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Structural adhesive bonding has emerged as a critical joining technology in modern manufacturing,
particularly in the automotive industry, where the demand for lightweight multi-material structures must
overcome the limitations of traditional joining methods (spot welding and riveting). Numerical
simulation of adhesive joints has become indispensable for predicting the mechanical behavior,
durability, and failure of the joints under complex service conditions.

Fundamental Assumptions

Continuum Mechanics Framework

Both the adhesive and adherends are treated as continuous media, ignoring discrete molecular or
microscopic voids. This holds when the characteristic length scale (e.g., bond line thickness t,) is
significantly larger than the material’s microstructural features. Classical formulations often assume
small displacements and small strains, particularly for stiff adhesives in elastic service conditions. For
toughened structural adhesives (e.g., epoxy-polyurethane hybrids) exhibiting large plastic deformation,
finite strain formulations are required, employing logarithmic or Green-Lagrange strain measures.

Material Behavior Assumptions

Most engineering models assume the adhesive as isotropic. However, some formulations incorporate
anisotropy due to curing residual stresses or fiber reinforcement. The adhesive layer is assumed
homogeneous, though in reality, gradients in crosslinking density or filler distribution may exist near
interfaces. Structural adhesives exhibit viscoelastic and viscoplastic behavior. The assumption of rate
independence is valid only for quasi-static loading; dynamic crash scenarios necessitate viscoelastic
or viscoplastic models.

Interface and Geometry Assumptions

Perfect adhesion between adhesive and adherend is generally assumed (no debonding or slip until
damage initiation). Cohesive zone models relax this restriction by introducing a traction-separation
law. Classical analytical models (e.g., Volkersen, Goland-Reissner) assume either uniform shear
through the thickness or using a simplified beam theory. Modern numerical simulations remove these
simplifications to allow for full 3D stress states, which may also account for elastic—plastic deformation
of the substrates.

Governing Equations

The numerical simulation of adhesive joints involves solving the balance laws of continuum
mechanics, complemented by constitutive equations that describe the adhesive’s mechanical
response and interface behavior.

Balance Laws
For a domain 2 with boundary 0¢2, the local form of the linear momentum balance is:

V.o =pu

where o is the Cauchy stress tensor, p the density, and u the acceleration vector. For quasi-static
analysis (without acceleration), the inertia term pu may be omitted.

The principle of virtual work (weak form) is the foundation for the finite element analysis:
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where d¢ is the virtual strain tensor, t prescribed tractions on boundary 0€2;, and du virtual
displacements.

Kinematics
Under finite deformation assumptions, the deformation gradient F is defined as:

0x
F=—=1+4+V

oX + Vxu
where X and x are material and spatial coordinates, respectively. The Green-Lagrange strain tensor E
is:
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Constitutive Models for the Adhesive

The linear elasticity model is valid for brittle adhesives:

o=C:¢

where C is the fourth-order isotropic elasticity tensor, wuth Young’s modulus E and Poisson’s ratio v:
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The elastic-plastic models apply for most structural adhesives that exhibit ductility. The von Mises yield
criterion is commonly used:

F(o,0y) =+/3J2 —0,(e") <0

1 : . L _ , ,
where J; = 55 : s is the second invariant of the deviatoric stress tensor s, and o, (€”) the isotropic
hardening function of the equivalent plastic strain £7.

For pressure-sensitive adhesives (e.g., epoxies), the Drucker-Prager or modified Mohr-Coulomb
criteria are most applicable:

F:\/J2+Oéfl—k3:0
where [ is the first stress invariant, and « and k£ material parameters reflecting pressure sensitivity.

Viscoelasticity applies for time-dependent material response (e.g., creep, strain relaxation), a
generalized Maxwell model is used. The stress is expressed via a convolution integral:
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where C(t) is the relaxation modulus tensor, often expressed as a Prony series:

C(t) = Co + zNjci exp <_Ti)

=1

Cohesive Zone Models (CZMs)

For crack propagation and debonding along the adhesive-adherend interface (or within the adhesive
layer), Cohesive Zone Models are the dominant approach. They relate traction T to the displacement
jump d across the interface.

Traction-Separation Law
A typical potential-based formulation defines a scalar potential ®(d) such that:
00

T=35

For a mixed-mode bilinear law, the effective displacement §,,, is defined as:

Om = 1/ 02 + 02 + 67

where 9,, is the normal separation (opening), and d5, J; are tangential separations. The traction
components are:
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with the potential:

Om
B(6,) = /0 o(8)do

For a bilinear law, the effective traction o (4, ) increases linearly to a peak 0,4, at d,, = do, then
decreases linearly to zero at 6,,, = Jy.

Damage Evolution
A scalar damage variable D € [0, 1] is introduced. The traction vector is degraded:

T = (1 - D)Ké

where K is the initial penalty stiffness matrix (diagonal: K,,, K, K;). The damage variable evolves
according to:
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for g < d,, < df, with D = 1 when 6,,, > ¢ (complete failure).

Mixed-Mode Criterion
The critical energy release rates in mode | (G7¢) and mode Il (G;1¢) are combined via a power law or
Benzeggagh-Kenane (BK) criterion. The BK criterion is widely used:

Grr+Grrr )U_G
=Ge
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Grc + (Grre — Gro) <

where 7) is a material constant, and G ¢ is the total critical energy release rate.

Cohesive Zone Model Parameters

A critical step in numerical simulation is the derivation of CZM parameters from physical tests. The
logical progression is as follows:

Experimental Characterization

- Bulk adhesive tests (tensile, shear, fracture) provide elastic modulus F, yield stress o, and
fracture toughness G ¢, G_{IIC}.

- Joint-level tests (e.g., Double Cantilever Beam (DCB) for mode |, End-Notched Flexure (ENF) for
mode Il) provide load-displacement curves.

Extraction of Traction-Separation Law

- For a DCB test, the J-integral method gives the energy release rate GG; as a function of crack
length.

- The cohesive strength o0,,,,.. is inferred via inverse analysis: fitting finite element simulations to
experimental load-displacement curves.

- The characteristic separation \delta_0 is derived from o,,,, and the initial stiffness K (often chosen

as a large penalty value to avoid spurious compliance, typically K = 10° N/mm3).

Numerical Consistency
1
The element size [, in the cohesive zone must satisfy [, < glcz, where [, is the length of the

cohesive zone, estimated as:

EGc

(O-ﬂw,x)2
for mode I, where F is the adherend’s Young’'s modulus.

lcz -

Numerical Implementation

Finite Element Discretization
The governing weak form is discretized using isoparametric elements. For adhesive layers, two main
approaches exist:
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Continuum Modeling: The adhesive is meshed with solid elements (e.g., 8-node hexahedra or 6-node
pentahedra). Requires fine mesh through thickness (typically 2—4 elements) to capture stress
gradients. Suitable for large deformations and detailed stress analysis.

Cohesive Interface Modeling: The adhesive layer is represented by zero-thickness cohesive elements
placed between adherend shell or solid meshes. This approach is computationally efficient and natural
for crack propagation. The element formulation uses the traction-separation law directly.

Solution Procedures

Newton-Raphson iterations are used to solve the nonlinear equilibrium equations. Convergence is
challenging for snap-through instabilities or abrupt damage evolution. Arc-length methods (Riks) are
often employed for post-peak softening. For crashworthiness simulations, explicit time integration is
preferred. The solution advances using a central difference scheme:

i =M~ (R - F )
1:1(n—|—1/2) — ﬂ(?L—l/2) + u(n)At

where M is the lumped mass matrix. Explicit methods avoid convergence issues but are conditionally
stable (At < At..i+ = L. /cq, with ¢q4 the dilatational wave speed).

Multi-Scale and Multi-Physics Coupling

Advanced simulations incorporate coupled thermal-mechanical analysis using a viscoelastic
constitutive model with temperature-dependent cure kinetics and diffusion equations for moisture
coupled with swelling strains:

dc

where c is moisture concentration and D the diffusivity. The resulting hygroscopic strain is
Eswell = BACI

Cyclic loading is simulated using damage accumulation models, often coupling a Paris-law type
formulation with cohesive elements for fatigue life estimation:

da

— = C(AG)™

o = C(AG)

where da/dN is the crack growth rate, AG the cyclic energy release rate range, and C, m material

constants.

Concluding Remarks

Numerical simulation of structural adhesive joints has matured into a sophisticated discipline,
grounded in continuum mechanics, cohesive zone theory, and finite element implementation. The
cohesive zone models, derived from fracture mechanics principles, offer a physically meaningful
framework for simulating debonding.
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