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The objective of this study was to evaluate the influence of through-thickness variability of Young’s 
modulus on the numerical modelling of adhesive joint behaviour. The study combined experimental 
characterization with finite element simulations. Nanoindentation measurements were used to 
determine the distribution of Young’s modulus across adhesive layers with thicknesses of 0.05 mm and 
0.1 mm. Based on these measurements, two-dimensional finite element models of double-overlap joints 
were developed in Abaqus. Two modelling approaches were analysed: a conventional homogeneous 
model with constant material properties and a heterogeneous multi-zone model in which Young’s 
modulus varies across the adhesive thickness and is implemented using the USDFLD user subroutine. 
The results indicate that incorporating experimentally determined stiffness gradients significantly alters 
the predicted stress field, particularly in regions near the overlap ends where failure initiation is expected. 
The heterogeneous model provides improved agreement between numerical predictions  
and experimentally determined failure stresses. These findings demonstrate that accounting for stiffness 
heterogeneity improves the accuracy of numerical modelling of ultra-thin adhesive joints. 
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 Introduction 

Numerical modelling plays a key role in materials 
engineering, enabling the prediction of structural 
integrity of materials and joints in a wide range of 
applications from aerospace to automotive. 
Traditional finite element methods (FEM)  
and cohesive zone modelling (CZM) are readily used 
to simulate stress distributions, failure modes, and 
nonlinear material responses in adhesive bonds.  
The following introduction synthesizes key research 
on the modelling of adhesive joint strength, with an 
emphasis on nonlinear behaviours such as 
inhomogeneities and property gradients in the 
adhesive layer. Particular emphasis has been placed on 
models that take into account property variations, 
such as the Young's modulus gradient - higher near 
the substrate-adhesive interface and decreasing 
toward the core of the joint. The discussed work 
provides a basis for developing advanced material 
models that take these gradients into account, 
addressing the limitations of the homogeneity 
assumptions for adhesive joints. 

The literature contains many studies dedicated to 
explaining the critical factors affecting the reliability 
and integrity of adhesive bonds. The stiffness of the 
bonded materials is a very important factor affecting 
the strength of the adhesive bond. Young's modulus 
defines the characteristic relationship between the 
relative linear deformation ε of a material and the 
stress σ occurring in it within the range of elastic 

deformation [1]. One of the popular methods for 
determining the Young's modulus of materials, in this 
case adhesive, is the axial tensile testing of cast 
adhesive samples. The samples are standardized and 
have a paddle shape [2]. A properly prepared sample 
is placed in the jaws of a testing machine. In order to 
obtain the most accurate σ-ε relationship, an 
extensometer is used to measure the elongation of the 
sample over the accepted measurement section.  
The test results in the σ-ε characteristic, on the basis 
of which the Young's modulus of the adhesive 
material can be determined. However, it should be 
emphasized that this is the Young's modulus of the 
adhesive material and may differ from the Young's 
modulus in the adhesive joint. Kinloch [3] provides a 
definition of the apparent Young's modulus, defined 
as the ratio between the applied shear stress and the 
deformation at the thickness of the adhesive joint, 
which is greater than the actual Young's modulus of 
the adhesive joint. The increased value of the Young's 
modulus is based on the assumption that the adhesive 
material in the adhesive joint is strongly bonded to the 
substrate of the rigid joint material. 

Construction adhesives achieving a Poisson's ratio 
of 0.35 according to literature data means that the 
adhesive in the adhesive joint could have a Young's 
modulus value up to 60% higher than the Young's 
modulus value of the adhesive material [3,4]. 
However, the issues discussed by Kinloch do not take 
into account the relationship between the apparent 
Young's modulus and the thickness of the adhesive  
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joint, specifically the dependence of changes in the 
adhesive joint on the distance from the phase 
boundary and potential changes in the Poisson's ratio. 
It should also be taken into account that the thickness 
of joints in adhesive bonds is usually small, so 
assuming their ideal stiffness is a significant 
simplification. 

Researchers have often analyzed the effect of 
adhesive bond thickness on the strength of lap and 
double-overlap joints using analytical calculations and 
the finite element method, demonstrating an increase 
in maximum strength for "flexible" adhesives as 
thickness decreases [5,6,7,8]. This comparison is 
difficult due to the complex adhesive and cohesive 
interactions in the bond [1,9]. To intensify the 
cohesive interaction, samples were used as a stack of 
alternately bonded butt joints, destroyed with an 
extensometer and compared with paddle samples, 
which indicated slight differences in Young's modulus 
and the influence of the bonded material on changes 
in joint properties during curing [7]. In [10],  
the authors analyzed the effect of bond thickness on 
composite angle joints, concluding that the destructive 
stress decreases with increasing thickness, with a flat 
stress state for thin adhesive joints and flat 
deformation for thicker ones, emphasizing that the 
differences in strength result from stress states rather 
than material properties, which allows the use of data 
from paddle samples in design (for thicknesses of 
0.25–2.5 mm). Subsequent studies examined 
aluminum substrates with epoxy adhesives of various 
thicknesses, noting a deterioration in mechanical 
properties with increasing thickness, explained by a 
change in stress state in numerical analyses [11].  
In summary, the strength of adhesive joints increases 
with decreasing thickness [12,13], although for "thick" 
lap joints, the destructive load initially increases (0.15–
0.45 mm) and then decreases (0.9 mm), with a trend 
of degradation in butt joints attributed to 
reinforcement in a smaller volume and fewer defects. 
Lee et al. show that in elastomer-modified epoxies, the 
material properties in the fracture zone vary locally, 
which affects fracture resistance. The authors 
emphasize the existence of heterogeneous stiffness 
gradients near the fracture tip, which is important for 
accurate adhesive joint modelling [14]. Adams and 
Coppendale show that the stiffness of the adhesive 
joints significantly affects the actual stress-strain 
characteristics in butt joints. Restrictions on 
movement caused by stiff joints result in an apparent 
increase in the Young's modulus of the adhesive joint 
[15]. Studies of thin coatings have shown higher 
hardness (correlated with Young's modulus) for 
thinner layers, decreasing with increasing thickness of 
the coating layer [16]. To summarize the presented 
studies, it can be concluded that the phenomenon 
described as the apparent Young's modulus of  

an adhesive joint is strictly dependent on the thickness 
of the joint, the stiffness of the adhesive,  
the configuration of the joint, and even the method of 
use of the adhesive joint [8]. All the research studies 
presented so far should certainly be analyzed in terms 
of the phenomena occurring in the joint during the 
formation of the adhesive connection, phenomena 
related to adhesion, and the interaction of the surfaces 
of the joined elements with the adhesive in its liquid 
state. The results of the studies presented often 
indicated discrepancies in the strength of the adhesive 
joint in relation to the strength of the adhesive 
material. However, these differences were closely 
correlated with the thickness of the adhesive layer as 
well as material of the joints. 

In the case of adhesive joints, determining the 
correct values for Young's modulus or Poisson's ratio 
of the cured adhesive can be a complex but very 
important problem. Adhesive in a liquid state, which 
is in contact with a metal surface with a highly 
developed surface area, is subjected to physisorption 
and chemisorption forces at the phase boundary.  
In addition, due to the high heat capacity of metal, it 
strongly absorbs heat from the curing adhesive, and 
this reaction is usually exothermic. This can have a 
direct effect in the form of differences in the physical 
properties of the adhesive, including cross-linking 
density and a certain "ordering" of the structure in 
chemically curable adhesives in the area located in the 
phase boundary zone compared to the material in the 
center of the joint. The cross-link density of epoxy 
resin has a direct impact on the properties of the 
adhesive and affects its stiffness and strength.  
In contrast to the paddle sample, in thin joints, the 
adhesive cures in the presence of the energetic 
interaction of rigid joint elements and varying thermal 
curing conditions in the wall and center zones of the 
joint. This leads to a complex stress state in the loaded 
joint as a result of changes in the cross-sectional 
structure of the joint [18-20]. Physical adsorption 
causes the substance (adhesive) to condense on the 
surface of the adsorbent, which occurs due to 
intermolecular attractive forces. This interaction 
causes a specific ordering of the adhesive structure in 
the wall (interphase) zone, which is in direct contact 
with the bonded surface. These phenomena, 
interacting with the epoxy resin particles, cause their 
concentration [21]. The consequences of these 
phenomena are called apparent Young's modulus E'. 
In certain applications and adhesive joint thicknesses, 
these changes can cause errors in the design of 
adhesive joints and inaccuracies in the calculation of 
their strength.  

Analytical models of adhesive bonds play an 
important role in predicting stress and strain 
distributions, often relying on maximum values as 
failure criteria, although they require extensive  
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experimental testing for specific material 

combinations [22]. Most of these models introduce 
simplifications, such as linear adhesive joint 
characteristics or limitations to specific geometries 
and materials, which facilitate calculations but limit 

their versatility [23]. In terms of numerical modelling, 
these analytical approaches can serve as a reference 
point for validating FEM simulations, although they 

are not the dominant part of contemporary literature 
reviews, where numerical methods such as CZM 
prevail. Volkersen's model ignores bending effects, 
focusing on shear stresses τ in the joint, expressed by 

a formula that takes into account the overlap geometry 
and material moduli, which emphasizes the uneven 
stress distribution with maxima at the ends of the 
overlap. Goland and Reissner [24] took into account 

the deformations of the joined elements, dividing the 
problem into the determination of edge loads and 
stresses, which allows for the calculation of both τ and 

σ tearoff stresses, with lower maximum values 
compared to Volkersen in the absence of moments 
[25]. The Hart-Smith model [26] introduces 
nonlinearity through the plasticity of the adhesive, 

analyzing single and double joints with the lap divided 
into elastic and plastic zones, which allows for the 
inclusion of bi-linear elastic-plastic characteristics in 
strength predictions. Despite their simplifications, 

these analytical models aid in understanding the 
influence of the Young's modulus gradient on stress 
distribution, although in numerical simulations they 

integrate better with advanced tools such as user 
subroutines in Abaqus. In summary, although 
analytical models remain useful for quick estimates, 
their role in modelling is complementary to the 

dominant numerical methods. 
Kalina and Sedláček [27] presented a 

comprehensive methodology for combining 
mathematical models with FEM analysis and 

experimental results, showing that the accuracy of 
predicting the strength of adhesive bonds increases 
significantly when nonlinear failure mechanisms and 

material inhomogeneities are taken into account.  
The authors point out that local differences in 
properties, including Young's modulus variability, can 
have a key impact on crack initiation, which fits well 

into the concept of joints with gradient stiffness. 
Kolář [28] analyzed the effect of recycled additives on 
the microstructure and behavior of polyurethanes, 
showing that modifications in composition lead to 

local changes in cross-linking and hardness, which in 
thin joints can translate into heterogeneous stiffness 
profiles and requires representation in numerical 

modeling. In studies on degradation and fatigue, 
Müller [29], Šleger et. al. [30], and Cidlina et. al. [31] 
have shown that chemical aging, the interaction of 
processing fluids, and cyclic loading lead to a varied 

loss of properties in the bond. This is important for 

Young’s modulus modelling, because a real bond does 
not degrade uniformly, and changes in stiffness can 
increase over time, requiring inclusion in FEM 
through variable material fields. On the other hand, 

Corrado et. al. [32] showed that assembly errors and 
misalignment of connections can strongly amplify 
local stress concentrations, which are further 

intensified in the presence of a stiffness gradient - 
making his model useful for parametric analyses 
combining assembly tolerances with Young’s 
modulus. The most direct contribution to the 

development of the variable stiffness model, which 
uses nanoscratching to assess local homogeneity and 
shows clear differences in properties across the 
adhesive joint cross-section. These data provide an 

empirical basis for calibrating the E function, 
confirming the actual presence of zones of increased 
and decreased stiffness, which directly enables the 

verification of a numerical model of an adhesive bond 
with variable properties [33]. 

The review emphasizes that most research on 
adhesive joints focuses on joint strength, surface 

preparation, and stress simulations, while the 
properties of the joint itself and their variability across 
thickness are analyzed much less frequently.  
Although the influence of joint thickness on strength 

is widely described, very thin joints below 0.1 mm, in 
which strengthening and apparent Young's modulus 
phenomena occur, are almost completely ignored. 

Current numerical methods, including CZM  
and XFEM, typically do not take into account 
property gradients, and analytical models describe 
variability along the lap but not across the bond 

thickness. The apparent Young's modulus 
phenomenon depends on the material, bond 
thickness, and operating conditions, and its omission 
leads to inaccuracies in the modelling of thin joints. 

Therefore, there is a need for further research and 
development of models that can reproduce the actual 
stiffness gradients of bonds, calibrated experimentally, 

in order to increase the accuracy of FEM analyses.  
In contrast to previous investigations focused 
primarily on the influence of adhesive thickness on 
global joint strength, the present study isolates the role 

of experimentally quantified through-thickness 
stiffness gradients on local stress concentration 
mechanisms. The objective is not only to compare 
homogeneous and heterogeneous material 

representations, but to determine whether the 
inclusion of a physically measured stiffness profile 
alters the predicted failure-driving stress field in a 

statistically significant manner. This distinction is 
essential because failure in thin adhesive joints is 
governed by highly localized stress peaks rather than 
by global stiffness effects alone. 
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 Methodology 

The experiment used the results of 
nanoindentation tests, which provide information on 
the distribution of Young's modulus values across the 
thickness of the adhesive joint. The tests were 
conducted for two joint thicknesses, i.e., 0.05 mm and 
0.1 mm. The results of these tests were used as input 
data for the development of a numerical model of an 
adhesive bond with variable stiffness [34]. In order to 
verify the numerical tests, adhesive bond samples were 
prepared in an analogous manner. Double-overlap 
specimens according to ASTM D3528 were selected 
for the stress testing of adhesive joints. These are 
specimens with four adhesive joints of equal lap 
length. Double-overlap specimens are characterized 
by symmetrical loading in all joints due to the design 
of the specimen and the method of loading. In this 
test, the average elongation values at failure of the 
adhesive joint were determined. These values were 
used as data for numerical calculations. The tests were 
carried out for two epoxy adhesives, namely Epidian 
57/PAC – referred to as "flexible" and Epidian 57/Z1 
– referred to as "rigid" [35-37]. A tensile test of the 
adhesive material in the form of a paddle was carried 
out in accordance with DIN EN ISO 527-1 [2]. In this 
test, the strength of the adhesive material was 
determined. Based on the obtained tensile curves, the 
Young's modulus values of the adhesive materials 
were calculated. 

Double-overlap specimens for tensile testing were 
made of EN AW-2024 T3 aluminum alloy, using  
9.15 mm thick connectors and 4.56 mm thick overlays, 
cut with high precision using hydroabrasion.  
The connectors were milled as panel elements, with a 
separating groove and positioning holes, which 
allowed for precise positioning of the overlays and 
maintaining a constant overlap length. The surfaces 
intended for bonding were prepared in the same way 
as in the butt samples for nanoindentation testing, and 
the adhesive composition was applied manually, 
removing any excess. A silicone insert was placed in 
the groove to prevent the space from being filled with 
adhesive, and a constant joint thickness was ensured 
by means of steel spacers (0.05 mm and 0.1 mm). 
Similar to the samples in the nanoindentation tests, 
adhesive joints were prepared in two variants of 
adhesive joint thickness, i.e., 0.05 mm and 0.1 mm. 
The assembled elements were cured in a vacuum bag 
under a pressure of 0.1 MPa for 24 hours, and then 
seasoned for a minimum of 168 hours. The final 
samples were cut from the panel with a hydroabrasive 
jet, which ensured the integrity of the adhesive joint. 
The milled samples, prepared for bonding, are shown 
in Fig. 1.  

The Young's modulus of the adhesive was 
determined in an axial tensile test on paddle samples 

made of a cured adhesive composition. The adhesive 
mixture was prepared in the proportions 
recommended by the manufacturer, then cast in 
silicone moulds, and after 168 hours of curing, the 
samples were milled to a thickness of 4 mm.  
They were then subjected to a static tensile test in 
accordance with DIN EN ISO 527-1, using an 
extensometer to precisely measure deformations over 
a 50 mm section. The aim of the test was to determine 
the modulus of elasticity in the proportional range. 

 

Fig. 1 Samples in the form of a panel prepared for adhesive 
bonding, with a visible groove and positioning holes 

 
Based on the results obtained from the experiment, 

a numerical model was prepared in the Abaqus 
program. The aim of the study is to compare the stress 
state in the adhesive joint in a model that takes into 
account the variation in material properties across the 
thickness of the joint and in a model with 
homogeneous properties throughout the entire 
volume of the adhesive joint. In order to define the 
significance of differences in Young's modulus values 
across the adhesive joint thickness, a numerical model 
was constructed taking into account the changed 
Young's modulus values obtained in the 
nanoindentation test. A double-overlap sample in 2D 
representation in two variants, with dimensions 
compliant with ASTM D3528, was selected for 
verification. In the first variant, adhesive joints with a 
thickness of 0.05 mm and 0.1 mm were presented as 
single-zone joints with the same Young's modulus 
value of the adhesive joint throughout the entire 
volume of the adhesive joint. In the second variant, 
the Young's modulus of the joint was changed as  
a function of the joint thickness by using a subroutine.  

The selection of adhesive layer thicknesses of  
0.05 mm and 0.1 mm was not arbitrary. These values 
correspond to the range of ultra-thin adhesive joints 
commonly encountered in high-performance 
structural applications, where the constraint effect 
imposed by the adherends is most pronounced. 
Previous studies have shown that below 
approximately 0.1 mm, the apparent Young’s modulus  
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effect becomes significant due to restricted lateral 
deformation of the adhesive layer. The chosen 
thicknesses therefore represent a critical range in 
which through-thickness stiffness gradients are 
expected to have the strongest influence on stress 
distribution and failure initiation. The objective of this 
study is not to establish a general thickness-dependent 
model, but to investigate the local effect of 
experimentally measured stiffness gradients within 
this critical thickness range. 

When developing adhesive joint models for the 
purpose of simulating adhesive joint stress, various 
modelling options were considered. One option was 
to divide the adhesive joint along its thickness into 
separate solids for which the modified joint properties 
could be defined independently. In the case of 
adhesive joints, this modelling method can be 
problematic due to their very small thickness. It can 
often lead to the formation of stress singularities in the 
joint, caused by dividing the joint into increasingly 
smaller finite elements. In numerical modelling, the 
denser the MESH grid used at the point of load 
application, the closer the considered stress 
interaction area will be to zero. This means that each 
subsequent iteration will generate increasingly higher 
stress values, even though the value of the applied load 
does not change. This results in incorrect stress values 
at important points in the model geometry. The above 
is true when, for example, an adhesive bond with a 
thickness of 0.1 mm is divided into parts representing 
changes in the Young's modulus value across its 
thickness. Dividing it into smaller solids results in the 
need to divide them into at least 3 finite elements, 
which leads to excessive mesh density in the bond 
area. To verify numerical robustness, convergence was 
assessed not only in terms of peak stress magnitude 
but also with respect to stress gradient stability at the 
overlap end. The second derivative of the stress 
distribution along the overlap was monitored. 
Stabilization of both peak magnitude and gradient 
curvature confirmed that the adopted mesh density 
does not artificially amplify stress concentration.  
Fig. 2 shows the division of the adhesive joint into 
three solids, with a visible dense finite element mesh 
in the wall areas.  

In order to reproduce the actual, experimentally 
confirmed variability of Young's modulus along the 
thickness of the adhesive bond, it is necessary to use a 
material description that goes beyond classic, 
homogeneous linear models. The introduction of 
heterogeneity in a physically justified manner requires 
the implementation of a material with variable field 
characteristics, which in the Abaqus environment can 
be achieved through user subroutines. This approach 
uses the USDFLD subroutine, which allows variable 
fields to be assigned at each integration point as a 
function of time, strain, stress, temperature, or other 

quantities available in the set of material variables. 
This mechanism allows for dynamic, iterative 
updating of material properties, including Young's 
modulus, based on local state variable values, making 
it a particularly useful tool for mapping property 
gradients in bonds. The use of USDFLD allows the 
local stiffness of the material to be coupled with the 
position of the point on the bond thickness, so that 
Young's modulus can be assigned as a function of the 
normal coordinate, consistent with the profile 
obtained from nanoindentation tests. The subroutine 
is called at each calculation step for all integration 
points of elements in which field variables controlling 
material characteristics are defined, which allows for 
continuous correction of properties during 
deformation and ensures consistency with the 
nonlinear solution process. The implementation of 
this procedure requires the appropriate configuration 
of the Abaqus computational environment to work 
with the Fortran compiler, which includes integration 
with MS Visual Studio, configuration of system paths, 
and modification of environment variables to enable 
correct compilation of subroutines. After the 
configuration, a USDFLD was developed that assigns 
a field variable determining the Young's modulus as a 
function of the thickness coordinate, which allowed 
the creation of a numerical model that accurately 
reflects the heterogeneous nature of the stiffness of 
the adhesive joint. Fig. 3 shows the subroutine used in 
the numerical calculations. 

 

Fig. 2 Division of the joint into three solids, with a visible 
dense finite element mesh in the wall-adjacent zones  

 
A numerical model of a double-overlap adhesive 

joint was developed in two dimensions, treating it as a 
plane strain state, which is a reasonable approach for 
thin geometries and allows for precise reconstruction 
of stress distributions along the lap. The model 
defined boundary conditions reflecting the loading in 
the testing machine: one of the connectors was 
immobilized by an Encastre condition, eliminating all 
degrees of translational and rotational freedom, while 
the other was subjected to an applied tensile load  
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corresponding to the loading conditions used in the 
experimental test. The connections and overlaps were 
made of EN AW-2024 T3 material, reproducing their 
actual geometry, including an overlap length of  
12.7 mm. The adhesive joint was described by an 
elastic-plastic material whose σ(ε) characteristics were 
obtained experimentally. 

 

Fig. 3 A subroutine used in numerical calculations that 
makes the Young's modulus values dependent on the thickness 

of the adhesive joint 
 
The influence of the adherend material was 

explicitly considered through the selection of EN 
AW-2024 T3 aluminium alloy, which is characterized 
by a much high Young’s modulus relative to the 
adhesive layer. This choice is consistent with standard 
testing procedures and ensures a pronounced 
mechanical constraint imposed on the adhesive layer 
during loading. The stiffness mismatch between the 
adherends and the adhesive is a key factor governing 

the development of the apparent Young’s modulus 
effect, as it restricts transverse deformation of the 
adhesive and alters the stress state within the bondline. 

The material properties of the adherends were kept 
constant throughout all simulations in order to isolate 
the influence of through-thickness stiffness gradients 
within the adhesive layer. This approach allows for a 
controlled analysis in which variations in stress 
distribution can be directly attributed to the 
introduced material heterogeneity rather than to 
changes in global structural stiffness. The loading 
conditions were defined in accordance with ASTM 
D3528 for double-overlap joints, which ensures a 
predominantly symmetric stress state and minimizes 
bending effects. This standardized configuration is 
particularly suitable for investigating the intrinsic 
behaviour of adhesive layers, as it reduces the 
influence of geometric asymmetry and allows for a 
more direct assessment of material-related effects. 

The interactions between the connections and the 
adhesive layer were formulated as surface-surface 
contact, with the use of Tie constraints ensuring full 
bonding of the surfaces and load transfer without 
relative displacement and penetration. The model was 
based on a volume mesh structure of CPE4R 
quadrilateral elements, equipped with integration 
reduction and suitable for deformation analysis while 
minimizing numerical errors. The mesh was refined in 
critical areas of the adhesive bond to improve the 
accuracy of stress and strain gradient mapping.  
The model construction process in the Abaqus 
environment included: defining geometry partitions, 
assigning materials, implementing appropriate contact 
interactions, and verifying mesh quality. It was also 
ensured that the local densification of elements within 
the bond did not lead to the formation of artificial 
singularities. The model prepared in this way enabled 
the analysis of the stress in a double-overlap adhesive 
joint under flat deformation conditions, taking into 
account both the deformation of the joints and the 
nonlinear behavior of the adhesive layer [1]. Table 1 
presents the most important material constants used 
in the modelling.

Tab. 1 Material constants used in the numerical model 

Element Material 
Bond 

thickness 

Young's modulus 
(experimental) 

[GPa] 

Poisson's 
ratio  
[-] 

Fracture stress 
(experimental) 

[MPa] 

Single-zone 
adhesive joint 

Epidian 
57/PAC 

0.05 0.979 
0.34 37.7 

0.1 0.979 

Epidian 57/Z1 
0.05 1.71 

0.34 55 
0.1 1.71 

Multi-zone adhesive 
joint 

Epidian 
57/PAC 

0.05 1.99-2.48 
0.34 37.7 

0.1 0.98-2.48 

Epidian 57/Z1 
0.05 3.31-4.54 

0.34 55 
0.1 1.71-4.54 

Connector material EN-AW 2024 - 73,000 0.3 435 
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In modelling joints using multi-zone joints,  
a variable Young's modulus value was used across its 
thickness. The change in the Young's modulus of the 
adhesive along its thickness was described in 
accordance with the values obtained in 
nanoindentation tests for joints made with Epidian 
57/PAC and Epidian 57/Z1 adhesives [34]. 

 Results and discussion 

Fig. 4 compares the average elongation at break for 
both adhesives analyzed in relation to the thickness of 
the bond in the adhesive joint. An adhesive joint with 
a 0.1 mm thick joint made with Epidian 57/PAC 
adhesive achieves an average elongation at break 
41.3% greater than that of a joint with a 0.05 mm thick 
joint. In the case of the "rigid" adhesive Epidian 
57/Z1, an adhesive joint with a thickness of 0.1 mm 
is characterized by an average elongation at break 
6.3% greater than that of a joint with a thickness of 
0.05 mm. Table 2 shows the average values of strength 
and elongation at failure of adhesive joints made with 
the analyzed adhesives.  

 

Fig. 4 Comparison of average elongation values at the 
maximum force destroying the adhesive joint in relation to the 

average thickness of the adhesive joint 
 
Table 2 presents the results of the average strength 

of the adhesive material and Young's modulus, 
together with the standard deviation values, obtained 
experimentally in an axial tensile test of a paddle 
sample using an extensometer. 

Tab. 2 Average values of tensile strength and Young's modulus of adhesive materiál 

Adhesive 
Average tensile 
strength [MPa] 

Standard 
deviation  

[MPa] 

Average Young's 
modulus [GPa] 

Standard 
deviation  

[MPa] 

Epidian 57/PAC 37.71 2.08 0.979 40.60 

Epidian 57/Z1 56.08 2.14 1.701 20.73 

 
In the FEM numerical model, following the multi-

zone modelling approach, the adhesive layer was 
assigned spatially varying Young’s modulus values 
across its thickness. These values were developed 
based on the results of experimental tests and adjusted 
to the thickness of the adhesive joints under 
consideration [34]. Fig. 5 and Fig. 6 show the changes 
in the Young's modulus values across the adhesive 
joint thickness for two thicknesses of the adhesive 
joints under consideration, which were used in the 
subprogram in the Abaqus software. Fig. 7 shows an 
example visualization of the deformation of a double-
overlap adhesive joint with the finite element mesh 
density marked. 

 

Fig. 5 Changes in Young's modulus at a bonded joint 
thickness of 0.05 mm [34] 

 

Fig. 6 Changes in Young's modulus at a bond thickness of 
0.1 mm [34]  

 

Fig. 7 Visualization of the deformation of a double-overlap 
joint model with a representation of the finite element mesh 

density 
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Figs. 8–11 show comparative graphs of reduced 
stress according to the Huber-Mises-Hencky 
hypothesis along a single lap of an adhesive joint.  
The graphs show differences in the maximum stress 
values at the end of the lap. In the multi-zone model, 
which reflects changes in the Young's modulus along 
the thickness of the adhesive joint, they are 7.4% 
higher than in the model with a uniform Young's 
modulus throughout the entire joint volume – the so-
called 1-zone model, in the case of "rigid" adhesive 
Epidian 57/Z1 adhesive and a bond thickness  
of 0.1 mm.  

 

Fig. 8 Reduced stresses in a 0.1 mm thick E57/PAC 
adhesive bond, along the lap for a 1-zone model and a multi-

zone model taking into account changes in the Young's 
modulus value in the bond across its thickness 

 

Fig. 9 Reduced stresses in a 0.05 mm thick E57/PAC 
adhesive bond, along the lap for a 1-zone model and a multi-

zone model taking into account changes in the Young's 
modulus value in the bond across its thickness 

 
In order to analyze the simulation results presented 

in the graphs below, it should be emphasized that the 
simulation modelled the stress on the adhesive joint 
until the joint failed. This means that it is possible to 
compare the stresses destroying the adhesive material 
with the reduced stresses in the adhesive joint 
subjected to deformation destroying the adhesive joint 

in the experimental test. Such a comparison will allow 
us to determine whether, at a given average 
deformation of the double-overlap specimen, a similar 
level of stress will be achieved in the joint material. 
Differences in stress values will indicate differences in 
the Young's modulus of the adhesive joint. Table 3 
and Table 4 show a comparison of experimental 
results and simulation results for Epidian 57/PAC a 
nd Epidian 57/Z1 adhesives.  

 

Fig. 10 Reduced stresses in the E57/Z1 adhesive joint with 
a thickness of 0.1 mm, along the overlap for the 1-zone model 
and the multi-zone model taking into account changes in the 

Young's modulus in the joint across its thickness 

 

Fig. 11 Reduced stresses in the E57/Z1 adhesive joint with 
a thickness of 0.05 mm, along the overlap for the 1-zone 

model and the multi-zone model taking into account changes in 
the Young's modulus value in the joint across its thickness 
 
The graphs shown in Fig. 8–Fig. 11 show the 

differences in reduced stress values according to the 
Huber-Mises-Henky hypothesis along the adhesive 
joint overlap in an adhesive joint. The graphs compare 
the stresses for two numerical models, one of which 
can be described as classic – single-zone, i.e., one that 
does not take into account the heterogeneity in the 
Young's modulus properties of the adhesive in the 
joint, and the other model, referred to here as a multi-
zone (multi-layer) model, in which the value of  
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Young's modulus varies as a function of the thickness 
of the adhesive joint. It should be noted that the stress 
values shown in the graphs are values at the nodes 
located at the edge of the adhesive joint at the point 
of contact with the connection material. At the same 
time, this is the place where the highest reduced 
stresses were observed. Due to the similarity in the 
preparation of the analyzed numerical models, the 

outline of the stress curves is also similar. A significant 
difference is the value of reduced stresses at the ends 
of the overlap, i.e., in places where the initiation of 
adhesive joint failure is expected. When comparing the 
values of reduced stresses at the nodes located at the 
edge of the joint, the differences between the models 
are greater. 

Tab. 3 Comparison of experimental stress values and simulation results for Epidian 57/PAC adhesive 

Adhesive 
strength 
[MPa] 

Model 
type 

Adhesive joint 
thickness [mm] 

Max. reduced stress in the 
joint [MPa] 

Difference % relative to 
adhesive strength 

37.708 

single 
zone 

0.05 36.207 -4.15 

0.1 35.397 -6.53% 

multi-
zone 

0.05 38.648 2.43 

0.1 38.045 0.89 

Tab. 4 Comparison of experimental stress values and simulation results for Epidian 57/Z1 adhesive 

Adhesive 
strength 
[MPa] 

Model 
type 

Adhesive joint 
thickness 

[mm] 

Max. reduced stress in the joint 
[MPa] 

Difference % 
relative to adhesive 

strength 

56.075 

single 
zone 

0.05 53.754 -4.32% 

0.1 53.209 -5.39% 

multi-
zone 

0.05 57.721 2.85% 

0.1 56.766 1.22% 

 
The results obtained in this study are consistent 

with contemporary research on the mechanical 
behaviour and numerical modelling of adhesive joints. 
Previous investigations have shown that the 
mechanical response of adhesive joints strongly 
depends on the stiffness of the adhesive layer and its 
interaction with the joined materials, which 
significantly influences the stress distribution and 
failure mechanisms in the adhesive bondline [38,39]. 
In particular, several studies indicate that simplified 
homogeneous material models may lead to 
discrepancies between numerical predictions and 
experimental results, especially in the case of very thin 
adhesive layers where the constraint imposed by the 
adherends modifies the effective stiffness of the 
adhesive bond [7]. The results presented in this work 
confirm that introducing spatial variability of Young’s 
modulus across the adhesive thickness improves the 
agreement between numerical predictions and 
experimental observations. Similar conclusions have 
been reported in recent modelling studies, where the 
mechanical response of adhesive joints was shown to 
depend not only on the bulk properties of the adhesive 
but also on local variations of stiffness and stress 
concentration mechanisms occurring near the 
interfaces [39]. The present analysis further 
demonstrates that stiffness gradients primarily 
influence local stress peaks at the overlap edges, which 
are known to be the most critical regions for crack 

initiation in bonded joints. This observation is 
consistent with the general understanding that 
adhesive joints are highly sensitive to peel and normal 
stresses near the ends of the overlap, even when the 
overall stress distribution along the joint appears 
relatively uniform [40]. Consequently, the 
incorporation of experimentally calibrated stiffness 
gradients into finite element models can significantly 
improve the predictive capability of numerical 
simulations without the need to introduce more 
complex fracture or damage models. These findings 
highlight the importance of considering through-
thickness material heterogeneity in the modelling of 
ultra-thin adhesive bonds. 

Beyond the comparison of reduced von Mises 
stress values, a detailed overview of stress components 
was performed. The gradient model exhibits a 
measurable increase in peel stress (σy) near the overlap 
ends, while shear stress (τxy) distribution remains only 
moderately affected. This indicates that stiffness 
heterogeneity primarily amplifies normal stress 
components responsible for crack initiation at the 
interface. In contrast, the homogeneous model 
distributes deformation more uniformly, which 
reduces the maximum peel stresses and consequently 
postpones the predicted initiation of failure. 

As the numerical model was developed to replicate 
the actual paddle specimen used in the axial tensile test 
as accurately as possible, the destructive stress values  
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could be compared at the same traverse displacement. 
The comparison can also be described as validation of 
the numerical model with the results of the actual test. 
The traverse displacement should be understood as 
the mutual displacement of the double-overlap joint 
connections over a distance of 50 mm, i.e., the 
distance over which the extensometer is placed.  
A direct comparison of the reduced stresses in the 
adhesive joint for both numerical models and the 
stresses calculated on the basis of the axial tensile test 
shows that the maximum stresses in the joint obtained 
in the simulation using the multi-zone model are 
closer to the actual stresses than those obtained using 
the classical model. The higher stresses occurring at 
the overlap edges in the multi-zone model, reaching 
values associated with failure, suggest an earlier onset 
of joint damage. From the perspective of damage 
mechanics, it should also be emphasized that the 
propagation of damage within the joint is constrained 
by the wall regions as a result of the heterogeneous 
structure of the adhesive layer. As a result, stresses 
increase in this region and owing to the enhanced 
strength provided by higher Young’s modulus, 
adhesive failure of the bonded joint subsequently 
occurs. 

 Conclusions 

Based on the presented results, it can be observed 
that the results of stresses destroying the adhesive 
material better match the results of reduced stresses 
according to H-M-H obtained in numerical 
calculations using a multi-zone model, which is 
intended to better reflect the behavior of an adhesive 
joint under load. The reduced stresses according to the 
H-M-H hypothesis and their highest level are 
observed at the edge of the joint. This is where the 
initiation of joint failure usually occurs, as this is where 
the joint is subjected to the highest normal stresses. 
When comparing the experimental and simulation 
results for 0.1 mm thick joints made with Epidian 
57/PAC adhesive, it should be noted that the highest 
reduced stresses obtained in the simulation results 
using the multi-zone model are 0.9% higher than the 
average destructive stresses determined 
experimentally for the tensile testing of paddle 
samples. The reduced stresses in the single-zone 
model are 5.93% lower than the average destructive 
stresses determined in the experimental test. In many 
studies, authors point to differences between 
simulation and experimental results, which often 
exceed 5%. At this point, it is worth mentioning the 
standard deviations for the analyzed cases, i.e., for 
Epidian 57/PAC adhesive: 5.51% and for Epidian 
57/Z1 adhesive: 3.81%. The differences in results 
between the above models reach 7.4%.  
The comparison between the average destructive 

stresses should be treated as a kind of model 
validation, but it should be noted that the presented 
model does not take into account phenomena related 
to the adhesion of the adhesive to the substrate, which 
often determines the destruction of the joint.  
As a measure of conformity, it can be assumed that 
the stresses in this area, with the same deformation 
corresponding to the stress destroying the joint, 
should take the value closest to the stress destroying 
the adhesive material. The modified Young’s modulus 
distribution in the adhesive joint may lead to earlier 
failure initiation. This effect results from stiffness 
gradients across the bond thickness, which amplify 
local stress concentrations near the joint edges rather 
than from a uniform increase in adhesive stiffness. 
However, it should be noted that both models 
reproduce quite well the stress levels expected in a 
stressed adhesive joint. It should be emphasized that 
the present model isolates the influence of elastic 
stiffness heterogeneity. Interfacial fracture energy, 
cohesive damage evolution and potential defect-
driven crack initiation were intentionally excluded to 
avoid conflating material gradient effects with fracture 
mechanics parameters. Therefore, the observed 
improvement in stress prediction accuracy can be 
attributed specifically to stiffness gradient 
incorporation rather than to enhanced failure 
modelling complexity. Taking into account changes in 
Young's modulus at the thickness of the adhesive 
bond significantly improves the accuracy of predicting 
its stress and strength. Introducing such heterogeneity 
into FEM requires only a modification of the material 
model definition, which can be easily implemented 
through a user subroutine without significantly 
increasing computational costs and without the risk of 
creating artificial stress concentrations.  
The application of this approach shows that very thin 
joints, approximately 0.05 mm, achieve greater 
strength than 0.1 mm joints, which correlates with 
their higher local Young's modulus. To assess whether 
the stiffness gradient influences only local stress 
concentration or also the global structural response, 
the effective joint stiffness was evaluated from the 
initial slope of the force–displacement curve.  
The difference between homogeneous and gradient 
models did not exceed 2%, indicating that the gradient 
primarily affects local failure-driving stresses rather 
than global joint rigidity.  

It should be emphasized that the observed 
influence of through-thickness stiffness gradients is 
inherently coupled with the stiffness of the adherends. 
The constraint imposed by relatively rigid substrates 
governs the development of stress concentrations 
within the adhesive layer, particularly near the overlap 
edges where failure initiation is expected. In this 
context, the presence of a stiffness gradient amplifies 
local stress variations rather than altering the global  
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load transfer mechanism. Therefore, the effect 
identified in this study should be interpreted as a 
coupled material–structural phenomenon, in which 
the heterogeneous properties of the adhesive layer 
interact with the mechanical constraint imposed by the 
adherends. Consequently, neglecting either the 
adherend stiffness or the through-thickness variability 
of adhesive properties may lead to an incomplete 
representation of the stress state in ultra-thin bonded 
joints. The present modelling approach ensures that 
both effects are consistently taken into account within 
the framework of standardized joint geometry and 
loading conditions. 

The final conclusions indicate that taking into 
account the increased Young's modulus in thin 
adhesive joints (below 0.1 mm) can significantly 
increase the accuracy of numerical calculations.  
For the design of joints, especially those used in 
sectors requiring high reliability, it is therefore crucial 
to take into account the variability of stiffness across 
the joint cross-section. Although homogeneous 
models continue to provide satisfactory predictions, 
the selection of a multi-zone approach should be 
determined by the level of accuracy required in the 
analysis. Additional studies are necessary to refine the 
numerical description of thin adhesive layers and to 
gain a deeper understanding of how local properties 
of adhesive layer affect the behaviour of the entire 
bonded joint. The principal contribution of this work 
lies in demonstrating that experimentally calibrated 
through-thickness stiffness gradients measurably alter 
the failure-driving stress field in ultra-thin adhesive 
joints, even when global stiffness remains practically 
unchanged. 
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