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NUMERICAL STUDY OF THE DELAMINATION TOUGHENING EFFECT OF
WEAKENING AND TOUGHENING PATCHES

Guillem Gall Trabal’, Brian Lau Verndal Bak®, Boyang Chen®, Simon Mosbjerg Jensen® Esben
Lindgaard*®

a: CraCS research group (cracs.aau.dk), Department of Materials and Production, Aalborg
University, Fibigerstrade 16, Aalborg, Denmark “(elo@mp.aau.dk)
b: Faculty of Aerospace Engineering, Delft University of Technology, Kluyverweg 1, 2629HS
Delft, Netherlands

Abstract: A numerical study on the feasibility of using patches of interface weakening or
toughening material to trigger multiple delaminations toughening laminated composite
structures against delamination is presented. The studies use an adaptive refinement
formulation that uses cohesive elements to model delamination initiation and propagation. A
DCB specimen is loaded under displacement control with two cohesive interfaces and a single
pre-crack is introduced in one of them. The studies show that multiple delaminations can be
initiated in the secondary originally uncracked interface by placing interface toughening patches
at the main pre-cracked interface or interface weakening patches at the secondary one. The
energy dissipation significantly increases compared to a standard DCB specimen featuring a
single delamination.

Keywords: Delamination toughening; multiple delamination, adaptive refinement, cohesive
zone modelling; Floating Node Method

1. Introduction

Several methodologies have been introduced in the literature to toughen composite laminated
structures against delamination propagation. Current strategies include modifying the
constituent materials by improving the interface between fibre and matrix using fibre sizing [1,2]
or obtaining tougher matrix materials. Interface toughening can also be obtained by procedures
such as stitching [3,4], z-pinning [5], interlocking mechanisms [6], or using 3D woven fabrics [7].
However, the aforementioned techniques provoke unwanted side effects such as a decrease in
the wettability of the laminate or a decrease in the in-plane strength of the structure [5].

Another option is to toughen the structure by defusing the damage into multiple delamination
fronts. This idea, presented in [8], implemented using a weakened interface, increases the
amount of energy dissipated. However, creating a weakened plane may induce premature
damage initiation from e.g., intralaminar damage. Another option noticed for toughened
interfaces in co-cured laminates [9] is using a local toughening of the interface to initiate damage
in a secondary adhesive interface.

In this article, the possibility of onsetting multiple delaminations in laminated composites using
patches of interface toughening or weakening material is explored with a set of numerical tests
featuring different interface toughening or weakening materials. The analyses are performed
with a modified version of the adaptive refinement formulation from [10].
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2. Methods and numerical testing protocol

This section introduces the methodology and numerical testing protocol used to study the
interface patching induced multiple delamination initiation, and the toughening effect it has on
the structure.

2.1 Adaptive refinement formulation

The adaptive Floating Node Method (FNM) based formulation presented in [10] is composed of
the Adaptive Refinement Scheme (ARS) and the Adaptive FNM (A-FNM) element. Together, the
ARS and the A-FNM element efficiently refine the model as required, obtaining a
computationally efficient formulation for the accurate analysis of delamination propagation
using Cohesive Zone Models (CZM). The adaptive formulation presented in [10] does not
consider damage initiation in pristine interfaces, a feature needed for the numerical tests
presented in this work. All the modifications to the adaptive formulation necessary for the work
presented in this paper are restricted to the ARS. Therefore, the A-FNM element is not presented
in this section, and the reader is instead referred to [10] for details.

The formulation presented in [10] allows the discretisation of an entire 2D laminate with a single
A-FNM element through the thickness, as shown in Figure 1a. Each of the A-FNM elements
contains a set of interfaces that can be at 4 different states: 1) Fully damaged, 2) Refined, 3)
Coarse, or 4) Pristine. For the cases analysed in this paper, only states 1), 2) and 3) are relevant.

Main interface
Secondary interface

a) LT T FETr ey P SRRy SR T A B Y S T e - - :.:

— Refined =— Coarse = Fullydamaged % CrackTip = Secondary interface damage
Main interface damage

Main interface
Secondary interface

b)

*

o
3

X

Main interface
b o Secondary interface

*

c)

X

Figure 1: Adaptive Floating Node Method (A-FNM) element interface states of the specimen shown in a), after the
application of the ARS for a single delamination b), and after the initiation of multiple delaminations c).

The ARS algorithm continuously monitors the damage in the structure to allocate the correct
state at each A-FNM element interface in the model. As visualised in Figure 1b, the ARS sets all
the A-FNM elements containing damage and its immediate neighbours to a refined state. The
A-FNM element interfaces that have been fully damaged are set at a damaged state, and the
remaining A-FNM element interfaces are set as coarse. With this approach, the damaged
interfaces and their surroundings are effectively refined, leaving the remaining ones with a
coarse discretisation of damaged or undamaged cohesive elements.

The fact that all the undamaged A-FNM element interfaces of the model contain at least a coarse
cohesive element allows damage initiation in pristine interfaces. This is exemplified by the
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scenario shown in Figure 1, which is encountered in the studies presented in this article. Initially,
a single delamination propagates through the structure, as seen in Figure 1b. Notice how the
secondary interface near the crack tip is at a refined state. This refinement allows for the
accurate initiation of damage, which can eventually form two new independent crack tips, as
seen in Figure 1c. Thus, the only necessary change to the ARS is allowing the preallocation of
coarse CEs at any interface (pre-cracked or pristine) selected by the user.

2.2 Underlying standard element formulations

The calculation of the A-FNM element stiffness matrix is done by assembling stiffness matrices
calculated for each of the sub-elements. The subelements are shown in Figure 2 for the relevant
configurations of the presented numerical studies. The solid sub-elements stiffness matrices are
calculated following a 4-node Enhanced Assumed Strains plane strain layered formulation
detailed in [10]. This formulation enables the use of coarse discretisations under bending
dominated situations and the use of a single sub-element to model several layers. The cohesive
sub-elements are formulated as cohesive interface elements following the formulations
presented in [11,12] adapted to a 4-node interface configuration.

Sub-element 1

Sub-element 2

sE4 | SEs | SE6

Sub-element 3
~Sub-element 4

Sub-element 5

SE7 | SE8 | SE9
“SE10°] SE 11T SE 12

Original Refined Coarse/Damaged
A Internal Floating Node @  Real Node — — Interface [ solid sub-element
A Edge Floating Node I:I Cohesive sub-element Active interface

Figure 2: The A-FNM element's three configurations in the numerical tests.

2.3 Numerical testing protocol

A set of tests are performed with the specimen shown in Figure 3. The specimen contains either a toughening or a
weakening interface material patch. The base material used for the analyses is listed in

Tabel 1. An initial mesh of 90 A-FNM elements is used, resulting in the initial mesh shown in
Figure 4. A cohesive sub-element size of 0.084 mm is chosen in the refined area to ensure that
a minimum of 4 cohesive sub-elements are present in the damage process zone.

—— Toughening patch

u A
H 7 5, 5; —— Weakening patch
o Main interface 1.5
= | = 3 e 3 i 7 0.265
(@ Secondary interface 1.325
Uy 150

Figure 3: Specimen used in the numerical tests. Dimensions in [mm]
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Tabel 1: Base material and interface properties used in the numerical tests [13,14].

Material properties Interface properties

E1 120 [GPa] Gic 260 [N/m]

E22= E33 10.5 [GPa] G||c 1002 [N/m]
G12=G13 53 [GPa] Tio 30 [N/m]

Gas 3.5 [GPa] Tio 60 [N/m]

V12= Vi3 0.3 [-] n 2.73 [-]

Va3 0.51 [-] K 30e6 [N/mm3]
AT T T T T T T T T T T T T OO T I T I IO T AT 3 34

150

Figure 4: Initial coarse mesh of A-FNM elements. Dimensions in mm.

A total of 50 numerical tests are performed. These are grouped in 2 categories featuring either
an interface toughening patch or an interface weakening patch. The interface patches are
modelled by changing the interface properties at the designated patched areas. This is done by
multiplying or dividing the onset tractions (tio, Tio) by an integer scalar n, and the critical energy
release rates (Gi, Gic) by an integer scalar m:

(G, - n, Ty - m) — Interface toughening patch
(G./n, ty/m) — Interface weakening patch

The 25 analyses for each category are built by varying n and m from 1 to 5 in unity steps.
3. Results
3.1 General response

The force-displacement equilibrium curve for the analyses featuring an interface toughening
patch and those with an interface weakening patch are displayed in Figure 5 and Figure 6,
respectively.

200 — | |
I ; O T G 2 G 3 G 4 G 5n
‘ o [+1:G 17y +1:G 27 +1-G 37, +1-G 47y +1-G 57,
c .G T G 2 2 G T .G o .G
. | 26 11, 626G, 27 626,37 626G 41 ©2G,
150 | || %3G 17y %3G 27y %3G 37 %3G 47 %3G,
p—i I ~4G 17y ~4G 27 ~4G 37 ~4G 47, ~4G_
& | %5 G 1.1, %5G 27 %5 G 37, %5G 41, %5G_ 5t
< 100* | < 0 c 0 { 0 ¢ 0 3 0
=1
g il
o

50

p 1 L1 | ! L L L L I
0 0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016 0.018
CMOD [m]

Figure 5: Force-displacement equilibrium curves for the analyses featuring an interface toughening patch.

Notice, that cases where multiple delaminations are initiated, display a response with higher
force level than the single delamination reference case (1-10,1:G¢) during the crack propagation
phase. In that regard, both interface toughening and weakening patches can initiate multiple
delaminations. Figure 5 also shows that the interface toughening patch approach results in a
higher force peak than the interface weakening patch strategy results from Figure 6.
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Figure 6: Force-displacement equilibrium curves for the analyses featuring an interface weakening patch.
3.2 Multiple delamination initiation

To study the delamination initiation phase, the normalised traction fi, and the energy-based
damage variable D, [14] are defined as:

.M
= ﬂ— where py, = \/T,zo + (T1210 - Tzzo)Bn
0
G, — w, _q A(1—=D)KAp
G, 2G,

where w, is the specific remaining ability to do non-conservative work, and Ap, A, are defined
asin [14]. Figure 7 shows the multiple delaminations initiation process. When the traction profile
enters the patched area, the increase in the traction peak produced by the interface toughening
patch initiates the damage at the secondary interface. This happens because the secondary
interface properties are unmodified, unlike in the main interface. The same case also holds for
the interface weakening patch, but in this case, the main interface traction profile is not varied
when entering the patched area. The decrease in the interface onset traction value produces
the damage initiation. In both cases, the toughness of the interface at the patched area needs
to be modified to extend the damage in an area sufficiently large to initiate the two new
delamination fronts.

80 |

— il [ fi Main 9 1
Points of interest # | i Secondary

D. Main 1

D, Secondary

6f)

0.6 X Patched area | (.8 el T I\ "3 :g, ".:. 08
2 t 2 |2 ji Secondary R % X
Z 40 = 4 06 & 2 ||+D, Main |4 L 06
g 04 Gt 0.4 F2 D, Secondary %
|

o |-~ Patched area |

e .
s (1.2 9.2

20 £ s J

4 ’
[if === : 0 0

0 : . - pa - 1 2
4] 0.002 0,004 0.006 0.008 0.01 0042 0.043 0.044 0.045 0.046 0047 0.042 0.043 0.044 0.045 0.046 0.047
CMOD [m] Specimen lengih [m] Specimen length [m

Figure 7: Normalized traction and damage D, for a toughening patch of (G.*3,ty-3) at selected points of interest.
3.3 Multiple delaminations propagation phase

The propagation phase of the analyses shown in Figure 5 andFigure 6 is determined by whether
multiple delaminations are initiated and if so which crack tips are propagating. Figure 8 shows
the energy dissipation rate defined as the energy dissipated per crack mouth opening (CMOD).
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In both cases, the analyses with multiple delaminations initiation (curves 2 and 3) provide higher
energy dissipation than the single delamination cases (curve 1).

120 - 120 -
4Gyl +Go1 g2 +G el 73 G 1704 +Gol 795 —Reference ATy +G /1 735 —Reforence
ol |88t 8G:2Ty2 86273 BG 2t @G 21y i o G TS
= #6371 %G 377 #6373 + G T4 #6378 = o4 G Tys
) ~G A7l ~G a2 ~Godrd -G odrd - =, AT G /S
8 BOF |%G57g! %0572 %6573 =0, 574 %057y 'é 80 IS Tofd G5 Ty
= . =
2 2
g 60 :ri a0
g 5 iy
Q 40 = ;J 40F — )
o | s
20 20
0 0
0.009 0.01 0011 0012 0013 0014 0015 0016 0017 0018 0.009 001 0011 0012 0013 0014 0015 0016 0017 0018
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Figure 8: Energy dissipation rate for the interface toughening (left) and weakening (right) analyses.

The three different curves displayed in Figure 8 are linked to the three outcomes displayed in
Figure 9. Outcome 1 is the reference case with a single delamination, where multiple
delaminations is not initiated. Outcome 2 occurs when multiple delaminations are onset in the
interface weakening cases, and in the interface toughening cases where the main crack is not
arrested. For interface toughening cases with a high G;c and Gy, outcome 3, the main crack tip
is successfully arrested, leaving the crack tips at the secondary interface as the only ones
propagating. This situation results in more energy dissipation due to the local mode mixity
conditions, which have a higher mode Il component.

T
e T T

TTTI e I ‘ _ I ‘ I
HJDHHTHEL_ e I e ]

m Outcome 1
Hl#ﬁ%}%%- LEEREE S0 b e e

Outcome 2
j_ﬁ_‘I LT [ O T T
. 7@%“IIIIIIII!., T o 2 i =
LHJ Outcome 3 * Propagating crack tip

Figure 9: Deformed mesh at the end of selected analyses.
4. Discussion and Conclusions

A study on the toughening effect against delamination propagation produced by initiating
multiple delaminations by including interface toughening or weakening patches in the structure
is presented. A set of numerical tests is performed using a slightly modified version of the FNM
adaptive formulation from [10]. The studies show that multiple delaminations can be initiated
with both interface weakening and toughening patches, with overall higher load carrying
capabilities provided by the analyses featuring a toughening patch. Moreover, the studied
traction profiles identify that the multiple delaminations initiation is driven by a combination of
onset traction and toughness modification of the patched area. Different outcomes depending
on the values of the patched area onset traction and toughness are observed. The different
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outcomes are a consequence of the multiple delaminations initiation, and of which crack tips
propagate afterwards. Each of the outcomes corresponds to a different level of energy
dissipation. The presented studies for quasi-static loading show promising results for increasing
the toughness and load carrying ability. As a next step, the authors would like to explore how
significant these effects will be for more advanced cohesive law formulations able to capture
the effects of fibre bridging [15,16]. Furthermore, the authors would like to explore the effects
of the interface weakening and toughening patches on fatigue-driven damage initiation and
propagation. To accomplish this, the authors will use the fatigue simulation framework
[17,18,19] which has recently been implemented into the A-FNM framework.
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