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DELAMINATION STRESSES IN THIN-WALL STRUCTURES
OF COMPOSITE MATERIALS

C.M. Bepewaxa, Imao Toma Kapaxaw. Hanpyru po3miapyBaHHsi B TOHKOCTIifHHX CTPYKTYpax KOMIO-
3uniliHux MaTepianiB. Kilacuyna teopist aHi30TPOIHOI NPY>KHOCTI 3aCTOCOBAHA ISl PO3POOKH OaraToniapoBoi
Teopii 3a ronomororo nporpamu MathCAD 14 3 mMeToro BU3HaYEeHHS IIOJIIB HANPYXXeHH 1 redopmarii, mo Bu-
HHUKAIOTh y 6araTtomapoBoMy MiBKPYIIIOMY KPHBOMY CTEp)KHI 3 KOMIIO3UTHOI'O MaTepiaiy, MiUIaHOTrO KiHIIEBUM
cunaM. CrioyaTky BU3HAYEHI pajiiaibHe MOJI0KEHHS, IHTEHCUBHICTh HANIPYTH PO3LIApYBaHHS, a OTIM ITPOBOIH-
JIOCS TIOPIBHSHHSA 3 Pe3yJbTaTaMM ITPOBEICHUX EKCIIEPHIMEHTIB, TEOPI€I0 aHI30TPOIHOTO CYLIEHOTO CepeIOBHU-
mia i merogoM ANSYS. BaratomapoBa Teopist Ja€ MOXIIUBICTh OiIbIII TOYHOTO BH3HAUCHHS ITOJIOKCHHS 1 IHTCH-
CHBHOCTI Halpyru po3HIapyBaHHs], a TaKOX 3CYBIB, IOPIBHSIHO 3 pe3ylbTaTaMH, OTPUMAHMMH 3a JIONOMOTOO
Teopii aHI30TPOITHOTO CYHIIBHOIO cepeoBrIa. ExcriepuMeHTanbHi pe3ynbTaTu CX0oXi 3 pe3yabraTaMu 6arato-
IIapOBOI TEOPii.

Kniouoei cnosa: GararomiapoBa Teopis, po3IIapyBaHHs, TEOpis aHI30TPOITHOTO CYIUIBHOTO Cepe/iOBHIIA,
HAaIBKPYTJIMH MapyBaTHH MaTepiail.

C.M. Bepewaxa, Imao Toma Kapaxaw. HanpsiaeHust paccioeHHs1 B TOHKOCTEHHBIX CTPYKTYpax KoM-
MO3UTHBIX MaTepHaoB Kitaccnaeckas Teoprsi aHU30TPOITHON YIIPYroCTH NpHUMEHEHa Uil pa3paboTKH MHOTO-
ciroiiHON Teopuu npu oMoty nporpammsl MathCAD 14 ¢ nenbio onpenenenust mojieit HanpspkeHus u aedop-
Maly¥, BOSHUKAIOMIMX B MHOIOCIOMHOM IMOTYKPYTJIOM KPUBOM CTEP’KHE M3 KOMIIO3UTHOTO MaTepuana, MoA-
BEP)KEHHOI'0 KOHEUHBIM cHIaM. BHauane ompeneneHsl pafiHanbHOE MOJI0KEHUE, HHTEHCUBHOCTh HAIpSHKEHUS
paccioeHus, a 3aTeM MPOU3BOAWIOCH CPABHEHHUE C Pe3yNbTaTaMHU NPOBEAECHHBIX SKCIEPUMEHTOB, TEOPUEH aHU-
30TPONMHON CIUIOMHON cpensl U MeTogoM ANSYS. MHorocioliHas Teopus TaeT BO3MOXKHOCTh 0o0Jiee TOYHOTO
OIpeIeNICHUs] MOJOKEHNSI ¥ MHTEHCUBHOCTU HAMPSKEHHS PACCIOCHUS, a TaKKe CMEILEHHH, 10 CPaBHEHHIO C
pe3ysbTaTaMy, MONYYSHHBIMH IIPU IOMOIIM TEOPHH aHW3O0TPOIHOW CIUIOIIHOW Cpenbl. JKCIEepHMEHTAIbHBIC
PE3yABTATHI CXOXKU C pe3yAbTaTaMU MHOTOCIIONHOM TEOPHH.

Knrouesuvle cnosa: MHOTOCIONHAS TEOPUs, PACCIOCHHUE, TEOPUS aHU3OTPOIHOM CIUIOIIHOW CpeAbl, MOIy-
KpYIJIBII CIIOMCTBINA MaTepHal.

S.M. Vereshchaka, Emad Toma Karash. Delamination stresses in thin-wall structures of composite ma-
terials. The classical anisotropic elasticity theory was used to construct multilayer theory for the calculation of
the stress and deformation fields induced in the multilayered composite semicircular curved bar subjected to end
forces and end moments by using program MathCAD 14. The radial location and intensity of the open mode
delamination stress were calculated and were compared with the results obtained from the anisotropic continuum
theory and ANSYS method. The multilayer theory gave more accurate prediction of the location and intensity of
the open mode delamination stress, and of the offsets, than those calculated from the anisotropic continuum the-
ory and practical results were identical with the results of multilayer theory

Keywords: multilayer theory, delamination, anisotropic continuum theory, semicircular laminated material.

1. Introduction

Composites laminates are widely used in both civil and military aircraft structures and gases cyl-
inders leading to weight saving. However, study of the behaviour of such materials has shown that
they are more damage sensitive than metallic material especially to delamination due to edge effect or
low velocity impact [1]. In order to improve the performance of composite structures, advances must
be made in the prediction of delamination growth and the evaluation of residual strength. The aim of
this paper is to extend a delamination model valid for the plate in small displacement [2] or large dis-
placement [3] to the case of curved structures as shells. Two kinds of approach are commonly used to
study delamination growth, (i) the damage mechanics approach in which the interface enclosing the
delamination is modelled by a damageable material Delamination is obtained when the damage vari-
able reaches its maximum value [4...6] and (ii) the fracture mechanics approach which the present
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work is part. In such an approach, the delamination characteris-
tic is the stress intensity factors [7, 8] and more generally the
local energy release rate computed using either the virtual clo-
sure technique [8]. In most engineering applications, laminated
composite structures have certain curvatures (for example,
curved panels and curved beams). If the curved composite struc-
ture is .subjected to bending that tends to flatten the composite
structure, tensile stresses can be generated in the thickness direc-
tion of the composites. Also, shear stresses could be induced if
the bending is not a “pure” bending. Under normal operations, if
the above type of bending occurs cyclically, open-mode delami- -t
nations or shear-mode delaminations could nucleate at the sites P
of peak interlaminar tensile stresses or at the sites of peak inter-
laminar shear stresses. Continuation of these bending cycling
will cause the delamination zones to grow in size and ultimately
cause the composite structures to lose their structural integrity
(loss of stiffness and strength) due to excessive delaminations.
The type of delamination failure (open mode or shear mode) depends on which type of interlaminar
strength (tensile or shear) is reached first. The MATH-CAT 14 method were used to perform similar
delamination analysis of the multilayered semicircular composite curved bar subjected to end forces
and end moments. The resulting predictions of locations and intensities of peak radial stresses are
compared with the results of the anisotropic continuum theory presented in reference [9].

2. Composite curved bar

Figure 1 shows the geometry of the composite curved bar (C-coupon) for delamination fatigue tests
of composite materials. Because finite areas are needed for the load application points. Both ends of the
curved bar must be extended slightly. Thus, the C-coupon consists of a semicircular curved region with
straight regions at both ends. Under the application of end forces P. the loading axis will have certain
offset e from the vertical diameter of the semicircle. Thus, the loading condition on the C-coupon is the
summation of the following two loading conditions (see fig. 2): (1) end forces-P at the ends of the semi-
circle and (2) end moment M = Pe at the ends of the semicircle. Because the interface between 0° and
90° composite plies has the highest Poisson’s ratio mismatch in laying up the composite plies for fabri-
cating the C-coupon, it is desirable to place the 90° or angle plies at the peak radial stress point to ensure
that the del8mination will nucleate at that point Because of this demand. The precise location of the peak
radial stress point must be known. The following sections will show how to determine the intensities and
radial locations of peak radial stresses in the semicircular composite curved bar.

=b—a

t

Fig. 1. Laminated composite
curved-bar coupon for
delamination study
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Fig. 2. Bending of curved bar by forces at its ends. Loading axis has offset e
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3. Anisotropic continuum theory

For bending a linearly elastic continuous curved bar
with cylindrical anisotropy. The Airy stress function F.
written in cylindrical coordinate system takes on the fol-
lowing functional forms [5].

4. Multilayer trheory

Figure 3 shows the multilayer (N-layers), semicircu-
lar curved bar subjected to both end forces and end mo-
ments M. The stress field and displacement field in each
layer i (i=1, 2, ..., N) for each loading case may be ob-
tained from the results given in section 3.

Delamination stress and their locations

At exactly which layer the value of &, for each loading

case will become maximum cannot be predicted until after
all the unknown arbitrary constants {4;, B, D;} or {B';, C';,
D';}. Suppose [(c?)
of o, due to end forces P (or end moments M). Occurs in

_or (). 1, the maximum value

M

P

. . .. 0
) ) ) . ) the iy layer; then by using the extreme condition —o, =0.
Fig. 3. Bending of laminated anisotropic or

semicircular curved bar by end forces

The radial location [r” or " of (c” or (o
and moments (7, m ( r )max ( r )max]

5. Finite element approach

By using Ansys 10.0 finite element analysis soft-
ware, a static failure analysis was performed on an element of a composite curved bar. First element
type was defined with solid layered 46 Figure 4. Solid46 is a layered version of the 8-node structural
solid element designed to model layered thick shells or solids. The element allows up to 250 different
material layers. The element may also be stacked as an alternative approach. The element has three
degrees of freedom at each node: translations in the nodal x, y, and z directions.

Real constant sets were defined for 54 layers, various orientation angle and each layers thickness
was entered 0.37 mm . After material properties was defined, linear orthotropic material was chosen
and the mechanical properties of graphite-epoxy composite material was added as EX, EY, EZ, PRXY,
PRYZ, PRXZ, GXY, GYZ and GXZ. In order to calculate failure criteria, ultimate tensile strength, com-
pressive strength and shear strength were entered both in fiber direction and in matrix direction. Then
a volume block was modeled and material properties, real constant sets and element type were ap-
pointed to this volume. After that the model was meshed by using hexahedral sweeped elements.

6. Experiment details
Filament wound composite materials are used in commercial industries such as fuel tank, port-
able oxygen storage, and natural gas .The TOP

fibers used were semicircular bars . The
bars typically 196 mm inner diameter , 200
mm outer diameter, 4 mm thickness, 48.3
mm width shown in figure 5 (a, b). Element

Results and Dissection

M O, P
N2
1K,L

(Prism Option)

The anisotropic continuum theory K M’ oF
apd thg rnultil.ayer theory prqsented respec- 7 7 gb/ KL
tively in section 3 and 4 will now be ap- J
plied to the delamination analysis of com- ke Y J BorToM  (Tetrahedral Option —
posite semicircular curved bar under de- not recommended)
velopment has the following geometry and Fig. 4. SOLID46 Geometry
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ply properties [ inner radius (¢ = 100 mm ), outer radius (b = 11.998 mm ), loading axis offset (e = 40
mm ), width (£ = 25.4 mm ), ply thickness(d = 0,16 mm), (y; = 0,55), (v3 = 0,15 ;) where y; and y;
— the relative volume content reinforcement layer in the direction of axis (1) and (3), £, = 172369

MPa, Er = 8274 MPa, G;r = 4137 MPa, V;7 = 0.33, Uy = 0,3. The semicircular curved bar has 54

composite plies having the stacking: [0 / +15/-15/-15/+15/0].

Il ER

Fig. 5 (a, b). Shown the bars, strain gauges and instruments were used in experiment

Equivalent continuum
In order to apply the anisotropic continuum theory, the laminated semicircular curved bar will be repre-
sented by an equivalent anisotropic continuum having the following effective material properties (Table 1).

Table 1
Effective material properties where applied anisotropic continuum theory
E9 Er Ez Gr9 Grz Gez v r0 v rz v 0z B k

MPa MPa MPa MPa MPa MPa MPa MPa MPa
124410 | 36705 48133 4838 5355 3470 0,042 0,317 0,312 5,462 1,841

Multilayer system

For the purpose of applying the multilayer theory to the semicircular curved bar. the extended li-
near regions at both ends will be neglected, and only the semicircular region subjected to two types of
loadings (end forces P and end moments M. figure 2) will be considered. For simplification, inner re-
gion of 25 layers of the 0° plies will be represented by one layer of anisotropic continuum, and the
center region of 4 layers of £15° angle plies will be represented by another anisotropic continuum,
outer region of 25 layers of the 0° plies will be represented by one layer of anisotropic continuum.
Thus, the 54-layer composite will be represented by 3 layers of anisotropic continua (Table 2).

Table 2
Effective material properties where applied multilayer theory
Layers (1 and 3), 0° plies
e e e [ar [ [ va [ v [ w [ | &

MPa MPa MPa MPa MPa MPa MPa MPa MPa
125653 | 36950 | 48122 9972 12737 8217 0,117 0,318 0,318 4,095 1,844

Layer (2), +15° plies
E, E’ E: G, G; G, v v? Vi,

rz r0 rz

B k
MPa | MPa | MPa | MPa | MPa | MPa | MPa | MPa | MPa : :
109338 | 34725 | 48377 | 17143 | 12433 | 8520 | 0,102 | 0,296 | 00249 | 3,144 | 1,774
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Figure 5 shows the distributions of ¢” in the 6=m/2 plane for the case of end forces P calcu-

lated from different theories. The values of (Gf ) and ! calculated from different theories are in-

max

dicated in the figure. The values of (Gf ) calculated from different theories are quite close, except

max

its location 7, . The multilayer theory method predicted close values of »”. The (Gf ) site predicted

max

from the anisotropic continuum theory is located slightly closer to the middle surface than the

(Gf ) sites predicted from the multilayer theory. The (Gf ) site for the isotropic material is closest

to the middle surface and is always located between the middle surface and the (0 ’ ) site predicted

max

from the anisotropic continuum theory.

The distance between the sites of (Gf ) predicted from the multilayer theory and the anisot-

m

ropic continuum theory is
(r") o —(r") - =109,0734-108,8541 =0,2193 mm .
Anisotropic Multilayer

m m
contimum

Which is 0,5927 times the single ply thickness of 0,37 mm.
Figure 6 shows the distributions of o' for the case of end moments M calculated from different

theories. Unlike the previous case, the values of "' and (Gi”) calculated from different theories

max

are quite close. Showing that the value of rf is quite insensitive to the theory used. The multilayer

theory predicted the shortest distance of " ( that is, the (o site is closest to the inner boundar
yp m . y

max

of the curved bar ). The site of (G]F”) predicted from the anisotropic continuum theory always lies

max

between the middle surface and the (Gi” ) site based on isotropic theory.

max

The distance between the sites of (Gi”) predicted from the multilayer theory and the anisot-

max

ropic continuum theory is given below
(7" ) o = (7). =109,2337-109,2334 =0,0003 mm .
7 Anisotropic 7 Multilayer

m m
contimum

This is only 0,00081 times the single-ply thickness of 0,37 mm. and is therefore, Insignificant.
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Fig. 6. Distribution of radial stress in (6 = n/2) plane, Fig. 7. Distribution of radial stress in (0 = n/2) plane,
curved bar under end forces P curved bar under end moments M
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Table 3 summarizes all the values of (0 ’ ) ,rr, (Gi” ) , " calculated from different theories.
Table 3
Intensities and locations of delamination stresses in semicircular curved bar end force
End forces P
Lo | B0y ) e
mm MPa P " max b-a
Isotropic continuum 109,0736 59,08 1,4991 0,4541
Anisotropic continuum 109,0734 59,08 1,4991 0,4541
ANSYS 109,1938 59,6 1,5123 0,4601
Multilayer theory 108,8541 66,58 1,6895 0,4431
Experiment results 108,768 65,12 1,6543 0,4421
Table 4
Intensities and locations of delamination stresses in semicircular curved bar end bending moment
End forces M
Theory rn}:;ix , (G}r‘/l )max s ham(b - a) ( M ) rn}z‘/[ —da
—_— Gr
mm MPa M max b-a
Isotropic continuum 109,2333 21,6 1,5972 0,4621
Anisotropic continuum 109,2337 21,59 1,5067 0,4621
ANSYS 109,2016 21,8 1,521 0,4605
Multilayer theory 109,2234 27,37 1,9099 0,4616
Experiment results 109,123 26,12 1,8856 0,4342
Table 5

Shows the total stresses in equivalent semicircular curved bar.

Theory o’ =" +c" G, =l +oy T =Try +Thg
Isotropic continuum 80,68 715,98 59,8
Anisotropic continuum 80,67 542,55 59,6
ANSYS 81,4 545,4 59,7
Multilayer theory 93,95 546,34 66,7
Experiment results 91,24 545,33 64,3

The maximum tangential stress oy is located at point (» = a, 6 = 0°, 180°), but the maximum 1,9 is
located at another point (» = r,,, 6 = 90°).

Conclusions

The multilayer theory was developed for delamination analysis of a semicircular composite
curved bar subjected to end forces and end moments. The difference between the radial locations of
the delamination stress (maximum radial stress) predicted from the multilayer theory and from the ani-
sotropic continuum theory was approximately 0,5927 times the ply thickness for the case of end forces
and about 0,00081 times of the ply thickness for the case of end moments. The superposition method
(namely, by summing up the two radial stresses induced in the semicircular curved bar subjected to
end forces and end moments), used to construct the delamination stress in the C-coupon, gave rea-
sonably accurate intensity of the delamination stress for the C-coupon. The finite element analysis of
the C-coupon gave the radial location of the delamination stress in the C-coupon much closer to that
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predicted from the multilayer theory than from the anisotropic continuum theory and practical results
were identical with the results of multilayer theory.
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