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Background and motivation

e Today structures are increasingly optimized
to give minimum weight

e Pushes the utilizations of construction
materials closer to their performance limits

¢ Built-in reserve margins may be significantly
reduced

e Reduced allowance to continue performing
adequately in the presence of degradation
and damage

e Struc. reliability index vs. life time —

e Emphasizes the need for adequate fracture
mechanical tools for damage assessment

o Key issue: Measurements of fracture
properties are therefore an increasingly
Important task

- Fracture toughness
- da/dN diagrams

5 DTU Mechanical Engineering, Technical University of Denmark
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Background and motivation

e Large number of sandwich fracture
specimens available in literature

e Most aim at measuring the fracture 5 {
toughness for either global mode I or II !‘

e For modeling of structural crack
propagation, mixed mode fracture input
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is generally needed (static/fatigue) [h =, P )

e Only few monolithic/sandwich specimens ) ] =8 | m
have the possibility for varying the ”
mode-mixity directly: «c 4P

: . Pt Ctlpy
- MMB (only negative mode-mixities) e
[Reeder and Crews (1990)] A . o

- DCB-UBM (very tall test frame) o

[Sgrensen et al. (2006)]
— TSD (limited mode-mixity var.)
[Li and Carlsson (1999)]

Mode I Mode II Mode III

e Simple test methods are needed for —_
standard implementation for mixed /
mode fracture characterization! , ]

¢ Opening In-Plane Shear Out -of - Plane Shear
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Background and motivaton
New sandwich mixed mode specimens (DTU)
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Modified TSD specimen Reinforcement
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Modified TSD specimen

e First presented by Li and Carlsson (1999) for
dlel?)ond testing (SCB is a special case at zero
tilt!

e The tilt angle results in:
— Both normal and axial forces exist

— Mitigate positive shear at crack tip due to
interface to promote interface prop.

— Counter tendency for kinking

e However, FE analyses have shown that the
mode-mixity variation is very limited for
practical face thicknesses and tilt angles

e Limited face stiffness — limited shear
deformation is transferred to crack tip

e Solution: From parametric analysis —
stiffening of the face sheet — increasing the
mode-mixity variability!!

e Proof of concept: Application of the
modified TSD-specimen for characterization
of two sandwich interface types.

TSD Test

=tilt angle

Rigid Base

Interface crack kinked crack

; kinked
crack
Q =kink angle
—

-~
T=>0

p
Core
Reinforcement

Face
Reinforcement
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Modified TSD specimen

Driving mechanisms:

e For shorter crack lengths or stiff crack flanks,
transverse shear loading at the crack tip cannot
be neglected!

e Analyzed for a general case by Ferrie et al.
(1999) and Li et al. (2004)

_ _ Low transverse/in-plane shear
e Transverse shear loading will

— Introduce crack root rotations
— Consequently alter mode-mixity
— Add to the energy release rate

» Thus, by stiffening the face sheet the transv.
shear deformation can be increased/varied

» More/less transverse shear (tilt) will be able to
alter the mode-mixity

» Sensitivity wrt. practical tilt angle has been
investigated — High transverse/in-plane shear

10 DTU Mechanical Engineering, Technical University of Denmark EASA workshop 14/06/2013



Modified TSD specimen
FE based fracture mechanics analysis

e ANSYS + additional fracture routines

e Linear (4 noded) and parabolic (8 noded
isoparametric plane elements are applie

e Highly densified mesh near crack tip

e Geometrically linear analyses are
performed

e Linear Elastic Fracture Mechanics is
assumed valid
e The Crack Surface Displacement
Extrapolation (CSDE? method is used to
determine energy release rate and mode-
mixity
— ERR: J-integral calculation

- Mode-mixity: Extrapolation of relative
crack flank displacements

11 DTU Mechanical E
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Modified TSD specimen
Performance overview
e Variation of phase angle for increasing steel reinforcement thickness
P
80 [ rrrrrrrrrrJprrrrryrrrr| 1T et
j TSD :
60 ¢ Steel Reinforcement -

Face [
Reinforcement 40 b

H100 a = 25 mm
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Modified TSD specimen

Test setup

e H45/H100 core, E-glass/polyester face
sheets [0/45/90/-45]

e Initial pre-crack was sharpened prior to
testing by cyclic pre-cracking

e Adjustable TSD-rig inserted in a 20 kN
servo-hydraulic Instron 8511 testing
machine

e Quasi-static loading of 2 mm/min were
applied (displ. control)

13 DTU Mechanical Engineering, Technical University of Denmark EASA workshop 14/06/2013



Modified TSD specimen

Pre-cracking

e Performed at 09 of tilt angle (as a SCB-specimen)

localization

H45

Pre-crack in
the core

Sinusoidal loading (5 Hz frequency)
Load ratio: R= 0.1

Pmax vary from 10%-50% from the estimated propagation load

Use of white liquid and magnifying glasses (10xx) to facilitate crack tip

=
—
=
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H100

Pre-crack in
the interface

Carried out consistently for ALL specimens!!

14 DTU Mechanical Engineering, Technical University of Denmark
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Modified TSD specimen

DIC measurements and FEA comparison

e Major strain in a H45 specimen with a tilt angle of 65°
e Fair agreement!

Z+

15 DTU Mechanical Engineering, Technical University of Denmark
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Modified TSD specimen

Fracture paths (I)

e H45

16 DTU Mechanical Engineering, Technical University of Denmark EASA workshop 14/06/2013
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Modified TSD specimen

Fracture paths (II)

e Typical H100 specimen tested at varying tilt angles
e Progressive kinking into face sheet

e x
M TEFLON
INSERT

17 DTU Mechanical Engineering, Technical University of Denmark EASA workshop 14/06/2013



Phase angle (°)

Modified TSD specimen

Fracture toughness measurements

H45 (reduced formulation):

e Phase angles achieved between approx. -50° to 30°

e Measured at different crack lengths
e Increasing tendency for mode II domination
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Modified TSD specimen

Fracture toughness measurements (II)

e H100 (reduced formulation)

e Phase angles achieved between approx. -10° to 35°
e Again measured at different crack lengths
Scattered fibre bridging present in all measurements - toughness values

should be taken with reservation (LEFM validity compromised)
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Modified TSD specimen

Conclusions

e The performance of the modified TSD specimen was presented

e Two interface types were investigated experimentally
e Specimen fracture paths:
— H45: Located just below the resin rich layer
- H100: In the interface or face sheet with scattered fibre bridging

e Toughness values for H45 and H100 specimens were achieved over a
wide range of mode-mixities

e Increasing tendency for mode-II dominance

e The modified TSD specimen and test was identified as a
simple, viable and promising method to achieve mixed mode
fracture toughness measurements

20 DTU Mechanical Engineering, Technical University of Denmark EASA workshop 14/06/2013
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Modified TSD specimen

Future work

e Testing of other sandwich material configurations, eg. Honeycomb cores!

e Experimental benchmarking against fixed or variable mode-mixity
specimens (DCB, CSB, MMB etc.)

e Development of an analytical kinematic model for the TSD
specimen (influence of transverse shear!!)

e Derive closed-form solutions for determination of ERR and mode-
mixity
— An absolute necessity for standard implementation!!
- Funding needed for such a project!

e Development of a G-controlled fatigue testing methodology, based on
either an analytical or empirical model

21 DTU Mechanical Engineering, Technical University of Denmark EASA workshop 14/06/2013
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Sandwich MMB specimen

“49 |

Saddle ("

The mixed mode ratio at the crack tip is controlled by the
lever arm distance and it’s constant during the test

23 DTU Mechanical Engineering, Technical University of Denmark EASA workshop 14/06/2013



Sandwich MMB specimen =

|4——1L > c -:-i_
. . Loading lever P
e The MMB rig is relatively simple — i
and has proven successful for = LﬂJ u“’“e’ N
delamination crack growth. | amen
HW ﬂ_
e Already an ASTM-standard for e« 2L » B
mixed mode delamination cp c+lp
characterization of [aminates. 3 :
| v
e Superposition of a CSB and DCB f—L E} L P
specimens. c-Lp 3 Fg=°2L'-P
e Promotes constant mode-mixity pctlp
at the crack tip for a growing ¥ L
crack. Good for fatigue testing! e t e
& R
e VVarious combinations of mode-
mixity (mode II/mode I) can be bCB

achieved by changing the
loading application point, c. MMB = CSB + DCB

24 DTU Mechanical Engineering, Technical University of Denmark EASA workshop 14/06/2013
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Sandwich MMB specimen
Kinematics and ERR

« Kinematics of the MMB sandwich specimens

C c—L c+L
5MMB — E5DCB_upper + T5DCB_Iower + (TJ5CSB

« Compliance

C c—L C c+L c+LY
CMMB: ICDCB_upper+TCDCB_Iower E_QT + T CCSB

 Energy release rate

P> d([c c—L C c+L c+LY
Gumve = b da {[L Coca_upper T ETH CDCB_Iower:|(I - Tj + (Tj Ccss]

Equations were derived from a superposition analysis using
beam theory including core shear deformation and elastic
foundation analysis.

25 DTU Mechanical Engineering, Technical University of Denmark EASA workshop 14/06/2013
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Sandwich MMB specimen
Mode-mixity

0 T T T T T
e Determined by FEA z,//:tan1(%]—5Ih(%}+tanl(23) $=0.005 SO L=BH
y T 20} ¢=0.1L Bl
N
e The CSDE-method is applied to S 0l
calculate the mode-mixity phase § o
angle (y) (and ERR (G)). Dol T e %
§
e MMB loading produces constant 80 |
mode mixity for (a/L) = 0.2 v
{ all
(. ctlp
QP L 400
IT l o ,
:,, SRR EE: ; l:l) \ )
<a- : L5
< 2L > N S sssvsstes

a (mm)
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Mode Mixity Angle [°]
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Sandwich MMB specimen
Mode-mixity
5 Lever arm C [mm] Lever arm C [mm]
T T T T T T T T 0 T T T T T T T T
10 20 30 40 50 60 70 80 90 10 20 30 40 50 60 70 80 90
s 10
»] [H45 H100
20 - %
30 o
< 30 1
40 <
g 40
-50 A =
2 50
i —+—hc=20mm 20 =—4—hc=20 mm
70 - ~=hc=10 mm 60 A ~@—hc=10mm
-80 - -70 A
90 80

Large ¢ — mixed mode with dominant mode I.
Small ¢ — mixed mode with dominant mode II.

27 DTU Mechanical Engineering, Technical University of Denmark EASA workshop 14/06/2013



Sandwich MMB specimen

Static fracture toughness characterization

e Examples of fracture toughness measurements

400

350

300

250

Load (N)

150 |

100 |

50

800
700
600

Load (N)

200 |

100 |

200

H45 core_c=35mm J/
| h,=10mm_P.=300N e
/

Ww=42.2°

Experiments
----MMB Equations

500
400 r
300 r

0 2 4 6
Nienlareaman t (mm)\
| H100 core_c=20mm

[ he=10mm_P,=605N

@w=53.2°

Experiments

----MMB Equations

0 2 4 6

Displacement (mm)

Fracture toughness (J/m”2)

Generated using the
sandwich MMB specimen!
600 T
¢ E-glass/H45 core
500 [ —— Best Fit ,
S Lower Bound )
400 | —— Upper Bound o
300
200
100
H45 core
0 L 1 L PR R 1 L PR L
-10 -20 -30 -40 -50 -60
Mode mixity ( °)
Fracture toughness results for
sandwich specimens with H45 core
EASA workshop 14/06/2013
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Sandwich MMB specimen
Crack length analysis

M

Compliance:

C c-L ¢ c+L) (c+L)
CMMB: ECDCB_upper-l_ICDCB_Iower E_aT + T CCSB

Energy release rate:

c(c c+L) 12 ) 1/4 1/2
il B a+2a + +
L(L 2L )Ef f[ T ]

p? [ |

GMMB: 2 2 2( .2

2b c—L(c c+L) 1 a (c+|_j [a{ 1 1 D
— Y + ~ |+ - —
2L \ L 2L ) h G, (D_Bj L 8 | Dgevonded  Dintact

A

The crack length can be obtained from the equation:

CMMB_anaIyticaI — CMMB_experimentaI
where the compliance is experimentally determined from the LVDT and

load cell signals, during the test. - -
How can this be carried
out during a test?

29 DTU Mechanical Engineering, Technical University of Denmark EASA workshop 14/06/2013
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Sandwich MMB specimen
Compliance calibration
Especially connections and loading points in the MMB test-rig may
cause friction and additional compliance unaccounted for in the FE-
model. -> compliance calibration is necessary!
0.7
06 | ¢
= 05 [ /
E 04 |
:’:‘I 03 1 C_sys = 0.0039*c + 0.3109
e 02 L R?2=0.9024
0.1 —
O_""""""
0 20 40 60
¢ (mm)
Steel beam in the test-rig Compliance of the test-rig vs.
lever arm

30 DTU Mechanical Engineering, Technical University of Denmark EASA workshop 14/06/2013



Sandwich MMB specimen
Example of crack length calculation

C c—L C c+L c+L)’
CMMB: ICDCB_upper+TCDCB_Iower I_QT + T CCSB

_ = equal =>
Csys - Cmeasured _Csteel 9
back-out crack length
40 — —
- ; e Visual inspections
s | aantli can be difficult and
- inconvinient
= e May lead to
£ %0 H100 core _ uncertainty in the
h.=10mm c=50mm | measurements
25 ¢, -+- Compliance Technique ] * For this case: The
[ --e-- Visual Measurements j effect of the fixture
—s— Compliance Tech. Corrected |/ compliance was
o negligible
0 1000 2000 3000 4000

N (cycles)

31 DTU Mechanical Engineering, Technical University of Denmark EASA workshop 14/06/2013
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Sandwich MMB specimen
Fatigue characterization:
Specimens

=
=
=

i

E-glass/polyester + H100:
Width=35 mm

Specimen length = 250 mm
Core thickness= 10 and 20
mm

Face thickness= 2 mm

E-glass/polyester + H45: Width=35 mm

Specimen length=250 mm
Core thickness= 10 and 20 mm
Face thickness= 2 mm

32 DTU Mechanical Engineering, Technical University of Denmark
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Sandwich MMB specimen
Crack growth results under displacement control mode
e Compliance based crack length measurements (a vs. N) for a sandwich
specimen with H100 core
e | e e
O c=40mm-FS NS
o e c=50mm-FS 321 &£ o 0 amet
a AAAD 0 A
857 o ..MM.' hc = 10mm - %A?:AAQ)O o X A““w
£ & o hf = 2mm B0 ?ﬁﬁ o soos®
% nni... as A0 A alh b autaatalitad 4 % Aﬁi&'oﬁ () u%e e
o A g tasE A o LA A& ¢c=30mm-
30 c:;.MA:A:::A::::AAzzA AAAAAAAAAAAAAAAAAMAAA 2 ca%‘?ﬁﬁjj A c:ggmm ks
o 2 3 he = 20mm | & &
253 ) ) ) . . . " Ihf:2mm | ° C=50mmI
0 1x103 2x103 3x10° 4x10°% 5x10° 6x103 6 2x103 4x103 6x10°
N (cycles) N (cycles)
e Crack paths under fatigue testing
33 DTU Mechanical Engineering, Technical University of Denmark EASA workshop 14/06/2013
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Sandwich MMB specimen

Crack growth results under displacement control mode

(cont.)

=
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e Several c values were used in order to have different loading conditions

and mode mixities at the crack tip

Modified Paris Law to ?

0.01

characterize fatigue SR )
crack growth rates £
£ o0.001 ¢}
da CAG. T
——=C(AGye)
dN H45 and H100 at phase
angle -20° 00001
AGMMB — (Pnfax — Prr?in) dCMMB
2b da
0.01 f )
¥ &
oy ° D;Dzu o
2 & RN
E ¢ P
E o001l & dm |H4S - yE = —40°
z 98 /wD da/dN = 2.85e-17*AG"2
g bg ©
/
H45 — yp = -20°

da/dN = 1.825e-27*AG™*®

0.0001
50

34 DTU Mechanical Engineel 2
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400

‘H45 — g =-20° /
O @
& | H100 — yp = —20°
of °
Fo
@
O/P @)
[ 60
P8
/
/ da/dN = 1.445e-19*AG®*
da/dN = 1.825e-27*AG*®

50 350

AG (IIm?)

Scattered results at -40 °
- rough crack surfaces.
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Sandwich MMB specimen
Fatigue characterization:
Loading control

e MMB: Small loads - large displacements — DISPL. CONTROL chosen!

P-control
/Aol
Gu \_“ ._ __________
‘H“' L
» N e ___a:'.-_c_o‘nlrol

-—a —

NOTE:
Cumbersome data reduction, when G is varying throughout the test!!
Possible crack path history effects??

35 DTU Mechanical Engineering, Technical University of Denmark EASA workshop 14/06/2013
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Sandwich MMB specimen
Fatigue characterization:
History effects

Face

Artificial Artificial Artificial
_‘ I:\c;tu:;i et o Actual . :
- - crack,; 30| Actual crack
— S crack

e Kinking behavior will depend on both mode-mixity AND energy release rate
level

e Thus, we want to control both mode-mixity and energy release rate

j> G-controlled testing!!

e Stable mode-mixity at the crack tip by using the MMB specimen
e Constant crack growth rate
e Possibility to use the same specimen for several fatigue tests

36 DTU Mechanical Engineering, Technical University of Denmark EASA workshop 14/06/2013
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Sandwich MMB specimen
General principle of the G-control methodology

 Control mode:

« The test is run under displacement control mode,
and online adjusted every X cycles

» The displacement is
adjusted in order to achieve
the desired G level.

37 DTU Mechanical Engineering, Technical University of Denmark EASA workshop 14/06/2013



Sandwich MMB specimen
General principle of the G-control methodology

>

Displacement is
increased with
small increments
until desired G is
reached

Adjust
displacement

<+—NO

Desired G value

l

Calculate crack
length

l

Calculate dc/da

l

Calculate G

l

Is G equal to the
desired G?

38 DTU Mechanical Engineering, Technical University of Denmark
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Sandwich MMB specimen

Experimental setup

« MTS 858 Table Top machine
« Model 242 10 kN servo-
hydraulic actuator
« 10 kN load cell
« 647.02A hydraulic grips
* FlexTest 60 controller

1 of 6 stations installed

1 of 8 axis of control
Running software version
5.1

Basic TestWare

MPT

Test Suite

39 DTU Mechanical Engineering, Technical University of Denmark
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Sandwich MMB specimen

HE

Implementation of the G-control code in
MTS Test Suite
MTS TostSuiers MTS TestSuite Multipurpose Elite is
extremely flexible and allows accurate
Mulﬁpurpose%\ programming of complex tests. Any type
G i of variable can be stored and used for
A calculations in the Calculations Editor.
o o o o
[vstabe cacutations = catewsicn | W
Application version 2.1 ST, SRR
(platform version 3.0.0.1119) | i [ A e
was used for our tests. Oopmommietaths Qv Ort v
e
40 DTU Mechanical Engineering, Technical University of Denmark EASA workshop  14/06/2013



Sandwich MMB specimen
Implementation of G-control code in

MTS Test Suite

Screen shot of MTS Test Suite Monitor during a test. All the critical
parameters are updated in real time.

npe G-Control_¥LADIMIR_SOLUTION : Project 1 : Multipurpose Elite { : No Controller Connected )

ile Controller Tools Preferences Display Help

== MTS TestSuite mp elite

HPU

=3 lock

Controller

Park. Unload

Application

Hold
Test

Stop At Run

Pre-Test Variahles

Delta_G_def:

Explorer

Monitar
Vatiables

0.210

Monitor Results

Cyele Count

Report Templates
Functions

+ Test Run 1
+- Test Run 2
+|- Test Run 3
+|- Test Run 4

Force_Min:

Force Max:

a: 47.308

-46.386 N
-3.150 N

+|- Test Run 5
4l Test Run 6
+- Test Run 7
+- Test Run B
+- Test Run 9
#- Test Run 10
+- Test Run 11
+|- Test Run 12
+|- Test Run 13
+- Test Run 14

G_Max:
G_Min:
Delta_G:
R: 0.005

f_\ 858 Displacement:
\/ 858 Displacement:
858 Displacement:

0.215
0.001
0.214

+ Test Run 15
+- Test Run 16
+|- Test Run 17
+|- Test Run 18
+|- Test Run 19
+|- Test Run 20
+- Test Run 21
+- Test Run 22
+- Test Run 23
4 Test Run 24
+- Test Run 25
+|- Test Run 26
+|- Test Run 27
+- Test Run 28
+- Test Run 29
+- Test Run 30

41 DTU Mechanical Engineering, Technical University of Denmark
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Sandwich MMB specimen
Results from G-controlled tests

i

Displacement and DeltaG vs Cycles

-2.8 200
- 198

-2.9 A
\A/\/\'\ ’\J\/\\ WV\ 190 DeltiG
3 L \I‘ 194[)/m~"2]
\'V\l\‘ - 192

Displacement

[mm]
-3.1 B B =—==—=—=190
- 188
-3.2
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Sandwich MMB specimen
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Results from G-controlled tests >
AG vs crack length
250
210 | L meal RN oL np BT g B 6 0 Ayt (9T
200 8o
o % o
e
2, :’.
150
AG
[J/m~2]
100 Face: GFRP
Core: H45
Mode I dominant (¢ = 80 mm)
Frequency = 1 Hz
50 Loading ratio = 0.1
0 4
39 40 41 42 43 44 45 46 47
Crack Length [mm]
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Sandwich MMB specimen

A and

Results from experimental tests >
Crack length vs Cycles —1AG = 80 J/m~2
50 AG=100 J/m~2

AG=120 J/m~2

na N —AG=140 J/m~2
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Sandwich MMB specimen
Conclusions

e A new fatigue characterization method of sandwich face/core interface
based on the sandwich MMB specimen was presented

e A compliance based crack length measurement technique was
demonstrated

e A series consisting of GFRP/polyester and H45/H100 specimens were
tested

e A G-control approach and test method proves valuable for advanced
fatigue characterization

e The sandwich MMB test seems to be a good candidate for fracture
toughness as well as fatigue characterization!

45 DTU Mechanical Engineering, Technical University of Denmark EASA workshop 14/06/2013
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Sandwich MMB specimen
On-going and Future work

e Testing of other sandwich material configurations, eg. Honeycomb cores!

e Comparison of fatigue charactarization results from other mixed mode
specimens, mod-TSD and DCB-UBM. (on-going)

e Possible standalization, ASTM, ISO, etc.
— A necessity is an analytical closed form solution for the mode-
mixity!!
— The transverse shear problem is a key milestone in achieving
this
— Funding is needed for such a project!
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Sandwich DCB-UBM
specimen
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Sandwich DCB-UBM specimen

e The traditional DCB-UBM test method was
presented by Sgrensen et al. (2006) for
laminates

Pure moments load the crack flanks ‘ | |

N “ Transverse
No transverse forces! A | arm
G-controlled by nature! | |

Recently extended for sandwich testing

e Complete analytical foundation recently
published

- Kinematic relations for a general
asymmetric sandwich with moments
(and in-plane forces)

— Closed form solutions for ERR and
mode-mixity (!!)

Kardomateas, G.A., Berggreen, C. and Carlsson, L.A., "Energy Release Rate
and Mode Mixity of a Face/Core Debond in a Sandwich Beam”, AIAA Journal,
51(4):885-892, 2013.
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Sandwich DCB-UBM specimen

Closed form solutions

Energy release rate:
1_\/?1 [ P~

— —_ E2 M_;Zh_?l
2E., | h, "D 12

*2 * * *2
+ L ~H, + P M, H2+MS2 H, (3)
(EA). ~ (EA),D, D,
= =C,M, (4a)
M::Md -CM, (4b)
Mo =P ey M)y (4c)
s s +?+7 — Wy
Mode-mixity:
Asin o —cos(w +
w =tan™ : (@+7) (13a)
Acos @ +sin(w+7y)
P*
PR (13b)
M d a2
Khi; =|Kle" (14)
K=K, +iK, 9
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Table2 H100 core (130 MPa) sandwich
My, N - mm 75.6 1296 196.1 118.6  71.1
M,,N - mm —-604.8 —518.4 —196.1 4744 568.8

G [EQ. (22)], N/mm 0.4239 0.4350 04140 03613 0.3727
Grea. N/mm 0.4076 0.4214 04107 03553 0.3626
wrea deg 526 356 111 —685 —854
o [Eq. Gle) withyppal, deg  74.09  73.66 7334 73.74  73.54

o is achieved from FEA

o depend only on face/core
stiffnesses and thicknesses

® only need to be mapped one
time for a large range of
face/core combinations

Seems attractive for standard

implementation!

EASA workshop 14/06/2013



Sandwich DCB-UBM specimen

New compact fatigue rated rig!!

e The traditional DCB-UBM test rig requires a
quite tall rig/machine in order to minimize
wire misalignment

e Only specific moment ratios possible

e Not good for fatigue testing due to long
wires

e A new bi-axial servo-hydraulic operated
stand-alone rig is under
development/construction at DTU!

e Consists of two torsional actuators and load
cells in a special x-y fixture

e Able to apply any moment combination

e Fatigue rated at theoretically any frequency
(there are physical limitations though)

50 DTU Mechanical Engineering, Technical University of Denmark
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Concluding recommendations

e There is a general need to extend present sandwich fracture

characterization into mixed mode through new standards

e Three generic mixed/controlled mode sandwich fracture specimens

51

have been presented as promissing candidates

However:

— More testing with a broader range of material classes is
needed, eg. with honeycombes, wider range of foams etc.

- Both fracture toughness and fatigue characterization

- The transverse shear problem must be addressed in
order to move towards standards for a simple
specimen/rig (eg. mod-TSD and sandwich MMB)

DTU Mechanical Engineering, Technical University of Denmark EASA workshop 14/06/2013
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SANTIGUE
Failure of Uniformly Compressed Debond

Damaged Sandwich Panels

[ Debond Damaged Sandwich Panels }

[ Experiments

1

[ Panels Test } [

Characterization

Interface ]

[ Validation }<:I[ FEA }

Displacement (mm)

v]

—=—- PMI D=100 No.1
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PMI D=100 FEM A( after propagatlog
A ot
G o
0 20 40 60 80

Load (kN)

55 DTU Mechanical Engineering, Technical University of Denmark

Fracture Toughness (Jimz)

=
—
=

i

20000 o Eglass/H250 y

————— Upper/lower bounds

P i /
1500 | Best Fit /

1000

500 r

-10 -20 -30 -40 -50 -60

Phase Angle ( ©)

EASA workshop 14/06/2013



SANTIGUE
Interface Fatigue Crack Growth in Sandwich
Structures

56

Fatigue tests were performed on cracked
sandwich X-joints

Fatigue response of the face/core interface was
characterized using the MMB test rig

A FE-based Cycle Jump Method was applied

Up to 99% save in computation time can be
achieved using the cycle jump method with good
accuracy

200
150
—_
E §
£ £
~ 100 &£
s § o Test #1
e ! o Test #2
2 S0% Simulation
X
Q
e
U 0 T T T T 1
0 25000 50000 75000 100000

Cycles
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SANTOL =
Debonded panel specimens and test setup

e Five sandwich panels with a circular @90mm
debond at the center were manufactured

e Three layers of Devold AMT DBLT 850 g/m?2
quadri-axial glass fibre mats of a total
thickness of 2 mm for face sheets

e H45 Divinycell PVC foam of 50 mm thickness
e Resin infusion process with polyester resin

| §)
DI&cameras

44

!

(‘I
-

|

c’

[oad cell (25 kN)‘ #

L i

- [ L | |

i i 370 mm
| I
i " |

l
@=90 mm

I
Debonding
/ Wood insert

Test setup

BO mm 30 mm
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SANTOL
Static and fatigue tests

e Static tests were conducted initially

Load controlled fatigue tests were performed
after

80% of the static crack propagation load was
applied as maximum fatigue load

Loading ratio R=0.1
Loading frequency of 2 Hz

e Debond growth was monitored using DIC
technique

Crack propagation point é

Panel 1
L5 = = Panel 2 _- <

N ’/’ ) Static tests
g 1 P
© P4 - >
3% < Fatigue tests

0 . . .

0 1 2 3

Displacement (mm)

5% DTU Mechanical Engineering, Technical University of Denmark
8

ICSS-10

[mm]
2.270

2.000

1.750

1.500

1.250

- 1.000

0.750

0.500

0.250
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SANTOL
Static and fatigue tests

e Debonds remained circular for all specimens
e Debond diameter vs. cycles
e Fair repetition between samples

e Typical low density PVC foam crack growth
paths just below the face/core interface

160 -
o
150 - 5008 OB %S
AL
ROV
140 - N
_ og%‘b%
E 130 - %
E o0
043
|
2 120 1 4;0% oTest #1
g 110 - o ATest #2
[=) ?A& OTest #3
100 T T T T T 1
0 20000 40000 60000 80000 100000
Cycle
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SANTOL =
Face/core interface characterization

e Sandwich Mixed Mode Bending (MMB) tests
were conducted

¢ Finite element model of the MMB specimen
was developed

e Lever arm distance ¢ was determined by FEA
to achieve target phase angle

e Pre-cracking was performed
1 | Steel Block

<+“—r<+—>
a s10mm Aa

Hinge ” Steel Block Bl

Interfacial crack

'WTTZf -

Crack tip L

i s I SEEEE HEEEE f R L

anwarlj load

a 2L o]
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SANTOL

Face/core interface characterization

® Fatigue tests only carried out

for target phase angle 0)
* da/dN curves as function of AG g
* Modified Paris Law! £
®* Similar crack propagation paths ~
as seen for panel specimens §
® Fair linearity 3
da CAG™ g

aN

=
—
=

Crack path underneath the face/core intefrfgce 3 e
for typical H45 MIMB.specimens o) 5y

6% DTU Mechanical Engineering, Technical University of Denmark
1

=
<=
A 4
10 log AG (3/m?2) 1000
0.01 .
H45
W=-20°
m=7.45
C=1.08 1018
0.001 -
0.0001 -
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SANTOL
Finite element modeling of the tested panels

e Quarter finite element model of the panels
was generated with high density crack Foree
elements l
120 ~

Crack tip mesh

100 -

Energy release rate
(J/m?)

80 - : :
o LLLLLLLLLLLLLLLLLLLLL L 7
60 . . . /A
100 120 140 160 > \ ;
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100 120 140 160 \ T /
~ -5.3 | 4 / 310 mm
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? -5.4 - | 4 X ; y
§ > Debond /
£ 55 - % Y X ‘_T
A A A A A A A A
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SANTOL

Finite element modeling of the tested panels

e The fatigue crack growth finite element routine based on the Cycle
Jump method used for the simulations

e 100.000 cycles were simulated

e Sensitivity analysis to find the most optimal set of control parameters
was performed

150 -+

140 - Control Simulation of debonded sandwich panels
’g paraTeter . Number of Saved simulation cycles (%)
£ 130 - Uc=ly simulated cycles
< 0.4 7121 92.879
% 120 - qW=qG=1 0.45 6087 93.913
% —qW¥=qG=0.75 0.5 5896 94.104
o 110 - —qW=gG=0.5 0.75 5051 94.949

q¥=qG=0.45 1 3778 96.222
—qW¥W=gG=0.4
100 . . T . .
0 2000040000 60000 80000100000
Cycle

Less simulation time

Larger control parameters :>
Less accuracy
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SANTOL
Finite element modeling of the tested panels

e Comparison of the fatigue simulation with experiments show fair
accuracy

e The maximum deviation of approximately 7 mm occurs around 70.000
cycles

e Utilizing the cycle jump technique with a fair accuracy up to 94%
computation time can be saved
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