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ABSTRACT ARTICLE HISTORY
Predicting the ageing behaviour of adhesively bonded joints is Received 16 January 2026
a key challenge in adhesive bonding technology and is essential Accepted 5 May 2026

for their broader use in steel construction. This paper presents KEYWORDS
a method for predicting the long-term performance of thick- Adhesive bonding; ageing;
layer adhesive bonds under hygro-thermo-mechanical (htm) Fickian’s diffusion:

stress. This approach is based on experimental investigations long-term behaviour;
into the water absorption of the adhesive, which is recorded hygro-thermo-mechanical
gravimetrically and described using Fickian’s diffusion model. loading; lifetime prediction;

Different temperature and humidity influences on the diffusion viscoelasticity
parameters are considered using an Arrhenius approach. The
mechanical behaviour is analysed by means of quasi-static tests
and systematic creep experiments different specimen geome-
tries. Numerical modelling is based on an adhesive layer equiva-
lent model that represents the linear viscoelastic behaviour and
damage resulting from htm loading. Temperature and humidity
influences are recorded via a time-temperature-water concen-
tration shift, and the multi-axial nature of the failure is described
via a comparative stress. Validation is performed using compo-
nent-like specimens and transient FE simulations with LS-DYNA,
which utilise the coupling of diffusion and heat conduction
problems. The case study shows that the developed concept
enables a reliable life prediction and thus contributes signifi-
cantly to confidence in adhesive bonding technology.

1. Introduction
1.1. Fields of application for adhesive bonding technology in steel construction

Load-bearing adhesive bonds have been successfully applied in automotive
and aerospace engineering for decades.!"”* Owing to their numerous advan-
tages, components such as body panels, windscreens, and panoramic roofs are
increasingly joined using adhesive technologies.! In the growing field of
electromobility, adhesives are also essential for assembling batteries and
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sensors.'”) Compared to conventional joining methods, adhesive bonding
offers significant benefits, including reduced weight, lower costs, and
enhanced crash safety.

In the construction industry, the use of adhesives and structural adhesive
bonds is limited to individual applications. A broad field of application for
adhesives in the construction industry is sandwich elements for finishes and
thermal insulation. Structural glazing enables the linear bonding of large glass
panes to metal or timber support frames without introducing stress
concentrations.' In the field of steel construction, a large number of research
papers have been published in recent years on the analytical stress calculation
of bonded joints with flat and cylindrical bonded layers and the associated
static load-bearing capacity” '" as well as on the dynamic properties of
bonded joints.!"*"*”) The work mentioned above contributes to the develop-
ment of new fields of application through research projects on the use of
structural adhesive bonds in the offshore sector."®'*! Subsequent work inves-
tigates the practical use of viscoelastic adhesive properties for damping dyna-
mically loaded structures.2°-2?!

Furthermore, research into new joining concepts is being conducted.!
The hybrid adhesive-grout connection technology, which is particularly sui-
table for joining hollow section tubular joints, has a novel, multi-layered
structure. Here, inorganic and organic adhesive layers are combined, whereby
a very high mechanical load-bearing capacity of the joint is achieved.?®! The
hybrid bolted connections presented in'**! combine pretensioned bolts and
adhesive joints. This allows the static load-bearing capacity to be significantly
increased by using the hybrid screw connection compared to conventional
screw connections.

In addition to the use of structural bonding as load-bearing connections, the
use of bonded CFRP laminates for refurbishment of buildings is investigated.
In,'?>*") the possibility of retrofitting fatigue-damaged steel structures with
slack and prestressed CFRP laminates is investigated. A significant increase in
the remaining service life compared to an unreinforced beam can be
determined.

For all of the above-mentioned applications, adhesive bonds are subject to
planned ageing effects from temperature, humidity and long-term mechanical
stress, which must be assessed in advance by calculation.

23-25]

1.2. Long-term load-bearing behaviour of adhesively bonded joints under
ageing exposure

The ageing of polymers and adhesives subjected to continuous stress due to
prolonged exposure or service life is a complex process involving physical and
chemical changes. Adhesives are subject to these ageing mechanisms, which
influence the material properties and reduce the service life of the joints.!**!
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Physical ageing occurs when a material strives for a state of thermodynamic
equilibrium without external influences such as mechanical stress or environ-
mental conditions.*>*°! It leads to an increase in density, volume shrinkage and
changes in the viscoelastic properties. This process is thermo-reversible’®! and
does not lead to permanent degradation or failure of the material.

In contrast, chemical ageing describes irreversible material changes as
a result of chemical reactions triggered by external factors such as moisture
or temperature.?®! A central mechanism is moisture diffusion, in which water
molecules penetrate the adhesive layer, cause volume and mass changes and
can cause competitive adsorption between the steel surface and the adhesive
molecules.**~°!

The effects of moisture diffusion are both reversible and irreversible.
Reversible changes, such as in the glass transition area, can be eliminated by
re-drying. Irreversible damage, however, such as hydrolysis of the polymer
chains, remains and leads to a permanent loss of mechanical load-bearing
capacity. Mechanical stresses play a significant role in accelerating chemical
ageing, as they reduce the activation energy for hydrolytic processes.*”! This
promotes the decomposition of polymer chains and further deteriorates the
mechanical properties of the adhesive bond. The diffusion of moisture into the
adhesive layer is a critical factor that significantly influences the mechanical
properties.*>****) Moisture absorption can not only reduce strength, but also
cause corrosion and detachment of the adhesive layer from the substrate.
Experiments under controlled climatic conditions show a strong dependence
of chemical ageing on temperature and humidity. The static strength and long-
term behaviour of the adhesive bonds are significantly influenced by these
factors."*") Han et al.**) investigates the residual static strength of adhesively
bonded joints after long-term exposure to a combined mechanical - hygro -
thermal environment. The degradation process is modeled using a fully
coupled approach in which moisture diffusion and stress distribution interact.
Progressive failure of the aged joints is simulated using a bilinear cohesive
zone model in a finite element framework, incorporating degradation due to
creep strain and moisture uptake. The numerical predictions show good
agreement with experimental results.

Studies also show that the combined effects of temperature, moisture and
mechanical stress can significantly accelerate ageing."*®! Thermal and hygro
influences in particular significantly reduce the strength of bonded steel
joints.[42’43’47_49] In investigations on test specimens with inhomogeneous
mechanical, thermal and hygro stress (htm stress), it was found that the
influences of the process parameters often occur superimposed, which
makes a differentiated analysis more difficult.?>*#-*>48-%% T¢ circumvent
this, experiments were carried out in*®! in which homogeneous load fields
were created in the adhesive layer. This method enables a targeted investiga-
tion of the individual parameters. The use of specific surface treatments, such
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as phosphate or oxide coatings, has been shown to reduce the corrosion of
steel components induced by hydrolysis.!*>*" These protective layers prevent
corrosion at the interface and help to preserve the mechanical properties,
which significantly improves the durability of adhesive bonds. In the work
by Han et al.®* a numerical modelling techniques to simulate the combined
effects of moisture, elevated temperature, and mechanical loading on adhe-
sively bonded joints is developed. A fully coupled approach is used, where
moisture diffusion and stress distribution interact, while moisture-dependent
creep, swelling, and thermal strains are included in the stress analysis. Model
parameters are derived from experiments on the bulk adhesive, and the
predicted joint response during ageing shows good agreement with experi-
mental results.

1.3. Modelling and simulation of adhesive joint failure under ageing effects

Although there are numerous standards and guidelines for testing bonded
joints under the influence of ageing, ageing has so far been insufficiently
considered in the mathematical design. This leads to high safety factors for
bonded components, such as in EAD 090010-00-0404.>*!

In"*®), a new concept was presented that recognises the failure mechanism
due to ageing influences and implements it mathematically. The concept is
based on a transient finite element calculation that simulates the long-term
and failure behaviour of structural epoxy adhesive joints. It includes the
characterisation of the diffusion and mechanical long-term behaviour. The
diffusion characterisation is carried out gravimetrically and is implemented in
the finite element simulation as Fickian ‘s diffusion. The mechanical behaviour
is described with a rheological model, which depicts additional reversible and
irreversible damage mechanisms within the cohesive zone elements.

The model combines the principle of effective stress with a damage model
whose parameters are identified from creep fracture tests under thermo-
mechanical loads. The viscoelastic properties of the adhesive are taken into
account at arbitrary temperatures using the time-temperature-water concen-
tration shift principle from dynamic mechanical temperature analysis
(DMTA) data. The model is implemented as a user-defined material in LS-
DYNA and enables the simulation of damage and failure up to complete
material fracture. With this approach, the long-term failure of structural
adhesive joints under hygro-thermo-mechanical loads was predicted with
high accuracy. However, the model is not applicable to thick, semi-structural
PU adhesive layers due to the differentiated mechanical material behaviour. As
the model is fundamentally designed for a cohesive zone, and thus for thin
adhesive layers, i.e. structural adhesives, it cannot be directly applied to thick
adhesive layers. One can approximate this by using the cohesive zone multiple
times and inserting viscoelastic zones between them for the FE modelling (see
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image: FE model), or by reformulating the model using SOLID elements and
meshing with multiple elements across the adhesive layer thickness. Only by
using multiple elements across the adhesive layer thickness can the necking
and the correct deformation pattern be reproduced and taken into account.
Additionally, the model was extended to include hygro influences and imple-
mented using model adjustments and identified parameters from the dynamic
mechanical temperature (water) concentration analysis DMTCA.

A fracture mechanics approach was developed in'®* for transfer to semi-
structural adhesive joints. Here, the adhesive layer is meshed with several
elements across the thickness, whereby hyperelastic material behaviour is
considered. Cohesive zone elements model the adhesive layer failure.
Simulations show that the approach describes the force-displacement beha-
viour of semi-structural PU adhesives well. However, the viscoelastic creep
deformations cannot be captured by purely hyperelastic models.

In,>>) a hyperelasticity model was therefore supplemented by
a viscoelastic spectrum, which is identified using dynamic mechanical analysis
(DMA). DMA utilises the principle of time-temperature shift to determine
relaxation times and modulus components that represent viscoelastic phe-
nomena over a large period of time.!*’!

1.4. Scope of this paper

The current work is based on the results published in.!®" In,!®" the results of
fundamental work on identifying the parameters necessary for developing
a diffusion and substitute model of the adhesive to take into account combined
hygro-thermo-mechanical (htm) stress on the short- and long-term behaviour
of adhesive bonds are presented.

Building on this, the scope of this paper is set on two aspects. Firstly, the
results of experimental short-term and long-term tensile tests on adhesively
bonded specimens under ageing stress are presented. The focus is on identify-
ing the influence of ageing effects due to temperature and humidity in
combination with mechanical stress on the short-term and especially the long-
term load-bearing behaviour of adhesively bonded joints on a large scale. The
selection of test specimens with thick-film adhesives, which are already used in
automotive and aircraft construction or could be used in glass fagade con-
struction (structural glazing),'®? addresses an existing gap in the state of
research.

In addition to the experimental investigations, an analytical adhesive layer
substitute model is being developed, consisting of a rheological model and
a damage model. The approach is based on the work described in*®! and on
data from experimental and analytical studies on standardised small test
specimens published in.'®"! The model formulations contained in'®'! are
adapted and optimised for use in thick-film bonding of steel substrates.
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The conclusion is a validation of the developed adhesive layer replacement
model based on the aforementioned experimental data from long-term tests
on component-like H-specimens. In this regard, it is being investigated
whether semi-structural polyurethane adhesives have the necessary hygro-
rheological simplicity to be able to apply a time-water concentration shift.
Furthermore, it is being analysed whether a DMA-based spectrum can be
transferred to semi-structural bonds with large deformations.

2. Materials and methods
2.1. Materials and specimens

2.1.1. Adhesives

A total of three adhesive systems were investigated within this study. The
results of the adhesive characterisation are comprehensively documented
in.[*"*3] Based on the findings of the adhesive characterisation studies, the
2-component polyurethan adhesive BETAFORCE 2817 V1 of DuPont
Specialty Products GmbH & Co. KG® is selected for the further examinations
and referred to as adhesive BETAFORCE. The adhesive is used in combination
with the 2-component adhesion promoter BETAPRIME 1707 of DuPont
Specialty Products GmbH & Co. KG".

2.1.2. Steel materials: T-profile sections

The modified H-specimen used in the investigations consists of two isosceles
T-profile (steel grade S355) sections of T50x50x5 with a length of 100 mm. The
specimens are bonded with an adhesive layer thickness of 6 mm and an adhesive
layer width of 12 mm. The adhesive layer runs along the entire length of the
T-profile sections. The dimensions shown in Figure 1 are nominal values.

100.00

1ol

50.00

2.00

5.00

6.00

O

50.00

Figure 1. Schematic representation of the modified H-specimen.
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2.2. Numerical modelling

2.2.1. Preliminary remark

This section describes the development of a model for calculating the long-
term load-bearing behaviour of bonded joints under ageing stress. The beha-
viour of the adhesive layer is described using a rheological model that takes
damage into account. The influences of the ageing effects of temperature and
humidity on the load-dependent load-bearing behaviour are taken into
account.

Basic adhesive characterisation tests and the associated results are docu-
mented in.!®" The necessary material parameters identified from these tests
for the development of the material model are also documented in.!®" This
section focuses on the creation and validation of the model equations.

2.2.2. Ageing time of the test specimens

To characterise the influence of moisture on the short and long-term beha-
viour of the test specimens, a defined moisture content of the adhesive layer
must be generated at the start of the test. This can be achieved by ageing the
test specimens under defined temperature and humidity boundary conditions.
The duration of the ageing of the test specimens to achieve a defined moisture
concentration can be determined using Fickian’s second equation with
Equation 1.[64]

—D(2i+1)*n?
Mt 8 00 exp< (d‘:z) ﬂt)
o 2 . (1)
My m (2i+1)

In Equation 1, M; and M., are the water masses at time t and at saturation,
respectively, D is the diffusion coefficient independent of location and con-
centration, and dy is the thickness of the adhesive layer. The water mass at
saturation M., follows from Equation 2

Mo=A X di X coo= V X oo (2)

The determination and verification of the temperature-dependent diffusion
coefficients required for calculating the release times were described in other
publications by the authors.'*>**! The focus of this paper is on the practical
application of the formulas presented.

The adhesive layers in the joints must be able to be soaked with water within
an appropriate period of time so that the adhesive joint has a defined water
concentration and the influence of moisture on the ageing behaviour can be
specifically investigated.

In all subsequent mechanical investigations, the adhesive layer is in a fully
saturated condition. To ensure a homogeneous moisture distribution through-
out the entire adhesive thickness, all specimens were conditioned until at least
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99% saturation was reached at every point of the adhesive layer. The required
conditioning times were derived from gravimetric diffusion measurements on
bulk adhesive samples and numerical evaluations of the diffusion equation.
This procedure guarantees identical moisture levels in core and edge regions
and eliminates any specimen-size dependency during mechanical testing. By
imposing a fully saturated and spatially uniform initial moisture field, no
diffusion processes occur during mechanical loading, and thus no interaction
between stress-assisted diffusion and creep-related transport can arise within
the experiments conducted in this study.

For the calculation of the duration of the diffusion processes, the steel
joining parts are assumed to be diffusion barriers for the sake of simplicity.
In addition, a completely dry adhesive layer is assumed at the start of the
diffusion process, so that the initial concentration ¢ is zero in the whole
adhesive layer.

2.2.3. General constitutive equation and concept of effective stress

For reasons of numerical efficiency, the adhesive layer is considered to be the
interface between the steel substrates. The creep deformations of this adhesive
layer that occur as a result of the applied constant mechanical stress can be
divided into primary, secondary and tertiary components. Primary and sec-
ondary creep mainly result from the viscoelasticity of the adhesive, which can
be reversibly restored by moistening and re-drying. In contrast, tertiary creep
is mainly caused by damage due to irreversible breaking of molecular bonds
through combined mechanical stress and hydrolysis. The adhesive layer model
for describing the complete creep behaviour, which is created as a cohesive
zone model, consists of a part for describing the effective, damage-free mate-
rial behaviour (primary and secondary creep) and a part for taking irreversible
damage into account (tertiary creep).

The effective behaviour in the form of the relationship between the dis-
placement jump A and the effective Cauchy stress ¢ is described according to
Equation 3 in the one-dimensional case without physical ageing by the follow-
ing functional F:

a(t) = FE="(A(t = 5)) (3)

The constitutive equation (Equation 3) is applied together with the concept
of effective stress according to > and,'®! via which the damage D, is
introduced and the physical Cauchy stress o is calculated:

0= (1 — D)5, D € [0, 1] (4)

The damage variable D, assumes values from zero to one according to
Equation 3. D, = 0 indicates undamaged material and D, = 1 indicates com-
plete material separation. The development of damage over time as a result of
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mechanical, hygro and thermal stress is described by an ordinary differential
equation of the first order — the damage differential equation:

Dca: Dca(Dcaa o,C, T) (5)

2.2.4. Damage model

The damage differential equation (Equation 5) must be specified in order to be
able to map the long-term failure due to mechanical, hygro and thermal stress.
It is assumed here that the total damage development D, is composed of

a creep D and ageing component D, additive according to'®”!:

D (0,¢, T)= Dc(0, T)44(0, T) (6)

The expression D(0,T) describes the temperature-dependent creep
damage and the expression D, (o, T) describes the temperature-dependent
ageing damage. For the creep damage development D, the approach of'®”
according to Equation 7 is used in the isothermal case.

b, = (70 >n 1 7)
=— ,co=1s
¢ Co Uref(l - Dca) 0

In doing so, ¢¢ establishes consistency between the units, and the parameter
Orf to be identified scales the past damage. For the hygro-damage develop-
ment D, in Equation 6 the following approach is used for the damage devel-
opment due to oxidation based on,!*®! where 1 = 1:

I
D, = Bs(1 — Dg,) (C ¢ f) exp <pa (% — %)) (8)

Ba, 1 and c.. . are parameters to be identified for isothermal hygrodamage.
The influence of temperature is considered by identifying the parameter p,.
Like T\ef in the creep damage approach Equation 9, the reference temperature
Trefa is set to Ter, = T for the isothermal case and is otherwise defined in the
order of magnitude of the operating temperature of the adhesive layer. The
damage differential equation Equation 6 with the approaches according to

Equation 7 and Equation 8 is as follows!®);

n
D (O’ C T) = l # exp|( p L — l
v Co \Oref (1 - Dca) ¢ Trefc T

1
+ BA(1 - Dca) <CLf> €Xp <Pa <% - %)) (9)

Finally, the multiaxiality is considered in the damage model by defining the
equivalent stress 0.y, so that the following expression is used instead of the
creep damage development Equation 7:
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L
C:—i eX C—__
Co \Oref (1 - Dca) P\P Trefc T

The approach from,"” which has already proven its worth in describing the
influence of the stress multi-axiality on the creep damage for the structural
adhesive investigated in this project, is used for the comparative stress Oeqc
occurring here:

Oeqe = \/<b1ctn2 + bacty + 2 + t,2) (11)

t is a stress vector for normal, tangential and binormal stresses. The compo-
nents of the damage model developed are summarised in Table 1 together with
the parameters to be identified.

2.2.5. Rheological model

The rheological model for describing the linear viscoelasticity in the area of
primary and secondary creep is created on the basis of Equation 3. In the
course of this, the functional F must be defined in the general constitutive
equation (Equation 3). In the Wiechert model, the relaxation time

T = m/ki (12)

of chain i, which depends on the viscosity n; and stiffness k; of chain i. The
number of Maxwell chains is M.

Figure 2 shows the Wiechert model on the left. It describes the general
visco-elastic flow behaviour and is associated with the elementary spring and
damper elements of the model rheology. If the relaxation time of the Maxwell
chain M is infinitely large, this can be taken into account by eliminating the
damper arranged in series with it, see Figure 2 (right) with M =M—1. The
remaining stiffness ky; =k, is referred to as the equilibrium stiffness, to which
the displacement jump A, is assigned. Due to the introduction of the equili-
brium chain with stiffness k.. just described, it can be concluded that the

following applies'” "%

Table 1. Summary of the damage model with parameters to identify 1,

Designation Equation Parameters
Total damage De = D + D,
C d - )" , Oref s

reep damage D, = Jj(ﬁ) exp (Pc (TJ? _ %>) N, Oref, Pc
Equivalent tension Oeqe = /Prcta? + bycty + € 1 1 bic, by
Hygro damage : ! l, B,

yg g By = Ba(1 — D) (5 ) exp (b (7 — 1)) 20 Ps

Concept of effective tension t=[t t, t,]' =(1—Da)t
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Figure 2. Wiechert model (left) and generalised Maxwell model with equilibrium chain (right).

R(t—1) = M+Zkexp (t—1)/7) (13)

Substituting Equation 13 into the constitutive results in:

dA(T)

O‘—.c—r

koo + Zk exp(—(t—1)/%) dr= 000 (t)+00v(t) (14)

The expressions 0, and 0oy are called effective equilibrium stress and
effective overstress respectively.

2.2.5.1. Influence of temperature on the viscoelastic properties. The influence of
temperature on the viscoelastic properties of polymers is often determined
using the time-temperature-shift principle (TTS).”*”* A material to which
the TTS can be applied is referred to as a thermorheologically simple material.
This structural adhesive is a thermosetting epoxy resin that is filled with
rubber particles and forms a filled duromer when cured. Since both individual
components are polymers, it is appropriate to assume thermorheological
simplicity when modelling the influence of temperature on the viscoelastic
material behaviour, as in the works 777,

The relaxation function R(t,T) at time t and a fixed temperature T is related
to the relaxation function Ryy(£) at the reference time/reduced time/material

time £ and reference temperature Ty as follows!”*7%!;
t t
R(t, T) = Rro(£);§ = — = R(t, T) = Ryo (—) (15)
oT ar

The variable ar=ar(T) is the time-temperature shift function, also known
as the “shift factor”. It indicates how far the relaxation function is shifted
horizontally at a certain temperature T compared to the reference temperature
T, on a logarithmic scale. The horizontal shift is present for both the relaxation
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function and the creep function. In the general non-isothermal case, the
following expression is used instead of Equation 157>757%;

S|
(== may d=ad (16)

The reduced time in Eq. 16 corresponds to the isothermal case
T(7)=T = cost — ar=ar(T(7))=ar(T) after evaluation of the integral in
Equation 15 The presented modelling of the influence of temperature has
a reversible character in the chemical sense: A material has certain viscoelastic
properties at a certain homogeneous initial temperature. When the tempera-
ture is changed, the viscoelastic properties change. However, if the material
returns to the initial temperature, the original viscoelastic properties are also
restored.

2.2.5.2. Influence of moisture on the viscoelastic properties. The influence of
moisture on the viscoelastic properties is recorded in ***! analogue to the
influence of temperature. This means for Equation 15:

R(ta C) = RCO(f)af = t/‘xc = R(tv C) - RcO(t/‘xc) (17)

The function a.=a.(c) is the time-concentration-shift function. In the
general case of a non-constant concentration, the reduced time and history
are defined analogously to Eq. 16 as follows ®”!:

t 1 ~ _
E=¢&(t) = gmdﬁ §=¢&() (18)

The influence of moisture on the viscoelastic properties has the same
reversible character in the chemical sense as the influence of temperature:
A material with a certain moisture content or with a certain homogeneous
initial concentration has certain viscoelastic properties. These can be restored
if the material is dried or moistened back to this initial concentration.
According to the analogy of Eq. 17 and Eq. 18 with Equation 15 and Eq. 16
for thermorheological simplicity, the concept just presented is referred to as
hygrorheological simplicity.

2.2.5.3. Time-temperature-concentration-shift. The influences of temperature
and humidity with Eq. 16 and Eq. 18 lead to the time-temperature and time-
concentration-shift principles. The consideration of the joint influences of
temperature and moisture on the viscoelastic properties is achieved by inte-
grating these two principles with the time-temperature-concentration-shift
principle, which results from the assumption of thermo- and hygrorheological
simplicity. The reduced time is therefore:
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1

ares(T(, ¢(7)))

ares denotes the resulting shift function, which results from the individual shift
due to temperature and concentration as follows:

§=¢1) =] dr,  £=¢(0) (19)

Hres = AT, (20)

For the time-temperature shift function ar, the approach according to
Williams, Landel and Ferry (WLF) (82] i used above the temperature T,
and an Arrhenius-type approach is used below the temperature T,r, as these
two approaches have proven successful for many polymers as well as for the

structural adhesive investigated in this project!””:

—Pari (TfTaT) >
Pyt T—Tar T TaT

11 (21)
Pat3 (T - Tal>7 T S TaT

log,,ar = logar =

In the WLF-Arrhenius approach (Equation 21), three parameters p,r1, Par2
and p,rs occur. The value T,y is a reference temperature at which the system
switches between the two approaches in Equation 21 The parameter Ty is

usually identical to the reference temperature: Tau=Tar. It is only required if
the WLF approach (Equation 21) with already identified parameters is to be

shifted with respect to another reference temperature Ta=T,r. For the time-
concentration-shift function o, the authors of #"#* use the expression analo-
gous to the WLF equation (Equation 21) to illustrate the influence of moisture
on the viscoelastic properties of a polyester resin or epoxy resin. The structural
adhesive in the present project is a filled epoxy resin, which is why the
following transfer of the approach according to Equation. (Equation 21) to
the time-concentration-shift function ac is obvious:

el e
loga, = T (22)

1 1
pac3 (E - a) 9 c S Cac

An alternative to the approaches in Equation 33 would be the following
proposal in,!** where the influence of moisture on the viscoelasticity for nylon
is recorded as follows:

Inac =p, + Pucr <1 — exp (Cac _ C)) (23)
pac3

The following relaxation functions for normal and shear stress Rs and Rn
are each assigned the Wiechert model with equilibrium chain according to
Equation 13:
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M -
Ro(6—s) = keoo + > _ keexp (— 3 f) (24)
im1 si
M ¢ -
Rn(gn_n) = knoo + lz_l: kpyiexp <_ r’li'—mn) (25)

The shear and tensile relaxation time in Equation 33 and Equation 33 for
summation member i are defined analogue to Equation 12 as follows:

B = = (26)
The reduced times in are applied analogue to Eq. 19:
‘ 1
&= =) —am @ =0 (27)

PN ERTCIRIAY (28)

They contain the resulting shift functions a,es and e, for shear and
normal direction:

QKres,s = AT sOcs (29)

Kresn = AT nlcn (30)

The shift functions are applied analogue to Equation 21 and Equation 21:

~Paris (T_T3T~5)

T>T,r
_ +T—Tars aT,s
logars = me Ts (31)
1
paT375 <T - TaTs)’ T S TaT,S
- T—Tarn
S (+T—T:Tn) » T>Tarn
logar, = #T2n ‘ (32)

paT3,n (% - #)7 T < TaT7n

TaT,n

_pacl,s<c_cac~5)
— — ’ s
T (33)
' 1 1
pac3,s (E - Cac,s) ,C < Cac,s

~Pein (C_Cac:“)
_ —C. Y )
log ac.n = Pan 1€ (34)
11
pac3,n <c Cac{n) ,c < CaT.n
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2.2.6. Identification, verification and validation of the model parameters
Experimentally determined material parameters are used for the final para-
meterisation of the previously developed models for describing viscoelasticity
and damage. During parameter verification, the rheological parameters and
necessary shifts for time and temperature are determined using the DMA.
Technical samples are used to identify irreversible parameters for the damage
model and to adjust the equilibrium spring. To ensure reliable parameter
identification, all specimens are conditioned until the entire adhesive layer
reaches > 99% saturation, guaranteeing uniform moisture levels throughout.
This conditioning time is derived from gravimetric diffusion measurements
and numerical diffusion analyses. As a result, specimen size and potential
differences in surface diffusion rates do not affect the material characteriza-
tion. It is necessary to note that the process of scaling up the ageing results
from a small coupon to a large structure should be performed with caution. In
this process, the ageing of the adhesive/adherend interface should also be
taken into account (see. section 4.2.1). Parameter identification and verifica-
tion is the subject of other works by the authors.!®"**! The publication is
currently in progress. During model validation, no further adjustments are
made to the model and the previously identified parameters are applied. The
identified parameters and a comprehensive verification of these parameters
are documented and can be made available by the authors upon request. For
this reason, the data will not be repeated here.

The validation of the developed model and the associated material para-
meters is the scope of this paper and is carried out by comparing the results of
the creep tests on modified H-specimens with the fracture times calculated by
varying the stress, temperature and moisture. Bearing and load introduction
are realised via rigid bodies, which are connected to the joining parts via
compatible nodes. The length of the rigid bodies corresponds to the clamping
lengths of the adapters attached to the specimens. All degrees of freedom of the
rigid body for the support are prevented. The rigid body for the load intro-
duction is provided with an additional (extra) node, at which the load is
introduced by the constant force F. The node is placed in the plane of
symmetry. The degrees of freedom of the rigid body for load application are
defined by the additional node. At the edge of the adhesive layer, with the
exception of the nodes in the plane of symmetry, there is a concentration
boundary condition with c... The joining parts are modelled as diffusion
barriers.

The thermal load is applied directly to the nodes of the adhesive layer via the
material card. The FE model of the modified H-specimen is presented in
Figure 3. It consists of two steel components and an adhesive layer. The
adhesive layer is modelled using multiple elements across its thickness, com-
prising several cohesive zone element layers (shown in blue), in which damage
is calculated, and adhesive elements (shown in red), which exhibit solely
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Figure 3. FE model of the modified H-specimen for the simulation calculation in LS-DYNA.

viscoelastic behaviour according to the Maxwell parameters listed in the table.
The hygro-thermo-mechanical damage is calculated within the cohesive zone
model according to the governing equations, as a function of temperature,
creep load, and relative humidity.’**! A natural next step is to perform the full
analysis with solid elements in the overlap region, enabling a more accurate
representation of local triaxiality, and hygro-thermal gradients.

2.3. Experimental investigations on adhesively bonded modified H-specimens

2.3.1. Experimental series

The experimental investigations on the modified H-specimens are carried out
in two separate parts. In a first test programme with a total of four test series,
the influence of a variable temperature and a variable moisture concentration
of the environmental air on the deformation behaviour and the load-bearing
capacity of the H-specimens as a result of a quasi-static short-term load is
determined. The specimens are first stored for a certain period of time at
different temperature-humidity conditions in order to achieve a defined
moisture content in the adhesive layer. After pre-storage, the quasi-static
tensile test is carried out immediately after removal from the controlled
atmosphere until the adhesive bonding fails. During the tensile tests, the
machine force and the machine displacement are recorded. The results serve
as a reference for determining the load levels required for the second test
programme. In a second test programme with a total of four test series, the
influence of a variable temperature and a variable moisture content of the
environmental air on the deformation behaviour and the load-bearing
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capacity of the H-specimens as a result of a quasi-static creep load is deter-
mined. In both test series, the environmental temperatures 23°C and 40°C and
the relative humidities 50% and 80% are investigated.

The respective test matrices for the short-term and long-term tests per-
formed are provided in section 2.3.4 and 2.3.5.

The specimens can be identified below by a standardised specimen
designation that contains information about the type of specimen under
investigation, the type of test and the environmental conditions. The
exemplary specimen designation HP-KZ-23/50 first contains the type of
specimen (modified HP specimen). This is followed by the type of test
(KZ - short-term exposure) and the ambient conditions (23°C / 50%
relative humidity).

2.3.2. Manufacturing of adhesively bonded H-specimen

The manufacturing process for the modified H-specimen is described below.
Firstly, the surfaces of the parts to be bonded are prepared. The aim of this
surface preparation is to increase the adhesion forces between the part to be
joined and the adhesive and thus increase the static and dynamic load-bearing
capacity. A high temperature and humidity in the environmental air can also
favour corrosion processes on steel surfaces. Depending on the duration of
exposure, this can be accompanied by an undermining of the adhesive layer in
the area of the boundary layer by corrosion products (bondline corrosion).
This can significantly reduce the load-bearing capacity of the bonded joint.!*"
To minimise the risk of corrosion in the interface between the adhesive and
the bonded part, the steel surface is pretreated with a suitable primer before
the bonding process.

Before bonding, the surfaces are brushed with a wire brush to remove coarse
dirt and rust and cleaned with methyl ethyl ketone (MEK). The contact
surfaces to be bonded are then blasted over a large area with corundum sand
to surface quality Sa 3 in accordance with EN ISO 8501-1.% The blasted
surfaces are then cleaned again with MEK.

Finally, the primer BETAPRIME 1707 is applied with a paint roller as
shown in Figure 4. The specimens coated with primer are stored for
3 hours at a temperature of 70°C to accelerate the hardening process.
Moulded parts made of polyethylene (PE) and screw clamps are used to
manufacture the modified H-specimens. The PE moulded parts have
a T-shaped cross-section. They are used to position the parts to be joined
in relation to each other and to adjust the thickness and width of the
adhesive layer. First, PE moulded parts are cleaned and degreased. Then,
for each specimen, two PE moulded parts are positioned between two
primed T-profile sections so that they lie against the longitudinal edges of
the parts to be joined. The parts to be joined and the moulded parts are
then fixed in place using two screw clamps (Figure 5, left).
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Figure 4. Priming the surfaces of the parts to be joined.

Figure 5. Left: Positioning of the T-profile sections using polyethylene moulded parts and fixing
with two screw clamps; centre: Adhesive bonding by applying the adhesive at an angle of 45° to
the upper end face of the joining gap; Right: formation of an adhesive bulge at both ends of the
joint after the end of the adhesive application.

One end of the specimens is then covered with a piece of adhesive tape
with a slit in it. The opening of the static mixer is inserted through this
slit and the adhesive is injected into the adhesive joint. The static mixer is
positioned at an angle of around 45° to the end face so that the adhesive
wets the surface of the part to be joined immediately after leaving the
mixer. This ensures that the adhesive can spread evenly from the covered
end face in the longitudinal direction of the adhesive gap. The adhesive
injection is completed as soon as the adhesive emerges from the underside
(Figure 5, right).

2.3.3. Conditioning of the modified H-specimens

The purpose of pre-storage is to achieve complete water saturation of the
adhesive layers of the specimens. Due to the small ratio of exposed surface
area to adhesive volume, the process of moisture diffusion is relatively
slow under the climatic conditions described above. In order to achieve
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a short ageing period, the ageing boundary conditions must be adapted by
increasing the ambient temperature. All specimens are therefore aged at
70°C and the respective relative humidity at which the quasi-static tensile
and creep tests are subsequently carried out. The duration of ageing
depends on the desired, graded water concentration (see section 2.2.2).
The climatic conditions during conditioning are monitored and docu-
mented by appropriate temperature and humidity sensors. In addition, the
climatic conditions in the two chambers used for the creep tests are
recorded for the entire duration of the creep tests (s. section 2.3.5).
Figure 6 shows an example of the temperature and relative humidity
curve in the two chambers during the conditioning and the subsequent
creep test. The water absorption of the adhesive layer of the modified
H-specimens is analysed using Fickian’s diffusion model presented in
section 2.2, considering the effects of humidity and temperature on the
saturation state. The conditioning protocol was designed to obtain
a uniform and well-defined moisture state within the adhesive layer before
mechanical testing. All modified H-specimens were stored under constant
temperature and relative humidity for 14 days until the adhesive layer
reached a minimum of 99% water saturation throughout its entire thick-
ness. This ensures that reversible moisture-induced changes of the viscoe-
lastic properties are fully developed and identical at all locations within
the adhesive. Irreversible moisture-only damage is negligible within the
time scales relevant to this study. Due to this uniform moisture state,
neither diffusion gradients nor moisture transport processes are present
during subsequent mechanical tests, allowing a clear separation between
hygro-thermal conditioning and mechanical creep behaviour.

Start of test 1 |
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Figure 6. Exemplary representation of temperature and humidity in the two chambers over time
during conditioning and creep test.
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2.3.4. Short-term tensile tests on adhesively bonded H-specimen

Experimental testing of the modified H-specimen is carried out on the inspekt
250 kN wuniversal testing machine in upright two-column design from
Hegewald & Peschke with a maximum static test load of 50 kN.

A climatic test chamber from mytron Bio- und Solartechnik GmbH is
used to generate the test climate. The climate chamber is positioned under
the crosshead of the machine. Tension rods, to which the test specimens
are connected, are inserted into the test chamber through openings at the
top and bottom. The load introduction constructions are shown in
Figure 7. The test force is applied on both sides by two spherical rod
ends M24, each of which is joined to the ends of the test specimen by an
adapter element. The adapter elements are connected to the ends of the
test specimen with bolts not shown in Figure 7 via through-holes arranged
there. The rod ends are attached to the fork-shaped tension rod ends of
the testing machine using bolt connections. By using the rod ends, an
articulated connection of the specimens to the testing machine is achieved
and undesirable constraints in the specimens are avoided. As part of the
test, the machine force and the machine displacement are measured and
recorded using the testing machine’s data acquisition software. All tests
are performed in displacement-controlled mode with a constant traverse
speed of 2 mm/min under defined climatic test conditions.

Spherical Bearing

Figure 7. Schematic representation of an adhesively bonded H-specimen and the elements for
adapting the specimen to the testing machine.
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Table 2. Test series of the short-term tensile test on adhesively bonded H-specimens.

Test Series Designation Temperature Relative Humidity Tests
1 H-KZ-23/50 23°C 50% 3
2 H-KZ-23/80 80% 3
3 H-KZ-40/50 40°C 50% 3
4 H-KZ-40/80 80% 3

The series of tests performed with quasi-static tension test are summarised
in Table 2.

2.3.5. Creep tests on adhesively bonded H-specimen

2.3.5.1. Testsetup. The creep tests are carried out on the previously described,
component-like modified H-specimen under constant mechanical load.
Various temperature-humidity environmental conditions are investigated.
The aim of the investigations is to know the influence of varying temperature-
humidity environmental conditions on the deformation behaviour and the
load-bearing capacity of the component-like, modified H-specimen under
constant mechanical load. The tests are carried out in a test setup designed,
dimensioned and manufactured for this purpose.

The test setup comprises a load application construction and a climatic
chamber in which the specimens are conditioned and then tested. To intro-
duce the creep loads to be applied, the steel frame structure shown on the left
in Figure 8 is constructed and assembled from structural steel profiles. This
consists of structural steel sections that are joined together to form a frame
system using welded and bolted connections.

Weights are placed on the right end of the load introduction beam (HEA
160), which acts as a lever arm, during the test. The load transfer beam rests on
the left-hand side in a support pocket incorporated in an HEA. On this side,

G PoxPXxR5
Stiffener, t=1hm &x‘%g §
E)

=" | Threaded rod, M20- 109

]

) i vg

A\ )"E”*'ﬁﬂ ,. :

HEB 180 h_Stiffener, t=Bmm
Stiffener, t=16mm 2300

Figure 8. Left: technical drawing of the frame construction made of structural steel profiles for
carrying out the creep tests; right: experimental setup of the long-term creep tests.
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the load transfer beam has a welded head plate with rounded edges at both
ends, which allows the beam to rotate in the pocket. In the area of the support
pocket, the tension rod and an intermediate load cell are connected to the load
transfer beam via a plate with an eyelet. There are joints on the top and bottom
of the tension rod to compensate for eccentricities. The dead weight and the
applied weights create a tensile force in the tension rod and in the installed test
specimens. The four load application constructions used are decoupled from
each other in order to avoid influencing other tests through premature, sudden
failure of a specimen.

The climate chamber can be inserted into the steel frame construction as
shown in Figure 8. Each chamber has two openings at the top and bottom
through which the tension rods can be passed. When installed, the test speci-
mens are located inside the chambers and are thus constantly exposed to the
set test climate. A built-in test specimen with connected measurement tech-
nology in the climate chamber is shown in Figure 9. The relevant components
of the experimental setup are marked here.

2.3.5.2. Recording of test data. The sensors installed in the climate chamber
allow documentation of the relative humidity and the environmental tempera-
ture over the entire course of the test. The temperature-humidity environmental
conditions correspond to those of the quasi-static tests. During the creep tests,
the displacements of the test specimens and the applied creep load are also
measured and documented. The existing tensile force is set and measured using
a force sensor connected to the tension rod before the test begins.

Adapter element

Fixed joining part |

H-specimen

o

Displacement
transducer 8

]

Tension rod

Figure 9. Built-in test specimen with connected measurement technology in the climate chamber.
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Adapter element 1

[~ H-specimen

Adapter element 2

1.

Figure 10. Measurement of the relative displacement of the two joining parts of the H-specimen
via inductive displacement transducers.

The relative displacement of the two joining parts of the modified
H-specimen is measured using two inductive displacement transducers. The
displacement transducers used fulfil the requirements for accuracy class 1 in
accordance with DIN EN ISO 9513. One base each of the displacement
transducers is attached to the upper and lower specimen holder.

The upper adapter element is approximately displaceable in the direction of
the applied tensile force. During the test, the lower adapter element experi-
ences the theoretical, time-dependent deformation u. The displacement is then
measured via the measuring arm, as shown in Figure 10. The relative displace-
ment of the two joining parts can be determined from the arithmetic mean of
the two displacement signals u; and u,.

2.3.5.3. Test parameter and test program. The results of the quasi-static load
capacity tests on the H specimens are used to determine the loads for the creep
tests. Three different load levels are investigated, which differ in terms of the
permanent load applied. The permanent load corresponds to a defined propor-
tion of the quasi-static load-bearing capacity. The aim is to achieve fracture
times of 24 h (load level 1), 100 h (load level 2) and 1000 h (load level 3). Two
tests are carried out for each load level and environmental conditions. The series
of creep tests performed with constant loading are summarised in Table 3.

3. Results
3.1. Calculated ageing times of the test specimens

Figure 11 shows the water concentrations in the centre of the adhesive layer of
the modified H-specimen at different times of the ageing process as a function
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Table 3. Test series of the short-term tensile test on adhesively bonded H-specimen.
Test Series Designation Temperature Relative Humidity Load level Tests
1 H-KZ-23/50 23°C 50%

N

2 H-KZ-23/80 80%

3 H-KZ-40/50 40°C 50%

4 H-KZ-40/80 80%
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Figure 11. Water concentration over time at 22.5, 40 and 70 degrees Celsius to determine
exposure duration of the H-specimen until a water concentration of 99% of the adhesive layer is
reached (ageing times: 9 days at 70°C, 21 days at 40°C and 49 days at 22.5 °C).

of an environmental temperature between 22.5°C and 70°C, calculated using
Equation 1

It can be seen that the increase in water concentration in the adhesive layer
decreases exponentially with increasing ageing time. In addition, the ageing
time decreases with increasing ambient temperature.

In addition, the distribution of the water concentration across the cross-
section of the modified H-specimen as a function of the ageing time is shown
in Figure 12 for the ambient temperature of 70°C as an example. The water
concentrations are highest in the border area, which is adjacent to the envir-
onmental air, and decrease continuously towards the centre. The lowest water
concentration is reached in the centre of the adhesive layer.

Complete saturation of the adhesive layer, which is assumed for 99%
saturation, can be achieved in 49 days, 21 days or 9 days, depending on the
environmental temperature under consideration. In view of the need for the
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Figure 12. Distribution of the water concentration across the cross-section of the adhesive layer of
the H-specimen at an unsaturated state.

shortest possible ageing period, the test specimens are aged at 70°C for 9 days.
After the saturation period, the distribution or water concentration is
homogeneous.

3.2. Short-term tensile tests

Figure 13 and Figure 14 show the machine force-machine displacement curves
separately for the two test temperatures of 23°C and 40°C and the relative
humidities of 50% and 80%. Table 4 lists the individual values and mean values
of the breaking loads Fy,, and the associated displacements u at Fyj,y.

For both levels of test humidity, the curves demonstrate linearity until shortly
before maximum force is attained. With the onset of the fracture, the curves
become increasingly flatter and fall rapidly after the maximum force is reached.

8 " 1 " 1 " 1 N 1 N 1 N 1
1 — H-KZ-23/50 - V1

71 — H-KZ-23/50 - V2 -
1 — H-KZ-23/50 - V3
| — H-KZz-23/80 - V1
5| — H-KZ-23/80 - V2
|1 — H-KZ-23/80 - V3

Machine force [kN]
N

T T T T T T T T T T T T T
0.00 025 050 075 100 125 150 1.75 2.00
Machine displacement [mm]

Figure 13. Machine force — machine displacement diagram of the short-term tensile tests on
H-specimens at 23°C environmental temperature and 50% and 80% relative humidity.
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8 " 1 " 1 " 1 N 1 N 1 N 1

1 — H-KZ-40/50 - V1

71 — H-KZ-40/50 - V2 -

5 ] H-KZ-40/50 - V3 i
| — H-KZ-40/80 - V1
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Figure 14. Machine force — machine displacement diagram of the short-term tensile tests on
H-specimens at 40°C environmental temperature and 50% and 80% relative humidity.

Table 4. Failure loads and associated displacements of the quasi-static short-term tensile
tests on modified H-specimens at 23°C or 40°C and 50% RH or 80% RH based on %,

Test Series Designation Test Nr. Fmax [KN] u at Fyay [mm]
1 H-KZ-23/50 1 (4.39) (1.22)
2 6.16 1.43
3 5.68 1.21
Mean value 5.92 1.32
2 H-KZ-23/80 1 6.39 1.64
2 6.38 1.59
3 6.35 1.54
Mean value 6.35 1.59
3 H-KZ-40/50 1 4.68 1.19
2 4.86 1.09
3 494 1.10
Mean value 483 1.13
4 H-KZ-40/80 1 5.03 113
2 5.16 1.32
3 4.82 1.20
Mean value 5.00 1.22

Firstly, the results for the temperature/humidity combinations 23°C / 50%
RH and 23°C/ 80% RH are analysed. Test V1 is not included in the following
evaluation, as a large air inclusion can be recognised in the fracture surfaces of
this test specimen.

The mean value of the failure load for the test boundary conditions 23°C /
50% RH is 5.92 kN. The corresponding mean displacement is 1,32 mm. At the
same temperature and a humidity of 80% RH, the mean value of the failure
load is 6.35 kN with a mean value of the displacement of 1.59 mm.

The curves and the failure loads at 40°C / 50% RH are within the scatter
range of the results at 40°C / 80% RH. The curves tend to be lower at a test
humidity of 80% RH than at a test humidity of 50% RH. As with the test
temperature of 23°C, the increase in test humidity from 50% RH to 80% RH is
associated with an increase in the average failure loads from 4.83 kN to 5.00
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Figure 15. Quasi-static short-termin tensile tests on modified H-specimens: exemplary documen-
tation of the fracture surfaces (left: HP-KZ-40/80-3; right: HP-KZ-23/80-3).

kN. The shift in maximum force also increases on average with increasing test
humidity. For a relative humidity of 50% RH, a mean displacement of 1.13 mm
can be documented. In contrast, the mean displacement at a humidity of 50%
RH is 1.20 mm.

Ductile shear failure is observed for all specimens. Figure 15 shows exemp-
lary photos of the fracture surfaces of test specimens H-KZ-40/80-3 and
H-KZ23/80-3. Cohesive failure of the bonded joint is evident for all speci-
mens. The fracture surface was characterised either by a flat shape (Figure 15,
left) or by a stepped shape (Figure 15, right).

3.3. Long-term creep tests

The fracture times determined in creep tests on modified H specimens under
constant, combined mechanical, thermal and hygro stress are shown in
Figure 16. The x-axis represents the time taken for the specimens to fracture
in hours. The y-axis shows the nominal tensile normal stresses in the adhesive
layer in Megapascal during the long-term test. The associated loads are defined
on the basis of the results of static tensile tests. The fracture times determined
are between 0.4 h and 930 h, depending on the applied tensile normal stress.
The tests showed that for a stress of less than 1.5 MPa, no failure of the test
specimens could be achieved for a period from 930 hours up to 1600 hours.
The tests were therefore terminated before failure and included in the diagram
for the sake of completeness. The tests are marked accordingly in the diagram.
They are also not part of the further evaluation.

The results show that the fracture times of the test specimens decrease with
increasing applied tensile normal stress. At the same tensile normal stress and
relative humidity, the fracture times tend to increase with decreasing tem-
perature. Furthermore, it can be observed that the fracture times tend to
decrease with increasing relative humidity at the same tensile normal stress
and constant temperature.
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Figure 16. Tensile normal tension-failure time diagram of creep tests on modified H-specimen
under constant, combined mechanical, thermal and hygro loading.
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Figure 17. Relative displacement-failure time diagram of creep tests on modified H-specimen
under constant, combined mechanical, thermal and hygro loading.

Figure 17 shows additionally determined relative displacements of the bonded
parts during the test as a function of the applied nominal tensile stress in the
adhesive layer, separately for the test temperatures 23°C (left) and 40°C (right).

4. Discussion
4.1. Influence of environmental conditions

Temperature and humidity are among the main environmental influences that
can affect the behaviour of adhesive bonds. Both factors have an independent
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effect on the properties of the adhesive and the bond. In addition, they can
reinforce each other and, when combined, lead to more complex changes than
when considered in isolation.

4.1.1. Short-term load bearing behaviour

The test results of the short-term tensile tests for the temperature/humidity
combinations 23°C / 50% RH and at 23°C / 80% RH show that the failure loads
are higher than at 40°C and the equivalent test humidity. At a temperature of
23°C and an air humidity of 50% RH, the average failure load in the short-term
tensile tests is 23% higher compared to the test temperature of 40°C and the
same air humidity. For a relative humidity of 80%, the average failure load in
the short-term tensile tests increases by 27% as a result of reducing the test
temperature from 40°C to 23°C. The drop in the maximum load-bearing
capacity as a result of increasing the test temperature from 23°C to 40°C can
be primarily explained by the approach of the test temperature to the glass
transition temperature of the adhesive. The increase in deformation upon
reaching the failure load can also be explained by this.

In the range of the glass transition temperature, the stiffness and strength of
adhesives decrease significantly.'*”) According to,'®”) another reason for the
decrease in failure load as a result of higher temperature may be temperature-
related expansion differences between the bonded parts and the adhesive layer
due to different expansion coefficients.

Furthermore, it can be seen that the maximum load-bearing capacities for
both temperatures investigated increase by 7.3% (23 °C) and 4.5% (40 °C) with
increasing humidity. In,’®® the impact of relative humidity on the moisture
cross-linking of polyurethane adhesives is shown. Using FTIR spectroscopy, it
was shown that higher relative humidities (65-85%) significantly increases the
reaction rate. DFT calculations show that water clusters greatly reduce the
activation energy, which accelerates the crosslinking process and explains
slight increases in load-bearing capacity, especially in the context of short
ageing times.

4.1.2. Long-term load bearing behaviour

The results of the long-term creep tests on modified H specimens under
defined climatic conditions, which form the basis for the model validation in
section 4.2, show a clear influence of temperature and relative humidity on the
creep behaviour of the bonded joints. At 23°C and 50% relative humidity, the
longest test times to failure are achieved on average with the same applied
tensile normal stress.

As the temperature rises to 40°C, there is a significant reduction in the test
times compared to the tests at 23°C and the same tensile standard stress,
regardless of the humidity. It can thus be deduced that the applicable stresses
for a given test time at an ambient temperature of 23°C are significantly greater
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than at a temperature of 40°C. This is primarily due to the test boundary
conditions being close to the adhesive’s glass transition temperature. This
applies in particular to long durations in which the temperature-induced
degradation of the adhesive properties increases. Furthermore, it can be
observed that the fracture times tend to decrease with increasing relative
humidity at the same tensile normal stress and constant temperature. The
negative influence of absorbed moisture on the strength and stiffness of
adhesives with long-term exposure is described in the literature for EP
adhesives'® " and for PU adhesives.!”?! It is important to note that moisture-
induced ageing comprises both reversible and irreversible mechanisms.
Irreversible degradation caused solely by moisture proceeds very slowly and
plays no practical role within the present investigation. The dominant influ-
ence is the reversible change of viscoelastic properties, which depends directly
on the water content. Since all specimens were tested in a fully saturated and
spatially uniform moisture state, the mechanical responses in sections 3 and 4
are not affected by ongoing diffusion processes. This allows direct attribution
of the observed behaviour to temperature and mechanical load, while rever-
sible moisture effects are already fully incorporated in the initial material state.

The reason for this is the absorption of moisture according to Fickian s law,
which leads to hydroplasticitation and possibly swelling stresses. Another
reason is hydrolysis. During hydrolysis, water molecules attack chemical
bonds in the polymer network. Examples include ester, urethane or amide
bonds, which occur in many structural adhesives (e.g. epoxy resins, polyur-
ethanes). Both of these negative influencing factors are preferred by an
increased ambient temperature and exposure times.*”?*!

4.2. Validation of the numerical model

In Figure 18 the experimentally determined fracture times of the creep tests on
modified H-specimen are shown as a function of the level of tensile stress, the
temperature and the relative environmental humidity. To validate the devel-
oped calculation model, the experimental data points are compared with the
fracture times determined by calculation. The validation results with the final
parameterised material model show a good agreement between simulation and
experiment. The short-term experiments were also recalculated with good
agreement between experiment and simulation as part of the underlying
research project. However, for reasons of space, they were not included in
the paper.

The agreement between simulation and experiment can be regarded as
satisfactory and practical, particularly when considering that, for example,
the experimental data at 40 °C/80% RH encompass the data points obtained
at 40 °C/50% RH, and that the simulation results lie within the same order of
magnitude while preserving physical plausibility.
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Figure 18. Simulation and experiment: validation calculation. Tensile normal tension-failure creep

tests on modified H-specimen under constant, combined mechanical, thermal and hygro loading
63]

The inflection point is of particular importance, as it marks the transition
between the dominant influences of creep damage and hygro damage. Especially
at higher creep load levels, the fracture times are less affected by hygro damage
than at very low load levels, where saturation effects as well as reversible and
irreversible hygro ageing become decisive. The pronounced change in slope
becomes more distinct at higher temperatures and under stronger hygro influ-
ences. A more detailed discussion of these effects can be found in.*! It should
be noted that the parameters identified for the hygro-thermo-mechanical
damage model presented here, as well as the reversible viscoelastic parameters,
were determined based on DMA investigations and experimental studies con-
ducted on significantly smaller specimens. The experimentally and numerically
determined results of the tests at a test temperature of 23°C and relative
humidity of 50% show a high degree of consistency. The deviations between
the experiment and the numerical results for the remaining three boundary
conditions are small but noticeable. The deviations can generally be attributed to
uncertainties in the transfer of material parameters from substance and small
specimens to larger specimen geometries.

4.2.1. Opportunities and necessary boundary conditions

In addition, Figure 19 shows the cohesive zones of an exemplary adhesive
layer, where the various forms if damage are calculated. In the example shown,
which is intended to demonstrate the capabilities of the developed model, no
conditioning took place. At the start of the test, the specimen is subjected to
a creep load and exposed to a temperature of 23°C and a humidity of 80% RH.
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Figure 19. Results of the numerical simulation of moisture damage (left), creep damage (centre)
and total damage (right) 3!,

The left figure illustrates the hygro damage, the middle figure the creep
damage, and the right figure the total damage D.,, represented as the sum
according to Equation 9 The color gradients from blue to red in the simulation
indicate the magnitude of the damage values. Depending on the onset of the
mechanical load or the location within the adhesive layer at which the damage
values are evaluated, the influences vary in magnitude. For longer saturation
times, hygro effects become more pronounced, whereas in dry environments,
creep damage predominates.

Figure 20 illustrates the damage contributions from hygro and mechanical
effects in an outer element and a central element, extracted from the simula-
tion shown in Figure 19 at 23°C and 80% relative humidity, with fracture
occurring after 10 hours. It is clearly evident that in an outer element the hygro
influences are significantly higher and the overall damage greater than in
a central element, which was exposed to only minimal moisture.

The modelling framework developed in this study is focused on the bulk
adhesive layer. Interfacial behaviour, including primer-dependent or
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Figure 20. lllustration of the influence of damage calculations: left: outer element of the adhesive
layer with significant influence of ageing damage; right: damage behaviour dominated by creep
damage: element in the middle of the adhesive layer with the specimen not fully saturated and
taking into account advanced reversible and irreversible ageing damage due to water diffusion.
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substrate-dependent mechanisms, differs fundamentally from bulk behaviour
and would require a dedicated experimental programme involving alternative
adhesives that predominantly fail at the interface. The adhesive chosen for this
project exhibits failure within the adhesive layer, ensuring consistency
between substance-level characterisation (e.g., DMA), technological speci-
mens, and structural tests. While the underlying theoretical model can in
principle be extended to partially saturated regions or interface-dominated
damage, such extensions fall outside the scope of the present work and
constitute promising directions for future research.

4.3. Conclusions

In general, the use of a physically motivated constitutive and lifetime predic-
tion model, in conjunction with material parameters identified from dynamic
mechanical analysis (DMA) and technological specimen testing, enables accu-
rate and reliable lifetime simulations of large-scale structural components in
steel construction and plant engineering. The validated modelling framework
allows for an optimized application of adhesive joints, targeted material
reduction, and the safe implementation of lightweight design concepts over
a prescribed service life.

The applicability of the model is broad and transferable, ranging from long-
term durability and creep lifetime predictions to short-term dynamic analyses,
including impact and crash simulations. The framework accounts not only for
creep-induced damage under arbitrary mechanical loading histories, but also for
transient environmental boundary conditions such as temperature variations and
moisture exposure. Temperature effects influence both the mechanical response
and the diffusion kinetics of the material, which are described by experimentally
identified parameters covering saturated and unsaturated concentration states.

In addition, hygroscopic effects, separated into reversible and irreversible
degradation mechanisms, are incorporated and shown to significantly affect
the mechanical strength and damage evolution. These modelling capabilities
are demonstrated in particular by the validation of the creep lifetime predic-
tions presented in this study. Furthermore, the framework is extensible and
may be adapted to incorporate cyclic fatigue loading or alternative environ-
mental media in place of, or in addition to, pure moisture exposure.
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