2025 Ansys EMEA Transportation Summit and LS-DYNA Conference, Munich, Germany

Lifetime prediction of hygro-thermo-mechanically
loaded adhesive joints using LS-DYNA and user-
defined material models

Maxim Rodschei, Gunnar Possart, Paul Steinmann, Julia Mergheim

Institute of Applied Mechanics, Friedrich-Alexander-Universitat Erlangen-Nurnberg, Erlangen,
Germany

1 Introduction

The growing use of adhesive bonding across multiple industries requires robust design methods to
ensure both functionality and safety of bonded joints. In many applications, adhesive joints are exposed
to cyclic loading, which can cause fatigue damage and eventually structural failure. Furthermore,
environmental factors such as temperature and humidity strongly influence their aging behavior and
consequently their service life. The aim of our research is to develop a computational approach for
predicting the lifetime of adhesive bonds under combined hygro-thermo-mechanical (HTM) loading
using LS-DYNA and user-defined material models (UMATSs). Our work builds upon the results of two
preceding projects [1],[2] and involves developing a cohesive zone material model that combines linear
viscoelasticity with a continuum damage mechanics approach to capture both the time-dependent
behavior and the degradation of adhesive joints. Further tasks are the calibration of model parameters
against experimental data and the model validation through comparisons with measurements.

This manuscript begins by introducing the modeling framework for adhesive bonds in Sec. 2. Sec. 3
presents the parameter identification methods, followed by a numerical example in Sec. 4. Finally, Sec.
5 provides a summary and an outlook of this work.

2 Modeling of adhesive joints
2.1 Discretization of bonded joints and HTM coupling

Fig.1 illustrates an adhesive bond consisting of two adherends joined by an adhesive layer. The
adhesive is modeled using cohesive elements placed between the solid elements of the adherends. The
cohesive and adjacent solid elements share a conforming mesh, i.e., the nodes along the contact
interfaces are merged. A uniform temperature T is prescribed across the bonded joint, serving as a
parameter for both diffusion and mechanical simulations. For the hygric problem, Fick’s law

dc _ 2

= = d(T)Vic (1)
is solved to simulate moisture transport within the adhesive, where ¢ denotes the moisture concentration
and d(T) the isotropic, temperature-dependent diffusion coefficient. A prescribed concentration c,, is

imposed on the boundary nodes of the adhesive layer (highlighted as red nodes in Fig.1).
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Fig.1: Adhesive bond subjected to HTM loading

To prevent moisture diffusion into the adherends, their diffusion coefficient is set to a value close to zero.
In addition, the thickness of the solid elements adjacent to the cohesive zone is chosen small to reduce
their numerical influence and to act as effective diffusion barriers at the common nodes. Since LS-DYNA
does not provide a built-in diffusion solver, the analogy between Fick’s law and Fourier's equation is
exploited, and the thermal solver is used to simulate moisture diffusion. The LS-DYNA mechanical solver
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is employed to solve the momentum balance equations with prescribed displacements u, and tractions
t, on the Dirichlet and Neumann boundaries, respectively. The kinematics within the cohesive elements
are described by the displacement jump vectors [u], while the cohesive tractions t([ul, T, ¢) define the
temperature- and concentration-dependent stress state. A user-defined cohesive law is implemented
via a UMAT to relate the displacement jumps to the cohesive tractions.

A one-way coupling from the hygric to the mechanical problem is assumed, and the coupled problem is
solved in a staggered procedure. In each cycle, one diffusion time step is computed first. The resulting
concentrations serve as input for the subsequent mechanical time steps, which are calculated until the
mechanical solver reaches the diffusion time. Then, the next diffusion step is performed.

2.2 Constitutive model for adhesives
2.2.1 Linear viscoelastic law

The effective cohesive traction t in the undamaged configuration is determined via the Boltzmann
Superposition Integral [3]:
‘ (2)

where t denotes the current time and s the past time. The effective traction consists of three components
corresponding to the three spatial directions in the cohesive element: the tangential directions t1 and
t2, and the normal direction n. The relaxation function tensor R(t — s) is given as

= fOtR(t Mds l

,." o e

R.(t—5s) 0 0
R(t—s) = 0 R,(t —s) 0 (3)
0 0 R,(t —s)

and comprises the shear relaxation function R.(t — s) and normal relaxation function R,,(t — s). Both
functions are described using Prony series

Rs(t - S) = ksoo + Zi‘ii ksi €Xp (_ t;s): Rn(t - S) = knoo + Z{Vil kni €Xp (_ t;s) , (4)

ar(Tac(c)Tg; ar(TMac(c)ty;

based on the Wiechert model [3] (see Fig.2).
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Fig.2: Wiechert model with tangential and normal contributions

Here, the stiffnesses of the equilibrium springs in tangential and normal directions are specified by the
parameters kg, and k,., respectively, while k; and k,,; represent the stiffnesses of the springs in the
Maxwell elements. The relaxation times t; and t,,; are given by ty; = n,;/ks; and t,,; = n,:/kni, Where
71 and n,,; denote the viscosities of the dashpots.

To consider the effects of temperature and moisture on viscoelastic behavior, the time-temperature-
superposition [4], [5] and time-moisture-superposition [6], [7] principles are applied. The relaxation times
are multiplied by temperature shift factors a(T) and concentration shift factors a.(c). This approach
allows modeling faster or slower viscoelastic responses: increased temperature or moisture accelerates
relaxation and creep, while decreased temperature or moisture slows down the material response.
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2.2.2 Damage formulation

HTM loading causes a gradual degradation of adhesive bonds through both mechanical and chemical
processes. To capture this effect in the constitutive model, the framework of continuum damage
mechanics is employed. The effective cohesive traction is scaled by a scalar damage variable D € [0,1]:

t=[1- D], )]

yielding the nominal traction t. The damage variable quantifies the local damage state in the adhesive,
where D = 0 corresponds to the intact state, and D = 1 to complete failure. Its time evolution is governed
by the differential equation

D= D.+D;+D,, (6)

which includes contributions from creep D,, fatigue Df and chemical aging D,.
The creep contribution describes accumulation of damage under constant mechanical loading and is
defined as (see also [8])

n
I e A
The formulation incorporates an Arrhenius-type term (see also [9],[10]) to account for the influence of
temperature on material degradation. The parameter o, denotes the creep strength, n the slope and
orer the y-intercept of the creep strength curve in a double-logarithmic stress-time diagram. The
temperature factor is represented by p., with T, being the reference temperature.

The fatigue component is used to model damage accumulation under cyclic mechanical loading and is
given by (see also [11])

k .
o (Oeq=0af) (Geq) 11
Df h [[Uu_odf][i_D] ou=0odf exp <pf [Tref T]) (8)
Here, a4 is the fatigue strength, k the slope and g, the y-intercept of the double-logarithmic fatigue
strength curve, while p, denotes the temperature factor for fatigue. Both creep and fatigue damage are
driven by an equivalent stress a,,, which is defined using the components of the nominal traction and
two modeling parameters b, and b,:

Ooqg = V(b1 (ty)? + baty, + t2 +t2,). (9)

The chemical aging contribution describes the moisture-induced degradation of adhesives. Following
the approach in [12], it is expressed as

1

by = Bt = 01| =] exp (pu [ ;2 2] (10)

Chemical degradation is characterized by the parameters B, [, ¢, .y @and p,, while the local moisture
concentration is considered as its driving force.

2.2.3 Cycle jump method

Since adhesive bonds in industrial applications typically experience millions of load cycles, simulating
each individual cycle is computationally prohibitive. To address this, a cycle jump method is employed
to accelerate simulations and reduce computation time, making lifetime predictions feasible even in the
high-cycle fatigue regime. The core idea of this method is to identify a global trend in the state variables
over a certain number of cycles and then use this information to extrapolate the variables over a longer
period, effectively skipping multiple cycles. This procedure is illustrated in Fig.3 using the damage
variable. Following the method suggested in [13], three consecutive damage values D, (t;), D,(t,) and
D;(t3), measured at the maxima of the loading function, are used to compute the damage increments
AD(t,) = D, — D, and AD(t,) = D, — D;. These increments are related to the constant cycle period P to
obtain the slopes s,, = AD(t;)/P and s,; = AD(t,)/P. The damage variable is then extrapolated using
a Heun integrator:

D(ty + tjymp) = Dy + ADjymp = Dy + tfuz’"p [512 + s (1 + tjump)], (11)

where tj,m, represents the jump size and ADj,,,,, the damage increment to advance from D, to the
extrapolated value D(t; + tjmp)- The predicted slope after extrapolation s,(t; + tjymp) is determined
by
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Fig.3: Damage extrapolation
sp(ts + tump) = S12 + 222 iy (12)
Furthermore, an adaptive jump size control is implemented via a user-defined control parameter q;y,,,
which measures the relative change in the damage slope during extrapolation:

sp(t1+tjump)—s
Qjumy o= 22 pme) 2] (13)

Substituting Eq. (12) into Eq. (13) gives the jump size as a function of q;,my:

ump = | Qjump —2—| P (14)

)
[s12—s23l

with the floor function |... | ensuring that the jump size is an integer multiple of P. Larger values of g,y
lead to a greater jump size, but potentially at the cost of an increased extrapolation error. This control
parameter thus balances accuracy and computational efficiency in the cycle jump method.

In addition to damage, the viscoelastic state variables and the moisture concentrations also must be
updated during jumps. An enhanced cycle jump method has been developed to account for these
quantities. For brevity, this extension is not discussed here. The details are described in a separate
paper, which is currently under review for publication in the International Journal of Fatigue.

3 Parameter identification
3.1 Identification of diffusion model parameters

To identify the diffusion model parameters, gravimetric analyses were performed on thin adhesive
samples under different climatic conditions at the Laboratory for Materials and Joining Technology
(LWF), University of Paderborn. In our model, the diffusion coefficient is expressed as a function of
temperature:

1

d(r) = dy exp (¢, L——]). (15)
Tref T

The measured diffusion coefficients for each sample were used to fit the parameters d,, d; and T, of

this function (see Fig.4, left).

In contrast, the amount of moisture that can be absorbed or released by the adhesive is assumed to

depend solely on the relative humidity ¢. Accordingly, a power-law formulation was used to model the

mass change capacity AM,, as a function of ¢:

MM, (@) = My — Myg = Ap® — My, (16)

The parameters @, b and M,, were fitted to the experimental results (see Fig.4, right). The initial moisture
concentration ¢, = M,,/V and the saturation concentration c,, = M,,/V of the adhesive, which serve as
input parameters for the diffusion simulation, were calculated from the ratios of the initial and saturation
moisture mass to the specimen volume.
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Fig.4: Function fits for diffusion coefficient (left) and mass change capacity (right)

Fig.5 compares the simulated moisture absorption and release AM, of the test samples with gravimetric

measurements.
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Fig.5: Comparison of simulated moisture absorption and release with gravimetric test data

The curves show good agreement, confirming the model’s suitability for accurately simulating moisture

diffusion in the
3.2

adhesives.

Identification of viscoelastic parameters

For the identification of the viscoelastic model parameters, dynamic mechanical analyses (DMA) were
conducted. Adhesive samples were subjected to temperature and cyclic frequency (w) sweeps to
determine the storage and loss moduli, G' (T, w) and G"' (T, w). Using the time-temperature superposition
principle, the moduli measured at different temperatures were shifted along the frequency axis to
generate smooth, continuous master curves over a wide frequency range (see Fig.6, left).
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Fig.6: Fitted storage and loss modulus master curves (left) and Arrhenius/WLF models (right)
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Following the algorithm presented in [14], the Prony series coefficients were obtained by fitting the
measured storage and loss modulus curves through minimization of the deviations between experiment

and model:
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)2 .
G'(@) = Go, + XM, G, -250 (@) =T, 6,25 (17)

1+ (wTg)?’ 1+(wTsi)?

The identified shear moduli G, and G; were subsequently transformed into the tangential stiffnesses of
the cohesive zone model via k., = G, /d; and kg = G;/d;, where d,, denotes the thickness of the
adhesive layer. In an analogous manner, tensile DMA tests were performed to obtain the normal
stiffnesses k,,., and k,;, and relaxation times t,,;.

The temperature shift factors are summarized in Fig.6, right. To describe the temperature dependence
of the shift factor, both Arrhenius and Williams-Landel-Ferry (WLF) models [15],[16] were employed:

_Pl[T_Tref] .
P2+T—Tyef lf r> Tref

1 1 .
Ps [;—m] If T <Trer

where the parameters p,, p, and p; were fitted to the experimental data.

log(ar) = (18)

’

3.3 Identification of damage model parameters

For the identification of the damage model parameters, creep and cyclic fatigue tests will be carried out
on adhesively bonded specimens under different climatic conditions. The objective is to determine the
service life of the specimens as a function of stress level, temperature, and relative humidity. The
parameters of the damage model will subsequently be obtained by means of inverse identification using
the optimization tool LS-OPT.

4 Numerical example

To demonstrate the lifetime model, a butt-bonded tube specimen under HTM loading was simulated
(see Fig.7, left).
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Fig.7: Butt-bonded tube specimen (left) and predicted cycles to failure (right)

The specimen consisted of two tube halves, each 12 mm in length, with an outer diameter of 15 mm
and an inner diameter of 10 mm, joined by a 0.3 mm thick adhesive layer. The bond was clamped with
rigid elements: one end was fixed, while a periodic torque

M(t) = M, + M, sin(2rft) (19)

was applied at the other end. The loading frequency was set to f = 10 Hz, and a load ratio of R =
Mpin/Mmaer = 0.1 was used. For simplicity, the adhesive layer was assumed to be fully saturated,
eliminating the need for explicit moisture transport simulation. Accordingly, a uniform concentration of
¢ = 2.05E-8 kg/mm? and a uniform temperature of T = 323.15 K were prescribed at all adhesive nodes.
The joining parts were discretized using 1440 fully integrated solid elements, while the adhesive layer
was represented by 240 cohesive elements. The tubes were modeled as linear elastic with a Young’s
modulus of E = 210 GPa and a Poisson’s ration of v = 0.3 Since not all material parameters of the
adhesive were available, data from previous projects [1],[2] were adopted. Consequently, this example
was intended solely for demonstration purposes.

Three different torque amplitude levels M, = 7.77 Nm, M, = 6.96 Nm and M, = 6.14 Nm were analyzed.
The predicted numbers of cycles to failure N, are summarized in Fig.7, right. The simulations were
terminated once the damage variable in at least one cohesive element reached D = 1, or when the
subsequent time step would have resulted in D > 1. The number of completed cycles was thereby
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considered as the number of cycles to failure. As expected, increasing the load amplitude resulted in
shorter lifetimes of the adhesive bond.

Fig.8 illustrates the peak equivalent stress o, mq, and damage distribution in the adhesive layer at three
representative time points during the simulation for M, = 7.77 Nm. The peak equivalent stresses
corresponded to the maximum stress values during the cycle, i.e., when the torque function (19) reached
its maximum. Torsional loading induced the highest stresses in the outer elements of the adhesive layer,
which gradually decreased toward the inner elements, as shown in the first plot at cycle number N = 10.
At this early stage, no damage had occurred yet. At the second stage, when the cycle number reached
N = 9654, damage had accumulated in the outer adhesive elements, with the damage variable rising to
N=10 N=9654 N=10861
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Fig.8: Equivalent stress and damage distribution in the adhesive layer at three loading stages for
M, =7.77 Nm

D = 0.3. Consequently, the stresses in these outer elements were partially degraded and redistributed
towards the inner elements. By N = 10861, shortly before the adhesive bond failed, damage in the outer
elements was more pronounced, with the damage variable exceeding D = 0.8. The stresses in the outer
elements were almost completely degraded and further redistributed toward the inner elements. As a
result of the reduced load-bearing capacity of the adhesive layer, the overall stress levels increased,
further accelerating the damage process.

The evolution of damage and its components for M, = 7.77 Nm and M, = 6.14 Nm is illustrated in Fig.9.
At the higher loading amplitude, the mechanical damage components D, and Dy clearly dominated,
whereas the contribution of chemical aging to the overall damage was negligible.
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Fig.9: Damage and damage component evolutions for M, = 7.77 Nm (left) and M, = 6.14 Nm (right)

At the lower loading amplitude, the proportion of D, increased relative to the total damage, as the
mechanical stresses and thus the contributions of the mechanical damage components decreased. A
further reduction in load amplitude would therefore increase the influence of chemical aging even more,
thereby amplifying the effect of moisture on the adhesive bond’s lifetime.
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Finally, the effects of temperature and moisture on the lifetime of the bonded specimen were analyzed.
To assess the influence of temperature, the simulations were repeated at two additional temperature
values (see Fig.10, left).
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Fig.10: Effect of temperature (left) and moisture (right) on lifetime of the adhesive bond

Increasing the temperature to T = 333.15 K reduced the number of cycles to failure for all load
amplitudes. In contrast, simulations at T = 313.15 K resulted in prolonged lifetimes of the adhesive bond.
Similarly, the influence of moisture was studied by varying the concentration levels (see Fig.10, right).
In general, higher moisture levels reduced the lifetime, with the effect being more pronounced at lower
torque amplitudes, where chemical aging contributed more strongly to the overall damage.

5 Summary and outlook

In this work, a modeling framework for predicting the lifetime of adhesive bonds under HTM loading was
developed. The approach involves prescribing temperature and solving one-way coupled hygro-
mechanical problems using LS-DYNA together with a user-defined cohesive law implemented via the
UMAT interface. A linear viscoelastic formulation combined with continuum damage mechanics was
employed to capture degradation due to creep, fatigue, and moisture-induced chemical aging. Model
parameters for moisture diffusion and viscoelasticity were derived from gravimetric analyses and DMA
measurements. A numerical example demonstrated the plausibility of the proposed approach, although
not all model parameters have been identified yet.

Ongoing work focuses on evaluating the influence of moisture on viscoelastic material behavior using
DMA data at different relative humidity levels. Future steps include the identification of the remaining
viscoelastic and damage model parameters through inverse parameter fitting with LS-OPT, followed by
validation of the lifetime model on component-like adhesive joints, representative of coupled HTM
conditions in real industrial applications.
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