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A NUMERICAL ANALYSISOF NEARTIP FIELDSIN A BENDING MOMENT-LOADED DOUBLE
CANTILEVER SANDWICH BEAM FRACTURE SPECIMEN

The paper presents an interfacial crack problenptadofor studying fracture toughness and debonttiegance of sandwich composite materials. A
specific example of the fracture sandwich specinserch as a double cantilever sandwich beam subjécteneven bending moments (DCB-UBM)
is considered. A finite element modelling of thesttmethod is carried out using the ABAQUS™ codéwd-dimensional (2-D) model has been de-
veloped to highlight the distribution of stress alisplacement fields and to calculate the enertpase rate (ERR) and the phase angle at the io¢erfa
crack between two dissimilar orthotropic materidlee J - integral approach built-in ABAQUS code and the kraarface displacement method
programmed as an add-on subroutine within the M@tlanvironment are used for computing those fracharameters. The influence of different
moment ratios on the near crack tip stress sta¢el-RR, and phase angle fracture parameters nsagstl.
Key words: double cantilever sandwich beam, bi-material fates, fracture parameters, finite element meth@A@US™.

B.M. BYPJIA€HKO, T. CAJIOBCBbKHH, J]. TETPAC
YACEJIbHMN AHAJII3 ITOJIIB B OKOJII BEPLIMHU TPILIMHN Y IBOKOHCOJIbHOMY BAJIOY-
HOMY TPUIIAPOBOMY 3PA3KY, IO HABAHTAXKEHUU 3T THAJIBHUMHNW MOMEHTAMHU

[NpencrasieHo npodieMy Mixkda3Hoi TPIIKHK, 32 JOTIOMOTOIO SKOi BUBYAIOTHCS B’ A3KICTh PYWHYBAHHS Ta CTIMKICTh JI0 BiAUIapyBaHHs Y TPUIIAPOBUX
KOMIO3MLIHHUX MaTepianax. Po3risHyTo KOHKpETHHI NPUKIIA TPUIIAPOBOIO 3pa3ka Ha PyiHyBaHHs — JBOXKOHCOJIbHA TPHIIApoBa Oalika, sika HaBa-
HT)XKeHA 3TMHATBHIMHI MOMeHTaMH. CKiHYEHO eJIeMEHTHE MOJIETIOBAHHS IIFOTO TECTY 3MiICHIOEThCA 3a Aonomoroto mporpamu ABAQUS™. JIBoBu-
MipHa MoJens Oyna po3podieHa Uil BUSBJICHHS PO3IMOALTY OB HAMPYKeHb Ta MEPEMIIeHb, a TAKOXK I PO3PAaXyHKY IIBUAKOCTI BUBITBHEHHS €He-
prii pyiiHyBaHHs Ta (ha30BOro Kyra Mixkd)a3Hoi TpilliMHU MOMDX JBOMA Pi3HUMH OPTOTPOITHUMH Matepiagamu. J — iHTerpan miaxia, skuii € BOyxoBa-
Hoto omiiero y ABAQUS, Ta MeTO/I BiJTHOCHUX 3MilllEHb HAa MOBEPXHSIX TPIIUHY, KUl 3amporpamMoBaHuii y cepenosuini Matlab® okpemoro nporpa-
MO0, BUKOPUCTOBYIOTBCS U1l OOYMCIICHHS LMX TapameTpiB pyiiHyBaHHS. OLIHIOETBCS BIUIMB Pi3HUX CIIBBIIHOLICHb 3TMHAJIBHUX MOMEHTIB Ha Ha-
MpY)KeHHWi1 CTaH B OKOJIi BEPIIMHYU TPIllIMHH, MIBUIKOCTI BUBIIbHEHHS €HEPrii pyiiHyBaHHS 1 (ha30BuUil KyT.

Ku11040Bi c/10Ba: 1BOXKOHCONBHUI OAIOYHWIT TPUIIAPOBUIL 3pa3ok, iHTepdeiic OimMaTepiany, napamMeTpy pyiiHyBaHHs, METOJ CKIHYCHHX €Jle-
meHTiB, ABAQUS™.,

B. H. BYPJIAEHKO, T. CA/JOBCKH, JI. TETPAC

YUCJEHHBIN AHAJIA3 MOJIEN B OKPECTHOCTH BEPIIVHBI TPEILMHBI B IBYXKOHCOJIb-
HOM BAJIOYHOM TPEXCJIOMHOM OBPA3LIE, HATPY)KEHHOM M3TMBALLIMMYA MOMEHTA-
MU

ITpencrapieHa 3a1a4a MeX(asHON TPEUMHBI, ¢ TOMOLIBIO KOTOPOH M3Yy4aeTCs BSI3KOCTh Pa3pyLICHUs U YCTOMYMBOCTD K OTCIIOCHHUIO B TPEXCIOMHBIX
KOMIO3MLIMOHHBIX MaTepHaiax. PaccMOTpeH KOHKPETHBIN HpUMep TPEXCIOWHOro obpaslia Ha paspyLIeHHe — JBYXKOHCOJIbHAs TPEXCIIolHas Oalka,
Harpy)keHHas M3rudaromumMn  MoMeHTamMu. KOHYEHO JJIeMEHTHOE MOJEIMPOBAHHE JTOrO TECTa OCYIIECTBISETCS C TMOMOIIBIO MPOrPaMMBbI
ABAQUS™. JIpyxmepHas Mozelb Oblia paspaboTaHa Uil MOJIETMPOBAHUS paclpeeIeHus Moel HanpsHKeHHI U epeMeIeH i, a Taloke I pacye-
Ta CKOPOCTH BBICBOOOXKICHUS SHEPIUM pa3pyIIeHUst U (a3oBoro yria MexdasHo# TPEIUHbl MEKY JIBYMs Pa3IMYHBEIMU OPTOTPOITHBIMU MaTepuaa-
MH. J — MHTerpa Moaxoj, KOTOPbIii sABJseTCsS BCTpoeHHo omuueil B ABAQUS, 1 MeTo OTHOCHTENBHBIX CMEIICHHUH Ha MOBEPXHOCTAX TPEIHHBI,
KOTOpBIii 3anporpaMmupoBaH B cpene Matlab® otaenbHoit nporpaMmMoit, MCTIONB3YIOTCS U BBIYMCICHUS STHX MapaMeTpoB paspymeHus. OueHnsa-
eTCsl BJIMSTHUE PA3JINYHBIX COOTHOIIEHHH M3rMOAlOMNX MOMEHTOB Ha HAIPSKEHHOE COCTOSIHUE B OKPECTHOCTH BEPLIMHBI TPEIIMHBI, CKOPOCTH BBICBO-
00XK/ICHUS SHEPTUN paspyLIeHNs U (Ha30BbIH yrodl.

KuoueBble c/10Ba: IBYXKOHCOJIbHHMIT Oa04HbIN TPEXCIOMHBIN 00pasel, nHTepdeiic OrMmMaTepraa, napaMeTpbl pa3spyLIeHNs, METO/] KOHEUHBIX
anementoB, ABAQUS™,

Introduction. New materials such as sandwich composites have tleeeloped to provide the strength of the
structure at minimum its weight. Such materialsngeionsidered as an assemblage of two stiff anghtdace sheets
(skins) bonded to a soft and light core have becomeh used in a wide range of engineering fieldégh\ttie growth of
the application of sandwich materials, their sttangnd damage tolerance should be well predictadicRlarly, the
problem of interface crack in the face sheet-taednterface or so-called debonding is often enaenewt failure mode of
sandwich structural components [1]. Because thdwigh material interface is, in essence, a bi-nigteystem, stress
concentration takes place there, as a result taek @riginates mainly from the interface. Once saarack occurs, the
load bearing capacity of the sandwich structurggsificantly reduced, and the integrity is compireed because of the
imminent risk of debonding propagation. Thus, prapeluation of interface fracture parameters igarant.

A standard approach to provide the resistanceeo$éimdwich material against the debonding is basexh appro-
priate test method with the assumptions of lineactfire mechanics defining the fracture toughnedsev In doing so,
the interface flaw is to be treated as a crack betwdissimilar materials. Moreover, it should Hestainto account that
such interface cracks propagate mostly in mixedargmhditions, in contrast to cracks developingambgeneous ma-
terials in pure mode | load. Hence, the interfaaetfire toughness is dependent on the loading @hvage and can’t be
presented by a single quantity but rather is atfonof the phase angle [2].

A variety of sandwich specimens for measuring fatal fracture toughness has been proposed [3effactive
and relatively simple testing method among mangmatlis a double cantilever beam (DCB) sandwichispat Also, if
this specimen is subjected to uneven bending ma{&@B-UBM) it will allow for testing over a largenge of mode-
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mixities by varying direction and magnitude of martgeonly. Moreover, this type of loading producestable crack
growth, since the crack loading does not changk ariack length [4]. However, although all the spsis are able to
characterize fracture toughness of the sandwiclenmaitthey cannot present a distribution of néarstress and dis-
placement fields. The latter is of importance tdenstand the fracture behaviour of sandwich strestand, also, to de-
velop analytical or numerical methods for debondjngwth predictions.

The objective of this paper is to develop an adeufiaite element model for predictions of neardtpess and dis-
placement fields in a particular sandwich fracttest called a DCB-UBM specimen, which is used fpegimental
measurements of interfacial fracture toughness.elbhgr, we aim to present a method for calculatminacture pa-
rameters such as the energy release rate (ERRhamhase angle in the DCB-UBM sandwich specimeasisting of
dissimilar orthotropic constitutive material layersso, we study the dependence of these parametethe loading
phase angle.

Fundamentals of interface fracture. Let us consider a crack along the interface betwe® linearly elastic, ho-
mogeneous, anisotropic materials. The materialsglefieed by the material tensof%”), which are a contracted nota-

tion of the fourth order elastic constant tens@ ,), respectively. The subscriptg = #1, #2 refer to material#1,
above the interface, and materit2, below the interface, as shown in Fig.

ML Y K-dominant zone
L

Lii “

interface
crack

b

a

Fig. 1 — A general model of the interface cragk: an interface crack between orthotropic materialsa schematic representation of
K - dominant zone for bi-material interface crack growt

The structure of the stress and displacement figidbke tip of either stationary crack or a cractpagating dy-
namically with speeds follows from the solution of the eigenvalue problerduced by the traction free boundary con-
ditions on the crack flanks (Fit), b) and can be described as follows [5]:

Hw = e”ZHw . (1)
Herew is the normalized unit eigenvectar is a positive defined compliance-like Hermitiantrainvolving the bi-

material elastic constanté:"(z) and H is the complex conjugate matrixs is the oscillation index given by

e=Y2mIn(1- B)/(L+ B), where B = —J—l/Zr{(Dm[ H]/OeH ])2} is one of the two Dundurs parameters. The three

eigenpairs of (1) have the for(e,w), (-£,W) and (0,w;), wherew, W andws are complex, complex conjugate and

real eigenvectors, respectively.
The near tip stress fields are a linear combinadibtwo types of singularities such as a couplecillasory field

scaled by a complex stress intensity factor (3{Fr K, +iK, and a non-oscillatory filed scaled by a real fad{g [6]:
_ 1 ie 15 (@ ie 15 (2) 3 }
g —E{De[Kr 125 (0)+0m ke 317 (8) + K Y7 (6)r 2)

where (r, 6?) are polar coordinates anEi(jk)(H) with k=1, 2, 3 are the angular functions corresponding to inlan

opening and shearing and anti-plane shearing aractcross the bi-material interface, Bigh. Herewith, the compo-
nents of the complex stress intensity fackqr and K, are no more individual stress amplitudes for retpely mode |

and Il
Projecting the actual stress state (2) onto thensigctorsw, w and wy mentioned earlier, the generalized com-

ponents of the stress vectbs:{azj} at the crack tip§=0) asr - 0 asymptote to

t(r)= 2\/1% {Kw(%jg + IZ\TV(ILT£ + 2K3W3} : (3)

where | is a characteristic length of the problem understaeration (a specific distance from the crackuged to
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avoid the dependence of dimension of the complé&xaBlthe oscillation index ).
Similarly, the relative crack flank displacementsalistancer behind the crack tipéH = in) are defined as

r |coshz r\¢  coshz - (r )¢
O(r) = == o K| = | + = K| = | +KaVyt, 4)
2m| 1+ 2¢ | 1- 2¢ |

where the auxiliary vectorsv and v; are introduced for convenience as followéH _1+I-_|_1)v=w and

(H Ty I-T_l)v3 =W, respectively.
The ERR and the phase angle are related to theaSIfedlows:

W' (H+H _
Rl ()i ©
and
Om| Ki€
t//:tan_l LA] ) (6)
De[Kl'f]

Deter mination of face sheet-to-core interface fracture parameters. The face sheet-to-core interface of modern
sandwich materials usually is a bi-material syst#ntwo highly dissimilar orthotropic materials. the case of two
orthotropic materials with their axes of symmetligrmed along the material face sheet-to-core iataf the matrixH
takes the form [7]:

= [Zn/l“\/ 511522] +[2 mt s, S22] v Hpp = [Zn/l Y 511522] "'[2 s, S22]#2
Hip =Hp = [\/511522+ S12} [ 11525t 51}
His = [\/ S44555]#1 [\/ S44S55]#2, 13=Hgz1=H3=H3=0, (7)

where s, =1/, 55 =VE,, S5=5=V1)/ =~V E; 544 =Y Gi3, $5=Y G5, 56 =Y Gy, are constants in
plane stress and they are transformed in planeinstes § =§ - ,s3§/%, A=s,/s,=E/E and

= (25, + S6)/ 2 5:92=+ B E/2 GV 1 ,. are parameters of anisotropy; anet /(1+ p)/2.

Moreover, one can express the eigenvectors ins(]zya{—i/z,ll 2JH;1/H o, (} andw,; ={0, 0,3 . The Dundurs

parameter via the components of the mattixin (7) takes the formg = ile/JH 1H 2.

The stress vector (3) and the relative displacesnesttor (4) for a 2-D state can also be determin@dhe com-
plex SIFs and the components of the mattixas follows:

Hy K (r)”
—2g +ig,=——| = (8)
Hy, ¥ % Jem i
and
1.
—+lE
Mg vis, = 2H.K (sz , (9)
H,, V2m(1+ 2ie) costve \ |

where o, and o, are transverse normal and shear stress tensorocemys in front of the crack tip, and J, are

the opening and sliding relative displacement efdtack flanks.
In turn, the displacement field stated in (9) isdiso express the ERR (5) and the mode-mixityr{@gims of the
relative crack flank displacements as follows:

H11|K|2 = ,T(l+,4£2\)( Hll 52 +52J (10)

~dcostt 72 8Hy /) Hp 7
and
W =tan™ Hy 0|, In(Lj +tan *(2¢). (11)
H22 5)/ |

In the case of steady state conditions, the eneigpse rate defined by (5) or (10) can be caledlasing the do-
main J —integral formulasuitable for using the finite element solution:mculate the ERR for the interface crack [8]:

9q 9q
o™ k)
g=J=Y,_ #l#sz(k)K J W 6x} dA, (12)

Bicnux Hayionanornoeo mexwniunozco ynisepcumemy «XI11» .Cepia: Mamemamuyne
Mooentosanis 8 mexwiyi ma mexronoeisx, Ne 3 (1279) 2018. 11




ISSN 2222-0631 (print)

where A is the domain enclosed by an arbitrary contbursurrounding a crack tip and crack surfaces; thghting
parameterq is a smooth function ok :{x, y}T , it takes values from zero on tRhecontour to unity at the crack tipr

andu are the stress tensor and the displacement vactomaterial poink ; W is the strain energy density at the point
X.

The Crack Surface Displacement (CSD) method [9,fitklassical bi-material interface theory sabuts (5), (6)
into a FE analysis framework by Egs. (10), (11fictly calculate the energy release rate and nmoictdy of a bi-
material crack. In accordance with this methoduealof the ERR obtained from the different nod&dtiee displace-
ments along the crack flanks by (10) are linearrapolated intor — 0. Then, the extrapolated value of the ERR is

compared with the value ¢K| defined by theJ —integral method by (12), as a result a criticatatiser,, at which

the two values of the ERR are equal within a git@arance, is used to compute the phase anglel)y Moreover, us-
ing the values for the ERR and the phase anglegdhmponents of the complex SIK; and K, can be also found.

Finite element modelling. The finite element (FE) model of a double cangleveam sandwich specimen
(Fig.2,a) subjected to uneven bending moments (DCB-UBM) besn developed in the commercial FE package
ABAQUS [11]. The eight-node isoparametric planaistifinite elements were used for creating the @w@lel. The FE
mesh contained a refinement near the crack-tipregis shown in Fi@, b.

G L
M, C“’""”"”” netral axis - Mﬂc =
T a e Ta.n H
f’l/[< -—-——-—-——-—— neutral axis @P_![;/z
TR 1, w(
I L

Fig. 2 — A DCB-UBM sandwich specimen:
a — a schematic representation of the specifmena FE model of the specimen with mesh refineraemind the crack tip.

The debonded region of the specimen was modellied) asdouble set of nodes with coinciding coordisadlong
the face sheet-to-core interface. A rosette of tgugooint singular finite elements has been inseiteo the mesh
around the crack tip to reproduce the square riogukarity at the crack front. Moreover, when baibplied moments
were rotating the arms of the specimen in sametilires (co-rotated), contact conditions were implose the surfaces
of the finite elements defining the debonded regioorder to avoid non-physical interpenetratiomeen them. The
frictionless hard contact model within the penalbytact algorithm available in ABAQUS [12, 13] wased in the sim-
ulations.

The energy release ragewas determined from the FE solution by using libéhrelative nodal pair displacements
along the crack flanks by (10) and tlde-integral by (12). In the former case, an add-orrgutine was developed in
Matlab® environment. The subroutine extracted thizef element displacements at given nodal sets fitee database
file of the ABAQUS’ static analysis. Thé —integral method is a built-in option in ABAQUS. tinose calculations, the
value ofg was averaged over at least five contours chosaumdrthe interface crack tip. The phase anglevas also
determined from the finite element analysis ushegyMatlab subroutine, which post-processed thdtseesuaccordance
with the CSD method outlined in the previous settio

Numerical results and discussions. The modelled sandwich beam specimen consistedntihéded composite
face sheets made of graphite fibre reinforced islé&FRP) bonded to 200 kg/n? (H 100) PVC foam core. The elastic

properties used in the model for the laminated ausite face sheets and PVC foam core (both consldamtbotropic)
are listed in Tablé.

Table 1 — Material properties of the DCB — UBM spemim

Constituent Material constants
E. = E,=16.5 GPa,E, =3.8 GPa,G,, = G,,=1.8 GPa,G,, =6.6 GPa,v,, =0.05,

V,, =V,,=0.25, p=1650 kgm®

1. GFRP face sheet

2. PVCH100foamcore | E,=E,=E,=105 MPa,G,, =G,,= G,,=78 MPa, V,, = Vi, = V,,=0.325, p =100 kgn®

The moment-ratio {1 z) is defined as the ratio of the moments appliettie@tdebonded face sheddl() to the sub-
strate (M, ) i.e. Mg =M, /M, (see Fig2). Different moment ratios, where the bending motsievere either co-rotated

or rotated in opposite directions but induced netré same value of the ERR have been examindukistudies. The
finite element predictions of the ERR and the plasge regardingV; are presented in Talie

The contour plots of the stress tensor componesiscéated with the ratiosl ; in Table2 are illustrated in Fid3,
where the first row of the images correspondsfp, the second one to,,, and the last one to,, . A complicated na-
ture of the near-tip stress field is clearly obsérthere. One can see that the shear stress iextbes vicinity of crack

Bicnux Hayionanvrnoeo mexwiunozeo ynisepcumemy «XI11». Cepia:. Mamemamuyne
12 Mooentoeanis 8 mexwiyi ma mexronoeisx, Ne 3 (1279) 2018.



ISSN 2222-0631 (print)

regardless of the loading case as seen in therihivabf Fig.3. This clearly emphasizes conditions of mode mikiing
expected in a sandwich type structure.

Table 2 — The energy release rate and the phase aitly respect to the moment ratidd,g

M, , N-mm 75.6 103.42 123.4 104.13 73.8
M,, N mm -1512.2 -1034.2 -123.4 1041.3 1476
Mg / Fracture parameters -0.05 0.1 -1 0.1 0.05
ERR, g, N mm? 0.399 0.399 0.403 0.399 0.377
Phase angley/, deg. 30.26 11.31 -17.16 -51.87 70.71

Table 3 — The energy release rate mode | compamehthe angle of the principal plane with respe¢he moment ratiosM g

Mg / Parameters -0.05 -0.1 -1 0.1 0.05
ERR, g,, % 66.2 84.8 78.4 485 33.1
Angle, &, deg. 42.32 37.72 29.28 -7.26 -12.68

Moreover, the sign of the shear stress ahead enagkbe used to define a favourable direction afrface crack
propagation if the crack growth in the bi-matesaiucture is postulated by the plane of maximunmgipial stresses
[14]. For the sake of estimation, the contributairmode | component into the total ERR and the endlthe principal
plane, J with respect to the value d¥l; has been evaluated. The values of these compatagnpters are shown in

Table3. A preferred direction of the crack growth preeitby the angled is demonstrated in Fi§.as well. From these

outcomes one can conclude that the positive shiesgssat the crack tip results in upward crack gincalong the face
sheet-to-core interface, but the negative one saaswnward crack growth into the core. Herewittle, latter case is

featured by the dominant mode Il stress state @arsin Table3 and Fig3 for Mg equal to 0.1 and 0.05.

a e
Fig. 3 — Contour plots of the stress tensor comptsnat the crack tip of the DCM-UBM specimen wihe moment ratidVl  :

a—Mg=-0.05b— Mg=-0.1;¢c— Mg =-1;d— Mz =0.1; e~ M =0.05.

Conclusions. In this research, the problem of stationary debranéh sandwich materials consisting of orthotropic
material layers is considered and the theoretieakground of the problem is highlighted. A two-dims®nal finite
element model for predicting the energy release, gtase angle and stress state in the DCB-UBMwsahdspecimen
by tools available in the ABAQUS code and with aiddial procedures programmed within Matlab for pastcessing
the finite element solution in accordance with @rack Surface Displacement method is presented.

The simulations showed that regardless of the tmpdase defined by the ratio of bending moments,ntixed
mode conditions occur in the sandwich specimers Ehilue to the bi-material nature of the interfaek. In doing so,
the shear stress exciting in the vicinity of crac&y be used as an important parameter to predictfarred interface
crack growth direction.
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