
G,  reported to be in the range of 240-500 J/m? for unidirectional (UD) composites
12% higher G, for cross-ply as compared to UD composites

G, is generally measured to be 2-3 times higher than G
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Introduction — Non-crimp fabric (NCF) composites

Multiple layers of unidirectional fabric, stacked at
different orientations

Limited crimp as compared to other textiles which
leads to superior in-plane mechanical properties

9()°
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Mattson, Mechanical Performance of NCF Composites, PhD
thesis, 2005, Lulea University of Technology, Lulea, Sweden

Rolfes et al, Strength of Textile Composites — A Voxel
Based Continuum Damage Approach, 2006, 1-24
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Materials — Carbon fiber/epoxy NCF composites

Fast-curing EPIKOTE resin TRAC 6150 (Hexion)
Heavy tow (50k filaments) PX35 UD300 carbon fiber NCF (Zoltek)
Fiber volume fraction = 45%

Plagues produced using High Pressure-Resin Transfer Molding at Fraunhofer
Project Center, Western University, London Ontario, Canada

Specimens extracted using waterjet cutting

Unidirectional ubD [0,],
Cross-ply CP [0,/90],
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Methods - Quasi-static test set-up

Test set-up:
Instron 8804 servo-hydraulic machine
5 kN load cell

' i AUTOMOTIVE
ACETNL - S T
~ WATERLOO 6 o SEXHIBITION

=Z Fraunhofer <D 6 cocrer o pinemics tuamtens

AUTOMOTIVE & COMPOSITES DIVISIONS



Methods - Quasi-static test set-up

Test set-up:
Instron 8804 servo-hydraulic machine

5 kN load cell

Specimen details:
Teflon insert in mid-plane
Thin coat of white paint applied at the edges

Specimen representation with Teflon
insert in mid-plane
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Methods - Quasi-static test set-up

Test set-up: Test name Double End Notch
Instron 8804 servo-hydraulic machine Cantilever Flexure
5 kN load cell Beam (DCB) | (ENF)

ASTM standard D5528 D7905

Specimen details: Dimensions (mm) 135%25%3 | 150%25*3
Teflon insert in mid-plane Rate of displacement 5 0.5
Thin coat of white paint applied at the edges | (mm/min)

Petrescu et al, Interlaminar Fracture toughness Behaviour for
CFRP Unidirectional Laminates using DCB Test, Annals and

Proceedings of DAAAM International, 2011, 22(1), 759-760
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Methods — Data Analysis

Crack lengths measured manually using Image)

Mode | data analysis:
Moving average filter applied to load data to minimize load cell noise

Load-independent equation used for Mode | fracture toughness calculation [6]:
. 36%h3E 4
™ 16a*

Mode Il data analysis:
Carlson method [7] used for Mode Il fracture toughness measurement:

_— 9P%q?
" 16FE,{b%h3

[6] de Verdiere et al, Influence of loading rate on the delamination response of untufted and tufted carbon epoxy non crimp fabric composites: Mode |,
Engineering Fracture Mechanics, 2012, 96, 11-25
[7] Carlsson et al, Chapter 6: Lamina Compressive Response, Experimental characterization of advanced composite materials, 1987, Prentice-Hall, 67-81
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Results — Mode | crack propagation in unidirectional laminate

Stick-slip behavior observed T
Areas with higher stitching sites arrest cracks
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Results — Mode | crack propagation in cross-ply laminates (1/2)

Stick-slip behavior observed
Transverse tow boundaries arrest crack
Cracks arrest every tow or every second tow

Increase in crack lengths correspond
load drops
Error of £0.5 mm in measurement
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Results — Mode | crack propagation in cross-ply laminates (2/2)

T 1. Crack instantly
: deviates from original
—~ : P
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Dark blue = Teflon-insert
Red = Crack propagation path
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Results — Mode Il crack propagation

: Cross-ply laminate 1
Stable crack growth observed in UD n—— i — 0 ‘

Crack propagated along mid-plane with minor deviations

Stick-slip behavior observed in CP
Crack arrests due to transverse tow bundles
Deviation from the original crack-plane
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Results — Fracture toughness calculations

Western
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Mode | fracture toughness of CP almost double
that of UD laminate

Wavy crack pattern and branching in cross-ply owing to the
resistance from carbon fiber tows perpendicular to crack
propagation

Mode Il fracture toughness of UD is more than
three times the Mode | fracture toughness

Mode | and Mode Il fracture toughness values
similar for CP

G (J/m?)
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Results — Mode | failure surfaces

Unidirectional Cross-ply 1+

—

f < i

Crack is propagating along 1-
direction from left to right

Unidirectional layup:

Crack propagates along fiber-matrix
interface

Evenly spaced lacerations observed
at free edges, while a plane fracture
surface was present in the center

Free edges are in a state of plane
stress

Cross-ply laminate: oyl e
. . . R B e _ e LS RSN NIRRT i

Matrix deformation between fibers e :
in 2-direction

No discernable distinction between
free edges and center

AUTOMOTIVE
UNIVERSITY OF X Egﬂfﬁilﬁg

EE WATERLOO 15 e CEXHIBITION

SOCIETY OF PLASTICS ENGINEERS

AUTOMOTIVE & COMPOSITES DIVISIONS

Western g

Z Fraunhofer



Results — Mode Il failure surfaces

Unidirectional Cross-ply 1<

Crack is propagating along 1-
direction from left to right

No distinction between
features on free edges and
center

Evenly spaced hackles found

in  the matrix material
between fibers
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Summary (1/2)

Mode-I| fracture toughness:
Stick-slip behavior observed in both laminates

Crack propagates along fiber-matrix interface without deviating or branching in
unidirectional composites

Crack follows a wavy pattern in cross-ply laminates
Branching of cracks observed in cross-ply laminates

Mode-Il fracture toughness:

Stable propagation achieved in unidirectional laminae and stick-slip behavior
observed in cross-ply laminates
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Summary (2/2)

Fracture toughness calculations:
G,. of unidirectional lamina was almost twice that of cross-ply laminate

In the case of unidirectional lamina, G, was more than thrice the G,

G,.and G . values were similar for cross-ply laminate
493 (£30.21) | 1840 (£342)
1125 (£247.48) | 1087 (+106)
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Unfiltered Mode-I data
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Raw Load vs Extension (UD, [0],)

Raw Load vs Extension (CP, [0,/90].)
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Crack length measurement under Mode II
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Crack propagation characteristics
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R-curves

Fracture Toughness calculation ([0,].) Fracture Toughness calculation ([05/90],)
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