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Abstract. The use of bonded joints is one of the most efificvays to transfer loads between parts of an reautical
structure. Showing some different advantages wioampared to mechanical joints, it also allows bomgdissimilar
materials, as metals and composites. In order ®igiethese joints, it is necessary to know the maneband shear
forces, moments, displacements and stress actirigeijoint after load application. In order to hethe design of
bonded joints, a computational tool, called SAhick is capable to evaluate single and double tEptjis developed.
A commercial program is used to validate the comfumal tool which is the finite element program AGUS™.
First ply failure analysis were performed using His damage criteria for plane stress state with Sa#ad
ABAQUSM. For tridimensional stress state, it is implemehtéashin 3D damage criteria using an UMAT (User
Material Subroutine) by Fortran language, and thisbroutine is linked to ABAQU'S SAJ and Finite Elemergsults
for first ply failure were compared. SAJ resultgeveloser to Finite Elemengsults for plane stress state hyphothesis.
However, for tridimensional stress state, finitereknt model and SAJ shows relevant differencesirfgle lap joints
with symmetric laminate.

Keywords failure analysis, bonded joints, composite matkstinumerical methods.
1. INTRODUCTION

In the last years, the uses of composite mateaigla primary structural element have been incrgaSome new
aircraft design, for example: Airbus A380 and Boeit87 use composite materials even in primary giratelements
such as wing spars and fuselage skins, achiewjihgeli structures without loss of airworthiness. @ to assembly,
these structures consists on using bonded joinishvethow some advantages like a better fatiguerande, possibility
of joining dissimilar materials, better insulati@mooth surface and light weight. Neverthelessetieno possibility to
disassembly the joints, peeling stress should emmiied and the preparation of the surfaces thitbeibonded must
be done carefully (Mortensen, 1998).

One advantage of using composite materials is tssipility to design the material changing the pliientation.
Considering that aircrafts are subjected to varload cases during a normal flight, and that thecttire must stand for
all loads case, it might happen that for one loasecsome ply fibers be perpendicular to the loaidhwis the most
critical orientation for a laminate material.

Many researches have been carried out about bqgoites, trying to predict the behavior, failure,datine strength
of bonded joints using finite element models, atiedy models or experimental tests. Thomsen (1882wed that the
multi-directional adhesive state of stress coulddlated to a unidirectional state of stress thhoagunction similar
that presented by von Mises. Mortensen (1998)jsrPhD thesis, presented a development of a cortiquigh tool for
analysis of bonded joints showing the equations laypbthesis for various types of bonded jointswedl as, the
solving process of differential equations using thalti-segment method of integration. Ganesh andoC{2002)
showed the effect of spatial grading of adhereasted modulus on the peak stress and stress dititribin the single
lap joint, which lead to decrease in the stres& jpea a more uniform shear stress distribution.

Belhouari, Bouiadjra, and Kaddouri (2004) showezbmparison between single and double lap jointgusiffinite
element model. In this study, the researchers stidleadvantages of using a symmetric compositehgat repairing
crack. Also, that double patch has lower stressrwdmmpared with single patch repair. Agnieszka 820thowed a
numerical method, regarding the sensitivity for togfatic stress, for prediction of the delaminatioitiation, which
allows simulating the failure of the joint and camsfie substrate.

In order to help the design process of bondedgpihtvas developed a software called SAJ (SysteAnalysis for
Joints), which is capable of analyzing a bondedtjbehavior in detail, not only for single lap jpibut also, for double
lap joint. The software developed can calculatejtims stresses, loads and displacements. Thétseshtained are
compared to finite element results in order todate SAJ.

Due to joint geometry, mostly for single lap joinssnormal load can cause moments and shear loats jjoint,
which results in a complex load case that is végialiong the joint. The present work performs atj@idherent failure
study using first ply failure as stop criteria. Thealysis stopped when the adherent first ply faihich is a
conservative approach because the whole laminatenisidered failed. Nevertheless, it is a good fygproach for a
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composite structural analysis. Progressive damagl/ses are not performed in this work. Phenomegicdd failure
criteria were used for identify the failure, alsgiossible to indicate which play fail and theussl mode as:

1) fiber rupture in tension;

2) fiber buckling and kinking in compression;

3) matrix cracking under transverse tension andrsg;

4) matrix crushing under transverse compressiorshedring.

First ply failure analysis were performed using Klasdamage criteria for plane stress state with $Ad
ABAQUS™. For tridimensional stress state, it is implemenktashin 3D damage criteria using an UMAT (User
Material Subroutine) by Fortran language, and shisroutine is linked to ABAQUY'. SAJ and Finite Element results
for first ply failure were compared. SAJ resultsreveloser to Finite Element results for plane strgste hypothesis.
However, for tridimensional stress state, finiteneént model and SAJ shows relevant differencesifigle and double
lap joints.

2. FAILURE MECHANIMS

Bonded joints investigated in this work were congubby two different types of materials: composiéerent and
adhesive.

Ny
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Figure 1: (a) Failure modes in single lap joint floymal and shear stress in lap joint; (c) intnafpilure of composite
(Anderson, 1995) ; (d) inter-ply failure of compes{delamination).

2.1. Adherents

For metal (adherent 1), in specific for aluminurowgl the yielding phenomenon governs the materdavior. In
addition, the type of the surface of the metalepltzn influence the hybrid joint performance, beeathe adhesion by
the adhesive is improved. This effect was not a®ersid in this work, but it will be studied in thetdre.

For composite laminate (adherent 2) made from teking of plies, which contains a polymeric mat@inforced
by fibers, this material shows two types of failunedes:

1) Intra-ply failure modes: damages at fibers, pwyic matrix and/or interface between fibers andtrima
(Fig-1(c));

2) Inter-ply failure modes: delaminations betweées(Fig.1(d)).

The intra-ply damage (Fig.1(c)) at fibers is shovibigdmechanism 4 that is the fiber rupture. Howetlee, fiber
failure mode depends on the type of loading, bexatmmpression loads can induce micro-buckling, teutsile loads
can induce rupture of fibers. The intra-ply damagéhe matrix depends on the ductility of the padymas well as on
the in-service temperature. Thus, the polymeriaimaan present a fragile or a plastic behaviornamism 5). Fig. 1
shows other intra-ply failure mechanisms. The meism 1 is called "Pull-Out" and occurs when theiface between
fiber and matrix is weak. Therefore, the fiber idlgd out of the matrix after the debonding mechan{mechanism 3)
occurred. If the interface between fiber and magigtrong, the fiber is not pulled out of the matand the mechanism
2 called "Fiber Bridging" is activated. The intdyfailure called delamination (Fig.1(d)) occursteaf intra-ply
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damages, i.e., the evolution of intra-ply damagepagates the delaminations, because the regionagiad at the ply
propagates when the load increases and the cradksoaadjacent plies (with different orientationgés) join for
creating a discrete failure between them. At that@ant, the interlaminar shear increases stronghtlasm delamination
process initiates. This failure mechanism is vesgnmon to occur under flexural and transversal skrasses due to
quasi-static or dynamic loading. In fact, nowadalys, material models for intra-ply damages havenlewroved, and,
the material models for delamination have been lopeel.

Nowadays, there are considerable failure critasiacbmposite materials, subdivided into differeategjories. This
paper considers only phenomenological criteriarapgsed by Hashin (1980). After a stress analystheo laminate,
each ply failure is verified. If the failure occutse analysis stops. Hashin's equations are shaweduations 1 to 4 for
plane stress state.

Fiber compression failure modes, <0):

Si g &y

If er £1 fiber was not damaged, EFZ >1 fiber was damaged.
Where Sy is the stress in the fiber directiong }6 the lamina compression strength in the fibezalion. In this

mode, for the plane stress and tridimensional stexguations are equal.
Fiber tensile failure mode for plane strgss, >0):

ﬁ + ﬂ :e':2 (2)

Fiber tensile failure mode for tridimensional sts€ss, >0):
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If e.” £1 fiber was not damaged, & >1 fiber was damaged.
Where X is the lamina tensile strength in the fiber ditiand $, is the lamina shear strength.

Matrix compression failure mode for plane stréss, 0):

2 2 2
i + YC -1 i + i =e, 2 (4)
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Matrix compression failure mode for tridimensiostilesy( S, +5 ;< 0):

2
(52+53)2+ YC -1 w+i(5223_ 5253)+ E + i :eM2 (5)
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If e, ? £1 matrix was not damaged, &, ? >1 matrix was damaged.
Where Y is the lamina transversal compression strengthS23dis the lamina strength in plane 2-3.
Matrix tensile failure mode for plane stress, 0):

2 2

S S _g2 (6)
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Matrix tensile failure mode for tridimensional st S, +S, 0):
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If e, ? £1 matrix was not damaged, &,, % >1 matrix was damaged.
Where Y; is the transversal lamina tensile strength.

2.2. Adhesive

For adhesive, the material has good strength cenegl stress in the plane of the joint, i.e., il@minar shear
stress, but the strength values out-of-plane th je very poor, for example, strength for peeliogd (Fig.1(a)).
However, the properties of the adhesive can redecg strongly with the increase of the temperatamd humidity,
and, this influence has been developed.

Adhesives are ductile polymeric materials and tygothesis of linear elastic material was no lormgatistic, since
the adhesive response is predominantly inelasga et low levels of external loading. Plastic residstrains are large
when compared with creep strains, so a plastid yigpothesis could be assumed and a multidiredt&tage of stress
could be treated as unidirectional stress stater(iBen, 1992). SAJ and finite element models uselinear analysis
for the adhesive layer.

s=C,(3,)%2+C,l, (8)
c,=¥3+/) ©
2/
c, =11 (10)
2/
e=C,- = (3,)5+C, 11, (12)
1+n 1-2n

WhereJ, is the second invariant of the deviatoric tenspis the first invariant of the stress tensdr=5_/S,

(ratio between compressive and tensile yield sirdssis the second invariant of the strain deviatoritstg and; is
the first invariant of the strain tensor. This miodiees not consider any flow law for the plasticface.
It is important to notice that this work focustire adherent failure identification, not in the esilve plasticity.

3. COMPUTATIONAL TOOL

In order to help the assessment of bonded joirdsnaputational tool that is able to calculate thatjtoads was
developed, displacements, stress and adhesiveéadbatresses.

3.1. Software SAJ

A computational tool was developed in order to hide analysis of single and double lap bonded goifthis
software was programmed in Matl&blanguage. In the case of composite adherentsstifiware is also capable to
obtain the stress and strain for each layer. SAdlde capable to solve composite/composite and lfoetaposite
bonded joints.

SAJ reads an input file within data of adherenthiesive and joint characteristics. These file dostanformation
such as layup and layer thickness in case of coiepadherents, mechanical properties for adher@misadhesives,
joint dimensions of adhesive and adherents andsldaat results, SAJ shows the graphics of forcieplatements and
adhesive stresses, also these solutions are givabular form.

SAJ solves a set of differential equations of thétirlomain boundary value problem using Maffbin order to
obtain the set of differential equations, firstubdivision of the joint in three regions were madee part with only
adherents, other part with the bonded region aedat$t part again with adherents only. These sigidis are showed
for single lap joint in Fig.2(a) and for double lgpnt in Fig.2(b). In these figures are also shdvibe boundary
conditions, loads and coordinate system.
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Figure 2: Single lap joint boundary conditions,deand coordinate system, (b) Double lap joint loauy conditions,
loads and coordinate system.

For each region, using the equilibrium equationsmfinfinitesimal element were obtained the setlitiErential
equations for single and double lap joint. With $3iaal Laminate Theory, and assuming the hypothtbsis all
derivatives iny direction are equal zero, plane stress statehKoff kinematics relations and the equilibrium etfpras
leads to the complete set of differential equations

For the first subdivision, the set of differentejuations are showed in Fig.3(a), these equatien$oa both joint
types out of overlap zone. Figure 3(b) shows theaggns for adherent 1 only for a double lap cas&e the overlap

region, and Fig.3(c) shows the equations for adtierg and 2 for single lap case and for adheremisd23 for double
lap case inside the overlap region.

u:),x - alli Nxxi - a13i nyi - blli M xxi =0 ué,x - a’lllexl - a131N><y1 - blllM xxl =0 ULJ‘X - all‘ Nxx‘ - al3l ny‘ - blllMxxl =0
W, +k, =0 W, k=0 W, +k! =0
kx,xi - b11iN><xi - b13i nyi - dlliMxxi =0 kx,x1 - blllexl - blZ«}ley1 - dlll'lex1 =0 kx,x‘ - blllexl - bl3ley‘ - dll‘Mxxl =0
) S ) ) ) ) P 18 1 1 1 1 P
VE),X - aZI'NXX' - a23' - nyl - b21| - M;(x =0 V(ll,x - 3211Nxx1 - azsl - ny1 - bzll - Mxx =0 V(llx- N Nxx -8 - ny - b21 - Mxx_o
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Figure 3:(a)Set of differential equations for bodgigint out of overlap zone for i=1,2,3.; (b) Séddferential
equations for double lap joint adherent 1; (c)Setifferential equations for adherents in the caprjoint. For single
lap, i=1,2 and for double lap, i=2,3.

The adhesive was simulated as tension/compresabstgar springs, Eq. 12 to Eq. 14 shows the emsfor the
adhesive model.

tax :% U(i) - t; (X)xk; _ Ué - tl(x)><k>£ (12)
t, 2
G.li i

e =t—a(v0- vi) 13]

a

These differential equations system for each siigidiv were solved using Mat/dh, which can deal with multi-
domain boundary values problem.

In order to deal with adhesive plasticity, the ndifectional state of stress was treated as sirsiplss state and a
non-linear procedure was used in order to corfecatihesive stress state.
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The non-linear procedure was based in the methesepts by Thomsen (1992), which consider the coajwe
tensile stress ratid)( and Poisson constant and all time-dependent angdet@ture-dependent effects were ignored.
Figure 5 shows the non-linear procedure used foesite, the effective young modulus were calculaie&q. 15.

E =1 c% E., (15)

Where Cis a non negative factolDs = S; - § . Figure 4 shows the non-linear schema used forattesive

layer.

The adhesive non-linear procedure begins obtaitiieg stress state for each adhesive point using8Eand
comparing with adhesive yield tensiony) if the stress state;(sis greater than, than the real stress (experimental
stress-strain curve) for the strain is calculatedq. 11.

The difference between calculated stress and astiies (s), and the secant modulus were calculated usind%q
for each adhesive point, where plasticity occutss procedure repeats until the difference betwesdoulated stress
and actual stress is less than an acceptablerokera

Figure 4: Non-linear procedure.

For composite adherents, SAJ uses Hashin damagéafor plane stress state, in order to obtaéinntiode and the
load intensity that cause first ply failure, and #nalysis stop.

3.2. Finite element model

A finite element model for single and double lapnfousing commercial software ABAQU' were used to
compare to the SAJ computational results. Thedfimtement model uses a second order element withod@s
(C3D20) for adherents and adhesives even for semgiedouble lap joint. C3D20 is used also for miodetomposite
adherents. Figure 5(a) shows the finite elementeiim single lap bonded joint and Fig.5 (b) shdhes finite element
model for double lap bonded joint. Notice that thesodels are simulating the boundaries conditiomsl@ads for each
joint as showed in Fig.2(a) for single lap and &) for double lap joint. Due to ABAQUY limitations, when using
the Hashin failure criteria where only plane strelesnents are allowed, the finite element modeleweade using a 8
node hexahedron continuum shell element (SC8)theofailure study, also the adhesive plasticity e@assidered.

@) (b)

Figure 5: (a)Single lap joint finite element modgl) Double lap joint finite element model.



2009 Brazilian Symposium on Aerospace Eng. & Applications 3" CTA-DLR Workshop on Data Analysis & Flight Control
Copyright © 2009 by AAB September 14-16, 2009, S. J. Campos, SP, Brazil

ABAQUS™ constraint functiontfe" is used to join the adhesive and adherents. Bhetraint functiortie transfer
all degrees of freedom between adherents and aghesi

3.3. ABAQUS™ user material (UMAT)

An UMAT (User Material Subroutine) is implementeg¢ Bortran language. That allows to program a new
constitutive material law and failure criteria. éftthat, this subroutine is liked to ABAQUSin order to simulate a
finite element model. In this work, it is implemedtHashin’s criteria for tridimensional stressestathich can be used
for solid elements like element C3D20 (20 node hedaon continuum solid element). More details adoMAT
implementation can be found at Abaqus Manual (2006)

4. FAILURE ANALYSIS: MEF x SAJ

For the analysis the boundary conditions were #imesas showed in Fig. 2(a) for single lap joint &gl 2(b) for
double lap joint. For all analysis and joints typies overlap length was equal 20.0mm. The adhesidecomposite
properties are shown in Tab. 1 and 2.

Table 1: Epoxy adhesive and prepreg M10 (HéXel

P1"# $ %S $&'$

Table 2: Prepreg M10 (Hexc¥) strength values.

C ) ")) +.11) - / #
01 N+ - o 1 #
() * " 20y +,00 y -3/ #
(0 261y ) 1y 3 o #
* 1)) -4 / #
-4 / 14

The experimental stress strain curve for adhesisedun SAJ and finite element analysis and thehforder
polynomial equation used for SAJ non-linear procedure show in Fig. 6.

Figure 6: Experimental adhesive stress — straimecand forth order interpolation equation.

First, a comparison between SAJ and finite elendesyplacement field is showed in Fig. 7 in ordenvéoify SAJ
results. Figure 7(a) shows finite element displametnield for a single lap joint, Fig. 7(b) showeetfinite element
model displacement for a double lap joint. Figufe) Shows the displacements comparison betweenaddJfinite
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element for a single lap bonded joint and Fig. Bftyws the displacements comparison between SAflraredelement
for a double lap bonded joint.

(@) (b)

(c) (d)

Figure 7: Single lap joint displacement field, feelement (a); Double lap joint displacement fiéildite element (b);
Displacement comparison between SAJ and ABAGUSr single lap bonded joint (c); Displacement conigzn
between SAJ and ABAQUS for double lap bonded joint(d).

After this verification (see more details in Titngelico and Ribeiro 2008 and Ribeiro 2009), thiufa analysis
were carried out. Different plies orientations wersed for this analysis, as well as, symmetric asgmmetric
configurations. The same procedure was applieddable lap joints.

Table 3 shows the results for single lap joints diath. 4 shows double lap joints results. Regarding/hich
elements the failure occurs, not considering eléseear where load were applied and near boundsrgitions.

For single lap bonded joint, a considerable diffieeebetween tri-dimensional stress state (ABAQUWS3B20) and
plane stress state (SAJ and ABAQUS — SC8) occusdlyiior symmetric laminates.

Table 3: Single lap bonded joints results.

4A: ( (5 >B:< <6BA:

456 5>5?@4 40 5>5?7@4 0<
0 4 72 8R! ( 9%, 8* (]9 $;  <++l -7=/  8*PI( 9% ; <++!
918$%18%; % %
9%1; 1 % %
9% $1; % %
PS $ 318 S ; % %

For double lap bonded joints, the results (Talobtained with plane stress state models and tredsional stress
state model are considerably close even for synitriatninates or asymmetric laminates.

Table 4: Double lap bonded joints results.

<B@>( (5 >B:<<6BA:

456 5>52@4 40 5552@4 0<
0 4) 72 8 *2! (9% ; 8 *2! (9% ; <++! -7=/ 8 *2! (9% ; < ++!
91$%1$; 1% %
9%1; % %
9% $1; % %
9 $ 318 % ; % 1%
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(PSAJ - Pfem)

(15)
I:)SA.]

Where PSAJis the SAJ failure load anf.__ is the finite element model failure load.

fem
For all studied cases, the failure mode is duensite efforts in the matrix, for plies 96riented.
As showed, a huge difference happens when comptitlimensional stress state failure loads witmplatress
failure loads for single lap bonded joints. Thessuits pointed for the relevance of out-of-plamesstes for composite
damage.

Figure 8: Single lap bonded joint — The failure wscin the element near to the adhesive edge.

First regarding the single lap bonded joint, thenposite failure occurs near the adhesive (Fig.8)sfenmetric
laminates. In this region the out-of-plane stregsgs 13 € 3 in the adhesive layer is considerable and théudes a
raise of out-of-plane stresses in the adherentclwlgads to lower failure loads. For tested asymimé&minates the
failure occurs in regions considerably distant fromerlap zone due to a non-zero coupling stiffrasdrix, which
induces in-plane shear stresses higher than syiortetrinates.

The secondary bending moment, which is higher mglsi lap joints, leads to lower failure loads famgte lap
bonded joint as showed in Tab. 3 and Tab. 4. Fabldolap bonded joints, asymmetric or symmetriceaehts, the
failure occurs in subdivision 1 (Fig. 2(b), regiaith only one adherent), which is the more loadechponent of the
joint.

As pointed, the failure load is ply-orientation dagent. The asymmetric laminates presents the |fivegrply
failure loads values for single or double lap jeint

Also the first ply failure loads are considerabteater for double lap joints, which point that theplacement field
could affect the failure load. These higher loadsild be explained by lower secondary bending mosemd
displacement field.

5. CONCLUSIONS

Concerning plane stress state, SAJ is capabletéosndime the stresses in each laminate ply and girdué failure
mode for laminate adherents both for single andbpbonded lap joints. Since the differences betw8AJ and
ABAQUS™ finite element mode are small, mostly for dould@ foints, SAJ is a strategic computational tool to
determine the joint stress state.

Meanwhile, when studying single lap bonded joitite prediction of failure must be conducted catgfuking
plane stress state. It is desirable to investigaeout-of-plane stresses before proceed withriinalysis, checking
the intensity of out-of-plane stresses in ordeettuce the errors on predicting the bonded joiatskior.

Due to these results, the authors are already mepiéing a method that is capable to calculate thieobplane
stresses in SAJ, as well as Hashin's failure @itfr tridimensional stress state. The results & submitted for
publishing.

At last, the authors are concerned about delanoimativhich more detailed studies must be carried oute the
out-of-plane stresses could reach considerableesalu
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