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INTRODUCTION

The adhesion of significantly disparate materials is commonly used in a wide range of
systems from joints bonded with adhesives (refs. 1 through 4) to coatings (ref. 5) to barnacles and
other fouling marine organisms on shipping vessels (ref. 6). The quasi-static tensile adhesive
strength is often of most importance since many of these applications involve a thin coating of the
adhesive. In these situations, pull or peel tests are often performed as a means to gage interface
strength (refs. 4 and 6 through 9). When systems are subjected to highly dynamic loads, when
adhesive layers are relatively thick compared to the adherents, or when loading modes involve shear
in addition to or instead of tensile forces, such standard methods for assessing adhesive strength are
no longer applicable, and other means to estimate conditions that induce failure of the bonded
interface are required (refs. 7 through 12). Further, when these adhered interfaces are a small part of
a much larger system and when the overall system response, rather than that of the adhered joint
itself, is of interest, it is not always possible to specifically characterize the interface behavior. As a
result, estimates of the interface behavior are made, often through the application of frictional
interface models to represent a failed adhesive or a fully bonded interface model to represent an
adhered interface (refs. 7, 8, and 11 through 13). However, it has been shown that the use of friction
and contact models do not appropriately capture the behavior in many conditions between initially
adhered interfaces. It has been shown that the transitions between adhered, failing, and fully
separated states of an interface, including the resulting energy losses, must be well represented in
order to properly predict the effect that they may have on the overall system behavior as well as that
of the neighboring components (refs. 11, 12, and 14). The intent of this study is to examine the
differences in the prediction of the behavior of a representative system of an epoxy-filled metal
housing that is subjected to an impact load when using different interface model types and
parameter values. The insight gained from this study can guide the selection of an appropriate level
of detail in the interface model used for a particular application.

The importance of incorporating a model that well represents the interface behavior between
an adhesive and adherent, such as an epoxy and a metal, has been shown in a number of studies,
particularly as the thickness and mass of the adhesive increases and the load acting on the system
becomes more transient. In an examination of the behavior of a polymer epoxy-based explosive that
fills the interior of a large caliber munition, it was found that the use of a friction model at the initially
adhered interface between the epoxy explosive and an aluminum shell could not accurately predict
the deformation in the explosive within a munition that was seen through X-rays taken during an
experimental gun launch event (ref. 12). Even with an improved constitutive model of the material
properties of the explosive, the simulation could not predict the deformed shapes seen in the X-rays,
particularly the concave geometry that results on the faces with surface normals that are initially
parallel to the direction of the acceleration (ref. 11). The authors of reference 11 concluded that the
observed concave shape was a result of the movement of the bulk material of the epoxy-based
explosive in the direction of motion due to the inertial force, which is resisted by the chemical and
mechanical adhesion at its interface with the metal shell. They concluded that the discrepancy
between the simulation and experimental observation showed that the interaction between the
initially adhered components was not negligible compared to their bulk behaviors, even under the
inertial loads induced in gun launch. Therefore, a computational model that includes a proper
representation of the adhesion and failure of that adhered interface in addition to the improved
material model would be needed to properly predict the experimentally observed system behavior.

This conclusion was also made in the study of the adhesive strength of an “elastomeric
potting material” that is often used to encapsulate or surround sensitive electronic components in
order to damp vibrations or other loads, such as what may occur due to impact loads (refs. 7 and 8).
The concern of this study was the stresses that are induced in the electronic components adhered to
the epoxy material due to its expansion and contraction as a result of environmental temperature
changes. In a series of studies, the author examined the sensitivity of interface model types and
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parameters on the prediction of adhered interface behavior under quasi-static tensile and shear
loads. In these studies, thin layers of epoxies were sandwiched between aluminum plates. The
progressive separation behavior between these layers that was observed experimentally was able to
be replicated computationally with the proper selection of model parameters. However, the authors
noted a “considerable uncertainty in the calibration of the traction-separation model parameters
developed” (ref. 7) in their work.

The studies reviewed indicate that while the inclusion of adhesive interface models may be
important to capture system behaviors that are influenced by changes in the integrity of these bonds,
the ability to properly predict this behavior can be difficult. A number of modeling methods have been
developed to study adhesives, adhered joints, and their failures. There are three main ways to study
interface behavior: (1) through local constitutive material models, (2) through local interface models,
and (3) through bulk effects of adhesion models (ref. 14). Material constitutive models simulate the
adhesive behavior with customized elastic-plastic models and can involve fracture, damage, or other
failure models. They are applied through volume (area) elements that have mass. However, these
often require extensive material testing to obtain the information required to identify the appropriate
material model parameters and coefficients. Interface models are implemented through zero-
mass/zero-thickness surface elements. They relate the normal and shear traction at the interface to
the relative motion/separation of the adhered surfaces in a similar way to that of contact models for
non-adhered interface interactions. Local interface models can include additional functions to predict
the work of the progressive interface failure/debonding and associated separation as well as the
energy dissipation that result from the separation (ref. 13). These energy changes are incorporated
into the constitutive material model in a similar way to that of the transient energy dissipation due to
material failure. Because of the similarity to contact, the adhesive interface models have the benefit
of being able to directly convert to contact/friction interface models as the surfaces separate. Finally,
bulk behavior models integrate the local behavior over the areas of the contacting surfaces to
address the potentially multiple scales over which the adhesive behaviors can act, such as the
effects of surface roughness, intermolecular forces, and microstructures.

For the loading environment of interest in the current work, the effects of shear forces in
addition to normal tractions exist at the interface between the volume of epoxy and its metal shell
container. While the adhered surfaces in the system studied are a small, relatively uncharacterized
component of a larger system, the mass of the adhesive itself is of significant mass in comparison to
the other system components. As a result, local interface models were the focus of the current
investigation.

Previous experimental studies have examined the effects of the relative size of the adhesive
layer compared to the overall system and of the loading conditions on the interface strength. A study
was performed examining the tensile strength as a function of diameter of the adhered region,
modulus of the adhesive, and thickness of the adhesive layer (ref. 6). When the thickness of the
adhesive was much larger than the radius of the adhered region, the adhesive strength was
proportional to the square root of the ratio of the adhesive modulus to the radius of the adhered
region. In contrast, when the thickness of the adhesive was much smaller than the radius of the
adhered region, this measure was proportional to the square root of the ratio of the elastic modulus
to the thickness, indicating an increased influence of adhesive thickness. In a similar study, the effect
of adhesive thickness, adhesive modulus, and loading shear rate on the shear strength of the
interface between an aluminum plate and a coating of Loctite was investigated (ref. 5). It was found
that for low modulus adhesive, on the order of 0.1 MPa, the shear stress at the interface increased
significantly with decreasing adhesive thickness, as less energy was used to deform the relatively
compliant adhesive. With the thinner coatings, the shear rate studied, on the order of 10 microns/s,
also had a noticeable effect on the shear stress. However, as the modulus of the adhesive increased
to be on the order of 1.0 MPa, the shear rate and thickness effects were no longer significant, though
greater loads were required to cause failure at the adhered interface than for the lower modulus
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adhesives for equal material thickness and load rates. Finally, this study showed that under higher
strain rates, such as those due to impact, on the order of 100 s', the adhesive shear strength was
shown to increase with increasing strain rates over the adhesive strength measured under quasi-
static conditions.

In each of these experimentally studied systems, the conditions under which an interface fails
vary based on the characteristics of the system. Therefore, an understanding of the relationships
between the system conditions and the interface behavior becomes important to the proper
prediction of the separation of initially adhered surfaces using computational models. Some studies
have been previously performed to understand the limitations of the interface modeling methods that
were used to predicting interface separation behavior. In an investigation of the failure of single-lap
joints, it was found that interface model that was used effectively predicted the system behavior for
brittle or moderately ductile adhesives but not for adhesives that resulted in significant plasticization
before failure (ref. 2). The authors of this study concluded that in such cases, the failure occurs in the
bulk of the adhesive, not at the interface, and, therefore, without modeling the adhesive explicitly,
such behavior and damage could not be predicted. Other studies have shown that the type of
softening law used in the damage model did not have a significant influence on the predictions of
interface failure when the adhesive thickness was small compared to the component length scale
(ref. 3). This corresponds with the experimentally observed behavior regarding the effect of adhesive
thickness on interface strength and energy dissipation during separation of adhered surfaces that
was discussed earlier in this review.

Studies such as the ones described can be helpful to guide both the selection of adhesives
for particular applications and the development of computational models to predict their behavior.
Often, computational models require the experimental determination of parameters which are used
as part of the material or interface behavior models. Despite the significant information available on
the system conditions and parameters that may influence adhesive interface strength, which can be
used to direct the experimental studies that obtain these parameter values, for many design
applications, particularly where the interface is not the focus of the design, the experimental
determination of model parameters, even for built-in routines, may not be feasible. As a result, the
adhesive interface is often ignored, and simply fully bonded or fully separated, frictionless, interface
conditions are examined to “bound” the problem at the two potential extremes. These two extremes
induce different interactions, from local stressing of bonded interfaces being pulled from each other
to impact between components free to slide, unrestrained, within a system. This can cause a
challenge in making design decisions, especially as design limits are approached and safety factors
are small.

As described in this brief review, to obtain a better estimate of the interface behavior between
initially adhered surfaces, particularly if separation between them cannot be excluded under the
conditions studied, the strength of the adhered interface, the energy release from its separation, the
change in behavior with time as the bond is gradually broken, must be included. The phenomena
modeled must include the reduction in bond length and the new interface behavior that begins, such
as sliding friction, contact, or rebonding. Further, while the reviewed work does examine the effects
of the system and loading parameters, such as load rate, adhesive thickness, and adhesive stiffness,
few studies have examined how well the values of these parameters must be known. Specifically,
not well understood is the sensitivity of the adhesive model parameters used in a system where the
mass of the adhesive has a significant contribution to the overall system mass and inertial effects are
important to understanding interaction of initially adhered components under high-load rate
conditions. With a focus on applications where the adhered interface is not being designed, though
its behavior influences the function of the system that is being designed, this study examines built-in
interface model features of LS-DYNA and Abaqus. The sensitivity of the predicted system behavior
to the interface model parameters used, the influence of the use of an adhesive interface with
interface damage and failure rather than a frictional or bonded interface model to transfer for
tangential and normal loads between components, and the differences in the two software packages
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will be explored. The focus will be on the system with initially fully bonded epoxy-to-aluminum
interfaces within a system subjected to a range of transient loads.

METHODS

The work was performed in two main stages. In the first stage, the built-in cohesion/adhesion
modeling capabilities of two commercial software packages, Abaqus and LS-DYNA, were used to
simulate the quasi-static behavior under pure axial tension and under pure shear of two metal plates
bonded through a layer of epoxy adhesive. The effect of the adhesive model parameters that were
used was evaluated as the results of this study were compared to those in a previously published
work (ref. 7). Once the adhesive model was validated for quasi-static conditions, it was then used to
evaluate a system where a volume of adhesive material fills a cylindrical metal container and the
system is subjected to a dynamic load. The effect of the load magnitude and failure parameters of
adhesive interface model were studied. Comparisons of behavior to the use of a friction interface
model were made. In addition, the behavior predicted by two commercial codes with the same set
of system, loading, and interface model parameters were also compared for a range of loading
magnitudes. Through these methods, a better understanding of the model parameters that most
influence the predicted behavior of adhered interfaces under a range of conditions and of the
benefits and limitations of currently available commercial codes is obtained. Abaqus CAE 2019 and
LS-DYNA version R10.1.0 with LS-PrePort-4.6.1 were used in this work.

Material Models

The systems studied were comprised of two materials. The metal was aluminum and the
adhesive was Sylgard. This combination followed a previously published study used for validation
(ref. 7). The material models and properties used in this work are briefly presented. The same
material models were used for both the quasi-static and the dynamic conditions examined.

Aluminum

The plates in the quasi-static study and the cylindrical canister in the dynamic study were
made of aluminum 7075. A linearly elastic isotropic material model was used to represent the
aluminum since failure and damage to the system was assumed to be solely at the interface with the
adhesive. The model represented the aluminum with a density of 2,810 g/m3, an elastic modulus of
71.7 GPa, and a Poisson’s ratio of 0.3.

Sylgard (Epoxy)

The epoxy adhesive binding the aluminum plates in the quasi-static study and within the
canister in the dynamic study was Sylgard, represented as an isotropic, hyperelastic, nearly
incompressible rubber material. Following the previous work (ref. 7), the density of the adhesive
used in this study was 1,030 g/m3, the initial shear modulus, , , was 0.44 MPa, and the initial bulk
modulus, k,, was 1.214 GPa. The Poisson’s ratio, v, which represents the relative compressibility of
this rubber, was found to be 0.4998 through the relation:

The material model used will be briefly explained and the implementation through built-in
functions in the two commercial finite element codes used in this work, Abaqus and LS-DYNA, will be
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presented (refs. 15 and 16). Following the previously published study that was used to validate the
model created in this work, a heo-Hookean material model was employed.

The neo-Hookean material model describes the local strain energy density, ¥, as a
simplification of the polynomial series function of the scalar invariants, I;, of the right Cauchy-Green
strain tensor, C, at each point in the material in the following way:

Y, ) =c(y—3) +d3 —1)2 (2)

where cand d are material property constants and the invariants are written as:

1,(C) = tr(C) (3a)
1,(C) = %((tr(cz))2 - tr(CZ)) (3b)
I3(C) = |C] (3c)

and. This form is valid for moderate stretches of the material where the strain does not exceed 100%
(ref. 17).

For the isotropic conditions, the Cauchy-Green strain tensor is symmetric so that the
invariants can then be written in terms of the eigenvalues of the tensor, or physically, the principal
stretches, 4;. As a result, the third invariant becomes the square of volumetric compression ratio, J.

I(C) = |C| = J? (4)

Therefore, if the material is incompressible or nearly incompressible, the volumetric
compression ratio approaches a value of one, so that the third invariant term in the strain energy
density function form in equation 2 typically becomes negligible compared to the first invariant term.
It is useful to decouple the dilatational and deviatoric behavior in order to create modified
expressions of the invariants in equation 3, which are identified by the bar as, I,. The decoupled form
of the strain energy density is in equation 5.

W, ) =c(;—3) +d(;—1)° (5)
These modified invariants correspond to modified principal stretches, A,.
In finite element formulations, the separation of the dilatational and deviatoric effects is
beneficial to the numerical solutions involving this constitutive model. Further, the approximation of
an incompressible material with such a decoupled compressible formulation using a Poisson’s ratio

slightly less than 0.5 helps the numerical stability of this solution (ref. 17).

Such a form is used in the commercial code Abaqus (ref. 15) where the strain energy density
function is of the form:

w(l,)) =22 —3) +22( - 1)? (6)

where the volumetric compression ratio and the material properties can be functions of temperature.
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For the material considered in this work, the Poisson’s ratio was 0.4998, making the second
term in equation 6 negligible. Thus, the strain energy density function for the material examined in
this study is nearly a linear function of the modified first invariant of the strain tensor used.

w(i) =B (f, - 3) @)
If two terms are held in the polynomial expansion of the isometric hyperelastic material

instead of just one as in the neo-Hookean material model described previously, a Mooney-Rivlin

model results. In the Mooney-Rivlin model, the effect of the second invariant is also considered,

allowing for larger stretch (strain) magnitudes to be considered. This model is described as:
l'IJ(I]_ ,12,13) - Cl(ll - 3) + Cz(lz - 3) + d(13 - 1)2 (8)

LS-DYNA does not have a built-in neo-Hookean model (ref. 16). However, it does have a
built-in Mooney-Rivlin model with a small volumetric compression assumption. The specific form
used in this software is:

Wl I Is) = AL —3) +B(l, —3) + C (Iiz - 3) + DIy — 1)2 9)

where A, B, C, and D are material parameters such that y, = 2(A+B),C =054+ B, and Dis a

function of A, B, and the Poisson’s ratio, v. With a nearly incompressible material, the last two terms
of equation 9 become negligible, and the material model is reduced to:

W, 1) =AU, =3) +B(U;—3) (10)

To obtain a material model that is nearly the same as the one used in the Abaqus neo-
Hookean model described in equation 7, the parameters A and B can be selected so that:

Wy, ) =G -1 —-3) +1(,—3) (11)

With the magnitude of the shear modulus y, of the studied epoxy material as defined in equation 11
as much larger than 1, it can be reduced to:

Wty ) =L, - 3) (12)
Interface Model

Built-in surface-based cohesive models of two commercial codes (Abaqus and LS-DYNA)
(refs. 15 and 16) were used in this work and the results compared. The general models used in each
of these software will be briefly discussed. Specific parameters and features used in each of the
cases studied will be presented with the description of the case.

The built-in cohesive interface function in Abaqus focuses on controlling the movement of
slave nodes that are initially in contact for a predefined pair of surfaces. A surface traction is created
to simulate the forces generated between the bonded surfaces upon loading. This traction is
proportional to the strain at these surface nodes due to compliance in the adhesive material which is
being simulated by the cohesive interface model. In this study, the interface is given independent
normal and shear stiffnesses so that the traction separation rule in equation 13 results. In the
following equations, the subscripts 7, s, and frepresent the normal component and the two shear
components, respectively. The surface traction vector for the slave node at the adhered interface is t,
K is the stiffness matrix, and & is a vector that describes the relative motion of the slave node from
the master surface.
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tal [Kmm O 0776,
[ts =0 Ks O (S‘S] (13)
tt 0 0 Kt’t 6t

Damage to the interface can be initiated through a number of criteria. The simplest, a
maximum nominal stress, was used in the Abaqus models in this work (see eq. 14). In this equation,
the superscript Oindicates the traction of the user-input adhesive strength material property. Only
tensile, not compressive, normal traction is considered. This is indicated by the brackets as in (t,,).

max{w ts &} —1 (14)

to 'td’ ¢t

Once initiated, damage can evolve in a number of different ways. Damage is described as
the rate in which the cohesive stiffness is degraded once the damage initiation criteria is reached.
Thus, after the interface failure strength is reached, the traction at the interface surface in equation
13 is scaled from its peak value t, by the damage parameter D as:

t=(1-D)t, (13)

The damage parameter Dis equal to zero when no damage exists. It is equal to one when full
damage occurs. The damage parameter is assigned to each node pair for nodes that are initially in
contact at the adhered surface. The separation during the process of interface failure is then
calculated based on this new degraded traction and the original interface stiffness. In the built-in
features in Abaqus, the damage parameter D can be either a function of the displacement of the
slave nodes relative to the master surface or a function of the energy at the failing interface. The
relationship between the damage parameter and this measure of the interface state at each slave
node can be linear or exponential. Because there is compliance at the interface through equation
13, there is a certain amount of separation of the adhered surfaces that can occur before the
damage is initiated. The separation after this threshold value then progresses while producing
increasing amount of damage until the interface is fully separated.

An effective separate §,, of each slave node is calculated based on the components of the
separation vector in equation 13 as:

8 = /(8,)? + 62 + 67 (16)
If the progression is a linear decay, the damage parameter then becomes:

_ e,

D=
st 59,

(17)

The superscript 0indicates the separation at the time that the adhesive interface strength is
achieved at that node pair. The superscript f indicates the user-input material parameter (separation
at failure) related to the damage evolution model, the maximum separation to failure. The superscript
max indicates the maximum separation of the slave node from the master surface up to the current
time during this progressive interface failure.
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If the progression is an exponential decay, the damage parameter is defined as:

smax_ 50
1—exp(—au

5‘?n 1 _ 511;,_5‘(’)71

smax 1-exp(—a)

D=1-

(18)

where the exponent o is user-input material parameter.

The energy-based damage parameter uses a linear decay based on the change in the area
under the traction separation curve. This is then compared to a user input maximum “fracture
energy,” G, such that:

A 19

— smax(sf _s0 (19)
smax(s],-5%,)

where 6,’; = 2G /TJy; and T, is the effective traction at damage initiation, which is calculated

following the effective separation in equation 16.

When separation is complete, the interface behavior can transition to a contact behavior. In
Abaqus any contact formulation can be used that is allowable for the solver and element types
employed. Contact behavior is simulated using a modification of the standard isotropic Coulomb
friction model. In this model, the shear stresses on the contacting surface are combined to an
effective shear stress as:

Terit = MP (20)
where p is the friction coefficient and Pis the normal pressure due to contact.

The motion is defined so that nodal shear stress no longer increases with increased nodal
displacement beyond this critical shear stress. A penalty contact enforcement method is used.
Normal contact can similarly be calculated between separated surfaces should they subsequently
interact.

In LS-DYNA, the adhered surfaces were modeled using a “tiebreaker” function. In this
function, nodes initially in contact are assumed to remain in contact, using a standard penalty
formulation, until the damage initiation criterion is reached. The standard penalty formulation gives
an interface stiffness approximately the same order of magnitude of the stiffness of the underlying
master element. Therefore, unlike in Abaqus, a specific interface stiffness need not be defined.

The failure is initiated at each element based on the interface stress components when:
loal]” |, [iosl]?
n S
—| +|—F] =1 21
[a,{] [U;] it

where the superscript findicates the user-input interface adhesive strength and the subscripts nand
sindicate the components in the normal and shear directions, respectively.
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The damage progresses as a linear function of the distance between points that were initially
in contact as:

o = (D)o, (22)

where the subscript o indicates the stress tensor at the time that the adhesive strength is reached.

The energy released due to the failure, £, at the interface can then be estimated as:

E = 0.5 (8,yi:)\/max(oy,, 0)% + a2 (23)

where §.,; is the separation between the slave node and the master surface at the time when the
separation between the slave node and the master surfaces reaches the user-input maximum
separation distance to failure.

LS-DYNA uses a similar contact model based on Coulomb friction. The particular methods to
identify, enforce, and control contact, while also penalty-based, vary in details from those used in the
Abaqus software. See the respective documentation for further details (refs. 15 and 16).

These basic models were used and compared to predict the separation behavior between the
Sylgard epoxy material and the aluminum metal material under a range of loading modes and
magnitudes.

Quasi-static - Single Mode Loading

The prediction of the failure of the studied interfaces under single mode loads was first
examined. These studies were based on those of Stevens (ref. 7), who used the Abaqus built-in
cohesive interface model to predict experimentally measured tensile and shear separation forces of
systems of aluminum plates adhered together by a thin adhesive layer of Sylgard. Qualitative
comparisons will be made between the separation behavior predicted by this model and that of the
Stevens’ work. Quantitative comparisons are also made between the traction-separation curves
under each loading mode found in this work and that of the referenced study (ref. 7).

Tensile Adhesive Strength

Tensile adhesive strength was examined using a system of two 15-mm tall, 16-mm radius
cylindrical aluminum disks initially bonded over the entire area of the two facing circular surfaces with
a 0.25-mm thick layer of the epoxy Sylgard. The system was modeled using the commercial code
Abaqus version 2019. The material properties were as described previously. The interface model
described previously was also used with a displacement-based exponential damage evolution model
as in equation 18. The two adhered interfaces were given a normal stiffness of 210 GPa and a
tangential stiffness of 420 GPa following the referenced work (ref. 7) and guidance from a work by
Chung and Chaudhury (ref. 6). In reference 6, it was indicated that, for thin layers, the interface
shear stiffness can be approximated as one hundred times the ratio of the shear modulus of the
adhesive to the thickness of the adhesive layer and that normal stiffness of the interface bond can be
approximated as half the shear stiffness. The maximum normal adhesive strength used was 0.44
MPa, and the maximum shear adhesive strength was 0.3 MPa, following the work of Stevens (ref. 7).

The maximum displacement to failure 5,’:,was 2 mm with an exponential decay parameter o of 4 (see
eq. 18).

A one-quarter symmetry model was used in this study (fig. 1a). The bottom surface of the

bottom disk was fully constrained. The top surface of the top disk was kinetically coupled to a single
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node at the center of this disc (on the axes of symmetry), which was moved normal to the surface at
a rate of 0.01 m/s. A quasi-static dynamic implicit analysis was performed with a constant timestep of
5e-7s. A constant timestep was used to control the rate of separation of the discs to be comparable
to that of the cited experiment. With a constant displacement rate of the top surface for this the
quasi-static analysis, the timestep controlled the rate of separation of the adhered interfaces. The
reaction force at the control point node where this displacement rate was applied was tracked with
each timestep.

(@)

Model with boundary conditions and loads

(b)
Mesh

Figure 1
Quasi-static tensile adhesive strength model

The aluminum disks were meshed with 500 micron linear three-dimensional hexahedral
elements with reduced integration and hourglass control. The epoxy, which was made of the
hyperelastic material, was meshed with 50 micron linear three-dimensional hexahedral elements with
a hybrid formulation, reduced integration, and hourglass control per guidance from the Abaqus
documentation for this material type (ref. 15). The mesh of the epoxy was an order of magnitude
smaller than that of the metal disk, so that the behavior of the epoxy during the progressive failure of
the interfaces with the aluminum plates could be well captured. With a mesh of 100 micron elements,
comparable force-displacement behavior resulted, but the deformation of the epoxy layer during the
separation was found to be somewhat different. As a result, the finer mesh was used in this study
(see fig. 1b)

Approved for public release; distribution is unlimited.

UNCLASSIFIED
10



UNCLASSIFIED

Shear Adhesive Strength

The shear adhesive strength was examined through a thin (0.25-mm) layer of epoxy bonding
two long aluminum blocks with a square cross section of 100 mm? and a length of 70 mm. The same
material properties as used in the tensile adhesive strength study were applied to this system. The
same normal and shear adhesive strengths as the tensile study were also used here. However, the
normal and shear cohesive interface stiffnesses were reduced by approximately 50% per the
referenced paper (ref. 7) to 105 and 192 GPa. Following the previous work (ref. 7), an energy-based
damage evolution model was employed in this shear strength simulation, with a failure energy of 50
N-m. After the surfaces separated, a sliding friction coefficient of 0.2 was to be applied.

The two aluminum blocks were constrained by L-brackets as in figure 2. The bottom bracket
was constrained in all degrees of freedom. The top bracket was constrained in all degrees of
freedom except in the direction of the shear force. The blocks were prevented from moving in the
direction of their longest dimension. The left side of the top L-bracket was kinetically tied to a single
node to which a constant displacement rate was applied. The fixed boundary condition on the right
side of the bottom plate was similarly applied using a kinetically tied single node. A penalty function
enforced contact method was applied to all interfaces between blocks and brackets, and a sliding
friction coefficient of 0.2 was used. Following the referenced study (ref. 7), a small gap was left
between the top of the top aluminum block and the top L-bracket to allow slight rotation of the block,
facilitating separation. The size of the gap was adjusted to control the separation behavior. A quasi-
static dynamic implicit analysis was performed. The reaction force at the constrained nodes was
tracked at each iteration.

Figure 2
Quasi-static shear adhesive strength model

The aluminum blocks were meshed with 1-mm three-dimensional linear hexahedral elements
with reduced integration formulation and hourglass control. The epoxy was meshed with 0.25 x 0.25
x 0.1-mm three-dimensional linear hexahedral elements with a constant pressure/hybrid formulation,
reduced integration, and hourglass control. The brackets were modeled as discrete rigid shells.
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Dynamic Loading

Next, the separation of adhered surfaces between the epoxy and metal materials was
examined under dynamic conditions. The system used in this study represented an aluminum
cylindrical canister that has two main regions. The larger region was nearly filled with the Sylgard
epoxy except for a small gap space. The epoxy was initially fully bonded to the top and sides of the
inner surfaces of the aluminum canister. The smaller region at the bottom was unfilled. A transient
pressure load of the profile in figure 3a was applied to a bottom exterior surface of the canister as
shown in figure 3b over a total duration of 8 ms. The amplitude of the pressure load was scaled to a
peak pressure that was calculated so that the system was accelerated by a maximum of either
0.015, 0.17, or 8.25 kG. The system investigated in this dynamic was created so that the inner
chamber of the canister had the same radius as the quasi-static tensile adhesive strength study and
the same length as the quasi-static shear adhesive strength study.

Time (ms)

(@)

Dimensionless load profile

Figure 3
Model for comparative studies under dynamic loads
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Pressure

(b)

System model

Figure 3
(continued)

The system was represented with an axisymmetric approximation using 500-micron elements
for the aluminum housing and 40+micron elements for the epoxy. Linear quadrilateral axisymmetric
elements with a reduced integration formulation and hourglass control were used for each system
component. An explicit solver was used for this transient analysis. The total contact force between
the epoxy and the bottom surface of the main interior chamber of the canister was tracked at each
timestep as a measure of the effect of the separation of the epoxy from the canister during the
dynamic event. The bottom of the inner chamber containing the epoxy was created to be separate
from the outer wall of the canister so that the applied pressure load did not directly affect the
interaction of the epoxy and the canister wall. The stress distributions in the canister were also
qualitatively studied.

The general interface model described previously was used. The adhesive strength was the
same as in the quasi-static studies. The interface stiffness and damage evolution parameters were
varied to examine their effects on the contact force as a result of the separation of the epoxy from the
canister both in its magnitude and the timing of this impact. Once full separation occurred, the
cohesive interface behavior was converted to a general contact model with a coefficient of sliding
friction of 0.1. The system was also studied using a frictional interface contact model only, without
adhesion, in order to assess the differences in the predicted behavior of the epoxy in the canister.
The friction coefficient was varied from 0 to 0.9.
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Figure 4
Effect of gap size on contact pressure between separated epoxy and base of canister

Previous work has suggested a number of ways to define the normal and tangential moduli of
adhered interfaces, some of which include the effects of the area and thickness of the adhesive
layer. The sensitivity of the model predictions was demonstrated, in part, in the two-fold differences
in interface stiffness used in the referenced paper that was the basis of the quasi-static studies (ref.
7). While some studies (refs. 1, 5, and 6) have indicated that strain rate and thickness effects on
interface stiffness become negligible as the thickness and material modulus of the adhesive
increases, the relationships between material and interface stiffness are not well established,
particularly under dynamic loads. As a result, the normal and shear stiffness of the adhesive
interface were simply selected to be both equal to the bulk modulus of the Sylgard material for the
next set of studies.

The system was evaluated using the two commercial codes Abaqus and LS-DYNA. A
number of cases varying the interface model parameters and load were evaluated using Abaqus
(table 1). For each of the three load magnitudes examined, an interface strength of 1, 10, and 100
kPa was evaluated. For the largest load and highest interface strength, the effect of the damage
evolution model was examined, comparing the energy-based and displacement-based methods.
The effect of the interface stiffness was also evaluated for this load and interface strength, with the
stiffness reduced an order of magnitude. Finally, rather than a cohesive interface model, a frictional
interface model was used, varying from frictionless to an interface friction coefficient of 0.9. The
magnitude and timing of the maximum contact force between the epoxy and the bottom face of the
canister were compared among all of these cases.
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Table 1
Effect of interface model cases studied
Maximum Interface Interface - LS-
Case acceleration strength Damage normal Friction DYNA
evolution stiffness coefficient
(kQ) (kPa) (GPa) model
1 0.015 1 Piplacement/ 0(e9) -
xponential
2 0.17 1 Diplacement/ 0(e9) -
xponential
3 8.25 1 Deplacarment/ 0(e9) - X
xponential
4 0.015 10 Deplacarmont/ O(e9) -
xponential
5 0.17 10 Deplacarmont/ O(e9) -
xponential
6 8.25 10 Deplacarmont; O(e9) - X
xponential
Displacement/
7 0.015 100 Exponential O(e9) -
8 0.17 100 Piplacemert/ O(e9) -
Xponential
9 8.25 100 Displacement/ 0(e9) - X
Exponential
10 8.25 100 Energy 0(e9) --
11 8.25 100 Désplacemgnt/ 0(e8) _
Xponential
12 8.25 - - - 0 X
13 8.25 - - - 0.1
14 8.25 - - - 0.2
15 8.25 - - - 0.3
16 8.25 - - - 0.5
17 8.25 - - - 0.7
18 8.25 - - - 0.9 X

Note: LS-DYNA does not have an interface stiffness parameter. A linear displacement-based damage evolution with a
maximum separation to complete failure was used.

A subset of these cases was evaluated using LS-DYNA (noted with an X in table 1). Because
the damage evolution behavior was different for the built-in function of LS-DYNA, although a
displacement-based model can be used, a series of studies were performed to select the model
parameters that would produce a system behavior that corresponded to the behavior predicted for
the displacement-based damage evolution model using the Abaqus built-in function. Comparisons
were noted among cases and software, so general conclusions could be drawn regarding the
behavior predicted with the various interface models, the sensitivity to the model parameters
selected, - the loading conditions to which the system was subjected, and the influence of the
commercial package used.
Approved for public release; distribution is unlimited.
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RESULTS

Using the three main systems described, the effects of the interface model and model
parameters on the separation behavior of a metal-epoxy interface were examined. The quasi-static
validations studies involving the single mode loading bond strength on an assembly of two aluminum
plates held together by a thin layer of epoxy will first be discussed. Next, the studies of a cylindrical
canister partially filled with a volume of epoxy bonded to the internal surfaces of the canister will be
presented. Finally,he effects of the interface model parameters, the commercial software used, and
a comparison to a contact-based friction interface model with no adhesion will be evaluated.

Validation Studies

To understand the effects of the interface model parameters on the prediction of the
separation behavior between a metal and an epoxy, two validation studies were performed. In the
first study, the tensile separation was examined under quasi-static conditions. In the second study,
the shear separation was evaluated.

Tensile Adhesive Strength

In the simulations of the tensile adhesive strength, the model developed in this work was able
to qualitatively predict the general sinusoidal “cavitation-like” failure behavior of an interface of a thin
adhesive under tensile load that has been described in a number of experimental and computational
models (refs. 6 and 7). Further, the tensile force to separation predicted by this model was within
20% of the experimentally predicted tensile force to separation for the same system that was
presented in the published paper on which this validation study was based (ref. 7).

The “cavitation-like” interface failure behavior that has been described in the separation
phenomena of thin adhesive “sandwiches” under tensile load results from local areas of separation
that initially form within the interior of the areas of adhesion. These pillar-like structures then fail
locally from the edges of their areas of contact. The pillars also stretch under the tensile load as they
are pulled by their adhered surfaces to the moving and fixed aluminum plates. The interaction
between the stiffness and the strength of the adhesive material itself is countered by the adhesive
strength resulting in the patterns of failure seen. The distance between these pillars along a two-
dimensional cross section has been shown to be a scalar multiple of the adhesive thickness (refs. 6
through 8). Figures 5a and 5b show the development of the pillar structures predicted by the current
model. For this behavior to be simulated, a very fine mesh in the adhesive and a very small timestep
are required. Figure 5¢c shows the damage parameter at the interface between the top aluminum
plate and the adhesive. Red indicates fully separated, blue indicates full bonded. Notice that as the
“pillar” thickness decreases, the stress at the adhered region, and therefore, the magnitude of the
damage parameter, increases, until full separation occurs. The bands of common radial dimension
and damage parameter in figure 5c correspond to the sinusoidal pattern of these pillar features in the
two-dimensional axisymmetric model of Stevens (ref. 7) and the analytical models of Chung (ref. 6).
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(@)

Separation of epoxy layer from aluminum plates

(b)

Mesh used to achieve this behavior

Note: Blue indicates fully bonded and red indicates fully separated.

(c)
Damage parameter in individual elements of top surface of epoxy during separation

Figure 5
Adhesive failure under tensile load

Figure 6 shows the force displacement curve for the load on the top plate. While the peak
force well correlated to that predicted by the previous publication, the force during the evolution of
the damage predicted in this model was different. This is likely due to the differences in the rate of
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separation of the two aluminum plates, the material model of the epoxy, and the damage evolution
model and parameters used in the two models. The previous publication varied these parameters
until they were able to match the experimental data, but noted how there was large uncertainty in the
“calibration of the traction separation model behavior” (ref. 7).

200
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Displacement (mm)

Figure 6
Traction-separation behavior for tensile adhesive strength model

The fine mesh and small timestep required to capture the physical separation phenomena
resulted in a significant computational cost for properly simulating this interface separation behavior.
Run times were on the order of days even using one 36-core, 256-GB node of a high performance
computing network. The analysis was stopped after 72 hr even though full separation was not
reached, since identifying the maximum force and the qualitative depiction of the separation behavior
was the focus of the study.

Shear Adhesive Strength

Similar to the prediction of the tensile adhesive strength, the model used in the current work
was able to qualitatively predict the separation behavior of a thin adhesive epoxy layer between two
aluminum plates. Due to the very small timestep to ensure the behavior was captured and for
numerical stability to ensure elements did not invert during the application of the shear force, only
the initiation of the separation was simulated before the analysis was stopped. Under shear loading,
the adhesive separated from the ends of the plates that were normal to the direction of the applied
load (fig. 7). The timing, extent, and evolution of the separation were influenced by the cohesive
interface and damage model parameters selected, the mesh of the adhesive, and the dimensions of
the “fixture” used to apply the load. Following the previous publication, a slight rotation of the top
plate was allowed during the shear loading to induce a slight tensile load on the edge of the interface
and initiate separation. The predicted behavior was very sensitive to the amount of rotation of the top
block, which was controlled by the size of the gap between the block and the top of the fixture
bracket. This relationship was also noted in reference 7.
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(@)

Initiation of separation under shear loading

Note: Blue indicates fully bonded and red indicates fully
separated.

(b)
Damage parameter of individual elements on bottom surface of epoxy at initiation of separation
under shear load

Figure 7
Adhesive failure under shear loads

From these validation studies, it was found that the general phenomena of the separation
behavior of thin adhesive epoxy layers between two metal plates under pure tensile and pure shear
loads could be simulated using the models in this work. Additionally, the model could well
approximate the maximum force required to cause this separation. The actual transient changes in
this force, however, and slopes of load-displacement curves were found to be very sensitive to the
cohesive interface damage evolution model, material properties, mesh and load rate used as well as
to the effects induced by the system components through which the load was applied. The long run
times, due to the fine mesh and small timestep, required to capture the small transient changes in
the shape of the adhesive layer and extent of interface bonding during the separation phenomenon
would likely make the use of this modeling method infeasible when examining the separation of
adhered surfaces within large systems with many components.

In large systems, the interface behavior is included in a model to predict the interactions
between system components and estimate the changes in the load transferred through these
interfaces within the structure over time. As such, capturing the details of the separation behavior are
less important than capturing the timing of the separation, the energy released during the separation,
and the movement of the components during and after separation. The next series of studies
investigated the sensitivity of these behaviors to cohesive interface model parameters and compares
the prediction of the interactions with a cohesive model to those using a frictional interface model.
Comparisons were quantitatively made using the contact force between the internal bottom surface
of the canister and the epoxy after separation (table 2). The effect on the stresses induced in the
system and the separation behavior will be discussed.
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Table 2
Maximum contact force magnitude and time of contact for different interface models
Case Maximum contact force Time of maximum impact force
(N) (ms)
1 236.8 5.14
2 690.5 1.93
3 1238.0 1.15
3 Dyna 1271.9 1.14
4 0 --
5 748.7 2.79
6 1193.0 1.31
6 Dyna 1272 1.14
7 0 --
8 0 --
9 6.9 2.55
9 Dyna 1.9 3.48
10 6.7 2.22
11 0.2 2.95
12 1334.0 1.14
12 Dyna 1271.8 1.14
13 1324.5 1.14
14 1320.2 1.14
15 1316.4 1.14
16 1309.3 1.14
17 1305.2 1.14
18 1305.2 1.14
18 Dyna 1223.6 1.14

Effect of Interface Strength

The interface strength controlled whether or not the epoxy separated from the aluminum
canister and, if it separated, the time of this separation. Differences in timing of the separation during
the applied load influenced the magnitude of the peak contact force, though the effect on the timing
was more significant. The extent of the influence of the magnitude of the interface strength was
controlled by the intensity of the applied load. For the smallest acceleration studied (0.015 kG), only
the weakest interface (1 kPa) separated. For the largest acceleration studied (8.25 kG), the strongest
interface (100 kPa) did not separate. However, for this large acceleration between the weak
interface (1 kPa) and the moderate strength interface (10 kPa) with separation, the difference in the
maximum contact force magnitude was less than 5%, and the difference in the timing of the contact
was approximately 10%. For the intermediate acceleration studied (0.17 kG), the interface strength
had a more significant effect, with a difference in magnitude of contact of more than 10% and a
difference in the timing of the event of nearly 50%. Figures 8 through 10 show the differences in the
contact force, damage parameter, and stress distributions at a common time, typically the time that
the last case to separate contacted the base of the canister.
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Damage parameter at 5.2 ms

Figure 8
Effect of interface strength under low-acceleration load case (0.015 kG)
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Figure 8
(continued)
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Figure 9
Effect of interface strength under moderate-acceleration load case (0.17 kG)
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von Mises stress at 2.9 ms

Figure 9
(continued)
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Figure 10

Effect of interface strength under moderate-acceleration load case (8.5 kG)
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von Mises stress at 2.6 ms

Figure 10
(continued)

Comparison between Commercial Packages

For the same interface strength and load, the built-in functions of Abaqus and LS-DYNA both
predicted comparable timing of separation and magnitude of resulting contact force with the proper
selection of interface damage evolution model parameters (fig. 11). Differences in the magnitude of
the peak contact force were due to the differences in the number of output points and the short
duration, large magnitude load of the initial contact. Differences in later oscillations were due to the
energy dissipation, contact formulation for the sliding after separation, material model, and element
formulation. For a more direct comparison, a user defined cohesive interface model or material
model can be written in either software to ensure the same model is applied in each software.
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Figure 11

Contact force prediction for high-acceleration, low-interface strength case with LS-DYNA (solid line)
and Abaqus (dashed line) built-in cohesive interface models

Effect of Interface Damage Model

The interface stiffness had a greater effect than did the damage evolution model used with
the built-in functions of Abaqus (fig. 12). As the stiffness decreases, separation can be prevented for
the same load and interface strength. This is because energy is put into stretching the interface,
reducing the forces at the adhered nodes. In LS-DYNA, this same effect can be achieved through
modification of the maximum separation to failure, where a very short separation to failure results in
a quick separation and a large contact force upon impact, such as a stiff interface would, while a
large separation to failure can prevent full separation of the interface, such as a more compliant
interface would (fig. 13). By altering these parameters in these two software, comparable behavior
could be achieved even without full separation (fig. 14). In the cases presented, the behaviors are
slightly different, with the timing of the main impact and resulting subsequent impacts varying.
However, the magnitude of the contact force in all cases is less than 10 N, and its effect on system
behavior is, therefore, small compared to the approximately 1,000-N contact force that occurs with
full separation of the epoxy. Therefore, the system response is less sensitive to the exact value of
the stiffness parameter than it is to the order of magnitude of this value. Thus, all that is needed is
the selection of a value that is small enough to reduce interface stresses, and therefore damage to
the interface and separation, if such a behavior is expected.
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Effect of damage evolution model in Abaqus on separation behavior for high-acceleration, high-
interface strength case
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Figure 13

Effect of damage evolution parameter, maximum separation to failure, in LS-DYNA for high-
acceleration, low-interface strength case
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Contact force for various “interface stiffnesses” using Abaqus and LS-DYNA for high-acceleration,
high-interface strength case

Comparison of Cohesive Interface to Friction

For a large ratio of applied load to interface strength, the cohesive interface model did not
significantly alter the timing and magnitude of the maximum contact force. There was less than a 1%
difference in the maximum contact force after separation that is predicted with a friction coefficient of
0.9 between that predicted with a cohesion model with an interface strength of 1 kPa and that
predicted with a frictionless interface. The cases that included a cohesive interface model did
somewhat reduce the amplitude of the subsequent oscillations of the contact force due to the

dissipation of some energy imparted on the system during the separation of the initially adhered
interface (fig. 15).
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Figure 15
Comparison of cohesive interface and frictional interface models for high-acceleration, low-interface
strength case

For the high-acceleration case, 8.5 kG, the value of the friction coefficient did not significantly
affect the interaction between the epoxy and aluminum housing, with the maximum contact force
magnitude varying approximately 2% among all cases from frictionless to a coefficient of 0.9 (fig.
16). The timing of the maximum impact increased slightly (less than 1%) with increases in the
friction coefficient. As the acceleration load becomes smaller, the effect of the friction coefficient
increases. For example, in the low-acceleration case (0.015 kQG) in figure 17, the difference between
the maximum force magnitude and timing becomes more significant for a case with a sufficiently
small acceleration. In this case, for friction coefficients of 0.3 or more, either the epoxy did not
separate at all or the distance that it did move was not enough for it to contact the base of the
canister. Similarly, if there was an increased radial force between the epoxy and the wall, such as if
the system was subjected to a rotational load, the effect of the frictional interface characteristics
used would also likely increase. The extent of the increase would depend on the relative difference
between the applied load and the load induced at the interface.
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Effect of friction coefficient on maximum contact force for frictional interface only model high-
acceleration case
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Effect of friction coefficient on maximum contact force for frictional interface only model low-
acceleration case
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Comparisons of Three-dimensional to Two-dimensional Simplifications

The failure of an adhered interface using the cohesive surface interaction model works by
examining the local interface stress/displacement conditions of each element and removing
individual pairs of nodes from the “surface interaction” set as the stresses or displacement at the
interface between these nodes exceed the failure criterion. This creates a progressive separation
during which the damage parameter value may not be continuous over the surface. As such, models
that include cohesive interface interactions are more sensitive to the mesh quality and size. Of note
are the differences between a two-dimensional or axisymmetric representation and a three-
dimensional representation. The mesh and numerical problem formulation of the three-dimensional
representation results in greater variations in stresses at the interface than an axisymmetric
simplification of the system, even if the system geometry and load is “axisymmetric.” With the greater
number of elements and greater range of stress variations, the time to full separation was longer for
the three-dimensional model than for the axisymmetric model (fig. 18). Additionally, the contact force
once the epoxy separates from the housing and impacts the base of the canister is smaller with the
three-dimensional model due both to the change in timing of the impact load and the increased
energy dissipation due to the progressive interface failure. This dependency on the model
simplification is not present in the cases where a frictional interface model is used.
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Figure 18

Effect of dimensional simplification on prediction of separation behavior high-acceleration, low-
interface strength case
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DISCUSSION

The work demonstrated the suitability of the use of built-in cohesive interface models from
common finite element commercial codes to predict the time-dependent separation of an epoxy
adhesive from an aluminum substrate. Sensitivities of these predictions to the model assumptions
and the values of the parameters of the interface model and materials themselves were identified.

General separation mechanisms under tensile and shear loads could be simulated using a
direct representation of the epoxy adhesive (hyperelastic material model) in addition to a cohesive
interface model representing its bond interaction with the aluminum substrate. However, the
accuracy of the predicted relationships between the separation force, displacement, and time were
very sensitive to the interface model parameters (material interface properties), mesh used, and
level of detail known about the system, including adhesive the layer thickness and rate of load
application. It was found that similar behaviors and load histories could be predicted using different
combinations of interface and material model behaviors. This could complicate the determination of
which parameters are most important for a given model or system studied and limits the
understanding of the physical system through the relationships between these seemingly physics-
based parameters. Further, accurately capturing the physical transient behavior of the failing
interface can be computationally intensive, limiting the application of the inclusion of a direct
representation of thin adhesive layers into large system models. The study of the dynamic behavior
of a system with a large mass of epoxy (adhesive) bonded to a metal substrate is a more feasible
application for the inclusion of both the direct material model representation of the epoxy and the
numerical interface model representation of the cohesive interface behavior.

The use of a cohesive interface model (cohesive zone model) was not found to add any more
computational cost than a more standard contact or frictional interface model. In the study of large
systems, the level of detail of the interface model can vary based on the particular system and
conditions studied as well as the study intent. The influence of the interface model can then be
assessed. This study found some general trends that can be used in selecting the interface model
and parameters to be used for different situations. If the ratio of the system load to interface strength
is relatively high, any cohesion mode or any level of friction coefficient could be used with little effect
on the timing of the separation and the subsequent motion of the separated pieces. As this ratio
becomes small, separation is unlikely, so a fully bonded interface approximation could even be
suitable, reducing the computational resources required. If the components are already separated,
then the system behavior is more sensitive to the friction coefficient used, and a better
characterization of the frictional interface behavior may be required. If the applied load is moderate,
and separation is possible, then the system behavior is more sensitive to the adhesive interface
strength. Therefore, preliminary computational studies should be performed to understand the
specific sensitivity, or experimental studies should be performed to better characterize the interface
behavior.

For the cases studied, the damage evolution model used did not significantly influence the
predicted behavior, timing of separation, or force transmitted due to separation if a separate interface
stiffness parameter is chosen for the model as in Abaqus. If no interface stiffness is explicitly
specified in the interface model, it can be implicitly applied to the model through the selection of the
maximum separation to failure parameters that define a linear, displacement-based damage
evolution model. It should be noted that if both the linear displacement-based damage model and the
interface stiffness are used, they act like a pair of springs in series to lengthen the time to separation
and reduce the interface stresses. Finally, caution should be used when coupling axisymmetric or
other two-dimensional simplifications with cohesive interface models if accuracy of solution is more
of an interest than comparative studies.
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The insights gained in this work can help reduce the uncertainty related to assumptions made
in representing initially bonded interfaces that may separate under dynamic loads so that better
predictions of system behavior may be produced. This can also reduce study time as the number of
model variations made to understand this uncertainty can be limited. Further insight may be gained
through studying the effect of geometric scale on the trends identified in this work and as the span of
applied loads, interface strengths, and properties of the bonded materials increases. Recent studies
have indicated that the adhesive strength of epoxy metal interfaces may change with loading rate
(ref. 18) so incorporating this rate-dependent interface strength may improve model predictions.

CONCLUSIONS

The work performed in the current study examined the use of built-in cohesive interface
models to study the transient motion of initially adhered interfaces. The benefits, limitations, and
applicability of these types of interface models were identified, particularly in comparison to simpler
friction-based interface models. The implementation of the methods examined in this work can aid in
improving the understanding of the physical phenomena at adhered interfaces, leading to better
system design. The work can be expanded to investigate the use of cohesive zone models to
explore means to tailor adhesive bonding and separation for both smooth and textured surfaces.
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