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D-STANDART objective

Project intention

What?

To develop rapid methods to
characterise fatigue
damage in composites and
sustainability of composite
supply chains; and thereby
model the durability and
sustainability of large-scale
composite structures with
arbitrary layups under
realistic conditions
(operating loads, application
environment, and impact of
manufacturing defects)

e

How?

) Through minimal and
accelerated testing of
generic specimens

) Transferring the results of
the experiments to large-
scale structures using
artificial intelligence and
machine learning

Effect?

Enabling reduced time-to-
market, material waste, and
increased lifespan of
composite products in the
aerospace and wind energy
industries
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D-STANDART approach

DIGITAL THREAD
Test
methodology

Approach to accelerated
fatigue test standard

IMPACT

Addressing the “how” of the objective

A\|

DIGITAL THREAD
Materi

characteris

Repository of material data
for specimens with & without
defects under fatigue loading

e

Al-enabled
material modelling

Repository of validated
multi-scale models

A

Reduced design & testing times, more reliable fatigue modelling, higher fatigue
performance, reduced time-to-market, sustainable-by-design products

DIGITAL THREAD

Life cycle

assessment

Demonstrating the impact
of D-STANDART approach

e
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Fatigue in Composites - Definition

Fatigue in composites is the phenomenon/mechanism by which fluctuating (service) loads induce
permanent structural changes through the initiation and propagation of damages. These
changes include a loss of material stiffness and/or load carrying capability which may lead to structural
failure below the monotonic failure stress.

Stress

Residual strength

Damage growth

Applied stress

Time
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Overview of the field

e First research: 1950s
e Currently: 800 papers/year

International Journal of Fatigu

134 (2020) 1

International Journal of Fatigue

journal homepage: www.elsevier.com/locate/ljfatigue .

Contents lists available at ScienceDirect

The history of fiber-reinforced polymer composite laminate fatigue

Anastasios P. Vassilopoulos

fi»

Composite Construction Laboratory (CCLab), Ecole Polytechnique Fédérale de Lausanne (EPFL), Station 16, Bdtiment BF, CH-1015 Lausanne, Switzerland

ARTICLEINFO

ABSTRACT

Keywords:
Fatigue
Composites
Review
Damage

Life prediction

Investigations of the fatigue performance of composite materials have accompanied their introduction in several
engineering domains since the 1950s. An abundance of publications have emerged dealing with the experi-
mental investigation of the fatigue performance of composites under different loading and environmental
conditions, as well as the development of theories for the modeling of the fatigue behavior and/or prediction of
the fatigue life of the materials systems under consideration. This work aims to briefly review and present the
history of fiber-reinforced polymer composite laminate fatigue investigations, dividing the last 70 years into
three periods. The early 1950-1975 period, when the “new” materials and their behavior under (simple) fatigue
loading patterns were discovered. The mature, 1975-2000 period, when more loading and material parameters
were investigated and the basic theoretical background was established. And finally, the later period, in the new
millennium, when more detailed experimental campaigns were performed (assisted by developments in a
multitude of engineering and scientific fields) and parameters that had previously been overlooked by re-
searchers were taken into account

S-standart




Taxonomy

 What breaks?
* Matrix

Hallett et al (2009)

Global phenomenon -> crack density (cracks / mm)

Thesis Xi Li, (2022), TU Delft
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Taxonomy

 What breaks?
* Matrix
* Fibres
* Fibre-Matrix interface

10,000 357,000 1,223,000
Gamstedt & Talreja (1999)
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Taxonomy

 What breaks?
e Matrix
* Fibres
* Fibre-Matrix interface
 Ply interface (delamination)
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Image: Wenjie Tu
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Damage Evolution

Transverse cracking
* Multiple damage modes occur = dominant
simultaneously B N
« Dominant damage mode varies 7
with stress and life thé \ A |
* High cycle fatigue = Fibre | \| Delamination
 Matrix cracking fracture | 1 dominant
« Delamination growth dominant i\

Number of cycles

U]
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Matrix Crack Density

* Crack density is a function of:
* Ply group thickness
» Stress level
» Fibre orientations in adjacent plies 04

. . - [0/75;];
20 . 5‘30%9'-09- M _&__O ________ il
s ,9:565 Thicker ply block
E (0,903,0) g gl
8 157 2] I B P S e
E ‘g 0z ¥ 97 _o-0-""
s (0,90,,0) (0,90,,0) More cracks 3 o o°
> 10- $o1s o
B -y S o [754/0], ,0=170 MPa
3 Thicker o O [75/0], , =180 MPa
x i =185 MPa
g s ply block 8 (0/75), , =1
S o [0/75,]. ,6=195 MPa
0 =+ T T . J
(m) 0 2500 5000 7500 10000
0 T T T T Load cycle
0 250 500 750 1000 1250
Applied load (MPa) Laws & Dvorak, 1998 Mohammadi & Pakdel, 2018
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Matrix Crack Damage Progression

=In regions of uniform stress —
« Crack initiation at free surfaces (lower energy)
« Saturation of matrix cracks
« Crack growth

= Uniform material degradation

= Localized growth/degradation possible
at stress risers (notches, etc.)

Hallett et al (2009)

90° ply

crack initiation

rrrrerrrrrrrrrrrrl

crack saturation

|I‘|I|I||||||'||H

crack growth

S-stendart
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Matrix Crack Damage Progression

Instant through-width growth Saturation
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I

w"

il

i1

T

Ter

(a)

N = 3000 cycles N =10 000 cycles

1000 cycles 10000 cycles

Yokozeki et al. (2002)
Berthelot et al. (2001)
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Matrix Crack Penetration/Deflection

Matrix crack interrupts load path in cracked ply
Redistribution of load

Different crack resistance: tensile vs shear
Penetration or deflection

S-slandart
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T800H/3631 (0/90/0) 5=0,,./05=0.8
Loading Direction

Matrix Crack Penetration/Deflection

= Matrix crack interrupts load path in cracked ply
=Redistribution of load

=Penetration/deflection of B A
crack determined by energy P
release rate vs matching fracture toughness £

(b) n=10000

(d) n=30000

|
(e)n=a0000 LIS
R/

BS}SIBHCIEHT Takeda et al (1995) Figure 3 Delamination growth from a tip of a transverse crack in
T800H/3631 [0/904/0] laminate, s = 0.80: (a) n = 7000; (b) n = 10 000;

() n =20 000; (d) n = 30 000: () n = 40 000




Fibre fracture — matrix crack interaction

Stress redistribution
around crack
Damage initiation and
growth in matrix

Pristine 10,000 357,000 1,223,000 1,609,000

JOURNAL OF MATERIALS SCIENCE 34 (1999)2535-2546 _ Gamstedt & Talreja

EDS}SEHCIB[T 10/06/2024 - PUBLIC - GA 101091409 20 )




Fibre failure

Fibre failure starts
In 18t cycle

Fibre strength is
stochastic

O. Castro et al.

1 cycle

Polymer Testing 74 (2019) 216-224

21
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15000 cycles

O. Castro et al.
Polymer Testing 74 (2019) 216-224

Matrix

yielding

111 cycles

Crack

opening'

35000 cycles

Stress redistribution
around crack

Damage initiation and
growth in matrix

S-stendart
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Fiber break due to

@ defects

Non-axisymmetric

debond growth

(c) 1000 cycles
O. Castro et al.
Polymer Testing 74 (2019) 216-224

Cluster of
fiber breaks

(d) 6076 cycles

Initiation of new fibre damage

S-stendart
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Delaminations o g Mg
, I T

A
o ,‘

e [nitiation point
 Manufacturing flaws
» Cracks

» Shear stresses (ply orientation
jumps, impact)

Biagini et al., ICAF 2023
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Importance of delaminations

Sublaminate buckling

Reduction of compressive
strength & stiffness

Easiest to detect

10.0kV 38.8mm x10 SE
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Strain Energy Releas
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Strain energy release rate

P=SWt uncracked

L

thickness t

elongation
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Add a crack

P=SWt uncracked .
| 1]
thickness t
Lower stiffness
H
Less strain energy —
W
L]
S

elongation

sfendart
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Crack increment

P=SWt uncracked

crack I/ength a

Y4

/7
+Crack length a+
4 ’

elongation

11
[T

)
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Relationship G and delamination growth
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) Fatigue modelling / evaluation techniques

Test selection will depend on chosen evaluation method

Stress / strain — life
Stiffness / strength wear-out

Damage mechanism modelling
) Damage mechanics
) Fracture mechanics

S-stendart
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) Stress / strain life Models

[
I
=0.1f=10Hz, OT, T-T

—+—MaCha R
oT

Fegression bar OT - lension

|||||||||||||||||||

. o
st
e

i

(x) + 765
- 0.7422

R® = 0.9426
-20.331Ln

[ed] ssans wnwixepn

Load can be expressed in terms of

strain or stress

No information on damage

progression or residual properties

up specific

Results are lay

1.E+02 1.E4+03 1.E405 1.E+06 1.E407 1.E+08 1.E409
Cycles to Failure [-]

1.E+401

1,E+00

Michel, et al (2006)
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) Constant life diagram

Stress amplitude
’) 3 ~, ~,

7
/
7
/
/
/_’ Va /
4 / Vi Vs
/
4 /

Mean stress

_ Stress

Same AS, different R

A
WARARE
WaAWA

Time

> 1 b ™, 103 .
70610° 10* «— Cycles to failure
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) Experiments to generate S-N curves

ASTM: Tension Test
ISO: Tension or Flexural test

Considerations:
Tension + Compression?
Tabbing

COUPON WITH TABS

Image: ASTM D3039

Image: Brian Washington Musungwa /
Wikimedia Commons / CC-BY-SA-4.0

—450 9% 450
» . . &
NS, . pAxSEENOTES,
SEE NOTE 4 Tl A i
.
SEE NOTE 5
b
| ]
SEE NOTE 5 S
2 SEE NOTE § .
: "
<[ 03 §jcG [Tow]e} NOMINAL
12 SURFACES R o7 4x5°00°
A ! Progme—tom—"
ET = — i
L 4 IMAX /) =
-C- BONDLINE THIICKNEﬁgS i :IE
L1/ 0s)

ISO
13003

INTERNATIONAL
STANDARD

First edition
2003-12-15

Fibre-reinforced plastics —
Determination of fatigue properties under
cyclic loading conditions

Plastiques renforcés de fibres — Détermination des propriétés de
fatigue en conditions de chargement cycliques

ﬁng’ Deslignation: D3479/D3479M - 19 (Reapproved 2023)
M;g‘!h"“

Standard Test Method for
Tension-Tension Fatigue of Polymer Matrix Composite
Materials®

S-stendart
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) Stress / strain life approach

Pro

» Straightforward data generation

e Straightforward to implement

Con

Data only valid for one lay-up & R-ratio

No information on material degradation

S-stendart
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) Stiffness wear-out

0.95
<%
E £ o
— — o, N ) =
E f ( ) ;o.ss
[
0 [
S o0s
Z
Q
o (N) - E(N)E -'30.75
8 ~ 50%FS
§ 0.7 -=- 47% FS
55 mm 60 mm 55 mm 2 - 44% FS
F ., F 0.65 1 - 36% FS
7 I [ ] I F -~ 30%FS
% 0.6 . . . . . 4
" \ ] - 0.001 0.01 0.1 1 10 100 1000 10000
& & Log(Life) (x10° cycles)
| 2 ' 2 | g(Life)
L Loss in flexural modulus vs. lives of (0°/90°),5 samples (log scale).

Amiri et. al (2017)

ED)}STE! ndart 10/06/2024 - PUBLIC - GA 101091409 37




) Experiments to generate wear-out curves

Same as for S-N curves, but measure stiffness and potentially
residual strength.

Issues with residual strength testing
) Destructive
) Variation between specimens

Image: Brian Washington Musungwa /
Wikimedia Commons / CC-BY-SA-4.0

S-stendart
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) Strength / stiffness wear-out

Pro

e Straightforward test

* Information on material degradation

Con

Data only valid for one lay-up & R-ratio

Residual strength test is destructive

S-stendart
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Damage Mechanism modelling
Damage mechanics

Represent damage state with damage parameter D

Typically:
D = 0: Intact

D = 1: Failure

- ¥

&3
&3

What function for D? D=0
Different possibilities E
D can be linked to stiffness wear-out,e.g: D =1——

E
Or link D to S-N curve, e.g. D = S

S-stendart
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) Damage Mechanism Modelling

S. Wicaksono, C.& Chai/ Compasite Structures 119 (2015) 185-194

Calculate D based on stress
and applied cycle number

l

Degrade element strength

and/or stiffness based on D
|

Mechanism interaction?

)

S-stendart
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) Damage Mechanics

Pro

e Can model progressive degradation
e Can potentially account for different lay-ups

* Versatile implementation in FE with relatively
low cost

Con

Requires FE implementation
Need to identify suitable damage parameter

Physical interpretation of damage parameter
lacking

S-stendart
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Damage mechanism modelling
Fracture mechanics

10" 3

—
o
&
I

@ 0/0-23mm

A 0//45-25mm
B 0/90-3.3mm

¢

Long Delamination: 25mm

Image: MSc thesis Pascoe
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>
= 10° t il
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o
© 10'7— e
° o ' }
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) Fracture Mechanics

Pro

e Can model progressive degradation
» Can model damage interaction
» Clear physical interpretation of damage

» Can potentially account for different lay-ups

Con

Complex model set-up
Need initial crack
Computationally expensive

Need suitable input data

S-stendart
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)| Fracture Mechanics tests

* No formal fatigue standards

» De-facto standard geometries based on quasi-static ASTM / ISO Standards
» Test objective: relate crack growth rate to strain energy release rate

* Apply cyclic displacement, measure crack length (directly / indirectly)

T 1 Wt
| 1 bt r

Double Cantilever Beam End Notch Flexure End Loaded Split Mixed Mode Bending
(pure mode 1) ( pure mode Il) (pure mode 1) (mode | + mode II)

S-standart




| Double Cantilever Beam Test — Pure Mode |

Test concept: ;ﬁ’%

Measure:
e Force,
» Displacement,
» Crack length

Calculate:
» Strain Energy Release Rate
e Crack Growth Rate

Fit:
« Paris curve (— = or AV or A )

S-standart
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| Double Cantilever Beam Test — Pure Mode |

Theoretical background
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| Double Cantilever Beam Test — Pure Mode |

Theoretical background

NNNANSNN

P

Each arm is cantilever beam, with length = crack length
Mechanics of materials:

2 3

d I

Consequence:

= +

<

Once calibrated, can derive crack length from compliance!

S-standart
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| Double Cantilever Beam Test — Pure Mode |

Theoretical background

Theoretical SERR

Correct for imperfect clamping:
Compliance Calibration: —_—

Modified Compliance Calibration
Modified Beam Theory

F, N: correction factors for large displacement, load blocks
See relevant standards

(ﬂgbj Designation: D5528/D5528M - 21
1

‘y
INTERNATIONAL

Standard Test Method for
Mode | Interlaminar Fracture Toughness of Unidirectional
Fiber-Reinforced Polymer Matrix Composites’

INTERNATIONAL ISO
STANDARD 15024
00

log (C/N O —
og (C/N) P O ny m = Ay/Ax
O AX
log (a)

S-standart
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) Steps in analysing a DCB test

Measure crack lengths

) Direct (photos) or via compliance
calibration

Determine crack growth rate (da/dN)
) In training we will use power-law
) Other methods available (see ASTM

E647) Ongoing debate in literature which parameter to use in
Determine SERR Paris relationship G,,,, or AVGor AG
) In training we will use compliance
calibration All will work for prediction if applied consistently

Determine Paris relationship

S-standart




a[mm]

0 20000

Double Cantilever Beam Test — Pure Mode |

40000
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.00E-04
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L. Yao et al. / Composites: Part A 63 (2014) 103-109

S-stendart
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L. Yao et al. /Composites: Part A 63 (2014) 103-109

How to deal with this?

Possible to reconstruct
‘bridging free’ curve as
worst case?

da/dN (m/cycle)

Rhys Jones et al. / Procedia Structural Integrity 28 (2020) 26-38 31

1.0E-04

1.0E-05

‘ More fibre bridging ’

1.0E-06

1.0E-07

1.0E-08

1.0E-09

® Yao Test 19.9 mm
Yao Test 151.3 mm
Tao Test 2 28.4 mm

B Yao Test 320.6 mm

® Yao Test 3 88.4 mm

Yao Test 120.9 mm
B Yao Test 162.9 mm
¢ Yao Test 237.4 mm
A Yao Test333.7mm

18

MG (V(JIm?))

Yao Test129.3 mm
AYaoTest211.4mm
O YaoTest270.6 mm
X Yao Test 3 46.7 mm

Yao Test 1 38.0 mm
Yao Test 2 20.5 mm
¢ Yao Test 312.8 mm
X Yao Test 3 58.8 mm

S-stendart
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Effect of fibre orientation

“Classical” fibre bridging 0//45

Bundle pull-out

e

S-stendart
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Quasi-static test

300

280 -

220 -

200

! ' | ! I ! !

15 20 29 30

Crack length x107 (m)
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Quasi-static test

Wr——7————7 7T T T T T

290
280
270

— 260 * ..000. °

‘Z':i, 250 ‘gﬂ ®

O 2401 =
230
220 - °

200

Crack propagation a-a, [m x 107

T T T T T T T T T
0 5 10 15 20 25 30 35 40 45 50

G,. (N/m)

1000

900
800
700

600

500

® 0/0

A 0//45
m 0/90

10

15 20 25 30
Crack length x10° (m)
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0//0 - 2.3 mm
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) Summary

Complex, interacting damage modes
) Fibre fracture, matrix cracking, delamination

Different approaches for fatigue evaluation
) Stress/strain life, Stiffness/strength wear-out, Damage modelling

Fatigue test methods
) In-plane fatigue, fracture mechanics

S-stendart

62



J.a.pascoe@tudelft.nl




) References

Amiri et al., (2017), A new approach of stiffness degradation modelling for carbon fiber-reinforced polymers under cycling fully reversed bending.
Journal of Composite Materials, 51 (20), 2889-2897

Bethelot et al., (2001), Development of transverse cracking in cross-ply laminates during fatigue tests, Composites Science and Technology, 61, 1711-
1721

Castro et al., (2019), Fatigue damage evolution in unidirectional glass/epoxy composites under a cyclic load, Polymer Testing, 74, 216-224

Gamstedt & Talreja, (1999), Fatigue damage mechanisms in unidirectional carbon-fibre-reinforced plastics, Journal of Materials Science 34, 2535-2546
Hallett et al., (2009), An experimental and numerical investigation into the damage mechanisms in notched composites, Composites part A, 40, 613-624
Laws & Dvorak, (1998), Progress Transverse Cracking in Composite Laminates, Journal of Composite Materials, Vol. 22, p. 900-916

Li (2022), PhD Thesis:

Mohammadi & Pakdel, (2018), Fatigue driven matrix crack propagation in laminated composites, Materials & Design, 146, 108-115

Silvain A. Michel, et al., (2006), Fatigue strength of carbon fibre composites up to the gigacycle regime (gigacycle-composites), International Journal of
Fatigue, Vol 28, Issue 3, pp. 261-270

Takeda et al., (1995), Microscopic fatigue damage progress in CFRP cross-ply laminates, Composites, 26 (12), 859-867
Vassilopoulos, (2020), The history of fiber-reinforced polymer composite laminate fatigue, International Journal of Fatigue, 134, 105512

Yokozeki et al., (2002), Fatigue growth of matrix cracks in the transverse direction of CFRP laminates, Composites Science and Technology, 62, 1223-
1229

S-stendart 64




S-stendart

for Durability Modelling of Composites

Funded by
the European Union




