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o @akyJIbTeT MAIMHOCTPOEHUS, Bhiciias mikosa 1o rpakJJaHcKOMy CTPOUTENLCTBY M MexaHuke, KJI
yHHUBepcuTeT, Bagnecsapam, Muaus

Buvinonnen koneunosnemenmmuolii pacuem H(lﬂpﬂ?fcel{ud 6 30He COeOUHEHUs. GHAX1eCMK) C UCNOJIb30-
BaHUeM 8 A02e3UOHHOM COe CneyuatbHoblx 6—y3}108blx uzonapamempudecKux KOHEUHblX I1€MEHNO0E.
P€3yﬂbmambl paciyema Xopouto coenacyromces ¢ pewerHusmu, noay4eHHolMU 6 3AMKHYmom suoe
Tonanoom u PEIZCCHQPOM. ITlokaszano, umo maxcumanvhvle HOpMmdallbHble U KacameibHble HAnp:-
HCEHUSL 8 AO2E3UOHHOM CJI0e UMEIOm MecCmo 6 mopyax CO@aMHeHMﬂ, umo O6yC}lO@fZ€HO Uux CuHeyusap-
HOCmMblO. OL!EHBHLI aoee3uoHHas npo4YHocms coeouneHust GHAXIECMK) C NOMOWbIO Kpumepust npov-
HOCcmu, u36e€CmHoc0 Kak KpumepuzZ moy4edHblx HanpﬂJICEHMIZ. Pacuemnvle 3nauenus adee3uoHHOU
NPOYHOCMU MECHO KOPppEeIupyrom ¢ uU36eCnHblMU SKCNEePUMEHMAIbHbIMU OaHHbIMU.

Kniouesvie cnosa: anresusi, pazpyuiaromias Harpyska, METOJl KOHEUHBIX AJIEMEHTOB, KpH-
TepUi TOYCUHBIX HANPSHKEHUH, COSTUHEHNE BHAXJIECTKY.

Introduction. Adhesive bonding can offer better performance over the mechanical
fastening and being used extensively in space, automobiles, construction industries,
packaging industries etc. It has the ability to join dissimilar materials and to join efficiently
thin sheet materials such as thin—walled composite structures [1]. Single-lap joint [2—7] and
double-lap joint [8, 9] are simple in geometry and are widely used in characterizing
adhesive behavior and structural connections. Failures in an adhesive joint are classified as
adhesive failure and cohesive failure.

Adhesive failure occurs at the interface between the adhesive and adherend, whereas,
the cohesive failure occurs either in the adhesive or in the adherend. Failure analysis of an
adhesive joint requires reliable structural deformation and stresses in the joint for the
applied loads. The mechanisms of adhesion are related to chemical and physical properties
of the adhesive polymers. The structural deformation and stress states for the bonded joint
configuration can be obtained by specifying material properties of the joint configuration,
loads and appropriate boundary conditions. Since there is no unique failure criterion for the
bonded joints, the designer has to select or establish a suitable criterion to estimate the joint
strength [10—19]. The stress distribution for simple geometries can be obtained from a
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closed-form solution, which will be useful to validate the finite element models. Finite
element analysis (FEA) is essential for analyzing complex geometries and structural
materials. Da Silva et al. [20] have reviewed several analytical models. Stress analysis has
been carried out for various joint configurations having different adherend and adhesive
properties [21-28].

Standard finite elements are not well suited for modeling the adhesive layers which
are extremely thin comparing to other dimensions of the bonded structure. Reasonably
accurate results can be expected from the standard finite elements when the aspect ratio of
the width to the height of the element is approximately unity. An element having a large
aspect ratio becomes much stiffer in the transverse direction and much weaker in the axial
direction. Backer and Hatt [29] have developed a linear element assuming thin adhesive
layers which behave elastically as simple tension—compression springs and shear springs
connecting the adherends. This assumption ignores the variation of the stresses in the
thickness direction of the adhesive layer and influences equilibrium of the transverse
normal stress and the longitudinal shear stress in the adhesive layer. Motivated by the work
of Backer and Hatt [29], a special 6-node quadratic isoparametric element is developed [30]
for modeling of the adhesive layers, which is compatible to the general 8-node quadratic
isoparametric quadrilateral element [31] for modeling of the adherends. To examine the
adequacy of the special 6-node isoparametric element for the adhesive layer, a single-lap
metal-metal joint has been analyzed and compared with the results of the analytical
solution of Goland and Reissner [21].

For predicting the static strength (failure load) of adhesives and adhesively bonded
structures, the designers have adopted the strength of materials based models (e.g., average
stress, maximum stress and maximum strain failure criterion) [23, 24, 32-34]; plastic yield
criteria (e.g., von Mises and Tresca yield criterion, and Drucker—Prager plasticity model)
[35, 36]; void nucleation (cavitation) models [37]; and fracture-mechanics analysis [38—
43]. Motivated by the work of the above researchers, the bond strength of the single-lap
joint is estimated through one of the stress fracture criteria known as the point stress
criterion and compared with the results existing tests [44].

1. Test Results on Mild Steel Single-Lap Joints. Broughton et al. [44] have
presented the failure load data on CR1 mild steel single-lap joints bonded with AV119
epoxy adhesive. Figure 1 shows a typical single-lap joint. The dimensions of the single-lap
joint test specimens are: width = 25 mm; length of adherends I and II = 100 mm; thickness
of adhesive, 7, = 0.25 mm; thickness of adherends, #; =¢, =2.5 mm, and the bond
length, a=12.5, 25, and 50 mm. Table 1 gives the tensile and shear characteristics of CR1
mild steel and AV119 epoxy adhesive. Table 2 gives the failure loads of single-lap joints.

Y

t Adherend-1
o] - L rt
M

b X
Adhesive """-_—-:}: @ | Y \
= Adherend-IlT ¢ N
M

Fig. 1. Typical single-lap joint.

2. Finite Element Analysis. Muthurajan et al. [30] have adopted a numerical
procedure for analyzing two-dimensional bonded joints, in which adherends are idealized
by the 8-node quadratic isoparametric element [31] whereas the adhesive layer is modeled
by a compatible 6-node special element. The 6-node quadratic special element for adhesive
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Table 1
Tensile and Shear Characteristics of CR1 Mild Steel and AV119 Epoxy Adhesive

Characteristic CR1 mild steel AV119 epoxy
Tension
Modulus (GPa) 206x 6 3.05
Poisson’s ratio 0.38+0.02 0.34
Ultimate strength (MPa) 334%2 71.3
Yield strength (MPa) 206x1 -
Ultimate strain (%) 4.23+0.50 -
Yieid strain (%) 0.25+0.01 —
Shear
Shear modulus (GPa) 74+ 4 1.1
Strength (MPa) - 41.0
Table 2
Failure Loads for CR1 Mild Steel/AV119 Single-Lap Joints
Bond length a (mm) Failure load (N)
12.5 8850+ 250
25.0 10700 950
50.0 15825+ 1575

Note. Width = 25 mm, thickness of adhesive #, =0.25 mm, and thickness of adherends # =1, =

=2.5 mm.

E——1

> X

Fig. 2. Special 6-node quadratic element for adhesive layer.

layer (Fig. 2) is found to be more appropriate when compared to the linear element of
Barker and Hatt [29]. Since the adhesive layer is relatively thin, the special element
assumes identical coordinates for the top and bottom nodes of the adhesive element. As in
[29], the adhesive element neglects the longitudinal direct stress as well as the other two
stresses across the adhesive thickness.
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The adhesive element stiffness matrix is [30]:

2
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Here [B]={-B, —-B, —B; B, B, B;} is the strain-shape function matrix, B} =
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E, and G, are the Young modulus and shear modulus of the adhesive layer having
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The local displacements (u, v) of the top and bottom adhesive layer are

u top 3 Uiy u bottom 3 "
{ } = DN, (5){ : } { } ZM(&){ } )
v i=1 Vi+3 v i=1 Vi

The top and bottom nodes of the adhesive element having identical coordinates is

represented by
X 3 X;
= > N. Y
{y} ; Z(E){yl} )

The shape functions N; (i= 1,2, 3) in Eqs. (4) and (5) for the adhesive element are

NIE)=-E0-8),  Ny@)=1-8,  Ny&)=,E01+E) ©)

The special six-node quadrilateral adhesive element is compatible to the standard
eight-node isoparametric quadrilateral 2D plane element. Standard finite element procedure
is adopted to obtain the overall structural deformation, strains and stresses for the specified
(applied) load.

Figure 3 shows the finite element model for the 12.5 mm bond length. Following [30],
finite element analysis has been carried out by applying the tensile force 8850 N parallel to
the adherend and also external moments which satisfy the moment-equilibrium condition.
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Fig. 3. Finite element model [30].

Characteristics of material are specified from Table 1. Displacement along x-direction
(loading direction) is suppressed at the left side edge of the adherend (adherend-I). Also
displacement along y-direction is suppressed at the middle node of the left side edge of the
adherend (adherend I). An edge load (P) equivalent to 141.6 MPa tensile stress plus the
external moment is applied at the right side edge of the adherend (adherend II). The shear
stress (7, ) and normal or peel stress (0 ) distributions in the adhesive layer of steel-steel
single-lap joint are shown in Figs. 4 and 5.
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Fig. 4. Comparison of shear stress distribution in the adhesive layer of a single lap joint.
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Fig. 5. Comparison of normal stress distribution in the adhesive layer of a single lap joint.
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The finite element analysis results are found to be in good agreement with the
closed-form solution of Goland and Reissner [21]:

P Y1x
7:xy = 4a¢1(;), (7)
P 2

Here
Y,(E)=A4,coshé+B;, y,(E)= A,cosh&cosé+B,sinh Esin g,

ot
2t

2G ,t a |6E,t a |3 P
By =(05—04)7, 7= \/T, vo= 4 ys= o 0=vT)—,
Et, 2\ Et, 2\ 2 Et

_ 1
0, ={I+2V2tanhy;}"", 9, = S (sinhyy +siny ),

-1
A1=yzlfl<1+3al>{sinh( )} By =3(1=0;),  Ay=(03-04)07.

03 = %(sinhyz cosy,—coshy,siny,), 04 =~2y;coshy,cosy,,

05 = J/72(coshy2 siny, +sinh iy, cosy, ), 0¢ = \573 sinhy, siny,,

The Young moduli of the adherend and the adhesive layer are designated by E and
E ,, respectively, whereas the shear modulus of the adhesive layer is represented by G,,
v is Poisson’s ratio of adherends, a is the overlap length, P is the load for unit width, 7 is
the thickness of the adherend, and ¢, is the thickness of the adhesive layer.

3. Failure Load Estimation. Maximum normal and shear stresses are found in the
adhesive layer at the ends of the overlap. The distribution is symmetric in either side from
the center of the joint. It is interesting to note that the average of normal stress in the
adhesive layer is found to be zero, whereas the average shear stress in the adhesive layer is
found to be equivalent to the ratio of the applied load and the adhesive area. Since the stress
fields near the bonding edges show singular behavior or stress concentration, it is essential
to understand the failure behavior of bonded joints and the appropriate failure criterion for
life predictions. One of the stress factor criteria of the Whitney and Nuismer [45] known as
the point stress criterion (PSC) states that fracture occurs when the stress ahead of the
discontinuity at the characteristic distance is equal to the strength of the material.

For the present problem, failure loads of single-lap joints are specified in Eq. (7) and
obtained the shear stress distribution over the overlap length of the adhesive layer. As
expected, the shear stress at the ends of the overlap is found to be higher than the shear
strength of the adhesive. Following the point stress criterion, the characteristic length (a ;)
is found in the overlap region at which the shear stress in the adhesive layer for the failure
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load is equal to the shear strength of the adhesive. From the test results of Table 2, an
empirical relation is developed for the characteristic length in terms of the overlap length of
the single-lap joint as

a., = 01786a""%. )

In order to obtain the shear strength of single-lap joint, the shear stress distribution is
obtained from Eq. (7) specifying unit load and finding the stress value at the characteristic
distance from the bonding edge. This stress value is multiplied with the shear strength by
the shear strength of the adhesive. The failure load is obtained by multiplying the resulting
shear strength value with the overlap area of the bond. Tables 3 and 4 give the comparison
of failure load for CR1 mild steel/AV119 single-lap joints. The failure load estimates based
on point stress criterion is found to be in good agreement with test results [44].

Table 3
Prediction of Failure Loads (N) for CR1 Mild Steel/AV119 Single-Lap Joints

Failure Bond length, @ (mm)
criterion [44]

12.5 25 50

Maximum shear stress criterion

FEA (von Mises) 6285 7655 10482
FEA (linear Drucker—Prager) 6110 7540 12287
Analytical solution 10545 10808 11674

Maximum tensile stress criterion

FEA (von Mises) 6295 7715 10656
FEA (linear Drucker—Prager) 6105 7517 12175
Analytical solution 15014 16014 18068

Hill’s failure criterion

FEA (von Mises) 4076 4900 6683
FEA (linear Drucker—Prager) 4426 5321 7219
Analytical solution 8627 8968 9818

Maximum shear strain criterion

FEA (von Mises) 8711 10168 13512
FEA (linear Drucker—Prager) 7985 10594 13930

Maximum tensile strain criterion

FEA (von Mises) 7395 9526 12833
FEA (linear Drucker—Prager) 7280 9282 12727

Maximum principal strain criterion

FEA (von Mises) 5878 7115 9735
FEA (linear Drucker—Prager) 5722 6918 9401
Experimental 8850250 10700+ 950 15825+ 1575
Present analysis 8850 11625 15800

Note. Width = 25 mm, length of adherends = 100 mm, thickness of adhesive = 0.25 mm, and
thickness of adherends = 2.5 mm.
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Table 4
Prediction of Failure Loads (N) for CR1 Mild Steel/AV119 Single-Lap Joints
Specimen width Bond length Failure load (N)
xperimenta resent analysis
(mm) (mm) FEA [44] | Experimental [44]| P lysi
15 12.5 4940 4610=* 146 5310
50 50 26430 31940482 31600
50 100 29622 36737450 45450

Note. Length of adherends = 100 mm, thickness of adhesive = 0.25 mm, and thickness of adherends
= 2.5 mm.

Conclusions. This paper adopts the point stress criterion to estimate the bond strength
of a single-lap metal-metal joint specimen. A special 6-node quadratic isoparametric
element for idealizing the adhesive layer and a general 8-node quadrilateral isoparametric
element for idealizing the adherends as in [30] are considered while analyzing the
single-lap joint. The finite element analysis results are found to be in good agreement with
the analytical solution of Goland and Reissner [21]. Finite element modeling and analysis
will be useful to obtain the solution for the joint problems of complex shaped adherends
(for optimum joint efficiency) and different adherend materials. Failure load estimates of
the single-lap joints following the present point stress criterion are found to be in good
agreement with test results.

Pe3wome

[TpoBeneHO CKiHYEHHOENEMEHTHUH PO3paxyHOK HAIlpyKeHb y 30HI 3’€JHaHHS BHAITYCK i3
BUKOPHUCTAaHHAM y aAre3iifHOMYy Imapi crhemiadbHUX O-BY3JIOBHX i30TapaMeTpHYHHUX CKiH-
YEHHHX eJIEMEHTIB. Pe3yibTaTi po3paxyHKy JOOpe Y3roKyIThCs 3 PO3B’sI3KaMH, OTpHMa-
HUMH y 3aMKHeHOMy Buriisini [omanmom i Peiiccrepom. IlokazaHo, 10 MakcHMalbHi
HOpMaJIbHI 1 IOTUYHI HAIIPY>KEHHs B ire31iHOMY IIapi MaroTh MICIie B TOPLSX 3 €IHAHHS,
[0 3YMOBJIICHO iX CHHTYIBIpHicTIO. OIiHEHO ajre3iiHy MIIHICTH 3’€JHAHHS BHAITYCK 3a
JIOTIOMOTOI0 KPUTEPI0 MIITHOCTI, BITOMOTO K KPHUTEPili TOYKOBOTO HampykKeHHs. Po3pa-
XYHKOBI 3HAa4eHHS aAre3ifHOi MIIHOCTI TICHO KOPEINIOIOTH i3 BIJIOMHMH EKCIIEPHMEH-
TAJIbHUMH JIAaHUMH.
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