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Development of Cohesive Zone Models
for BM™ Structural Adhesives

Introduction

As structural adhesives are used in more critical A
applications, the need for predictive techniques to
evaluate adhesive performance has become essential.
Finite element analysis (FEA) has emerged as a powerful
tool for modeling adhesive behavior under a wide range of
conditions. FEA can dramatically reduce design cycle time
by decreasing the number of experiments and optimizing
joint design. ™2

n

Traction (o)

Modeling structural adhesives requires a constitutive
material model and a corresponding set of material
properties. Continuum models can accurately predict
stress distributions in the adhesive, but are numerically
expensive and cannot effectively predict bond failure.
Cohesive zone models (CZM) are a damage modeling
technique that can simulate adhesive behavior fromsmall
elastic deformations to complete failure.® CZMsare
computationally efficient and eliminate singularitiesand
mesh dependencies encountered at sharp cornersand
defects. This white paper outlines the developmentand TestSketch | Material Paramter Description
test-coupon validation of cohesive zone models for 3M™
Structural Adhesives.
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Figure 1: Bilinear traction-separation curve with linear
elastic behavior and a linear decrease in traction after
damage initiation.
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Cohesive zone models simulate the adhesive bond with a Damege Qs ’

generalized cohesive traction force holding the adherends Fimur GNP T / (Gt Evrsy Reems e
together. The response of the adhesive layer to loads is

described by a traction-separation curve®. An example

of a bilinear traction-separation relationship is shown in

Figure 2: Material properties and tests required to build
a cohesive zone material data card (MDC). The model
assumes the adhesiveis isotropic, and the material
properties in the two shear directions (mode Il and mode
[l) are equivalent.

Figure 1. The curve is split into two parts: an elastic region
and a damage evolution region. Each of these regions is
described by a set of adhesive material properties®, which
are summarized in Figure 2.



Adhesive Material Properties

In the elastic region, the material response is defined by
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the normalized tensile modulus K; =T and Poisson’s
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ratio (v). Here is the adhesive layer thickness. These

properties are then used to calculate the normalized
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The damage initiation criterion is the peak of the traction
separation relation and marks the onset of material
response degradation. The damage initiation criterion is
typically defined as the ultimate tensile and shear strength
in modes | and Il respectively. The ultimate tensile strength
(0;) is measured with the butt joint test, and the shear
strength (0;;= 0y1), is measured with a thick lap shear test.
Mixed mode damage initiation can be estimated using a
quadratic nominal stress criterion®:
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Damage evolution describes how the material stiffness is

degraded after damage initiation. The damage evolution
region is defined by the damage parameter (D), and

Equation 2

critical fracture energy (G;.). D has an initial value of O at
the damage initiation point, and increases monotonically to
1 at complete failure:

o0, =1 —-D)g; Equation 3

Here 6 is the undamaged traction vector component.

The critical fracture energy is the area under the traction-
separation curve (Figure 1). The mode | and mode Il
critical fracture energies are typically measured using the
tapered double cantilever beam (TDCB) test and end-
notched flexure (ENF) tests respectively (Figure 3). The
critical fracture energy can be calculated using the Irwin-
Kies equation:’

G = =5 Equation 4
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Here, F denotes the average peak force, w the specimen
width, and dC/da the derivative of the specimen
compliance C with respect to the crack length a. The
mixed mode fracture behavior can be estimated using the
Benzeggagh-Kenane (B-K) law:®
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Equation 5

Figure 3: TDCB and ENF testing setup and results. The
location of the crack tip is measured with 3M proprietary
crack tip location tracking algorithm.

Material Data Card Assembly

The adhesive material properties can be implemented
into a material data card (MDC), which can be imported
directly into FEA software. An example of a cohesive zone
MDC for Abaqus is shown in Figure 4.

In general the material properties depend on the strain
rate and joint geometry, especially the bond line thickness.
Material properties should therefore be measured under
conditions similar to those expected in the end use.
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Figure 4: Adhesive material data card for Abaqus.



Test Coupon-Validation

Material models must be validated by experiments

to ensure that the model represents the real material
behavior with sufficient accuracy. Validation should be
done at the coupon level, as well as the subcomponent,
component, and completed product level. Figure 5 shows
coupon level validation using the T-peel and single lap
shear tests. Figure 6 shows a validation using the 90°
double lap shear test, which results in a complex stress
distribution with mixed mode behavior. 3M customers can
validate 3M™ Structural Adhesives in their own designs
using these 3M-provided test coupon-validations.
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Figure 5: Coupon level validation of the cohesive zone
material model using the T-peel and single lap shear tests.

Experiment vs. Simulation
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Figure 6: Coupon validation of the adhesive model with
mixed mode behavior by the 90° double lap shear test.

Conclusions

Providing customers with validated MDCs enables
accurate and rapid assessment of adhesive performance
and joint design. For guidance implementing structural
adhesives in your application, reach out to the experts at
3M.
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