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ABSTRACT

When determining Mode Il crack growth behavioucomposite materials, the end notch flexure
test is quite commonly used. Using the complianased beam method, it is a very easy and
straightforward test for the determination of thed® Il crack fracture toughness, without the nded o
continuously monitoring the crack length. Sometintlee problem arises where there is unstable crack
growth, but usually this can be solved by perfogniests under displacement control and fulfilling a
certain geometric demand. However, the influenceesfain mechanical test parameters is not yet
fully quantified. This study investigates the irghce of a number of experimental parameters, ssich a
the difference in thickness of the substrates ef dpecimen, the positioning of the supporting and
loading rods, the influence of friction, both beemethe substrates and between the specimen and the
supports. In order to avoid additional experimergehtter, the influence of these parameters is
assessed by finite element analysis using the o@ha®del approach. The results will be compared
to an analytical solution obtained by linear eta$tacture mechanics as well as to a carbon fibre 5
harness satin weave reinforced polyphenylene sigptomposite.

1 INTRODUCTION

Delamination is one of the most difficult and commiypes of damage in laminated composite
structures due to the relatively weak interlamirsdrengths. Delamination starts generally at
geometrical discontinuities, such as laminate #dges and cut-outs. This is so because the state of
stress close to a free edge in a laminate is ttiraensional, with nonzero interlaminar stressescivh
grow without bound due to a singularity in the s¢réield at the intersection of the free-edge ded t
interface. Delaminations may arise under variousuonstances, e.g. when subjected to transverse
concentrated loads, such as low/high velocity intgpacising from a falling mass, and propagate due
to the loads of the structure such as dynamic twadrinally the behaviour of the entire structure
changes and in most cases a failure is unavoidable.

For this manuscript, the emphasis lies on modeldrdination growth and the experimental setup
of choice is the End Notch Flexure test. The objecbf an End Notch Flexural (ENF) test is to
determine the (g for an interlaminar interface. In the research oumity, a lot of research has been
made on the determination of the mode Il critidedhia energy release&with the following three
most popular experimental configurations: (i) thedBNotch Flexure (ENF) test [1], (ii) the End
Loaded Split (ELS) test [2, 3] and (iii) the 4EN#St [4] . The ENF test is a simple three point lremnd
test on a pre-cracked test specimen (Figure 1).isaddantage of the ENF test method is the
possibility of having unstable crack propagatiorefdRring to the work of Carlsson and Gillespie
(1989) [3, 4], the ENF test requires a ratio a/l.? to avoid this.
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Figure 1 Geometrical properties of the ENF model

The goal of this research is to study the influeoca number of experimental test parameters on
the outcome of the ENF test, such as the differémtieickness of the substrates of the specimean, th
positioning of the supporting and loading rods, itifuence of friction, both between the substrates
and between the specimen and the supports. Howmast of these parameters are in fact very
difficult to control/influence in real life, e.g.olw to determine and/or control the friction coa#it
within the delaminated area. Moreover, when coridgatxperiments, there is always an amount of
scatter on the results, simply because there iallswariability within the properties of the congite.
Hence, it was chosen to investigate the influerficth® mentioned parameters in a numerical way,
offering more control over the values and elimingtihe natural experimental scatter.

To model the crack growth, the cohesive zone methsitig cohesive elements, is considered and
the bilinear softening equation (Figure 2) is used.
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Figure 2 Bilinear cohesive traction separation |ajv

The cohesive zone model with the boundary valueblpro, the kinematics and constitutive
relations for the formulation of the model for tHelamination initiation and propagation are nicely
presented by Turon and Camanho (2006) in [5].

An important remark must be made. The purpose was/estigate the experimental parameters in
a numerical way, to avoid experimental scatter,dftitourse, it has to be assured that the nunierica
parameters, which influence the cohesive modellesylts, are set to the correct values. Hence, the
combination of the different parameters like stffs, strength, numerical stabilization, output
frequency, mesh size are always optimized firsfipieeconclusions with respect to the experimental
parameters are drawn. More details on how thisropation can be done, are found in [6].

2 MATERIAL AND METHODS

2.1. Material

The material considered here is a polyphenylenghgig (PPS) reinforced with a 5-harness weave
carbon fibre (CF) fabric also known as CETEX. Thetgs with the insertion of a kapton film in the
midplane of the [(0, 90) (90, 0)]s stacking exist of a total of 16 layers of fabiitiese plates were
produced and delivered by TenCate (Netherland®.plates were sawed using a diamond saw in the
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dimensions corresponding to Figure 1 with a widtl2®mm. The elastic properties for the CETEX
CF/PPS composite can be found in Table 1 .

CF/PPS (CETEX) Elastic properties

Eig, E2, Ezs, V12, Vi3, V23, Gio, Gis, Gos,
[GPa] [GPa] [GPa] [-] [ [-] [MPa] [MPa] [MPa]

56.2 56.21 10.66 0.08 0.42 0.42 4390327.19 3228.68

Table 1 : Material properties used for the consioncof the DCB model of the CETEX material

The dimensions of the test samples can be fount:Rab

Specimen Width, HalfspanL, Cracklength@ Testing speed,

[mm] [mm] [mm] [mm/min]
CET7 16.1 100.0 70 0.5
CET 8 16.1 100.0 70 1

Table 2 : Dimensions of the CETEX test specimensI(C - CET 8)

The procedure for the calculation of the Mode it Gropagation (&, prop) and its results can be
found in [7] leading to an averagecGrop = 3400 J/m2.

2.2. Analytical solution for the mode Il ENF test

The analytical solution for the ENF test can betsplthe three stages of the load-displacement
curve as defined earlier [8]. The load and disptaet can be calculated with following equations:
Linear part:
P(3a2 + 213) (1)
- BE,,Bh?

Displacement and load during crack propagation aithL:

_ P(3a®+2L7) (2)
= 8EyBR®

p_ (166 B E sy 3
- N 9g?

Displacement and load during crack propagation withL:

16 32
P (?Gncfiiﬂzhs) 4)
6= 213
2Ey Bh* 44/3pP3

_ ||165:rc52h3511 (5)
N 9a®
where: G = critical mode 1l strain energy release rflémn?]
B = width of the test samplpm]
h = half of the thickness of the test sampid,
Ei11 = longitudinal Young’s modulu$Pa]
P = applied forcgN]
a = the crack lengtiin]
L = half of the span as given in Figurgr)
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A comparison between the experimental tests forGR& 7 and CET 8 test specimen and the
analytically calculated load and displacement csivging the from CET7 and CET8 experimentally
derived minimum and maximum values foiicG(3379 J/m2 and 3674 J/m2 respectively [7]) can be
found in Figure 10.

3 NUMERICAL SSIMULATION

A lot of research has been accomplished on thelairon of the mode 1l end notched flexure
(ENF) test. Again in many cases not all the diffénearameters are given in order to reproduce the
same simulations using the same models and mapariaimeters. Here, the influence of the following
experimental parameters on the outcome of the EBIHg investigated:

1. position of the supporting and loading rod on thegle
2. influence of the thickness of the substrates aadtiength
3. influence of the friction (internal and external)

The geometrical dimensions of the ENF test sampl& € and CET 8, together with the material
properties for the CETEX test samples can be fannmhragraph 2.1. The geometrical properties of
the numerical ENF model can be found in Figure 1.

In between the different rods (Steel) and the adrgarfaces of the substrates (PPS) of the ENF
sample, friction was taken into account. Frictioasvalso introduced in between the substrates of the
sample itself. While the supporting rods are fixadjisplacement is given to the load inserting rod
which will introduce the load into the numerical Ekest sample as it is done in real experimengal te
setups. In order to be sure to capture the diffeneimerical aspects of the ENF simulation, two
models, a 2D and a 3D model have been construafezt. a mesh convergence for the two models
and stabilization convergence, further study waslenasing a 2D model existing of 22000 linear
quadrilateral elements (CPS4l1) and 1400 linear dlaageral cohesive elements (I = 0.1mm) and 2366
elements for the rods. The 3D model was built udi®400 linear quadrilateral shell elements (S4) and
400 linear quadrilateral cohesive elements withati@n in lengths @in = 0.2mm anduax = 1mm)
reducing the calculation time, plus the elementsded to represent the rods. The mode Il average
critical energy release rates,cG(= 3400 J/m?) was determined in section 2 andseduin the
simulations. The results were exported at each tmaeement. A stabilization convergence study
concerning the viscous regularization factor foe tBD numerical models of the ENF test was
performed. The friction coefficient between the RjgBstrates and the steel rods equals 0.25 [9kand
simulated with a master-slave contact interactidth & finer mesh of the slave part compared to the
master part. The influence of this friction cod#ict has been studied by variation of the friction
coefficient will be shown in later section 3.1.3h€lTshear strength of PPS [10] is around 60MPa,
therefore this value will be used together withadue of 30MPa and 90MPa in order to show the
influence if the strength parameter. A stiffnesdeé and a viscous regularization factor betweén le
— 1e8 was used in the simulations. The 3D modél wistrength® = 90MPa will be considered as a
reference in following studies since this valueresponds the closest to the analytical solution.

3.1. Parametric study

3.1.1. Position of therods

The reference model (TRAN A) has a half spar 1100 mm and .= 100 mm (Figure 1) and this
has been changed in order to check the sensitfitthe results to such variations. A study was
performed with an asymmetric support with a halrspn one sided= 100 mm while keeping the
original L, = 98 mm on the other side (Figure 1) and can e #is model TRAN B in Figure 3. A
similar simulation was made but with opposite aswtmgnwith L, = 98 mm and L= 100 mm (Figure
1), see model TRAN C. The results as given in Fgdishow that some variations may occur when
the positions of the rods are changed. For exampkn comparing model TRAN A, TRAN B and
TRAN C, a small shift of the load-displacement @ipan be noticed which represents a stiffening of
the response due to the decrease of the leveragec&h also see that if the central rod, indudmeg t
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load on the test sample, is slightly shifted (TRABNand TRAN E), one can obtain a difference in
maximum force between the ideal positionings & L, = 100 mm) and the shifted ones of
approximately 3% for this material and configuratio

Load - displacement
Influence of the position of the rods: Translations
(TRAN)

630 |

580 |

430 ' TRAN A: 3D: Reference

TRAN B: 3D: La = 100 mm; Lb = 98 mm (Sup Rod)
1 ——TRAN C: 3D: La=98 mm; Lb = 100 mm (Sup rod)
330 - ——TRAN D: 3D: La = 102 mm; Lb = 98mm (Cen Rod)

) ——TRAN E: 3D: La =98 mm; Lb = 102 mm (Cen Rod)
280 ————— e T

10 15 20 25
Displacement, [mm]

Figure 3 Influence of the position of the rods afslations - on the numerical load-displacement
curves of the ENF simulation

The influence of the rotations of the supportings@nd the central rod as depicted in Figure 4,
was investigated. Model ROT B and ROT C show tlaglddisplacement results for the simulations
where both supporting rods are rotated like giverpoint A and point B of Figure 4 by 1 degree
respectively 2 degrees. The last model presentsethidts of a model where only the central, load
inserting rod, has been rotated by 2 degrees.

Figure 4 Rotation of a rod hydegrees
A small rotation of the two supporting or the cahtiods does not have any significant effect on

the resulting load-displacement curves, as showfigare 5. All the load-displacement curves of the
different models coincide with the reference madigh the ideally positioned rods.
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Load - displacement
Influence of the position of the rods: Rotations (ROT)

600 |

500

ROT A: 3D: Reference
— = ROT B: 3D: Rotation Sup Rods = 1 degree
= = ROT C: 3D: Rotation Sup Rods = 2 degrees

—— ROT D: 3D: Rotation Central Rod = 2 degrees

0 5 10 15 20 25
Displacement, [mm]

Figure 5 Influence of the position of the rods {&ions - on the numerical load-displacement curves
of the ENF simulation

3.1.2. Influence of the thickness of the substratesand the strength

This study aims to check the influence of the theds of half of the total thickness of the test
sample h (Figure 1). The models used for this stady based on the reference 2D model. The
thicknesses of the substrates of this model hawn ldhanged from 2 x (h = 2.4 mm) into
hop = 2.35 mm and da: = 2.45 mm. Bp represents the thickness of the substrate abfhétcontact
with the load inserting rod. Additionally, the ¢kness 3, has been reduced teg= 2.3 mm with
heot = 2.5 mm.The results presented here have been obtained tgingtrength values, = 30 MPa
andto = 90MPa.

The influence of the thickness of the substrateab®ENF simulated test sample cannot be noticed
in contrary to the similar graphs shown for the D&iBwlation, which can be found in [6]. On the
other hand it is clear that the maximum strengthas a significant impact on the resulting numérica
load-displacement curves. Since a decrease ingsfrewith a constant critical strain energy release
rate G¢ and stiffness K, leads to an increase of the fitigplacement jump at failu&, it gives a
smoother load-displacement curve. The maximum lokthined before failure using a strength

10 = 30 MPa is approximately 550N, whereas#or 90 MPa the load reaches more than 600 N which
is a considerable difference.
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Load - displacement
700 - Influence of thickness of the substrates
600 1 A
500 |
—~
E 400 -
3
9 300 - TA: 2D: Reference - = 90MPa
] —TB:2D: h=2.35mm -t=90MPa
200 - TC: 2D: h=2.30mm -1 =90MPa
: TD: 2D: Reference - T = 30MPa
100 ——TE: 2D: h =2.30 mm - T=30MPa
] = = TF:2D:h=2.35mm -t=30MPa
0 :
0 5 10 15 20 25
Displacement, [mm]

Figure 6Influence of the thickness of the substrates omtimaerical load-displacement curves of the
ENF simulation

3.1.3. Influenceof Friction

Since it is not always mentioned in the reportpaypers dealing with experimental ENF tests what
the friction coefficient between the rods and tbatact surface of the substrates of the test sample
a numerical study was effectuated in order to fatwhat the impact could be on the resulting load-
displacement curves. Therefore it was chosen ttoperthe quasi-static simulations using the 3D
reference model with different friction coefficisntait multiple failure strengths, (30, 60 and
90 MPa). Both the impact of the friction betweea substrates of the ENF model (INT) as well as the
friction at the contact surface between the rods$ the substrates (EXT) has been studied. At last a
combination of the effect due to the friction at tontact surface and the strength is shown.

Internal friction between the substrates of the ehod
The influence due to the friction between the sig$aof the substrates of the numerical test sample
is very low. Only a small shift of the curve canrimiced comparing a friction coefficient of 0.@ié&

friction coefficient of 0.4 leading to a maximunrde difference of less than 1%, as can be seen in
Figure 7.

Load - displacement

Influence of the friction between the substrates (INT)
650 -+

600 -

——INT B: 3D: 30MPa - Friction Coeff = 0.01

400 —INT C: 3D: 30MPa - Friction Coeff = 0.15

——INT D: 3D: 30MPa - Friction Coeff = 0.4

350

10 13 16 19 22 25
Displacement, [mm]

Figure 7 influence of the friction between the dtdies (INT) on the numerical load-displacement
curves of the ENF simulation
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External friction between the substrates and ths ro

Here, the effect of the friction between the rodd the substrates is investigated. Since in reality
these rods are supposed to produce very littl¢idric the values for the friction coefficient were
varied between 0.01 for model EXT A, 0.33 for moBIT B and 0.4 for model EXT C. The strength
1° at failure initiation used for this investigati@guals 30 MPa. All the results of the output were
written out at each time increment of the simulatio

Although the shape of the load-displacement cuofebe results (Figure 8) remains similar, a big
shift in loads can be observed. A difference betwdlee minimum load for model EXT A
(corresponding to almost no friction) and model EQTeaches up to 8% which is not negligible. This

means that in the reports of an experimental EN#yars should be mentioned what this friction
coefficient was.

Load - displacement
Influence of the friction between the supporting rods
and the substrates (EXT)

600 -

500 |

——EXT A: 3D: 30MPa - Friction Coeff = 0.01
= EXT B: 3D: 30MPa - Friction Coeff = 0.33
EXT C: 3D: 30MPa - Friction Coeff = 0.4

0 5 10 15 20
Displacement, [mm]

Figure 8 Influence of the friction between the drdiss and the rods (EXT) on the numerical load-
displacement curves of the ENF simulation

Combination of friction and strength

When combining the influences due to the extemetidn and the strength in one graph (Figure 9)
it is obvious that these effects impact a lot thmeutated results. A difference in maximum force
between the minimum value obtained with model COMar@ the maximum value obtained with
model COM D represents an increase of approximai@dy.

Load - displacement
Combination of friction and strength (COM)

600 |
500 -

400 |

—_

Z

k=l

g 300 ——COM A: 3D: 90MPa - Friction Coeff = 0.01

- p COM B: 3D: 60MPa - Friction Coeff = 0.01
200 - / = COM C: 3D: 30MPa - Friction Coeff =0.01

= COM D: 3D: 90MPa - Friction Coeff=0.4
100 - COM E: 3D: 60MPa - Friction Coeff = 0.4
——COM F: 3D: 30MPa - Friction Coeff = 0.4

0

0 5 Displacement, [mm] 15 20

Figure 9 Load-displacement curves of ENF numesgallations with combinations of influences
due to friction and strength
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If the lessons from these studies are applied éostimulation of an ENF test one obtains a good
correlation between the experimental results (CEdnd CET 8) as defined in section 2 and the
numerical load-displacement curves (Figure 10). dinaytical curves have been constructed with the
maximum and minimum critical strain energy releas¢es Gc defined experimentally . The
difference between the experimental and analytieslilts is due to the friction between the rods and
the substrates and the failure strengtin the traction-separation law. This proves thdeatlvalue of
such numerical simulations.

Mode Il - ENF

600 -

— — Analytical_linear

Load, [N]

= = Analytical_prop_a<L (Gllc = 3379 J/m?

= = Analytical_prop_a<L (Gllc = 3674 J/m*

(
— — Analytical_prop_a>L (Glic = 3379 J/m?
(
— — Analytical_prop_a>L (Gllc = 3674 J/m?

—CET7
100 4 —CET8

3D: 90MPa - Friction Coeff = 0.01

3D: 60MPa - Friction Coeff = 0.01

0 5 10 15 20 25
Displacement, [mimn]

Figure 10 Load-displacement curves of the ENF nigakand experimental test results
4 CONCLUSIONS

When performing simulations using the cohesive rhamlgproach for delamination growth,

attention must be paid to using the correct contlinaof numerical parameters such as stiffness,
strength and the traction-separation law, numestailization, output frequency, mesh size. Once
convergence was achieved, the influence of diffeesperimental parameters, such as the difference
in thickness of the substrates of the specimenptisitioning of the supporting and loading rodg, th
influence of friction, both between the substratesl between the specimen and the supports was
investigated. It could be concluded that a smalinge in thickness of one of the two substrates
composing the ENF specimen did not lead other t®sfilsame conclusion can be drawn concerning
the friction between the two substrates. Smalltiata of either the supporting rods or the loadiog)
did not influence the force-displacement curvesweler, the friction between the specimen and the
supporting rods leads to different results betwtbencrack propagation parts of the load-displaceémen
curves and the translation of the supporting odileg rolls influences the entire load-displacement
curves.

A general conclusion when dealing with numericall axperimental tests of delaminations in
general is that when one wants to achieve a ctioeldoetween the experimental and numerical
curves, it would be better to give a range in whitd numerically obtained curves would be using
different parameters, than giving a result cormetptvith one curve because of the impact of the
different numerical parameters. It is advised floatall numerical simulations all details needed fo
the numerical simulations would be given in the osamipts.
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