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Abstract The problem of local buckling, debonding initiation and growth process of the debonding of a bonded
two-layer plate is treated. In the weaker layer of the plate, compression appears due to the external compres-
sive axial force and bending moment. The conditions for local buckling of the weaker layer have been studied
where the possibility that the stress state in the layers could be in elasto-plastic domain has been considered. A
mathematical model is developed to determine the bending displacements of laminate layers after the weaker
layer buckles locally, and in the state after the plate has been unloaded. The third-order theory introduced by
Chwalla has been implemented. Mechanical properties of the layers and adhesive used in the numerical model
were measured with experiments. Experimental work comprised the determination of mechanical properties of
the chosen materials and experimental verification of the presented mathematical model. Numerically obtained
results are compared with those obtained by an experimental approach, and are found to be in good agreement.

Keywords Local buckling - Debonding growth process - Loading process - Unloading process - Experimental
verification

List of symbols

i Subscript denoting the number of layers
L,U, R Subscript denoting loading, unloading and state after unloading

A; Cross section of a layer

b Width of plate

E; Young’s modulus in the elastic domain
E,; Tangent modulus in the plastic domain
h; Thickness of layer

hy Internal height of debonded area

hz External height of debonded area
M;(x) Internal bending moment

n.a. Neutral axis of layer

N;(x) Internal axial force
0;(x) Internal shear force

v; (x) Bending displacement of layer
yni(x)  Position of neutral axis
o;(x) Angle of inclination
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Ayy;(x) Distance between the centroid and the neutral axis
Ki(x) Curvature of layer

o4(€;) Tensile stress in adhesive

oyi(x)  Stress in layer

oy Yield stress

1 Introduction

Through-width delamination [1] is a defect of multilayer plates that can appear due to various reasons. It may
be caused by external bending moment, external compressive axial force or both of them acting at the same
time on parallel edges of a laminate (Fig. 1). Initial defects in laminates and bonded multilayer plates occur in
domains between layers where adhesion is imperfect. These domains are very sensitive to layer local buckling.

Extensive research of delamination in plates caused by local buckling due to external compressive forces
began in the late 1970s [2]. Numerous analytical and numerical models have been developed and solved
mainly by the finite element method (FEM), as reported in [3—6]. In the early 1990s, a number of research
studies focused on the bearing strength of the plates in the postbuckled state [2,6]. The postbuckled state is the
deformed state into which a plate enters after the external load has exceeded its critical value. Initial defects,
especially in bonded multilayer plates, can show up in one or more debonded areas with decreased adhesion or
loss of adhesion in the adhesive between the layers. Some researchers have also studied and analyzed condi-
tions under which local buckling could occur in the laminates without initial defects, as reported in [7] and [8].
Their work shows that certain combinations of external compressive or bending loads and bonding material
quality may lead to local buckling even if no initial defects are present. However normally it would occur due
to the presence of an initial defect in the bonding material.

The main goal of our research was to develop and experimentally verify a suitable mathematical model
for the definition of mechanical, geometrical and material parameters at which the weaker layer of a bonded
two-layer plate can buckle locally if the plate is loaded by external compressive force and bending moment. An
evaluation is made of the growth of the debonded area and the bending displacement states of the layers when
the external bending moment is growing due to a constant compressive force, and in the state after unloading.

2 Formulation of the problem

An ideally flat, bonded two-layer plate with the rigidity of layer 1 much bigger than that of layer 2 is chosen for
the discussion (Fig. 2). The plate is chosen so that it is rigidly fixed at point T. It is assumed that at the begin-
ning of loading the layers are bonded along their entire length with an adhesive having a certain stress—strain
relation defined by the function o, = o (g,). The thickness of the adhesive layer is much smaller than that of
the metal layers, and can therefore be neglected. The plate is loaded with external compressive axial force Fj
and bending moment M, (Fig. 2). In the weaker layer 2, internal compressive force appears due to the chosen
direction of the moment M. At certain loads, mechanical properties and geometry of the plate, layer 1 bends
whereas layer 2 buckles locally into a shape with minimal potential energy. Due to the symmetrical supports
and loads the deformed shape of the plate is symmetrical, only half of the plate can be treated.

Fig. 1 Through-width delamination



Local buckling and debonding problem of a bonded two-layer plate

Y/r Vip (X), Vo (%)
by /2 b,

NZBL MBL

Moo F)_ |
v

[M 0( 1- %I]) -Mp +Fovr -Nogr VBL]

Fig. 2 The right-hand part of plate

Ox
E,
Oy |-\ ——
Gy - |
 E |
|
| |
| |
| |
| |
ol |
Ey Ex Ex

Fig. 3 Stress—strain relationships of layers 1 and 2

The loading model is chosen so that 90% of the compressive force that should induce local buckling of
layer 2 is performed by the force F{ while the remaining part is the bending moment M. The geometry of
the plate is chosen so that the local buckling of the weaker layer could take place in the elasto-plastic domain
of both layers. Layers are made of materials having an elastic, linear strain-hardening stress—strain relation
(Fig. 3).

Thus the stress in the plastic domain can be defined by the expression:

Oyx =Gy+Et(8x _Sy)’ (1)

where ¢, is the strain at the yield stress.
The process of debonding of the plate in the postbuckled state is observed at a constant external compressive
force Fj and increasing bending moment M.

3 Mathematical model for the determination of the bending displacements and stress states in the plate

We will divide the process of debonding into three different physical phases. In the first phase, considering the
second-order theory [9], we will determine the bending displacement state of the layers in the moment right
after local buckling of layer 2, the force, and the critical external bending moment at which the unstable state
in layer 2 occurs. This state will be called state “0”. In the second phase, the plate is in the postbuckled state,
here called state “1”. In this phase, considering the exact expression for the curvatures of the layers during
the increasing external loads, we will determine stresses and bending displacement states of the plate. We will
analyze the conditions for growth of the debonded area. In the third phase, the bending displacement state of
the plate after unloading will be obtained.

3.1 Bending displacements in the moment right after local buckling
of layer 2—Phase 1

Since in the postbuckled state the plate is symmetrical with respect to the y-axis, the tangents to both layers at
points A and B are parallel to x-axis (Fig. 2). The equilibrium states of the internal forces and internal bending
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Fig. 4 Measured stress—strain relationship of the adhesive

moments are analyzed on small elements, which are cut from the plate in its deformed state. It is assumed that,
prior to loading, the plate is ideally flat. Therefore the bending displacements of the layers right after buckling
of layer 2 are very small. Thus, for the determination of the bending displacements in this indifferent state, we
can use the theory of small bending displacements, according to which the radius of curvature is defined by a
simplified equation p~!(x) = % =v"(x).

In the mathematical model for the determination of the bending displacements of the layers, we con-
sider the actual rheological model of the adhesive. The strain of the bonded joint is defined by equation
gq(x) = AIGP(x)/ha, where Alg"(x) is the experimentally measured elongation of the bonded joint and
h 4 the average thickness of the adhesive layer. An example of the measured stress—strain relationship of the
adhesive is shown in Fig. 4.

We can see that this relationship is uniform and nonlinear in the whole strain region &, (x). Such relationship
could not easily be expressed using elementary functions. Thus, we introduce the modulus of the adhesive
¢, [AE° (0] = 0, (2,) /2,

The method for the determination of the modulus ¢, is described later in this paper. The function of the
force of the adhesive between layers per unit width can be expressed by this modulus as follows [9] (Fig. 11):

4(0) = —¢, [AIZP ()] AL (x), @

where Alt‘;um (x) = vy (x) — vy (x). Using the second-order theory, we can get a system of two differential
equations for the equilibrium state of internal bending moments on the deformed layers 1 and 2 in the moment
of the local buckling of layer 2. This state will be called state “0” and denoted by a superscript 0. These two
differential equations can be written as follows:

v ) =@l v )+ {eq [AP )]} V9, (0 -] (0] =0, i=1,2, 3)

where o}, (x) = Nf) /Di(x), ¥ {cq [AIZT )]} = ¢q[Alg* ()] /Di(x), Di(x) is the flexural rigidity of
layer i and N,-OL is the internal axial force in state “0” in layer i (i = 1, 2). The axial forces N[OL (x) depend on
the angles of inclination of the layers, which in state “0” are very small; thus the forces Nl.OL can be considered
as constants. The flexural rigidities of the layers are expressed as follows:

Di(x) = b{E1(y3) + Y1) /3 + Evyor [ = ynin)* = y3,]/2
+En {[(h1 = ynie)’ — yiy]/3
—yor [(hy — yn1)* = v51]/2}} 4)

Dy(x) = b{E>[y3, — Gyn21)’]/3 + Exyor [(ha — ynar)* — (8y2)?]2
—8Ep {[(ha — ynar)® + 6yn)’] /3
+8y02 [(h2 — yn2r)® — Byo2)*]2}} )
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where § = 1 for0 < |x| < Lp/2and 6§ = —1 for Lp/2 < |x| < Ly/2. According to Fig. 2, we can write the
following nonhomogeneous boundary conditions:

L0, 0)=0; 2. v),0)=0; 3.0%(0)=0
4. 0], (Lo/2) =9, (Lo/2); 5. o)} (Lo/2) = v3; (Lo/2)
6. MY, (Lo/2) = Dy (Lo/2) v} (Lo/2)
= Mo (1 —by/Ly) — Mg, — Fov}; (Lo/2) (6)
—Nagy [v9,(0) — v}, (Lo/2)]
7. M3, (Lo/2)=D; (Lo/2)vY] (Lo/2)=—MpL —Nopy [v3; (0)—vY; (Lo/2)]
8. 0, (Lo/2) = D1 (Lo/2) v{}' (Lo/2) = — (NagL — Fo) v{; (Lo/2).

Applying the second-order theory, we can accept the following simplified expression for the shear force
Q? . (Lo/2) in the boundary conditions (6):

09} (Lo/2) = — (Napr — Fo) sinaf; (Lo/2) ~ — (Nagz — Fo) vi; (Lo/2) .

The set of equations (3) is nonlinear. An analytical solution would be very difficult to obtain, thus, we will try
to get a numerical solution. Using the method of finite differences, we divide the length (Ly/2) into n = 100
intervals of equal length. In this way, considering the boundary conditions (6), we can transform solving of
the set (3) into solving a system of (2rn + 8) nonhomogeneous linear equations and solve it numerically by
using the Gaussian elimination method [10]. The set of nonlinear equation (3) can be solved successively. In
the first step, we choose ¢, [ Al;*"(x)]=0 and determine the deflections v} (x) of the layer i (i = 1,2) and
ALZM™(x) = vy, (x) — viL(x). From the diagram of ¢, (Al;") (Fig. 19), we determine the modulus ¢, (AL}*™).
The described procedure is repeated until the following condition is fulfilled: ]Al(‘]‘“m( J)— AL — 1)‘ <e.

The chosen accuracy ¢ = 107> mm is reached after eight steps. Thus, we obtain the bending displacements
v?L(x) of layer i (i = 1, 2) in the domain O < |x| < Ly/2 in the state “0”.

3.2 The force at which an unstable state in layer 2 occurs and the critical external bending moment

In the described model for the determination of the bending displacements of layers in the moment right
after local buckling of layer 2, the internal axial force N,y in layer 2 and the external bending moment M,
(Fig. 2) are treated as unknowns. Layer 2 buckles locally in the moment at which the compressive axial force
in the layer reaches the critical value, Nyj . Furthermore, it is assumed that layer 2 is bonded to layer 1 with
an adhesive whose rigidity is represented by the modulus ¢,. The bending moment in layer 2 at point C is
MSL (Lo/2) =k U(Z)’L (Lo/2), where k is expressed by the equation: k = 2 Ly Deq (Lo/2) /Lo (L1 — Lo). Here,
the flexural rigidity is

Deg(x) = b {Ty(x) hy [h] =3 by yyr 4 3yx.] + Ta(x) ha [h3 + 3 by (hy + ha)
=3Q@hi+h) yve +3yx.]} /3. @

where T;(x) = D; (x)/Iz,-, I; = bh?/lZ is the second moment of area of layer i (i = 1, 2), and yy.=yy(X)
is the distance of the neutral axis from the bottom plane of the plate (Fig. 5).

plastified domain

Kl dl\k L h, Cy2 L
dy;, / _\__1 =
M, Q| Yo2
YL ) | b, |
/ Xz nLi O @E Ol
E; neutral axis b=cé>nst.

Fig. 5 Normal stress in the plate due to Fy and M
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The differential equation of the beam on the foundation is

vap V() + w3y 3] (1) + W3 [eq (AISP)] 0, (x) = 0. (8)
It can be solved considering the following homogeneous boundary conditions:

L9 (0)=0; 2. Y, (Lo/2) =
3. 0Y,(0) = Dy (0)v3](0) = —cg (0)b 03, (0) ©)
4. MY (Lo/2) = Da (Lo/2) %) (Lo/2) = k (Lo/2) 0%, (Lo/2).

By using the QR algorithm [10], we can transform the solving of Eq. (8) into numerical solving of an appropriate
eigenvalue problem, and so we get the critical force N3; .

The plate is first loaded with a force Fy that in layer 2 induces an axial force NZFLO, which is smaller than
the critical force N3; by the aforementioned 10%. The plate is then loaded by an external bending moment
Mg', due to which an axial force NZ}VL"J is induced in layer 2, which now buckles locally.

Normal stress in layers 1 and 2 having elastic, linear strain hardening stress—strain relations (Figs. 3 and 5)
due to the described loads can be expressed by equation:

o () =0 + ol (1)
N
A'}f — Eixi'yr; —YNL<YL=<hi —ynL
_ ) N
= A;L — Exkylye; hy = ynNL =YL < Yoz (10)
Ny

Gl —oyp— Epk (L —y2):  Ye=yr<hi+hy—yne

where N is the internal axial force in layer i (i = 1, 2) due to force Fyy and ;" the curvature of the neutral axis

of the plate in the moment of the local buckling. The forces N, l.FLO follow from the equilibrium condition for the

axial forces NV, Fo L+ N2F£ Fy = 0 (Fig. 2) and from the distribution of the force Fj to the layers, which is based
o Fo

on the equality condition for the strains of layers due to Fy [11]: ele /iv‘él = ssz A]sz,z -0y (EL,z - E%)

After some rearrangement, we get the following expressions for the internal axial forces in layers due to Fy:

F A1 Eq 1 1
Ni=—7F——"—|Fh—0pAEs| ———= ]|
AE1+ AyEp Ep E,

F ArEp 1 1
NP =222 R tenaE (———)].
AE|+ AEp En E;

On the cross section of the plate loaded with Fyy and M there is a neutral axis where the normal stress (10) is
zero (Fig. 5). The position of the neutral axis yy (x) follows from the equation f A4 OxL (yL) dA = 0, where

A is the cross section of the plate: A = A + A,. The internal axial force N ’ due to My is N2 . = N3 — NZFLO
and k§" = M{" [ Deq (Lo/2)]. After rearrangement, we obtain the critical external bending moment:

2 Deq (LO/Z)

MC]’ —
O 7 b Py(Lo/2)

(N5t = N + o2 40). (an
where the flexural rigidity Deq(x) is determined by Eq. (7), and P>(L¢/2) is

P> (Lo/2) = E3 {yg, (Lo/2) — [y — yni (Lo/2)1}
+Ep {[h1 + ho — yni (Lo/2)1* — 3, (Lo/2)} -
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Fig. 6 Normal stress in layer 1

3.3 Stresses and bending displacement states of the debonded part of the plate
in the postbuckled state—Phase 2

After the local buckling process of layer 2 has been completed, the plate is in the postbuckled state. In the
moment right after layer 2 has locally buckled (state “0”), the plate is loaded with axial force F and critical
bending moment Mg'. From the previously derived bending displacement states in state “0”, the curvatures

0
of layers KiOL ( Mg, Fy, x) — ﬁ, i=1, 2, the stresses, internal axial forces and internal bending
1+[vi] ()
moments in the layers are obtained.
The stress in layer 1 (Fig. 6) due to the axial force and bending moment, considering Eq. (1), is expressed
as follows:

oar i) = ol 4o (1)

_ { —%)’m; —YNIL = YiL = Yo1 (12)

E; oy1 .
—0y1 — Frge L = Yo Yor < yiL < hi — yniL

The depth of the plastified domain of the cross section can be expressed at the point between the elastic and
plastic domain of the cross section of layer 1: yp;(x) = oy / [E 1K?L (x)]. The radius of curvature «; Ll (x)
refers to the neutral axis. Considering Eq. (12), we obtain the internal axial force and bending moment from
equilibrium conditions for the internal axial forces and bending moments:

N{ (x) = _foIL (y1) dAy (y1z)
Ay

2 2
Yor — Y 1—-F
=-b {oyl—( Ol(zyogm) +oy1 (1 — yniL — Yor) ( E, tl)

+Enky, [(h = yvi)* — yii ] /2} (13)

M}, (x) = —/0x1 i) yir dAg (yir)
Ay
=-b {Gyl (ygl + )’13\/1L) / Byor)
+oy1 [((h = yni)* = y5 ] (1 — En /E1) /2
+Eawty [ = ywvin)* = y5i] /3} (14)
where dA(y,,) = bdy,,. From Fig. 2, we can see that on the bending displacements curve of layer 2 after
local buckling an inflection point at [x| = L /2 exists where the curvature 3, changes its sign. At this point

only the stress due to the internal axial force N, exists. Hence, we consider two domains of layer 2 in which
we analyze the stress, internal axial force and bending moment.
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Fig. 7 Normal stress in layer 2 in the domain 0< x < Lp/2
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Fig. 8 Normal stress in layer 2 in the domain Lp < x < L¢/2, k1 >0

The stress in the domain O < |x| < Lp/2 (Fig. 7), considering Eq. (1), is:

ovar (ar) = 03 + 03 (yar)

_ %yu; —YN2L = Y21 = —Yo2 (15)
| —op+ %—’2% (2L +y02); —Yo2 < yar < ha — ynoL
The stress in the domain Lp/2 < |x| < Ly/2 (Fig. 8) is also expressed in a similar way:
owr (2r) = oy + 0 (var)
Oy2 .
I BT ynaL < yar < Yoz
= Ep op (16)
—0y2 = Fr 3o 2L = Y02) 3 Yoo < Yar < ha — ynarL

The depth of the plastified domain of the cross section is: yo2(x) = 62 /[ E2k3; (x)]. The internal axial force
and bending moment can be obtained in a similar way as above for layer 1:

N3, (x) = b {80y2 [yg— Byn2r)?]/2y02— 042 (ha— ynar + 8y2) (1—Ern/ E)

+8E 13y, [(ha—ywnar)? — Byo)?]/2} (17)
oy o E
M3 (x) =b {8 2 [y — @ywan)¥] = =22 [(ha—ynar)* = (6y0)?] (1——’2>
3 Y02 2 E,
+8En i3y [(ha — ynor)’ +(8y02)°] /3} (18)
where § = 1 for0 < |[x| < Lp/2and § = —1 for Lp/2 < |x| < Lo/2. After an increase in the bending

moment Mg" by AM, at a constant force Fy, layer 2 reaches the postbuckled state, called state “1” and denoted
by superscript 1. Using the third-order theory [9], we can write the following two differential equations for the
equilibrium state of internal bending moments on the deformed layers 1 and 2 in state “1”:

ki ()=l vl @)+ {eq [AILP )] s, (1) —vi, (0)]=0, i=1,2. .
(19)
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The curvature K}L (x) of layer i in state “1” is:

"

17 villlj (x)

K; x) = 3
L {1 + [Uili(x)]z}%m

According to Fig. 2, we can write the following nonhomogeneous boundary conditions:

, =12, 0<x<Ly/2. (20)

1. v, (0)=0; 2. v/,(0)=0; 3. v}, (0)=0
4. vi; (Lo/2)=v3, (Lo/2); 5. i} (Lo/2) = vy} (Lo/2)
6. M|, (Lo/2)=D1 (Lo/2)v{] (Lo/2)
=My (1 —b1/L1) — Mg, + Fo[v), —v], (Lo/2)] (21)
—Nagy [v3,(0) — v, (Lo/2)]
7. M}, (Lo/2)=D; (Lo/2) v} (Lo/2)=—Mpr —Nopy [v3,(0)—v}; (Lo/2)]
8. 01, (Lo/2)=Di (Lo/2)v{} (Lo/2)=— (Nasr — Fo) sina; (Lo/2).

In the boundary condition for M 11 1 (Lo/2) in equation (21), we consider the bending deflection v% ;, in the

preceding step of loading, that is, in state “0”. In the jth step of loading, we consider the deflection vﬁl in the
(j — Dyth step of loading.

Using the method of finite differences, we transform the solving of the set of equations (19), considering
the boundary conditions (21), into solving a system of (2n + 8) nonhomogeneous nonlinear equations. We
solve it numerically by using the modified Powell’s algorithm [12]. As the initial bending displacements we
use those which were determined in state “0”: v?, (x) and vY, (x). Thus, we obtain the bending displacements
v/, (x) and curvatures «/; (x) of layeri (i = 1, 2)in the domain 0 < |x| < Lo/2 in state “1”. The internal axial
forces and bending moments follow from Eqs. (13), (14), (17) and (18) with the replacement of the superscript
“0” with “1”. The described procedure is repeated during the entire process of increasing bending moment M,
by AM, at a constant force Fy.

3.4 Bonded part of the plate—Phases 1 and 2

If the plate is cut through in the bonded domain in the very vicinity of point C (Fig. 9), the domain C-T can
be treated as a cantilever beam bonded of two layers having certain mechanical properties. We can replace the
influence of the left part cut off on its right by the external force F and the bending moments M¢; and My .

For the equilibrium state of internal bending moment, we can obtain a differential equation for the deter-
mination of the bending displacements of the bonded part:

Ky (x) 4+ w? [véL(x) + vy (x)] =0, (22)

where 1, (x) is the curvature of the bonded part and wj = Fo /[ Deq (Lo/2)]. The second derivative of k7 (x) is
determined by Eq. (20) and the flexural rigidity Deq(x) by Eq. (7). Considering the nonhomogeneous boundary

Yo 2 My 4T F,
" ﬂ\ B o Y
0 MTL_MOL
N I 1
Olcr —n . 2bt
F, C v (%) VL Mc =M, L,
7
Mey Ver
AI X X
L,/2
by /2 b,
L,/2

Fig. 9 Bonded part of the plate
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Fig. 10 Normal stress in the bonded part of the plate

conditions (Fig. 9)

1. vy (Lo/2) =ver; 3. v (Li/2) =0
2. v (Lo/2) =tanacy; 4. v} (Lo/2) = vl = Mcp/[Deq (Lo/2)]

and by using the method of finite differences, we transform the solving of the differential equation (22) into
numerical solving of a system of (n 4+ 4) nonlinear equations. This is solved in the way described above with
n = 100 intervals. Thus we obtain the bending displacements vy, (x) of the bonded part in all states during the
entire process of increasing the external loading.

Considering the stress—strain relations (1) of both layers and according to Fig. 10, we can determine the
normal stress in the bonded part due to the loading with the axial force and bending moment:

(23)

E; 0y1

oy + 5 Qo+ yL)s —ynL =y < —Yo
oxL (VL) = g_oyL, —vo < yi < hi — yne (24)
El(;olyl‘; hl_yNLSYLSh1+h2—yNL

From the way of loading and chosen materials of both layers it is shown that plastification first takes place in
layer 1. Therefore, the depth of the plastified domain can be determined in the point between the elastic and
plastic domain of the cross section of layer 1: yo(x) = oy / [Eikr(x)]. The internal axial force and bending
moment follow from the equilibrium conditions, considering Eq. (24):

Np(x) = —/GxL (yr) dA (yr)

4
= —boy {(yNL - Yo) + —_—— [yo o —ynL) — ! (yé - yzva)}
—i[ml —y)? —yo] - E—z—z[h2+2<h1 —yNL)J} (25)
Mp(x) = —/oxL (yr) yLdA (yr)
4
= o {505 k) = o | 3 05—k + 5 0h — )|
—% [(h1 = ynv)* + ¥3]
—i—f%yo [(h1 + ha — yn)* = (h1 — ywi) ]} (26)

3.5 Mechanism of growth of the debonded area

In the initial phase of the process, external loads are small and strains in both layers are equal. When the
external loads increase, the stress and strain in the adhesive increase too. At the moment of local buckling of
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}’LA broken adhesive bond

>L0inil 2 cq=cq(Alg")

AL (X)=V5, (%) (%)

L,/2

Fig. 11 The length Ly of the initially debonded area, the length L, over which adhesive bonds are torn apart and the length L,
of the debonded area

layer 2, the adhesive bonds between layers 1 and 2 can break at the weakest spot. This can occur due to the
presence of the initially debonded area of length L (Fig. 11). The plate in the debonded area splits into two
subsystems. The main subsystem is represented by layer 1, which at increasing external loads bends, while
the weaker layer 2 is the locally buckled layer. On the remaining part the plate remains bonded.

In the postbuckled state, the bending displacement states of the layers and the strains of adhesive bonds
change due to the increasing external bending moment My > M. These changes, considering the stress—strain
relation of the adhesive, result in an increase in the tensile stress in the adhesive. When this stress exceeds a
certain critical value, the adhesive bonds tear apart over domain L, < L (Fig. 11). In the domain (Lo — L;)
the adhesive bonds are extended but not yet torn. Length L, (Fig. 11) is defined on the basis of a limit strain
&41im Of the adhesive at a limit stress oiim =0.10, max (Fig. 4), where o, max is the maximal tensile stress in
the adhesive. In each state with increasing My, the following equilibrium condition in the bonding layer, with
respect to point C, is fulfilled: M in(Lo) — Myext(Mo) = 0, where Mo (Lo) is the internal bending moment
due to the rigidity of the adhesive bonds, and M. (Mo) the external bending moment which results in tearing
of the adhesive bonds. These moments are as follows:

Lo/2
My (L) =b [ e, [8157 ()] (% - x) dx:
L)2
Myexi (Mp) = (vr — ver) Nogr (M) , 27

where vp; and v¢ are the bending displacements of layer 2 at points B and C, respectively, and N,z (Mp) is
the internal axial force in layer 2 at point B (Fig. 2).

The moment M,y increases with the increasing My. The equilibrium of the moments Mcx; and M iy
during an increasing M can be fulfilled if the length L, of the debonded area also increases. The length L
reaches a maximal value Ly = Lgnax at a certain limit value Moy, of the external bending moment. At this
moment, in the vicinity of point C in the debonded domain, a compressive stress in the bonding layer appears,
stopping any further growth of the debonded area. The maximal length Lgny.x can be calculated from the
equilibrium condition: Myin (Lomax) — Mgexi (Mo1im) = 0, where M ini (Lomax) and M e (Moiim) are obtained
from Eq. (27). On further increasing My > Moyn, the length Lo, remains unchanged.

3.6 The state after unloading of the plate—Phase 3

The process of unloading the plate (My — 0, Fy — 0) is completed within a very short period. During
this process, stresses in both layers decrease linearly with respect to strains. The cross section of layer 1 was
partially plastified during the loading (M, # 0, Fy # 0). This is why after unloading layers it does not return
into the same undeformed state as prior to loading. At the moment of unloading, due to a ruined equilibrium
state, internal axial forces and internal bending moments in the layers appeared in the opposite direction to
that during loading.

After unloading has been completed, the equilibrium state in the plate is restored. The following relation-
ships exist between the internal forces and bending moments in layers 1 and 2 in the debonded part of the plate
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Fig. 12 Normal stresses in layer 1 in all three phases of the process

in all three phases of the process, that is, during the process of loading, during the process of unloading and in
the state after unloading:

Nig(x) = Nip(x) + Niy(x),  Qir(x) = Qir(x) + Qiv (x)

Mig(0) = Miz(x) + M), i=12, 0= x| < Lo/2. (28)

The bending displacement states of layers 1 and 2 in the debonded part of the plate in all phases of the process
must satisfy the following conditions [13]:

vir(x) = viL(x) +vip(x), =12 0=|x[=<Lo/2, (29)
or in terms of curvatures:
Kir(xX) =Kkip(x) +kip(x), i=1,2, 0<]|x|<Ly/2. (30)

Inlayer 1 (Fig. 12), the process of unloading follows a straight line in the o —¢ diagram. The neutral axis during
unloading coincides with the centroid c¢; of the cross section and thus the curvature «y during unloading is:

—enp () _ oy (m)
n1(x) [Eymi(x)]’

where 1; = n;(x) is the distance from the centroid (Fig. 12).

The bending stress a)fﬁj’ (n1) during unloading can be obtained by introducing Eq. (31) into Eq. (30)
and considering the following relationship between the coordinates 1, y;y and A yyy (Fig. 12): n1(x) =
yiv(x) — Ayy1u(x). After some rearrangement, we get:

Ky (x) = 3D

o’ (viv) = v — Ayniw) (oy1/y01 — Ey1 K1R) - (32)

The stress aﬁ‘[,’ due to the axial force N,y during unloading can be expressed by the force Ny and the cross
section A ;. From Fig. 12 we can also see that between the stress ax’\i‘[’j , the curvature k' and the distance Ayyy,

the following relationship exists: ox’\{‘l‘j = —E kg Ayy1v. Introducing Eqgs. (31) and (32) and expression for

n1(x) into the mentioned relationship, we get:

Uﬁ’ﬁ = NlU/Al = const. = —Ej k1y Ayniv = Ayniu (Uyl/ym — Eykig) .
(33)
The stress during the unloading is the sum of Eqs. (32) and (33):
0w iw) = oG ) + oY ) = yiw (oy1/yo1 — E1kiR) - (34)

The axial force during unloading can be obtained from the equilibrium condition in the cross section of the
layer for internal axial forces:

Ny = —/wa (i) dAy (Vi) = —bhy Ayyiu (041 /yor — E1kir) . (35)
Ay



Local buckling and debonding problem of a bonded two-layer plate

where is dA|(y;y) = bdy;y. The internal bending moment during unloading acts at the centroid and follows
from the equilibrium condition in the cross section of the layer for bending moments:

My = —/wa Ow) yiw dAr )
Ay

= —bhy (0y1/yor — E1k1r) (] + 12 Ayyyy) /12. (36)

By introducing Egs. (13), (14), (35) and (36) into Eq. (28), we get the resulting internal axial force and bending
moment in layer 1 in the state after unloading:

Nig = NiL +N1U for 0 < |x| < Lo/2

2 Etl
Nig =—b 2y ()’01 Yaiz) + oyt (hy = yyie = yoo) (1= —

Ek
+=E [y = ywin)? - yél]} bhi Ayniy (—l —E| K1R>
2 Yoi
37
MlR = M1L +M1U for 0 < |.X| < L0/2
Oyl En
Mg = _b{3y (v +yN]L) % [(h — yniL)? — yél] (1 - E_l)
EqnkiL
+ tT [(hy —ynin)’ — yél]}
bh o
bhy (i — E, K1R> (ht + 12Ay3,y) - (38)
12 Yoi

The process of unloading of layer 2 also follows a straight line in the o—¢ diagram. Since the bending dis-
placement curve of layer 2 has the inflection point | xI =Lp/2 (Fig. 2), the unloading is treated in two separate
domains. Fig. 13 shows the stresses in the domain 0<I xl< Lp/2 in all three phases of the process, while Fig. 14
shows the stresses in the domain L p/2<| xI< Ly/2.

The resulting internal axial force and bending moment in the state after unloading can be expressed in a
similar way as above for layer 1:

Nog = Nop + Nzu
2 Et2
Nog =b [y()z Byn2e)’] — oy2 (ha — ynar + 8y2) 1 — —=
2)’0 E,

Eniop

+6 [(hy — ynar)? — (3)’02)2]}

(o2
+8b hy Aynay (i - E m) (39)
Yo2

Myr = My, + My

y E,
Mor =0 { 3y0 [y02 @ywar)’] = e [(ha — yn2r)? = (8y02)°] (1 - _2>
Yo2 2

E;
Epniop 3 3
+5—= 3 [(h2 — ynar)’ + (8y02)’]
bhy, (o,
_bh (i B m) (12 +12202,) (40)
12\ yo2

where §=1for 0 < |x| < Lp/2and § = —1 for Lp/2 < |x| < Lg/2.

The unloading of the bonded part of the plate also reaches completion in the elastic stress domain of both
layers (Fig. 15). After the process of unloading has been completed, the equilibrium state in the bonded part
is restored.
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Fig. 13 Normal stresses in layer 2 in the domain 0<| xI< Lp/2 in all three phases of the process
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Fig. 14 Normal stresses in layer 2 in the domain Lp/2<| xI< Ly/2 in all three phases of the process
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Fig. 15 Normal stresses in the bonded part of the plate in all three phases of the process

The following relationships exist between the internal forces and bending moments in the bonded part
during loading, unloading and in the state after unloading:

Ng(x) = Np(x) + Ny (x),
Mp(x) = Mp(x) + My (x),

Or(x) = Qr(x) + Qu(x)
Lo/2 < |x[ < Li/2. 41)
The bending displacements and curvatures in all phases of the process must satisfy the following condition [13]:

VR(x) = v (x) +vp(x), kr(x) =«p(x) +ky(x), Lo/2 < |x|<L;i/2.

(42)

The curvature «y during unloading refers to the neutral axis ny during unloading and has the opposite sign to
that during loading. It can be expressed by the coordinate 7 (x):

—o M ()

. 43
Ein(x) )

Ky (x) =

The bending stress crff(”j (n) in layer 1 of the bonded part during unloading can be obtained by introduc-

ing Eq. (43) into Eq. (42) and considering the relationship between the coordinates n and yy (Fig. 15):
Ayyy(x) = n(x) — yy (x). We also consider the relationship between the bending stresses in the layers during
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unloading: szU /o xlU = E,/E,. After rearrangement, we get:

ol v) = (v + AyNU) (oy1/yo1 — E1kg):;
oy u) = E2/ Eroyyy (vu) (44)

The stresses in the layers due to the axial force during unloading follow by considering the relations: O’Aﬁ,
Ny /Ay = =My Ayyy /11 = constant, and 6%, /oY, = E» [ Ey:

Ux]\% (yv) = —Aynu (Uyl/ym — Ekg);

oy u) = —Ey [ Ero)y (u) - (45)
The normal stress in the bonded part during unloading is the sum of Eqgs. (44) and (45):
Oy 1; —yNUu S Yu = hi—ynu
X = E
o ) = yU(yo 1KR){Ez/El: hi —yvu < yu <hi+hy— ynu

(46)

The internal axial force and bending moment in the bonded part during unloading can be obtained from the
equilibrium condition for the axial forces and bending moments:

Ny = —/GxU (yuv) dA (yy)

A
=b[E hy (h1 —2yny) + E2 27y + hy — 2yny)]
X[KR—O'yl/(El yo)]/z (47)

My = —/Uxu v) yudA (yy)

A
é(h+h— 3= (= o)’ + (= ) = 0,
g, L+ h ynu)” — (b1 — ynu) (h1 —ynu) — Yyu

Oy1
(El KR — —) , (48)
Yo

where dA(yy) = bdyy. The resulting internal axial force and bending moment after unloading follow by
introducing Eqs. (25), (26), (47) and (48) into Eq. (41):

Ng =N, + Ny for Lo/2 < |x| < L,/2

Eq 1 1
Ng = —boy {(YNL —Yo) + —— [)’0 o —yve) — = (v — y12VL)i|
E1 yo 2

NI@‘

[ = e =53] = 22y 2 (hy = )]
2% 1 — YNL Yo E1 2y 2 1 — YNL

b o,
= [Eihy (hy — 2yn0) + E2 2hy 4+ hy — 2yn0)] (KR Sl ) (49)
2 Eiyo

Mgr = Mp(x)+ My(x) for Lo/2 <|x| <Ly/2

1 Eqn 1Ty 1
Mp = —boy {E(yé—y?u) Etly [20()’0 yIZVU)+§(y;VL_y3)i|

E
T [(hi — yne)’ + 53] — E_23_ [(h1 + hy — yn)* = (1 — yNL)3]}
130
b
+3 { [(hi +hy = yvu)* = (hy — yvu)*] + (hi — ywu)’ — vau}

<E1 kg — @) . (50)
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4 Experimental work

For experimental evaluation of the mathematical model, we chose a bonded two-layer plate-strip. The layers
are made of isotropic materials, while the bonding material is Neoprene adhesive having a certain rheolog-
ical model. Experimental work was performed using a Zwick Z050 electronic measurement device (EMD)
equipped with Multisens extensometers, nominal force 50 kN, crosshead travel resolution of 0.5 wm and mea-
surement range error 0.5% from 1/50 of the nominal force. The EMD makes it possible to load test pieces in
a combined way with tensile and compressive axial forces. In our experimental work, we first determined the
mechanical properties of the chosen materials of the layers and adhesive, and then experimentally verified the
mathematical model.

4.1 Mechanical properties of chosen materials

According to the standard [14], tensile tests were performed in order to measure the mechanical properties
of materials of the plate-strip layers. For the thicker layer, we chose Peral AIMg3, Impol Slovenska Bistrica,
Slovenia. For the weaker layer, we chose cold-reduced grain-oriented transformer steel Unisil-M 103-27P,
Orb Electrical Steel Ltd., Newport, South Wales, UK. The selection of the mentioned materials was based on
the observations during tensile tests, which showed that the stress—strain relationships of both materials were
elastic, linear and strain hardening (Fig. 16).

The following mechanical properties in the tensile stress domain were determined: Young’s modulus E in
the elastic domain, yield stress o, strain ¢, at the yield stress and tangent modulus E; in the plastic domain,
see Table 1. We estimate that the measured mechanical properties of both materials can also be accepted in the
compressive stress domain.

For bonding the layers, Neoprene adhesive Neostik SK-101, Belinka Kemostik, Slovenia, was chosen.
According to the standard [15], the stress—strain relationship of the adhesive was measured on the series of 25
test pieces bonded from steel and Peral, see Fig.17.

Test pieces were loaded with the increasing tensile force F. The criterion for stopping the test was a pre-
scribed limit elongation of the bonded joint Al;xl]fm:3 mm at which adhesive bonds were to be torn apart. The
measured stress—strain relationships are shown in Fig.19.

Using the definition ¢, [Al;*(x)] = o, (¢4)/&,, we tabulated the average modulus of the adhesive
cq [Alg™ (x)] with respect to the experimentally measured elongation Al (x) (Fig.19 right). The strain of the
bonded joint is defined by equation g, (x) = Al; " (x) / h 4, where h ,=0.077 mm is the average thickness of the
adhesive layer. The modulus c 4 in the singular point Al;xP: 0 was calculated by interpolating the tabulated
values. The mechanical properties of the materials of the layers and the average modulus ¢, were used as
inputs to compute the bending displacements of layers.
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Fig. 16 Measured stress—strain relations for Peral AIMg3 (left) and Unisil-M 103-27P (right)

Table 1 Average values of mechanical properties of the materials of layers 1 and 2

Material ENmm?) o, Nmm*) ¢, E, N/mm? )

Peral AIMg3 0.656x105  188.12 437x1073  0.62x10*
Unisil-M 103-27P steel ~ 2.048x105  337.33 36x1073  1x10*
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Fig. 17 Standard test piece for determination of stress—strain relationship of the adhesive [15]
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Fig. 18 Principle of compressive-bending experiment

4.2 Experimental verification of the mathematical model

Compressive-bending experiments were performed in order to see how the presented mathematical model
suited the real conditions. We chose a rigidly fixed plate-strip of width b = 10 mm. The average length of
test pieces was L= 88.882 mm (Fig.18). The thickness of the layer made of Peral AIMg3 was /=2 mm and
the thickness of the weaker layer made of Unisil-M 103-27P steel was h;=0.27 mm. A symmetrical initial
debonding was caused over a length L =15 mm (Fig.18) by inserting a d=0.19 mm thick wire into the plate
(Fig.21).

Due to the vertical orientation of the workplace, it would be very difficult to exert the bending load using a
couple of bending moments in the way proposed in the mathematical model. A bending load with a couple of
shear forces F, ;Xp was applied to the test pieces, which was made possible by a specially designed device that
was mounted onto the EMD. The method of determination of the forces F, © and distance a is explained in
Fig.20. In case a, the beam is loaded with bending moment My, while in case b with a couple of forces Fy '.
From the diagrams of bending moments in Fig.20, we can see that the described ways of bending loads are
not comparable with each other.

To obtain correct experimental results in the region of maximal length of debonded area the following three
conditions must be fulfilled:

1. The distance b, between the external moments M, must be much larger than the maximal length of the
debonded area L,y of the beam;
2. The maximal bending displacements vy of the beam at point D in cases a and b must be equal;
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Fig. 20 Method of determination of the shear force Fy "

3. The maximal internal bending moment at the same point D in cases a and b must be equal. The force Fy
and distance a are as follows:

b 3by —L
F& = 2M, ; a= w (51)
aj 2
The internal bending moments over the length a > L. in both cases a and b are constant and equal:
M2, = MP.. = Mpa. The differences between the bending displacements and relative differences between

internal bending moments at points G, E and D in both cases a and b are as follows:

Avg = v — ug = —3.867Mo/(E L); M — M) /Mpax = —0.1711
Avg = v — UE =1.294-107°Mo/(EL); (ME—ME) /M =0 (52)
Avp = v — v = 0; M3 — MB) [Mpax = 0,

where I, = bh? / 12 is the second moment of area, b is the width, # is the thickness of the beam, E is the Young’s
modulus, v¥ and v}’ are the bending displacements at point i, i = G, E, D in case a and b, respectively. Before
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Fig. 21 Method of measurement of the external height 4 and length Ly of the debonded area

loading, a wire of diameter d was inserted between the layers on the initially debonded area of length L;pit
(Fig. 21). The diameter d was equal to the previously calculated initial internal height /4 y;,;; of the debonded
area right after local buckling (state “0”).

Using a couple of weights F, ; *P acting on the distance a, the bending load was applied to the test pieces. The
plate-strip was then loaded by increasing the compressive axial force FOe *P_ After the axial force had reached the
critical value FOe P = Fgf P the weaker layer entered the postbuckled state (state “1”"). Bending displacements
of the layers exceeded the initial value d = h yin=0.19 mm. We measured the compressive axial forces Foef P
in the mentioned state “1”. The axial force Fy was further increasing at a constant shear forcg:x pF ¢ until it

reached the prescribed value F," = —685N (state “2”). We measured the external height /%3 and length

Ly, of the debonded area. The force Fy was further increasing at a constant force F, © until it reached the
prescribed maximal value F;" = F,,>  (Fig.22).

In this state, called state “3”, we measured the external height 453 and length L;". As the criterion for stop-
ping the loading, we chose the axial compressive force Fg ’,‘rf’ax that had previously been numerically determined.
In the state after unloading (state “4”), we measured the external height 47} and length L,

The experiments were performed using 17 test pieces. Based on the measured results, we calculated the
average values of the length L |, critical force F{* for local buckling, external height 7%, and length L of
the debonded area, see Table 2.

Fig. 22 State “3” at maximal axial force Fy.- at a constant shear force Fy "
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Table 2 Average values of the measured results of compressive-bending experiments

State “0”  State “1” State “2” State “3” State “4”
Limm) FHP(N)  Hyy (mm) Ly, (mm)  hyg (mm) Ly (mm) g (mm)
88.882 —438.824 2793 17.059 3.424 20.353 2715

5 Numerical example

Based on the presented mathematical model a computer program was developed. It enables the determination
num

of the critical force Ny;'o and critical external moment My" at which the weaker layer buckles locally, the
computation of the displacement states of the layers in the moment after local buckling, during increasing
external loading and in the state after unloading. A numerical example was set up to see how the physical
model corresponded to the real conditions. A rigidly fixed plate-strip of width b = 10 mm, thickness of layer 1,
h1=2 mm, and thickness of layer 2, #,=0.27 mm, was chosen. Other dimensions were as shown in Fig.18. The
average values of the measured mechanical properties of the layers (Table 1), the modulus of the adhesive
¢q (A7) and the length of Lgie = 15 mm over which the layers were initially debonded were considered.
Based on a chosen distance by, and length L, the distance a=45.559 mm (Fig.20) was calculated.

The loading model was chosen so that the axial force F(y performed 90% of the compressive force for
local buckling of layer 2 while the remaining part was contributed by the bending moment M. This is in
accordance with the assumption made in the mathematical model. In the moment of local buckling of layer 2
the following values were computed: critical force for local buckling: N3} = —588.04 N; critical axial
force: Fi™ = Nyi'w/0.9 = —653.38 N; critical bending moment: M"=304.14 N mm; the necessary weight:
F}aMm=24.525N; internal and external height of debonded area: /yinii=0.19 mm and A7%"= 1.325 mm; initial
length of debonded area: Lo, =15 mm.

The bending displacements v(x) in the following states of the loading process and in the state after unloading
were computed, see Fig.23:

State “1”: Loading with F(Zip = Fpe™ = —653.38 N and F§XP = 24.525N.
State “2”: Loading with F," = —685N at a constant value Fg © = 24.525N.
State “3”: Loading with F;" = —1433 N at a constant value Fy © = 24.525N.
State “4”: State after unloading: Fy,” = 0, F,'" = 0.

From Fig. 23, we can see that the bending displacements increase with increasing axial force Fg’ *P at a constant
weight F,;"". The bending displacements of the bonded part of the plate-strip during increasing F,,"" (states
“17, “2” and “3”) were determined with an assumed rigid support of the plate-strip at point T, Fig. 2. After
unloading, i.e. in state “4”, the plate-strip flattens. Due to stresses in the elasto-plastic domain in state “3”, the
tangent to the bonded part of the plate-strip at the same point T is no longer parallel to the x-axis, Fig. 23.
Figure 24 presents the length L{"™ of the debonded area with respect to the bending moment M§"™ at a
constant force F(;XP =—1433 N. The length of the debonded area suddenly increases from Ly =15.0 mm to
Ly"™=16.6 mm at a constant bending moment My "=304.14 N mm. This is a consequence of using the sec-
ond-order theory. The length L, then increases with increasing bending moment and reaches its maximal value
L™ =20.6 mm at the maximal bending moment Mj"" =404.54 N mm. After unloading of the plate-strip, the

0 max 0 max

length L7 remains unchanged.

6 Discussion

The physical adequacy of the presented mathematical model was evaluated by comparing the numerically and
experimentally obtained results for the external height /1 and length L of the debonded area. The experimen-
tally obtained results in the three states of loading and in the state after unloading were compared by determining
relative differences with respect to numerically obtained values. Table 3 shows the relative differences ej,;
between the experimentally and numerically obtained results for external height 2, where i = 1, 2, 3, 4 is the
number of the state. Table 4 shows the relative differences er(; between the experimentally and numerically
obtained results for the length L.

From Table 3, we can see that the maximal relative difference in the external height s, occurs in state “3”.
The relative difference ey z; in state “2” is —1.1% and in state “4” is —4.5%, whereas the relative differences
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Fig. 24 Debonded length L§"™ with respect to the external bending moment Mj"™

ey in states “3” and “4” are the same, i.e. —1.2% (Table 4). These tables show very good agreement between
the results obtained in both ways. This is, in our opinion, thanks to the use of the third-order theory in the
development of the mathematical model for the determination of the displacement states of the plate. In the
numerical example, the measured mechanical properties of the chosen materials of layers and adhesive were
considered.

All experimentally obtained results are slightly below the numerically obtained ones, which shows the
presence of certain nonidealities. We estimate that the existing differences between the results obtained in both
ways can be explained by the assumptions made in the mathematical model, which were the following:

1. The plate was taken to be ideally flat prior to loading.

2. In the numerical model, average mechanical properties of materials were considered. During measurement
of mechanical properties of the adhesive a certain scatter of results was observed, which is shown in the
description of the experimental work.

3. In the mathematical model, the bending load was considered to be performed by a couple of bending
moments while in the experiments, the bending load was performed by a couple of shear forces.

7 Conclusions

The problem of local buckling of the weaker layer of a two-layer plate loaded with external compressive force
and bending moment is treated. The conditions for the growth of the debonded area in the plate have been
studied. On the basis of the experiments it can be concluded that the axial force should be slightly lower than
the buckling force of the weaker layer. Instability and the local buckling process can appear when an additional
bending moment is applied to the plate. The numerical model also confirms this. To see how the presented
mathematical model suited the real conditions, a numerical example has been set up in which experimentally
obtained results were considered.
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Local buckling and debonding problem of a bonded two-layer plate

The main subsystem bends due to the proposed external loads, while the remaining subsystem buckles
locally into a shape for which a minimal potential energy is needed. This shape is symmetric with respect to
the symmetric axis of the debonded area. Both subsystems remain bonded over a certain domain. From the
graphs it is shown that the length of the debonded area increases with increasing bending moment at a constant
axial force up to a certain limit value.

The physical adequacy of the mathematical model is evaluated by a comparison of experimentally and
numerically obtained results for the external height and length of the debonded area. The mentioned results
were compared in the three states of loading process and in the unloaded state by determining the relative
differences with respect to numerically obtained values. The maximum difference between the results for the
length of the debonded area is —10.2%. The maximum difference for the external height of the debonded area
is —8.6%. From these values it can be concluded that results obtained from the two methods are in sufficient
agreement.
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