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Experimental Characterization of Delamination iff-@xis GFRP Laminates during
Mode | Loading

Esben LindgaardBrian Lau Verndal Bak
Department of Materials and Production, Aalborg UniveysEibigerstraede 16, DK-9220 Aalborg East, Denmark

Abstract

This work experimentally investigates the influence of tifieaxis angle between the lamina orientation and the crackipro
direction in mode | delamination of GFRP laminates havinguRve behaviour due to large scale bridging. Initial anddyestate
fracture toughness are characterized féiiedent configurations of two laminate designs using momexttdd DCB specimens. In
layup design 1, the layers adjacent to the initial delanndmedre parallel and thefisaxis angle is varied. For layup design 2, only
the dtf-axis angle of layers adjacent on one side of the initialm@iation is varied. Microscopy, fractography, and comgams of
R-curves are used as tools to classify the cracking behawidlo ff-axis configurations tested experienced crack migratiomfr
the initial crack plane. In layup design 1, a significartetience in initial fracture toughness are found as opposkytp design

2 in which an insignificant dierence in initial fracture toughness and steady-statéuiratoughness, respectively, are found. The
off-axis configurations of layup design 2 are associated wahkcmigration and intraply crack propagation. The traasifrom
interlaminar to intraply crack propagation correlatedwitie location of f-axis fibers not supported by the initial delamination
indicating a free edgefkect of the DCB specimen.

Keywords: Off-axis crack propagation, R-curve behaviour, Large scatighrg, Mode | delamination, Interlaminar fracture,
Multidirectional laminated composite, Crack migration

1. Introduction real 3D laminated composite structures [14]. The most impor
tant simplifications are 1) the delamination is predetesuito

A common failure mode in laminated fibrous compositeprop‘.ﬂgate at a given interface, 2) Mode Il and Mode |1l crack
structures is damage of the interfaces between plies. Ypés t loading is combined to a single shearing mode since cument i
of failure is called delamination and is one of the most dan]olementation cannot distinguish the two. 3) Isotropic tiiae
gerous and often seen damage modes in laminated compQsrpperties, which does not take the orientation of the ajac
ite structures [1]. Typically, interlaminar fracture tdugess of  |ayers into account. In order to formulate better and more re
laminated composites is characterized using simple wudir jjjstic predictive tools it is vital to understand the delaation
tional coupon specimens where the delamination is propagagrocess of a broader spectrum of laminate configurations.
ing along the fiber orientation [2]. However, in real struet! Previous studies offbaxis delamination, i.e. where crack
delaminations cannot be guaranteed to propagate between agrowth direction is &-axis to surrounding lamina direction, and
along unidirectional layers. In fact this special case issqyare.  delamination of multidirectional laminates have primatieen
This means that in order to perform delamination simulation focyused on carbon fiber reinforced polymer (CFRP) laminates
of real structures using material properties obtained filo#se 5 initial fracture toughness at the onset of crack profaya
simple unidirectional coupon specimens alone, the assampt gee the review by [15]. The influence of thé-axis angle in
of isotropic fracture properties needs to be made. Mode | loading cases have been investigated by numerous re-

Modelling and simulation of delaminations using the finite ga5rchers and the reported results show a significant iaiat
element method is available using e.g. interface elememts a f the influence of the fB-axis angle. Examples of the largest
a cohesive model see [3-13]. Despite that cohesive modelg|ative diferences between the initial fracture toughness for
and finite elements have been enhanced greatly during the pggacks propagating along the fiber orientation in relatthe
decade they still rely on simplifications, which makes itsue fracture toughness obtained af-axis angles up to 90are:
tionable if they can be used for predicting delaminations in[16] 0%, [17] 47%, [18] 0%, [19] 100%, [20] 70%, [21] 64%,
[22] -10%, [23] 40%, [24] -14%, [25] 0%. There has not been
given much attention to the influence of th#-axis angle on

YPreprint version, final version available at the steadv state fract t h for interf havii
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fracture toughness at onset of crack propagation, see26y. [
Thus, it is essential to characterize and include R-curiabe
ior when analysing or simulating crack propagation for GFRP
laminates.

The objectives of the current study is to experimentallyreha
acterize delamination infbaxis GFRP laminates having large
scale bridging, thus the whole R-curve is characterized+in o
der to consider both the initial and the steady-state fractu
toughness. The purpose of the study is to investigate fihe o
axis behavior of a specific glass-epoxy laminate to detegrifiin
it is feasible to apply state-of-the-art finite element dition
methods based on cohesive zone models with the limitations
already mentioned. A number offtérent laminate configura-
tions are examined in order to quantify the dependency of fra
ture properties with respect to interlaminar crack progiaga
direction as well as orientation of surrounding laminae.ubo
ble cantilever beam (DCB) specimens loaded by pure bending
moments are used to experimentally characterize delainizat
in two different overall laminate designs. In the layup of layup
design 1 the layers adjacent to the delamination are pbaalte
the angle between the layers and the crack propagationdirec
tion is varied. For layup design 2 the angle between the lay-
ers adjacent to the delamination is varied. A newly devedope
test fixture [27] is applied in this work to produce pure bend-
ing moments to a DCB specimen by a wire and roller system. — ™ Mounting bracket
Fractography, i.e. examination of fracture surfaces, iag ~4 ‘
as a tool to understand the cracking behaviour and the drivin
mechanisms during delamination.

The manuscript is organized in the following way. First the
test setup, specimen design, and methods applied in tre test
are described in Sec. 2. Then the results and discussion are
presented for layup design 1 and layup design 2, respegtivel
in Sec. 3. Finally, conclusions are provided in Sec. 4.

Clip gauge

: -
Low friciton support Clip gauge pin

2. Test setup and methods Figure 1: Overview of test fixture for mixed-mode bending t#<DCB speci-
men with pure uneven bending moments.

2.1. DCB mixed-mode bending fixture

For delamination testing of DCB specimens a newly devely, o nted in and actuated by standard tensile testing maghine
oped special purpose test fixture introduced in [27] is @&opli ;5 using the actuation and high quality data acquisitjea s
The test fixture, shown in Fig. 1, can produce pure even or Ungy already available.
even bending moments on DCB specimens based on a pure ten- tpg pagic outline of the fixture is as follows. The DCB spec-
sile loading input from a standard tensile testing machif®  imen is mounted in a frictionless support achieved by ligtight
concept of the test fixture is based on the principle from [28]5jiers and ceramic bearings. In between the DCB specimen
where a string pulley system can introduce pure uneven bendy ro|ier support two aluminium plates are placed to enaure
ing moments on a double cantilever beam specimen. The dgwooth rolling surface, see Fig. 1. Two moment loading arms
veloped test fixture is designed such that unwanff&Ees from  \ith rollers are attached to the specimen. The applied force
large displacements and rotations are minimized whichympl couple to each of the moment loading arms is achieved by a
that the test fixture can be used to test more compliant and anghre and roller system using a single continuous wire, which
thereby thinner DCB specimens. This is realized by red&sign  gngyres a constant wire force and thus identical force on eac
the entire topology of the string pulley system, the rolleps  jer on the moment loading arm. The momentis a function of
port of the specimen, and also the orientation and attachofien e magnitude of the force applied to the rollers and the-hori
the momentloading arms. It ensures that a pure moment can Bg 5| gistance between these. In order to calculate triedver

introduced to the specimen even in conditions involvingéar 5 gistance between the rollers the angle of each loadimg ar
displacements and rotations. Furthermore, the redesigimeof are measured using inclinometers, cf. Fig. 1. A pretensione

string pulley system results in more compact test fixture tha  5iqed Dyneema rope is used as wire due to its low weight,
current available pure moment text fixtures. The test fixisire |\ friction. low bending stiness, high tensile $fhess, and

2
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high strength. A clip gauge is attached on pins mounted at the \

o
location of the initial crack tip of the DCB specimen and mea- 2 G
sures the crack end-opening displacement during frachste t g7
ing. For a detailed description and validation of the tegtifix z
the reader is referred to [27]. f G

;5 c,0
2.2. Experimental data processing E

The energy release rate for the moment loaded DCB speci- Crack end-opening, J
men shown in Fig. 2 can be determined using solutions based
on the J-integral approach [29], here assuming plane StESS  Figure 3: Fracture resistanci, as function of crack end-opening, typically
ditions, and which has been proven to also apply in largeescalobserved in delamination of GFRP laminates.
bridging cases [30],

21M?2 + 21M2 - 6M; M, delaminati_on on the R-CL_Jrve at t_woﬁﬁrent specimen widths.
G=J= AEFPWE , where (1) Layupdesign 2is for testing the influence on the R-curveef th
relative orientation of adjacent layers on only one sidehef t
whereH is the height of each bea is the width of the DCB initial delamination crack and having crack propagatiamitéd
specimenE is Young’s modulus, andil; and M, are the ap- to those layers.
plied moments on each arm of the DCB specimen, cf. Fig.2. Both laminate designs consist of two outer sublaminates
For all the tests reported hek&, = —M, andM, > 0. made from biaxial 50, °/90° noncrimp fabric mats with
The fracture resistance curve also known as the R-curve fa weight of 800 ¢gm? (BIAX layers), a center sublaminate of
typical GFRP laminates starts with the initial fractureéstmce ~ unidirectional mats with a weight of 26Pn? (UD layers), and
associated with crack tip cracking and increases as thendela @ 0.13um thick PTFE film, which is used to produce an initial
ination crack grows due to fiber bridgingfects appearing in  sharp crack. The nominal dimensions and layup of each speci-
the newly created crack surfaces, also known as the bridgingen are given in Tab. 1.
zone. When the delamination crack has grown a certain amount
the outermost bridging fibers in the wake of the delamination Layup design 1
crack will fail and thus not transmit any forces. At this poin
Sublaminate {

the bridging zone has reached its maximum size and thus any

further delamination crack propagation will be in a setfiar

manner at a steady-state value for the fracture resistaeee, UD layers ——— Initial
Fig. 3. z crack
The dfects of delamination infé-axis GFRP laminates are Sublaminate

here characterized by the initial fracture resistaBggwhich is X

defined here as the value of the J-integral at crack separatio y

0.05 mm and the maximum fracture resistaGegax See Fig.

3. The crack separation for defining the initial fractureiges

tance has been found to correspond well with visual inspecti -

during testing and the nonlinearity in the moment clip gauge UD layers
relationship. The reason that the steady state fractuistanse x Sublaminate
Gcss is not applied is that it is dicult to quantify due to the ®y

non-smooth shape of the resistance curves obtained indtse te Initial crack plane

Y UD 0
2.3. Material and specimen configurations , W Initial
Two GFRP laminate designs have been considered in thi = NgX v crack

study, see Fig. 4. Layup design 1 is for testing the influence

of the relative orientation of the adjacent layers to théiahi - . o
Figure 4: Layup definition of the two considered GFRP langrggsigns. Def-
inition of the df-axis angled is given as the orientation of the unidirectional

plies surrounding the initial crack.

Layup design 2

Sublaminate

2 Initial

crack

A A A

2H ' Bridging zone

In layup design 1 the initial crack is surrounded by the UD
plies which are considered at two configurations,d.e.0° and
»)Mz 6 = 9¢°. Furthermore, DCB specimens are cut at two widths in

order to investigate any width dependency concerning delam

nation. In layup design 2 the initial crack is positionedietn
Figure 2: Definition of DCB specimen loaded with uneven pueading mo-  the UD plies and the BIAX mat. Here fourftirent configu-
ments. rations are considered foffeaxis delamination having the UD

M1+|v|2( IM;
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Layup Specimen Number of Lavu Width, Height,
design type specimens yup W [mm] H [mm]
1 1 2 [BIAX;0@(0°,90°) / UD,@C / PTFE/ UD,@C /BIAX 10@(90,0%)] 30 14.1
1 2 3 [BIAX10@(C°,90°) / UD,@90 / PTFE/ UD,@90 /BIAX 1,@(90,0)] 30 14.1
1 3 2 [BIAX10@(07,90°) / UD,@C / PTFE/ UD,@C /BIAX 10@(90,0°)] 60 14.1
1 4 2 [BIAX;0@(C°,90°) / UD, @90 / PTFE/ UD,@90 /BIAX 10@(90",0°)] 60 14.1
2 5 4 [BIAXe@(90,0°) / PTFE/ UD,@0 /BIAX @ (0°,90°)] 25 9
2 6 5 [BIAXs@(90,0°) / PTFE/ UD,@30 /BIAX @(C0°,90°)] 25 9
2 7 5 [BIAXc@(90",0°) / PTFE/ UD,@60 /BIAX s@(0°,90°)] 25 9
2 8 5 [BIAXs@(90,0°) / PTFE/ UD,@90 /BIAX @(C°,90°)] 25 9

Table 1: Layup and nominal dimensions of the test specim@&hg. actual measured dimensions have been used in the datsgirg of the results presented
through out the paper.

plies oriented a = {0°, 30°, 60°, 90°}. Please note thatin layt 40007
design 2, as opposed to layup design 1, that the BIAX layer
flipped such that the initial crack is placed betweeffiedently
oriented UD plies and the’(ly in the BIAX mat.

In all configurations a relatively thick sublaminate cots
ing of BIAX mats has been applied in order to minimize
bend-twist coupling ects in the laminate while maintainii
a simple and comparable layup for all the specimens te
Coupling dfects have been considered by studying the I
nate ABD-matrices and 3D finite element static stress ara
using quadratic solid elements of the DCB specimens to el
validity of the plane conditions in using Eq. (1). ‘

Each DCB specimen is fitted with a pair of brackets 0
mounting the loading arms of the text fixture, see Fig. 1. €l 0 S 10 15 20 _25 30 3 40
brackets are mounted by four M4 bolts in threaded hole Crack normal end-opening, 9 (mm)
each _Of the DCB arms. Add!tlona"y' two pins _are attaCh_ed_ O igure 5: Fracture resistance curves for layup design h ndtminal width
the side of each DCB specimen at the location of the initiaky = 30 mm, gt-axis anglew = (0°, 90°)
crack tip for the attachment of the clip gauge during testieg
Fig. 1 and Fig. 9.

The laminates have been manufacturing by the vacuum a#arge fluctuations and unstable crack growth. By fractolgyap
sisted resin transfer molding process using a PRO-SET IBF11 and inspection of the produced delamination crack in the DCB
INF213 [31] standard infusion epoxy and post-cured acogrdi specimens having anfleangle ofé = 90°, the fluctuations in
to resin manufacturer specifications. The DCB specimens haJracture resistance is found to be caused by crack migragen
been cut to dimensions using a diamond circular saw. The diween the dterent interfaces during delamination testing, see
mensions of each specimen have been measured using a calilfég- 7. It was observed that the delamination crack migrates
and the bending $thess have been determined using a threérom the initial UD'UD interface towards an interface within the
point bending test on the actual specimens prior to fradaste  first BIAX mat by which the 0 ply in that BIAX mat restricts

ing_ These dimensions and the bendinﬁ‘mﬁss have been used it from migrating further into the sublaminate. The procef;s
to determine the R-curves presented in Sec. 3. crack migration of the 90off-angle specimens are schemati-

cally illustrated in Fig. 8.
. . The initial fracture toughness,c , and maximum fracture
3. Resultsand discussion toughnesSc maxare presented in Tab. 2. Here the first number
represents the specimen type, cf. Tab. 1, and the last number

3.1. Layup design 1 . . i .
yup 9 , . ___is the specimen number. The initial fracture toughr@gsg is
The fracture resistance curves for layup design 1 specimeng, o .+ twice as high for the specimens having dihagis an-
are shown in Fig. 5 for nominal wid# = 30 mm and in Fig. 6 gle of § = 90° compared to th@ = 0° specimens. This is

for nominal widthW = 60 mm. _ probably caused by the complicated fracture process offthe o
Considering the overall trend of the fracture esIStancess!  angled specimens where the delamination crack has to propa-
for both widths it is apparent that théf@xis angled = 0° of (16 through interlocked transversely oriented fibersrtei

the UD pIie; surroundingthe_initial crack produce quite. stho propagation path not directly dictated by clear boundaaies
fracture resistance curves with considerable R-curve\heta is the case when the propagation plane and growth direction i

due to fiber bridging #ects. The fracture resistance curves for, 4 \1qed by surrounding Gibers.
the df-axis angled = 90° on the other hand are associated with £ tvo out of the three 90off-angled specimens shown

3000y R o

—

2000

E— N

90°

Fracture resistance, Jg (J/m?)

1 1 1 1 1 1 1 I
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— 90°

Fracture resistance, Jg (J/m?)

0 1 1 1 1 1 1 1 1
0 5 10 15 20 25 30 35 40

Crack normal end-opening, § (mm)

Figure 6: Fracture resistance curves for layup design 1 ndminal width
W = 60mm off-axis angle® = {0°, 90°}.

Figure 7: Fractographic inspection of delamination crathayup design 1,
with width of W = 30mm off-angled = 90°, and mode | loading. Initial crack
tip and crack growth direction are marked on the specimen.

in Fig. 5, some steady-state crack propagation (for crack no

mal end-openings af = [3,17] mm) in the UDUD interface

appeared before the delamination crack migrated to the inte

E. LINDGAARD AND B. BAK

X — Crack migration
Sublaminate into center of 1
—

— BIAX layer
UD layers { S--
z

Sublaminate
X

Y
Initial: [BIAX,/UD,//UD»/BIAX;]
Steady-state: [BIAX,/UD,/UD»/BIAX@90/BIAX@0/BIAXo]

Initial crack

Figure 8: lllustration of the crack migration during cractopagation of the

9 off-axis angle layup design 1 DCB specimens. The synipd$ used to

indicate the interface location of the crack within the kiag sequence for the
initial and steady-state process of crack propagation.

ture process is dependent on the width of the specimens. The
fiber bridging éfects and microscopic imaging of the produced
delamination crack during testing reveal a complicatectina
process, see Fig. 9. Here two distinct and separated zones of
fiber bridging is identified, i.e. fiber bridging in a zone amat

to the initial precrack, followed by a zone without any fiber
bridging, and then a fiber bridging zone adjacent to the atrre
crack tip. For thed = 90° off-axis angled specimens the initial
fiber bridging in the UUD interface is in the transverse direc-
tion to the crack growth direction(width direction of the BC
specimen). At some point the crack migrates outside the UD
plies and continues at a specific interface in a BIAX mat where
there is less fiber bridging. Since the initial fiber bridging

the UDJUD interface is associated with fibers bridging the frac-
ture surface in the width direction this may explain the obsd
width dependency of the measured fracture resistance.

3.2. Layup design 2
The fracture resistance curves for the layup design 2 speci-

face within the first BIAX mat. The fracture toughness mea-Mens are shown in Fig. 10. The initial fracture toughr@gs

sured in this first region is higher than the steady-stateira

and the maximum fracture toughné3g max for the layup de-

toughness s of the non df-angled specimens. The same SI9N 2 specimens are given in Tab. 3. All specimens have a
observations were done for the 60mm wide specimens showsignificant R-curve behaviour due to extensive fiber briggm

in Fig. 6. When considering the maximum fracture resistanc&!l DCB specimen configurations. From Fig. 10 the initiatfra
of the 90 off-angle specimens in Fig. 6 with the ones in Fig. 5 Ure toughnesec, and steady-state fracture toughn€gsss,

there is more than 20%fiérence. The only dierence between

respectively, are similar across thefdient dt-axis configu-

the specimens is the nominal width and indicates that the fra rations. However, the characteristics of the fracturestasce

Specimen  @&-axis angle Gico [YM?]  Gicmax [J/M?]
1.1 (0 449 2962
1.2 (0 350 2993
2.1 90 1173 2998
2.2 90 799 3748
2.3 90 1036 3631
3.1 (0 397 3536
3.2 (0 413 3521
4.1 90 1307 4064
4.2 90 1013 4688

Table 2: Calculated initial fracture toughneSs., and maximum fracture
toughnes$sc max for all layup design 1 specimens.

curves acrossfbaxis configurations are veryftirent, i.e. the
non df-axis configuration display smooth fracture resistance
curves and a stable steady-state behaviour when the bgidgin
zone is fully developed. The fracture resistance curvedlof a
off-axis configurations display more fluctuations.
Fractography of the étierent d@t-axis configurations of layup
design 2 reveal very fierent fracture morphology and fiber
bridging dfects, see Fig. 11. The norfaxis configuration
with 6 = 0° shows that delamination iaterlaminarat the ini-
tial UD@C//BIAX@O0° interface, i.e. the delamination crack
is restricted to propagate between thigplles. This process of
delamination is illustratively shown on the top sketch ig.Ri2.
Inspection of the fracture surfaces of th&-axis configurations
with 8 = {30°,60°,90°} showsintraply delamination with os-
cillating crack propagation infb-axis UD plies bounded by the
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- \ Specimen  @-axis angle Gico [JM?]  Gicmax [J/M?]

gauge pin 5.1 o 642 2295
; i 5.2 (04 469 2185

5.3 0] 785 2302

54 0] 594 2335

6.1 30 882 2702

6.2 30 581 2578

6.3 30 662 2682

6.4 30 1031 2547

7.1 60 966 2672

7.2 60 852 2618

7.3 60 770 2738

7.4 60 931 3063

7.5 60 802 2711

8.1 90 754 2579

8.2 90 784 2728

8.3 90 493 2725

8.4 90 812 2737

8.5 90 820 2543

Table 3: Calculated initial fracture toughneSg , and the maximum fracture
toughnes$s|c max for all layup design 2 specimens.

the transition from interlaminar to intraply delaminatide-
pends on the fb-axis angle this also explains the sudden drop
in fracture resistance and unstable crack growth for tlieo80
axis configuration, see Fig. 10, as the crack migration hagppe
late. During the test the unstable crack growth of the &
axis DCB specimens, due to sudden drop in fracture resistanc
was observed to be associated with the transition. At crdek m
gration a high amount of fiber bridging was suddenly lost. At
further intraply delamination some fiber bridging was restb
and fracture resistance increased as shown in Fig. 10. @be fr
ture resistance curves of the°3fif-axis configurations did not
reach a steady-state value since the test was stopped prema-
turely in order not to have crack propagation near the roller
support structure of the test fixture invalidating the tesuits.

Figure 9: Layup design 1 with nominal widi#y = 60mm 6 = 90°, and mode
| loading. Top: Fiber bridging féects during testing. Bottom: Fractographic
inspection of delamination crack. Initial crack and crackvgh direction of

the specimen is marked. 4. Conclusion

In the present paper, experimental testing fifaxis de-

neighboring © ply of the BIAX mats. This observed delamina- lamination of GFRP laminated DCB specimens have been con-

tion process is shown on the bottom sketch of Fig. 12. ducted in order to better understand the delaminationuract
By microscopy and also apparent from Fig. 11 it is observed0Cess of more general and realistic laminate conﬂggra’qas

that the oscillating crack growth pattern forms after aaiart 2 Step towards the development of general characterization

propagation length, which may explain that the measureidini predictive methods for 3D delamination of real laminateheo

fracture toughness@i. ., across the dierent df-axis configu- posite structures. For that purpose two laminate layumdssi

rations, see Fig. 10, are similar. Similar observation wased have been considered in various configurations resultinlfin

by [32] in the study of pure cross-ply laminates where crackerent df-axis angles having the interface crack growth direc-

propagation in the 90plies was oscillating between adjacent tion off-axis to surrounding ply orientation. A special purpose
0° plies. delamination test fixture has been applied that enables DCB

From Fig. 11 it is also noted that the initiation of intraply SP€cimens to be loaded by pure uneven bending moments ren-
delamination, i.e. migration from initial interlaminarldenina- ~ dering the fracture resistance independent of the cragithen
tion, depends of thefbaxis angled. Systematically across all 'he df-axis delamination test of the various conflggratlons re-
off-axis DCB specimens tested, the migration correlates wit$ulted in complex fracture processes having veftedent frac-
the location of the fi-axis fibers not supported and embeddedtureé morphology.
in the initial crack of the DCB specimens, see Fig. 13. Since

6
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Figure 10: Fracture resistance curves for layup design @undif-axis configurationg = {0°, 30°, 60°, 90°}.
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Figure 12: lllustration of the crack migration during crapkopagation of
DCB specimens of layup design 2. Top: Interlaminar delationaat specific
UD@C //BIAX@0° interface observed = 0° off-axis DCB specimens. Bot-
tom: Intralaminar delamination with oscillating crack pamation in d@-axis
UD plies. Observed in allfd-axis DCB specimens, i.@.= {30°,60°,90°}.

Figure 11: Typical fracture surfaces of layup design 2 withaxis angle® =
{0°,30°, 60°, 90°). .
terface surrounded by & Ply of a BIAX mat and UD plies an-

gled at four d¢f-axis configurationg = {0°, 30°,60°,90°} and

In layup design 1 having the initial crack located at an in-sypjected to mode | loading showed complicated fracture phe
terface surrounded by UD plies angled at twbaxis configu-  nomena. For all configurations, an insignificanffetience in
rationsé = {0°, 90"} showed clear dierence in initial fracture jnjtial fracture toughnes&c o, and steady-state fracture tough-
toughnes§c, under mode | loading. For the 90ff-axis con-  pessG,. ¢ respectively, were measured. However, the fracture
figuration crack migration to an interface bounded by )  process among the filerent configurations was veryftérent.
was observed. The fracture process of all configurations started as stk

In layup design 2 having the initial crack located at an in-nar delaminations. For the noff@xis configurationg = 0°,

7
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Figure 13: Fractography offisaxis DCB specimen configurations, i.6. =
{30°,60°,90°}. Crack traveling is systematically prohibited in all speeh
until crack has propagated passed the UD fibers supportduebitial crack.

crack propagation continued as interlaminar. For &Haxis
configuration® = {30°,60°, 9C°}, after a certain crack propa-
gation length the delamination crack changed to intrapdglcr
propagation as an oscillating crack within thfé-axis UD plies,
oscillating between the adjacent flies of the BIAX mats.
The transition from interlaminar to intraply crack proptaga
correlates with the location offibaxis fibers of the UD plies

not embedded and supported by the initial crack of the DCB

specimens. Thus, this indicates that the transitidects might
be caused by free edgéfects of the DCB specimens and not
necessarily a real phenomenon in 3D delamination. At sma
off-axis angles the transition to intraply crack propagatiap-h
pened late, i.e. after significant crack growth, and is d@ssoc
ated with sudden drop in fracture resistance due to lossef fib
bridging. At further crack propagation some fiber bridgimgla
thus fracture resistance is regained.

State-of-the-art cohesive zone models for prediction ef de
laminations in general 3D laminated composite structures i
plicitly assume isotropic fracture properties within thelain-

ination plane as well as that the delaminations remain in the

original crack plane. The current experimental study tyear
demonstrates that that these assumptions are invalid ine3D d

8

lamination of a general interface of a laminate composité an
thus should be carefully considered and understood in order
to formulate more realistic predictive tools. For interédde-
lamination between two UD plies veryftirent initial fracture
toughnesses were measured depending onftkexts angle in-
validating the assumption of isotropic fracture properti€or
intraply crack propagation investigated in layup designl-2
most identical initial and steady-state fracture tougBnes-
spectively, were measured over the studi¢ldaais configu-
rations. Thus, for this particular laminate layup and miater
system the assumption about isotropy seems to be satisfied in
cases of intraply crack propagation. However, the experiaie
results proved crack migration to be of highimportance hadl t

the typical assumption about delamination at a certainkcrac
plane indeed is a rare case.

The detected crack migration during delamination testing
of all off-axis configurations is speculated to be related to free
edge #ects of the 2D DCB specimens. Further research on
characterization of crack migration is needed and it is eateyl
to be studied either by considered a sequence of DCB speci-
mens of diferent width or by delamination test of a laminated
composite plate with a circular delamination at an intezfae-
tween unidirectional plies.

Acknowledgements

The authors want to acknowledge Jon Svenninggaard who
as a part of his M.Sc. thesis project dimensioned the predent
pure uneven moment loaded test fixture for mixed mode frac-
ture characterization of double cantilever beam specimens

[1] N. J. Pagano, G. A. Schoeppner, Delamination of polymatrix com-
posites: problems and assessment, Comprehensive coepgérials 2
(2000) 433-528.

ASTM D5528-13(2013), Standard Test Method for Mode Ehtaminar

Fracture Toughness of Unidirectional Fiber-Reinforcedyier Matrix

Composites, Tech. rep., ASTM International, www.astm(@@L3).

G. Beer, An isoparametric joifihterface element for finite element anal-

ysis, International Journal for Numerical Methods in Emgiring 21 (4)

(1985) 585-600.

A. Gens, |. Carol, E. Alonso, An interface element foratidon for the

analysis of soil-reinforcement interaction, Computers &@eotechnics

7 (1-2) (1989) 133-151.

H. Schellekens, R. Borst, Geometrically and physicalbn-linear inter-

face elements in finite element analysis of layered compasitictures,

in: J. Flller, G. Gruninger, K. Schulte, A. R. Bunsell, A. Ma&h (Eds.),

Developments in the Science and Technology of Compositeidis,

Springer Netherlands, 1990, pp. 749-754.

] M. Ortiz, A. Pandolfi, Finite-deformation irreversibEhesive elements
for three-dimensional crack-propagation analysis, h&gonal Journal
for Numerical Methods in Engineering 44 (9) (1999) 1267-228

[7] A. de Andrés, J. L. Pérez, M. Ortiz, Elastoplastic finitereent analysis
of three-dimensional fatigue crack growth in aluminum shatibjected
to axial loading, International Journal of Solids and Stoes 36 (15)
(1999) 2231-2258.

[8] S. R. Chowdhury, R. Narasimhan, A cohesive finite elenfemmhulation
for modelling fracture and delamination in solids, Sadhacademy Pro-
ceedings in Engineering Sciences 25 (2000) 561-587.

[9] G.Alfano, M. A. Crisfield, Finite element interface mdsléor the delam-

ination analysis of laminated composites: mechanical andputational

issues, International Journal for Numerical Methods inigeering 50 (7)

(2001) 1701-1736.

P. P. Camanho, C. G. Davila, M. F. de Moura, Numericaluséttion of

mixed-mode progressive delamination in composite masedaurnal of

Composite Materials 37 (16) (2003) 1415-1438.

(2]

(3]

(4]

(10]



Preprint version, final version available at htffgoi.org’10.1016j.compstruct.2019.04.022 E. LINDGAARD AND B. BAK

[11] A. Turon, P. P. Camanho, J. Costa, C. G. Davila, A damageéeifor the note= Accessed: 2018-05-23.
simulation of delamination in advanced composites undgabke-mode [32] A. Brunner, B. Blackman, P. Davies, A status report on- de
loading, Mechanics of Materials 38 (11) (2006) 1072—-1089. lamination resistance testing of polymer-matrix compssit
[12] B.L.V.Bak, E. Lindgaard, E. Lund, Analysis of the intagjon of cohe- Engineering Fracture Mechanics 75 (9) (2008) 2779-2794.
sive elements in regard to utilization of coarse mesh infiateid compos- doi:10.1016.engfracmech.2007.03.012.

ite materials, International Journal for Numerical Metha@dEngineering
99 (8) (2014) 566-586.

[13] E. Lindgaard, B. Bak, J. Glud, J. Sjglund, E. ChristenseA
user programmed cohesive zone finite element for ansys mecha
ical, Engineering Fracture Mechanics 180 (2017) 229 - 239.
doi:https;/doi.org10.1016j.engfracmech.2017.05.026.

[14] L. Carreras, B. Bak, A. Turon, J. Renart, E. LindgaardinRwise eval-
uation of the growth driving direction for arbitrarily sheg delamina-
tion fronts using cohesive elements, European Journal afhisigics -
A/Solidsdoi:httpg/doi.org10.1016j.euromechsol.2018.05.006.

[15] J. Andersons, M. Konig, Dependence of fracture toughra compos-
ite laminates on interface ply orientations and delamamatjrowth di-
rection, Composites Science and Technology 64 (13-14)422039 —
2152. doi:http/dx.doi.org10.1018j.compscitech.2004.03.007.

[16] A.Russell, K. Street, Factorsfacting the interlaminar fracture energy of
graphitgepoxy laminates, in: Proceedings of ICCM IV, 1982, pp. 279—
300.

[17] R. Olsson, J. Thesken, F. Brandt, N. Jonsson, S. Nilsson
vestigations of delamination criticality and the tranafslity of
growth criteria, Composite Structures 36 (3-4) (1996) 221247.
doi:httpj/dx.doi.org10.10168S0263-8223(96)00079-7.

[18] K. Trakas, M. Kortschot, The relationship betweenicait strain energy
release rate and fracture mode in multidirectional carfifseriepoxy lam-
inates, in: Composite Materials: Fatigue and Fracture,8/0ASTM STP
1285, 1997, pp. 283-304, ISBN 0-8031-2411-2.

[19] L. Yong, L. Shunling, X. Jun, T. Jie, Study on the mode tentami-
nar fracture toughness of multi-directional laminates,Rnoceedings of
ICCM 11, Vol. 2, 1997, pp. 431-437.

[20] O. Allix, D. Lévéque, L. Perret, Identification and fomst of de-
lamination in composite laminates by an interlaminar fiaige model,
Composites Science and Technology 58 (5) (1998) 671 — 678.
doi:http;/dx.doi.org10.1018S0266-3538(97)00144-9.

[21] F. Lachaud, R. Piquet, L. M. L, Delamination in mode | dhdf carbon
fibre composite materials: fibre orientation influence, irodeedings of
ICCM-12, 1999.

[22] W. Jordan, Changing the toughness of graphite fibein based com-
posites by changing their internal structure, Composites B: Engi-
neering 31 (3) (2000) 245 — 252. doi:hffdx.doi.org10.1016S1359-
8368(00)00008-1.

[23] A. Laksimi, M. Benzeggagh, G. Jing, M. Hecini, J. Roelgn
Mode i interlaminar fracture of symmetrical cross-ply camsites,
Composites Science and Technology 41 (2) (1991) 147 — 164.
doi:http;/dx.doi.org10.10160266-3538(91)90025-K.

[24] B. W. Kim, A. H. Mayer, Influence of fiber direction and ned-
mode ratio on delamination fracture toughness of cadyoxy lami-
nates, Composites Science and Technology 63 (5) (2003) 6B53—
doi:httpj/dx.doi.org10.1018S0266-3538(02)00258-0.

[25] T. Sebaey, N. Blanco, J. Costa, C. Lopes, Charact@izandf crack
propagation in mode i delamination of multidirectional {RF} lami-
nates, Composites Science and Technology 72 (11) (2012)-12256.
doi:httpy/dx.doi.org10.1018j.compscitech.2012.04.011.

[26] B.F. Sgrensen, T. K. Jacobsen, Characterizing dektiomof fibre com-
posites by mixed mode cohesive laws, Composites Scienc&ethol-
ogy 69 (3-4) (2009) 445-456.

[27] J. Svenninggaard, B. Bak, J. Andreasen, E. Lindgaaedt fixture for
double cantilever beam specimens subjected to unevenrigemdiments,
Submitted for review.

[28] B. Sgrensen, K. Jagrgensen, T. Jacobsen, R. @sterda@mhspecimen
loaded with uneven bending moments, International Jowh&tacture
141 (1) (2006) 163-176.

[29] J. W. Hutchinson, Z. Suo, Mixed Mode Cracking in Layefddterials,
ADVANCES IN APPLIED MECHANICS 29.

[30] B. F. Sgrensen, P. Kirkegaard, Determination of mixeztlencohesive
laws, Engineering Fracture Mechanics 73 (17) (2006) 26426612
doi:https;/doi.org10.1016j.engfracmech.2006.04.006.

[31] PRO-SET Inc.https://www.prosetepoxy.com/standard-products/infusion-epoxies/,

9



