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Abstract

In this chapter, a review of theoretical and numerical asymptotic studies on thin
adhesive layers is proposed. A general mathematical method is presented for mod-
elling the mechanical behavior of bonding and interfaces. This method is based on a
simple idea that the adhesive film is supposed to be very thin; the mechanical problem
depends strongly on the thinness of the adhesive. It is quite natural, mathematically
and mechanically, to consider the limit problem, that is, the asymptotic problem ob-
tained when the thickness and, possibly, the mechanical characteristics of the adhesive
thin layer tend to zero. This asymptotic analysis leads to a limit problem with a me-
chanical constraint on the surface, to which the layer shrinks. The formulation of the
limit problem includes the mechanical and geometrical properties of the layer. This
limit problem is usually easier to solve humerically by using finite elements software.
Theoretical results (i.e. limit problems) can be usually obtained by using at least four
mathematical techniques: gamma-convergence, variational analysis, asymptotic ex-
pansions and numerical studies. In the chapter, some examples will be presented:
comparable rigidity between the adhesive and the adherents, soft interfaces, adhesive
governed by a non convex energy and imperfect adhesion between adhesive and ad-
herents. Some numerical examples will also be given and, finally, an example of a
numerical algorithm will be presented.

Keywords: Thin layer, interface, asymptotic theory.

1. Introduction

It is now widely admitted that “interphases” (the small volume between two solids) play a
crucial role in the analysis of structure assemblies. Nevertheless, due to their small thick-
ness (typically in the imto1 mm range), itis difficultin a complete finite element analysis

of a structure to take them directly into account. A simplified theory is crucial because of



the large number of degrees of freedom and the ill-conditioned numerical problem, which it
is very hard to solve even in the linear case. On the other hand, from the numerical point of
view, it is of great importance to obtain conditions on the parameters, indicating whenever it
is possible to replace the real problem with a simplified one. There exist various strategies
to overcome these difficulties. The most classical one is to introduce phenomenological
models, taking into account the macroscopic behavior of the interface and eliminating it
geometrically. The most famous law of this kind is the classical Coulomb’s law [8, 15].
One other possible strategy consists in undertaking an asymptotic analysis (where the small
parameter is the thickness of the interphase) to eliminate the interphase geometrically and
to obtain an equivalent interface model, which will be simpler to implement in numerical
simulations. This idea has been used in many studies and applied, under linear elastic, finite
strains, and viscoelastic conditions, to obtain interface laws similar to the phenomenolog-
ical laws described in the literature [1, 4, 11, 14, 20-27, 31, 33-35, 37-42, 44, 45, 48-50].
Within this approach, the layer no longer exists from the geometrical point of view, but

is replaced by a constraint, taking the asymptotic behavior of the parameters into account.
In many of these studies, a soft interphase has often been assumed to exist, with a much
smaller stiffness than that of the adherents (the stiffness is another small parameter). Fewer
studies have focused on joints consisting of adherents and an interphase with a comparable
level of rigidity. The present chapter is devoted to a general strategy to analyze this kind of
problems.

To summarize, the analysis of thin adhesive bonded joints between deformable bodies
involves problems with several parameters. At least two kinds of these parameters are
essential because they link the stress vector to the jump in the displacement vector at the
interface:

o the thickness of the joint, which is small with respect to those of the adherents,

e possibly, the mechanical characteristics (stiffness, viscosity, etc.) of the joint, which
can be smaller than those of the adherents.

To study these asymptotic problems, several mathematical methods have been intro-
duced: matched asymptotic expansions [18, 47;onvergence and variational theory
[9, 16], and numerical procedures. After introducing some general notations and the me-
chanical problem in section 2, we summarize these theories in section 3 and then we apply
them to several cases of interphases. In particular, in section 4 we present the asymptotic
analysis of a joint made of materials with comparable elastic moduli. Section 5 is devoted
to the study of Signorini-Coulomb’s conditions at the interfaces between the adherents and
the adhesive. In section 6, we report on the study of an interphase characterized by a non
convex deformation energy, which is traditionally associated to martensitic phase transfor-
mations. An example of the numerical implementation of the laws obtained in section 5 is
presented in section 7.

2. General Notations

Let us consider a body occupying an open boundedset R? with a smooth boundary
092, where the three dimensional space is referred to the orthonormal frams, =, x3).



Figure 1. (a) Reference and (b) limit configurations of the joint.

This set(2 is assumed to have a non-empty intersectfowith the plane{zs = 0}. Let
e > 0 be a small parameter, and let us define the following sets:

Bt = {z=(r1,22,23) € Q : |x3| < g},
2 = {r=(x1,29,23) €Q : L3> %},
0 = 05 U08,
e _ _ . _£ 1)
S. = {z=(21,22,23) €Q : Lag= 5},
Qr = {z=(x1,29,23) €Q : £x3>0},
Q[) - QJ’_ UQ_7

S = {z=(x1,29,23) € Q : x3=0}.

B¢ and Q¢ are the domains occupied by the adhesive and the adherents, respectively
(see fig. 1). The structure is subjected to body force denrsiynd to surface force density
g acting on the part’; of the boundary, whereas it is clamped on the remaining padf
the boundary. The adherents and the adhesive are assumed to be linear elastic. Ve take
andu® to denote the stress tensor and the displacement field, respectively. Under the small
perturbation hypothesis, the strain tensor is

1, 0ut Ous

exn(u®) = 5(8—953 + 8—952)' ()

We takea;1; to denote the elasticity coefficients of the adherents &aghd 1« to stand for
the Lamé’s coefficients of the glue. We have therefore to solve the following problem



Problem 1

Find (uf, 0%) such that :
ofj,j = —; in Q
o5 = @jjihekh(U°) in Q°
(P) 05 = Newr(u®)dij + 2pe;(uf)  in B
u® =10 onTy
ofn =g on I’y
( + inter face laws on S§

wheren denotes the external unit normal vector @ The interface laws between the
adherents and the adhesive (perfect interface, Signorini’'s law or Coulomb’s law) will be
specified later on.

For a given functiory : Q — R3, we define the restrictions ¢fto the adherents by
and to the adhesive bff". Denotingz = (z1, x2) the in-plane coordinates of the adhesive,
we define the following jumps of :

@) = anee (5)) = (e (5)), 3)
M@ = (@, (5)7) = [Mana, (-5)7) ()
M@ = e (5)7) = [ @, (5)7) (5)

For a given functiory : Qg — R3, we define the restrictions gf to Q4 by f* and we also
define the following jump off on S :

[f](i') = f+(x17x270+) - f_(‘rl?x??()_) : (6)

Finally,we also introduce the following notations:

[MMye = *fZes, (7
(Mg = [N F /Nees, ®)
vai = :|:0'€€3)2:€3, (9
Uf}i = :t0'863:|:0']€\7i€3. (20)

3. Mathematical Methods

3.1. Matched Asymptotic Expansion Method

The idea underlying matched asymptotic expansions is to find two expansions of the dis-
placement® and the stress® in powers ofe, i.e., an external expansion for the bodies
and an internal one for the joint, and to connect these two expansions to obtain the same
limit [18, 47].



3.1.1. External Expansions

The external expansion is a classical expansion in powess of

uf (2, 3) = u®(,23) +eut(,x3) + ...,
eij(u®) (&, z3) = e?j(aﬁ, x3) + sez-lj(@, x3) + ...,
g l(aué N aug) (11)
R 2°0x;  Ox;”’
o5 (T, 23) = 0,?]-(@, x3) + sailj(ac, x3) +

3.1.2. Internal Expansions

In the internal expansions, we perform a blow-up of the second varlabl@gL:et—3. The
S
internal expansion gives

)+ 0l (i, ) + o

w(2,y3) = (Y3
eij(ua)(ia ys) = € ei_jl(i'7 ys) + 6%(52‘, ys) + 662'1]'('%7 Ys) + s
o l
e, = %, a=1,2
! 3”:?“
€33 =
dys3 . l
el — 1(82]5 %) (12)
op 2 0z, Oyg’’
Jd. = 1(8215 N avfjl)
a3 2 8:%1 dys "’
o5 (&, y3) = ey (&) + (&, y3) + e (, ys) + o
& ol or!
U:isj,j — Z 2,_:l( oy i3 )

=2 8.%@ ayi’)

In the last relation, we use the convention that= 0 whenl < 0 andr! = 0 whenl < —1.

3.1.3. Continuity Conditions

The third step of the method consists in connecting the two expansions. We choose some
intermediate planes defined by = +(c', 0 < ¢t < 1, ¢ €]0, +o0[. Whene tends to zero,

r3 tends to0T andyz = x3/¢ tends totoco. The principle of the method [18, 47] consists

in assuming that the two expansions give both the same asymptotic limits, that is

(i) v9(2, £00) = u
(ii) 771 (&, £00) = 0, (13)
(iii) 7°(2,+00) = o

3.1.4. Identification

The fourth step of the method consists in introducing the expansions in the equilibrium
eguations and in the constitutive equations. We obtain systems of equations in the following
form:



ZEan(Ul’ Tl) =0 (14)

We now impose that these relations are satisfied at each arder
B"(.)=0, Vn. (15)

These equations together with (13) identify an interface law [33, 34].

3.2. T'-convergence Theory

When Problem 1 admits an energy form, it is natural to study the variational convergence
of this energyF©, as the small parametettends to zero. A now classical theory to analyze
the convergence is provided by the notionlof convergence [9, 16].

We recall the following definition:

Definition 1 LetX be atopological space anfi© : X — [0, oo] a sequence of functionals
on X. The sequencé® is said toI'-converge to thd-limit F° : X — [0, o] if the
following two conditions hold:

e For every sequence in X such that® — u° ase — 0,

FO(u%) < liminf. o F*©(u®) (Lower bound inequality);

e Foreveryu” € X, there exists a sequeneé converging tou’ ase — 0, such that
FOu®) > limsup,_,, F¢(uf) (Upper bound inequality).

FY is an optimal asymptotic lower bound for the sequefen the sense specified by the
following proposition.

Proposition 2 If F° I'—converges ta°, then
i) F€(uf) := min F*© F°(u®) := min F° 16
(1) F*(u7) == min F*(u) — F7(u”) := min F(u), (16)
(ii) u® — u®. a7)

This theory, applied to the total energy of the system, allows to obtain an interface law at
order zero [36,42].

3.3. Energy Asymptotical Method

This method has been introduced in [36]. As in The convergence theory, the equilibrium
problem is written as a minimization problem of the total energy. As in the asymptotic
expansion method, the energy asymptotical method is based on an (external) expansion of
u in power ofe. Moreover, in order to reformulate the equilibrium problem in an interphase
domain independent af a change of variables is introduced:

(2,23) = (&,238 1), (%,23) € B, (18)
N R e 1 R
(2,23) = (Z,z3% 5 T 5), (Z,x3) € Qx. (29)

6



In particular, B, is rescaled by a factar—! along the interphase thickness and the bodies
Q. are shifted byt-1/2(1 — ¢) in the same direction.

Let u®(Z,23) be the rescaled displacement. The rescaled equilibrium problem can be
formulated as follows: find th&® minimizing the rescaled energ¥?, in the set of rescaled
displacements. Substituting the expansion (liijo the rescaled energy, we obtain

7o) = é]—"l(ul) + ) + eF (ul) + 2F2(ul) + o(e2) (20)

The main assumption of this method is that we can obtain the fields which are stationary
points of the energyF® by finding the stationary points of the energigé obtained at each
level of the expansion.

3.4. Numerical Methods

In this part, we present a method used in previous studies. Examples, usually academic,
are studied numerically (long bar, dovetail assembly, etc.). The aim of this numerical study
by finite elements is to confirm that the numerical results are coherent with a theoretical
approach, to check the existence of the theory (validation) and to determine the thickness
of the layer at which the limit interface law can be taken to be a valid approximation of the
original constitutive relation of the adhesive (quantification). The initial problem is there-
fore solved numerically in the case of a thin layer with decreasing thickness (and decreasing
moduli in the case of a soft interphase). The numerical results obtained are then compared
with the theoretical results. For example, in the case of a soft elastic isotropic interphase,
in order to simplify the computations, the Lamé’s coefficients are assumed to be given by

Ae =N, pe =

where \, 1 are given and the non negative coefficiefits correspond to cases of soft or
rigid interfaces. We give an example in section 7, where the problem is solved with the
following decreasing values af 1.1072,5.1072,1.1073,5.10~%,1.10~%. This method is
used in [31, 39].
4. The Case Involving Similar Rigidity: Perfect Interface?
In this section, we consider:

¢ that the adhesive is linear elastic,

¢ that the link between the adhesive and the adherents is perfect,

o that the stiffness of the adhesive is similar to those of the adherents.

We present the results obtained in [35], where we have lisezbnvergence techniques to
analyze the asymptotic behavior of the total energy up to the second order of the expansion
ine.



4.1. First Order Study

The local formulation of the equilibrium problem corresponds to find the fields of displace-
mentu?, straine(u®) and stresg* which solve the following problem:

;

Find (uf, 0%) such that :

Uz{sj,j = —; in

o5 = al:.gkhekh(ua) in Q5
(P o5; = ajjipern(u’) in B¢

u® =0 on Iy

on=g onTy

[w]Z =0, [0%e3]2 =0

We introduce the space of admissible displacements (the Sobolev spaces are denoted by
usual notations)

VeE={ue (W"(Q))*:u=0 only}, (21)
and the works of the internal and external loads, respectively,

€

IFlv) = /qb-vdx—i—/ g-vds,
Q I

we reformulatg P) in the following way

A(uv) = /Q iaie(u):e(v) da + / ame(u) : e(v) dx

(22)

€

(Pl) Find UE S ‘/5 :
A(uf,v) =15(v) Yo e VE.
Under the three following regularity assumptions
Qijkl c LOO(Q) s
H1) Qijkl = Qklij = Gjilk
In > 0: ajjreijer > neijei; Ve = eji,
(23)
H2) 3Jep: BN (T Usupp(g)) =0, Ve<eg,
(24)
H3) ¢ e (L) ,ge (LX)

the variational probleniP}) admits a unique solution (due to the Lax-Milgram theorem),
which is also the unique solution of the following problem of minimization:

- Find u® € V&
(Pé‘l) { Jé(ué‘) S Jé‘(,v) vv e VE , (25)
where .
J(v) = EAE(U, v) — 1°(v) (26)



is the potential energy associated with the displacement fielfio apply the notion of
I'—convergence, we introduce the strain energy functional

1. ,
Fo(v) = §A (v,v) if velV., 27)
+00 if ve X\ V.,
whereX = (L%(Q))3. In [35], itis introduced the following limit functional:
+ : 0
o, [ Jo, aTe(w)e(v)de if veV?,
F(”)_{+§o it ve X\ VO, (28)
where
VO ={ue (W"Q))*:u=0onTy, [vJ]=0 onS}. (29)

We now recall the following result proved in [35].

Theorem 3 The sequence of functional& T'-converges taF” in the strong topology of
X.

Note that the limit problem, i. e. the minimization problem Bf, involves only the
adherents. The adhesive has vanished geometrically (as expected) as well as mechanically.
We also observe that, because the displacement vector on S has to be continuous (see (29)),
the mechanical implication of the theorem is that a very thin interphase behaves like a
perfect interface.

In some cases, it may become necessary to improve the model, and it turns out that the
most natural solution is to go to a higher order in the asymptotic analysis. This is done in
the next section.

4.2. Second Order Study

In this section, we recall the results obtained in [35] at the second order and we focus on the
case of isotropic adhesive with Lamé’s coefficiehtandy. We introduce the displacement

field u! and the stress field! as the limit, in a sense made precise by the following lemma,
e_,,0 e __ -0
of suitable subsequences of—— andZ—7 respectively. We denot®(A) the space
9

g
of the C*° functions with compact support on the open geand D’(A) its dual space.

Lemma 1 Letu?, o° andu®, ando? be the displacement and stress fields corresponding
to minimizers of the energieB® and F°, respectively. Then there exist subsequences, not
relabeled, such that

— ! in L2(Q) (weak),
° 0 (30)
— ol inD'(Q) (weak).

This Lemma is proved in [35]. Contrarily to the fields at order zefandse; which
are continuous on the surfac® the fieldsu! and o'es suffer discontinuity onS. The
following Theorem gives a relationship between their jumps, involving the restrictions of
the traction and the displacement vectafsandoe3 on S.



Theorem 4 Thefieldsu! ando! satisfy(in a weaksense}hefollowing equilibriumequa-
tions:

ol =0 inQy

O'l-lj = a;;khekh(ul) mn Qt
u'=0 onTy

o'n=0 on Iy

and the following relations at the interface :
1 1 L o

[ua] = ; 023(*%7 0) - ug,a('%v 0) - 5(”@,3(‘%7 O+) + u373(§7, O_)) y = 17 2 )
1 R R .
[ug] = mogg(x,O)— )\+2M(U[1),1(90, 0) + u 5(&,0))
1 . .
—§(U§,3(9€70+) +ug 5(£,07)),
Ap(A + 1) . A 13X +2p)
[0%3] = —WU%H(% 0) — MU?,H(% 0) — Wug,m
A N 1 R .
—ngm(fC,O) - 5(0(1)3,3(90,0+) +003.3(£,07)),
Ap(A + 1) A . 13X+ 2p) A
93] = —Wug,zz(% 0) — pu 1, (2,0) — Wu?,lz(x70)
A N 1 R .
—mgg&z(%o) - 5(0(2)3,3(9570+) +033,3(9C,0 )
. . 1 . .
[o33] = —0(1)3,1(957 0) — 033,2(957 0) — _(03?3,3(907 0%) + 03?3,3(96" 07)) .

2
(31)

As for the minimization problem of the energy (28), the limit problem defined by theorem

4 involves only the adherents, since the adhesive has vanished geometrically. However, the
adhesive has not disappeared from the mechanical point of view: it has been replaced by
the mechanical constraints (31), linking the jump in the displacement and traction vectors to
the displacement and traction vectors (and their derivatives) at order zero. In particular, the
presence of the tangential derivativesigfindicates a non-local character of the interface

law (31). Relations (31) also suggest that at higher orders, a thin interphase behaves like an
imperfect interface, which keeps trace of the elastic behavior of the interphase.

4.3. An One Dimensional Example

In this section, we propose a simple example to illustrate, in the one dimensional setting, the
origin of the terms entering the interface law (31). We consider a b, fixed at one of
its extremities A, as represented in Figure 2. The pai® is composed of the adhesivi”
and of the adheren® B, made by two different materials with elastic modili and E,
respectively. A force density(x) = ¢,z is applied onAC and a force density(x) = gox
is applied onC'B. We have

AC =¢, CD =L — ¢,

10



Figure 2. A composite bar subject to body forces.

du
u(0) =0, EQ%(L) = a.

At order zero, we obtain:

_ggx?’ (a —1/2g2L%)x

0
@) = —%5 E,
ol(z) = —g—;x2+a— 1/2g,L*

We verify easily thafu®] = [¢°] = 0. At order one, we obtain:

W) = (g = e 1/20.0%)

(32)

(33)

(34)
(35)

We can verify that[u'] = ELO'O(O) —u%(0), and[o!] = —%(af;(oﬂ +0%.(07)).

5. Non Linear Imperfect Interface: Taking into Account

Frictional Contact

In this section, we consider:

¢ that the thin layer is elastic,

¢ that the stiffness of the glue is lower than that of the bodies,

¢ that the link between the glue and the bodies is imperfect.

11



We assume the contact to involve dry friction conditions between the bodies and the thin
layer. The Signorini’s law of unilateral contact and the Coulomb’s law of dry friction are
written in the case of monotonous quasi-static loading as:

[oSesls = 0,
o <0,
[w]ly. < 0
vai[[ua]]fva = 0 (36)
’UT ’ S f’O’ i’?
If o5 | < flosE|  then [[ua]]sﬁa =0,
If 055 = flosE|  then  [[wf]|. = —Cor, with ¢ >0,

where f is the friction coefficient. To analyze the asymptotic behavior of the interphase,
we use two of the methods presented in section 3: matched asymptotic expansion and a
numerical method.

5.1. Asymptotic Expansions

In the following, we summarize the results obtained in [39]. Given the constitutive equa-
tions in the thin layer, we have

5_17}‘;1 + TZ-Oj + Eng o = MeTlel ey +eely + )0

37
+2u(€_lei_j1 e +eeli+ ... 37)

The identification of the various orders depends on the behavior of the Lamé coeffitients
andy with respect tce. We obtain nine cases corresponding to the values of the limits

andp of the ratiosg andg:
° (a)X:ﬁ:O,riglzo,r?j:O.
e MX=0,0<7 <00, =0,7) = 2fe;;".
e ()0 < \<o0,1=0, TZ-;I =0, TZ%- = Xe,;kléij.
e (d)0 <\ < o0, 0<,u<oo¢ =0, 7 —Xelzliéij—i—Zﬁe;jl,

e (&)X =00, =0,¢p, =0,75=0.

-1

e NX=00,0<Ti<00, e =0,7) = g

i = 20
e (QN=0,71 =0, 6]1:0 e%zO.
e (N)0<A<oo, i = 00, € —O,eZ] 0.
o (D X=o00,71 = 00, €5 —Oe =0.
Let K; = Kr =mandKy, = Ky = A+ 2f. f1 is the positive part of a functior.

12



e (QAA=1=0
In this casey,; = 0. Because of the continuity conditions, we obtain

o(21,0) =0 (38)
e D)A=0,0<7i < o0 , ,
dv dv
In this caser?, = 0, 70, = T—L, 79 = 2—2=.
11 12 #8y2 22 “ay2

Using standard arguments, we obtain

o8 = -2
) 39
171091 < flo| then o = —pllu’Tlr,
17109 = floR| then [[w)lr = ~Cob.¢ > 0.

VA

e (0)0<A<o00,i=0

9,0

In this caserY;, = 75, = )\g—zz, 7% = 0. For the normal part, we proceed as in (b),

2
by replacing2zz by X. The tangential part corresponds to (a). We obtain

0 —  _X[[,on+
O'T = .
e ()0<A<00,0<T< o0
. 0 oY oy . . ,
Inthis caser), = A=, 75 = K; . Here, we again proceed as in (b). We obtain
Y2 Y2
Ug\/ = —(XO+ 2)[[u”]] v

If |69 < flo%| then o% = —7llu®]r,
If |09 = flo%| then [[Wf)T = —Co%.¢ > 0.

e ) A=00,i=0
0
We haveaﬁ = 0,7, = 0. For the normal tangential part, we proceed as in (a).

Oy2
Using standard arguments, we have

[ulTly < %, o <0, [[u'lno} =0,

or = 0. (42)

e NA=00,0<T7 < o0
vy 0o 0 : L
We havea— =0,79 = Zrwe The treatment of the tangential part is similar to (b)
Y2 2
and the treatment of the normal part is similar to (e). To summarize, we obtain
[Ny <0, o} <0, [[w’llno} =0,

ol < floR, 43)
If|op] < floX|  then  op = —Tllu’llr,
If o9 = floX|  then  [[W%r = —¢o9,¢> 0.

The three last cases call for a special treatment.

13



e QM) =00 .
In these cases, we ha\gé)i = 0. We proceed as in (e) on the normal and tangential
Y2
parts. This gives

[N <0, o} <0, [[u’llno} =0,

o2 < flol,
IF 100 < flo%]  then [l — o, (44)
If 0% = flo%|  then  [[uO))p = —Co%, ¢ > 0.

5.2. Numerical Validations

S-
€

&
& st
$ €
$

d BV
4_; a=87mm
b=65mm
c=43mm
d=148 mm

V e=72mm

- = = f=40mm

e f g=103 mm

Figure 3. The dovetail assembly.

This section illustrates some numerical results obtained in [31,44]. The example of a
dovetail assembly is treated. The aim of this numerical study is to confirm that the numerical
results are coherent with the theory (validation) and to determine the thickness of the layer at
which the limit interface law can be taken to be valid (quantification). The initial problem
is therefore solved numerically in the case of a thin layer with decreasing thickness and
stiffness values, as done by [44]. A relaxation procedure is used for this purpose, as in
previous studies [30, 46].

The numerical results obtained are then compared with the theoretical results. In order to

14



Figure 4. Mesh of the structure.

220.0
— £=0.01
210.0 =—= £=0.005
&—% £=0.001
z _
5, 2000 >—+ £=0.0005
e flc—o €=0.0001
5
< 1900 .. [+ Theoretical
$*—k Implemented
180.0 - 1
170.0
80.0 90.0 100.0
X

Figure 5. Ratio between normal stress and normal displacement (case b).
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91.0

— ¢=0.01

=—8 €=0.005

90.04
&— €=0.001
E g
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Figure 6. Ratio between tangential stress and tangential displacement (case d).

simplify the computations, the Lamé’s coefficients of the joint are assumed to be given by

Ae=¢€"A, v =0,
pe =%, 0<6<2.

The problem is solved with the following decreasing values of

1.1072, 5.107%, 1.1073, 5.107%, 1.107%.

In order to analyze the results obtained, the displacement fielgsu¢) and the stress
vector ¢y, o) were computed o5 in the case of the initial problem (and ahin that

of the limit problem) in the nine cases studied. The theoretical and numerical curves of
the stick and sliding nodes are then compared. The friction problem is solved by means
of a fixed point algorithm coupled with a relaxation procedure [46]. Similar results were
obtained (see fig. 5 and 6). As can be seen from these figures, the limit law can be taken to
be valid for at thin layer thickness up i®—3 mm. This value is suitable for a large class of
problems (for example in glue-bonding processes).

5.3. Predictive Nature of the Model

In this section, we focus on a particular characteristic of the model, its predictive nature
which depends on the mechanical and geometrical parameters of the glue and the adherents.
The model presented in the previous paragraphs involves four parameters: the thickness of
the gluee, the stiffness coefficients of the glueandy and the friction coefficieny.

We observe that the various cases depend both on the limitgoofnd of . /c. We stress
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the fact that the nine laws that appear depend only on the relative values of the parame-
ters. If mathematically, these limits are perfectly defined, mechanically, in a non academic
problem, they are a priori unknown. The engineer only knows (or has the possibility of
knowing) the thickness and the stiffness of the glue. The limits are approximated in a satis-
factory way by the ratio between the stiffness and the thickness. In other words, the values
of A andp can be replaced by/s andy/< respectively. But these approximations are never
equal to zero or to infinity. So when shall we consider that these limit values are obtained ?
Simply by comparison to a reference value. For example in the case of isotropic adherents,
the reference values, would Bg,/L or u,,/L, where\,, and x,, are the moduli and

the characteristic length of the adherents (chosen equairtahe numerical applications),

with A << A\, o << p, @ande << L, which expresses the fact that the interface is both
soft and thin.

More precisely, when

e \/e andu/e are very small by comparison to the reference value, i.e. the glue is
relatively more soft than thiny andz shall be taken equal to zero;

e )\/e andpu/e are very large by comparison to the reference value, i.e. the glue is
relatively more soft than thin\ andz shall be taken equal to infinity;

e )\/eandu/e are finite by comparison to the reference value, i.e. the glue is as thin as
soft, A andp shall be taken equal td/c and /e respectively.

Numerically, we can observe that "very small” corresponds to lessifaaf the reference
value and that "very large” corresponds to more tl3artimes the reference value. The
"finite case” corresponds to the range between these two extreme values.

6. Non Linear Imperfect Interface: Non Convex Energy

In this section, we consider:
¢ that the thin layer is governed by a non convex energy,
¢ that the stiffness of the glue is lower than that of the bodies,
¢ that the link between the glue and the bodies is perfect.

Non convex energies are usually associated to phase transforming materials [10, 19]

6.1. Constitutive Relation of a Phase Transforming Adhesive

To model the constitutive behavior of the adhesive, we adopt the Fremond constitutive
relation, which involves three phases, the austenite and two variants of martensite [19]:

0ij = MNerklij + 2pe;; +.CVXij7 if arxijei; < —c
oij = Aewrdij + 2peij, i axijeif] <c in B (45)
gij = Aewkdij + 2peij — axig, If axijei > ¢
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and where constantsandc are two material parameters. The constatdan be related to a
critical temperature, below which the stress-strain curve has only two ascending branches,
each one corresponding to a different variant of martensite (fig. 7.1-a) Above the transfor-
mation temperature, a third phase exists, called austenite and corresponding to an interme-
diate ascending branch in the stress-strain curve (fig. 7.1-b).

Y11 k M{ Iaxn
_c 7 ;
oY1 k
0 en 0o ,c en
| oY 11
k —0Y 1y oY ki /

Figure 7. Stress-strain diagrams simulating an extension test on a phase transforming adhe-
sive: (@)c <0, (b) ¢ > 0.

The problem is studied by means of matched asymptotic expansionss, Letienote
the diagonal x 2 matrices withSy; = Kp, Soo = Ky andTy; = Tyy = Kpp. Letzx
be the vector withe; = y12 andzy = x92. Note that the coefficients & (resp.T) can
be equal to infinity, zero or a non-zero bounded value (resp. infinity or a non-zero bounded
value). Using these notations, we obtain the following family of contact laws

e c<0

on=Sul+Tx if azu] <0,
on =S| —Tz if ax;u) >0, (46)

on =S|+ Tz if azu] < —¢,
on =S| if|ax;ull <é,

on =Sl — Tz if axu] > ¢ (47)

6.2. Interface Laws Arising from Energy Minimization

In a one dimensional setting, it is possible to solve the equilibrium problem and discuss
the stability of the equilibrium solutions for an adhesive obeying the constitutive relation
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Figure 8. Contact laws far < 0 : (a) normal contact law fox,o = 0; (b) tangential contact
law.
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Figure 9. Contact laws far > 0 : (a) normal contact law fox22 = 0; (b) tangential contact
law.

(45). This is done in the next subsection. The closed form solutions allow us to explicitly
calculate the corresponding interface laws when the thickness of the adhesive tends to zero
(see subsection 6.2.2).

6.2.1. Metastable States for a One Dimensional Phase Transforming Adhesive

Let us take a one-dimensional bar occupying a reference unstressed space configuration
2 = (0,1), starting from which there are displacement fields- u(z), = € (0, 1) which

are continuous, with the piecewise continuous derivative> 0. The bar is fixed at the
extremityz = 0, and is subjected to a prescribed displacendent0 atz = L.
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The bar is assumed to be made of two different elastic materials. In the farge
x < eL, the bar is composed of an adhesive layer characterized by the piecewise quadratic
stored energy density

LN
wa(e)—r;1>1(r)1{26 726 04X€+C}7 (48)

wherek > 0 is the elasticity of the adhesive.
In the ranges L < x < L, the bar is composed of a material with quadratic stored
energy density having an elastic moduli§s

K
= —¢2.

wy(e) 5 (49)
This system admits the following possible solutions:
i) If 0 <o. < ke(ax) ! — ay, then,
%x z €[0,eL],
u=9q g 1 1 (50)
?I’—FO};EL(E—?) T € (€L,L],

with 0. = k6L, andk-! := ek~'+(1—e)K~'. Using the expression far. , itis
easy to see that this solution is possible whenéver § < (kc(ay) ™! — )Lkt
SinceJ is positive, this solution exists only if > 0 and corresponds to the case of
adhesive consisting of only austenite.

i) If ¢ > 0andkc(ayx)™ — ax < 0. < ke(ax) ™!, then the adhesive is a mixture of
austenite and martensite. Lete (0, 1) denote the austenite volume fraction. As
varies in[0, 1], we obtain a set of equilibrium solutions:

O¢

< x € [0, el],
AL
o o —]:Oéxx - OéXZ x € (AeL,el], (51)
oc oc + (1 - Max _oe
ot +eL( k &) ¢ L],
with 5
. a
oe = k(3 — (1= 0)5X). (52)

Using this expression far,, it turns out that the two-phase solution exists whenever

((ke(ax) "t —ax)k Meax(1-Nk L < 6 < (ke(ax) 'k Heax(1-Nk YL .

(53)
Since the value of the volume fractionis withinthe0 < A < 1 range, this condition
can be further extended as follows

(ke(ax) ™ — ax)k'L < 6 < (ke(ax) ™ +eaxk ™)L . (54)

Therefore, given any € (0, 1), if the prescribed elongatiohlies in the above range,
then there will exist in the adhesive a two-phase solution involving a mixture of both
phases.
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iii) If o > ke(ax)™!, then the solution is

wx xze0,el], (55)

u= O o: +ax o: 55
wetel(———-5) wze(el, 1],

with 0. = k. (6L~ — axek™!). This solution, which is possible fos >

ke(ax) " Lk=' + axeLk™! whene > 0 and for any positive whenc < 0, de-
scribes the case of adhesive consisting entirely of martensite.

It is established that the configurations described by the solutions (50), (51) and (55)
correspond to weak local minimizers [34]. It is also established that the following equilib-
rium configurations correspond to a global minimizer:

a) if 0 <6 < (ke(ay)™! — ax/2)L ke, then solution (50) is a global minimizer;

b if (ke(ax)™ — ax/2)Lk;! < 6 < (ke(ax)™! — ax/2)LkZ' + eax Lk, then
the solution (51) witho.. given by the Maxwell stressy; = kc(ax) ™! — ax/2 is
a global minimizer. Substituting,, into (52), we find the austenite volume fraction
determined solely for the giveh:

K [k _ ay 0
Ao =1+ — [ —clay) 1 ——=—-—]. 56
gl cax (ke (ax) o, L) (56)

Note that wherd = (kc(ax) ™' — ax/2)Lk=" we have),, = 1, i.e., the adhesive
is still in the austenite phase. & is continuously increased, the austenite volume
fraction decreases and the stress in the bar remains constant and equal to the Maxwell
stress. Whed = (kc(ay) ™! — ax/2) Lkt +eaxLk™!, we have),, = 0, and the
adhesive has completed the transformation from austenite to martensite.

c) if 0 > (ke(ax)™' — ax/2)Lk=' + eaxLk™", then the solution (55) is a global
minimizer.
6.2.2. Interface Laws for a Thin Phase Transforming Adhesive

To obtain the interface law we study the asymptotic behavior of the above equilibrium
solutions when both the parametéesk) tend to zero and the thin adhesive layer is replaced
by a point. To study the asymptotic behavior of the adhesive, we set

k=ke. (57)
Our aim here is to study the relations between the limits
o=limo., [u] =lim(a(eL)— u(0)), (58)
e—0 e—0

whereo. andu correspond to the equilibrium configurations determined in the previous
subsection. This study leads to defining an asymptotic contact law linking the limit stress
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in the bar,o., to the jump in the displacement occuring at the adhesive interfateThis
contact law describes the limit behavior of the adhesive.

In addition to (57), we need to specify the scaling of the material parameterg with
make the limits (58) finite, we take

c=¢e ", a=a, X=X, (59)

wherek, ¢, & andy are independent af

Substituting (57), (59) into the expressions torandz listed in section 2 ing), (b) and
(c), taking the limit: — 0 and eliminatingy betweero. and[u], we obtain the following
contact law:

Rl _osk<iEan -5, @_
g0 = { (kelax) ! — %), Lke(ax)™" - 2—%) < [_U] < L(ke(ax) ™ + %) ;
e, 0] = L(ke(a) ™ + 51 |

(60)
corresponding to global minimizers of the original equilibrium problem. In the same way,
takingo. anda as in {), (ii) and (jii), we can calculate the limit contact law corresponding
to local minimizers. Note that this law turns out to be undefined, because of the lack of
information available due to the non uniqueness of the local minimizers. Indeed, we obtain

R o<« Lletan)™ - ) e
S—) L) = ) < [ < LR@n 4 5p) . 6
6, ) > L)+ ),

whereX: can take any value ifkc(ay) ! —ay, ké(ay) '+ay]. Therefore, local minimiz-

ers give rise to multiple contact laws, all of which are included in the dashed parallelogram
depicted in Figure 10. Note the non uniqueness of the equilibrium solutions, due to the non
convexity of the deformation energy associated to (45). To rule out non uniqueness, one
can postulate a nucleation condition and a kinetic relation, specifying the path inside the
parallelogram of the possible states [2].

7. An Example of Numerical Implementation

This section is devoted to the numerical solution of the problem presented in the previous
section. Note that there exist several studies to solve this kind of problems [3,5-7, 12, 13,
28-30,32,46]. In what follows, we will adopt the two-dimensional context, focusing on the

contact between a deformable soldoccupying2 and a rigid body. In this case,
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Figure 10. Contact law obtained by energy minimization. To make the figure clearer,
we have defined = c(ay)™!, x = axk™!, 8 = k(ay)™! — ax/2, w = ay/2. The
shaded region is the contact law domain corresponding to local minimizers. Contact law
corresponding to global minimizers (Maxwell line}.-. Contact laws corresponding to
local minimizers:— linear kinetic,— pinning kinetic,- - convex decomposition.

Problem 2
( Find (u, o) such that :
0ij5 = —¥i in
0ij = Qijkhekn(w) in
u=0 on Iy
on=g on T
(P) on <0 on S
ON = —KNuX, on S
lor| < flon] on S
If |or| < flon|then or = —Krur
L If ’UT’ :f’UN|th€n uT:—CaT with(ZO

The contact laws are shown in figs. 11 and 12. In lines with previous studies, the above
problem is equivalent to:

Problem 3
Find p, the fixed point of the application — f|oxn(u(p))|, whereu = u(p) is the solution
of

Find u € V such that :
J(u) < J(v), Yo eV,
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Figure 11. Contact law: normal component (the dotted line corresponds to an infinite value
of KN)

L4
=
—

AON

Figure 12. Contact law: tangential component (the dotted line corresponds to an infinite
value of Kr).

with
J(v) = %/Qae(v)e(v) dx—/ﬂgo.u dx—i—/rl g.udz+/s¢(vN) ds—i—/sw(w) ds,
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whereg is given by

andy is given by
Y(vr) = lKT-(UT)2 + p(lor] — )+,
2 Kr

Problem 3 is discretized using a finite element method formulated in terms of the displace-
ments. We usually adogt1 finite elements (triangles with three nodes and six degrees of
freedom) o1 finite elements (quadrangles with four nodes and eight degrees of freedom).
We have to minimize a functional still denoteldfor v in R2V* such that

J(v) = %UTAU + %(PU)TB(PU) —oT'L.

The following notations are used:

NP : total number of nodes,

NC : number of contact nodes,

In: indices of normal components of contact nodes,

I7: indices of tangential components of contact nodes,

A: stiffness matrix associated with volume terms with coefficiest
B: stiffness matrix to the surface terms with coefficiép,

P: projection fromR2NF to R2NC,

L: generalized loading vector with coefficients.

Relaxation method with constraints The relaxation method consists in finding the solu-
tion to problem 3 by solving a sequence of minimization problemg&# ”

1
n—+ 5
Find u; such that Yv € R?NP
1
+1 I 1 +1
n n n-+ n
Jr™ T r s S ud, s ugnp) ST (T w T v - uSyp)-

w Is taken to denote the relaxation coefficient.
First we deal with the normal components. Where Iy, the algorithm is written in
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the following form:

(
"+1 2NP
u, 2 _ Zdn—H n+l _ Z d” ])
n+ 5 Jj=i+1
d;
with
aij +y(uj)by if je€ln
dh =< ag+nuby ifjelp
] otherwise
0 ifu<o
’Y(U)—{ L ifuso
0 if [ul > KL
and 1(u) 1 zf|u|<LT ’
Kr
1
n+ —
u;“rl = (1 — w)u? +wu, 2

As regards the tangential components, wheg I we first take the fixed point problem

P = flon (u(ph))| and then write
n+1 2NP +1
u, — (Li— Zdn-‘rl nt+l _ Z d” " 2)pi)
n+ = Jj=i+l
d 2
with
—1 ) < __
ifu Xy
Olu)y=¢ 1 ifu> 2 ,
o
0 ] <
if lul < 2
1
n+l _ o n nr 5
u ™ = (1 —w)ul + wuy,

Testing the validity of the algorithm: compression of a bar In this paragraph the al-
gorithm is tested and its validity is confirmed. We used a benchmark test developed by the
group working on "Validation of computer codes” at the French Research Group "Large
Deformations and Damage” [46].

Here we adopt the context of plane strains and take the case of a long bar with a square
section (fig. 13) and Lamé’s coefficiemts= 45G Pa andy, = 54G Pa. The contact zone
(interface law) corresponds to the parD with a friction coefficientequaltg = 1. u1 =0

on DE andu; = us = 0 at pointD. The loadingF'1 = 10 daN/mm? is imposed orAG
andF2 = —5 daN/mm? onGE.

Using the finite element method, the contact zone is discretizet2lnodes. The changes

in contact status are given in table 1 at different valueg @ind \. If we compare the re-
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Table 1. Behavior of the interface for some stiffness

Stiffness Gap AB Sliding Stick |or| <
o7 = || flon| CD
flon| BC

(1)t = 5.410%%; A = 4.510"® | 3 nodes 16 nodes 13 nodes

(2) i = 5.41012%; X\ = 4.5101% | 3 nodes 14 nodes 15 nodes

(3) = 5.410%2%; A = 4.5107? | 3 nodes 13 nodes 16 nodes

(4) 71 = 5.4107%, X = 4.510"® | 0 nodes 00 nodes 32 nodes

(5) 1 = 5.4107%, A = 451072 | 0 nodes 00 nodes 32 nodes

(6) @ = 5.4107%; A = 4.510~2 | O nodes 00 nodes 32 nodes

sults obtained with those published in [46] (Signorini-Coulomb laws), it can be seen that
at\ = 4.510%® andi = 5.41078 the present results are similar to those obtained by [46].
These coefficients, which are very large (i.e. "equal” to infinity), correspond to the limit
case (Signorini-Coulomb). The decrease in the valugs odrresponds to the increase in
the stick zone (13, 15 and 32 nodes). Note that for this example and for cases presented
in figure 14, the normal displacements are slightly changed by the variatioAsy0nd

K. In particular, the penetration is negligible. However, as observed on figure 15, for
this problem the coefficients variations strongly affect the tangential displacements. A low
value of the coefficieni(r reflects in an increase of the tangential displacement. The nodes
slide without reaching the value of Coulomb’s sliding limit (fig. 15). Note that numerical
tests have shown the robustness of this algorithm [49].

F1 o 40 mm

Figure 13. The problem of the long bar.
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Figure 14. Normal displacement with respect to X.
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Figure 15. Tangential displacement with respect to X.

8. Conclusion

In this chapter, we analyze the asymptotic behavior of a thin adhesive. To obtain the in-
terface law, which describes the behavior of an adhesive of vanishing thickness, different
approaches have been tested. First, we have dealt with adherents and adhesive having simi-
lar rigidity and performed &'-convergence analysis to obtain the relation between the stress
vector and the displacement fields. Next, we have used matched asymptotic expansions to
analyze the asymptotic behavior of a a two-dimensional equilibrium problem including fric-
tional contact at the interface between the thin adhesive and the adherents. Lastly, we have
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studied the problem of a thin layer with a non convex energy, which is used to model phase
transformation of the adhesive. To conclude, we have presented a numerical algorithm able
to solve the problem with frictional contact.

The asymptotic methods presented in the chapter allow to obtain a precise description of
the limit behavior of a vanishing adhesive in terms of an interface law. The cases presented
show that different constitutive behaviors of the adhesive give raise to different interface
laws. The mathematical methods presented in the chapter provide a precise limit behavior
if the constitutive relation of the adhesive is known, an occurrence which is rarely satisfied
in practice. Another delicate pointis that the methods illustrated in the chapter can be used
under the assumption that the model of continuum is valid at the scale of the adhesive.
There are cases in which the adhesive behavior is better described by means of molecular
dynamics and other techniques should then be applied [43, 51].
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