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Background
The use of adhesive bonding in the design of load-bearing components has increased in 
recent decades due to the advantages of this joining technique. These advantages include 
uniform load distribution, enhanced fatigue properties and the ability to join dissimilar 
materials [1]. These characteristics make adhesives very attractive for lightweight appli-
cations in a wide range of industries such as the automotive, aerospace and rail sectors 
[2, 3]. In this context, fatigue is one of the main issues to address when designing bonded 
joints because cyclic loads occur in almost all engineering structures and may cause fail-
ure under loads that are considerably smaller than the quasi-static strength of the mate-
rials [4]. The influence of temperature is another important factor to be accounted for in 
the modelling of components due to its effect on the mechanical properties of adhesives 
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[5]. Marques et  al. [6] presented a review of adhesives for low and high temperature 
applications. They showed the effects of adhesive shrinkage, thermal expansion and vis-
coelasticity on the final mechanical properties of bonded joints. Beber et al. [7] studied 
the effect of temperature on the fatigue behaviour of a toughened epoxy adhesive (same 
as used in the current investigation) at five different temperatures ranging from −35 
to +80 °C and found that with increasing temperature the fatigue strength is reduced. 
Additionally, they modelled parameters of SN curves as a function of temperature using 
an Arrhenius-type equation. Among the different modelling methods available for 
bonded joints, the stress-life approach is widely applied for fatigue modelling. In this 
approach, the prediction of the number of cycles to failure (Nf) is made as a function of 
the stress amplitude (σa) with the aid of SN curves, i.e. Woehler plots [4]. Therefore, the 
stress calculation is an important step for fatigue analysis of bonded joints. The methods 
for stress calculation can be divided in two main groups: analytical methods (closed for-
mulations) and numerical methods (e.g. finite element analysis, FEA). The second group 
is more suitable for complex geometries, especially due to advances in computer-aided 
simulation which have reduced the calculation times. This has facilitated the modelling 
of the variation of geometry, loads and material properties. Da Silva and Campilho [8] 
presented a review of advances in FEA, pointing out applications of this method for the 
modelling of bonded joints using continuum, fracture and damage mechanics. In fatigue 
design, the consideration of effective stress as the maximum (peak) stress often produces 
over-conservative predictions, particularly when dealing with inhomogeneous stress dis-
tributions. In order to address this matter, Taylor [9] summarised a group of methodolo-
gies called the theory of critical distance (TCD), which take into account a characteristic 
length (i.e. critical distance) in the assessment of the effective stress. Several authors 
employed the TCD with success for analysis of specimens under quasi-static and/or 
cyclic loads and involving a wide variety of materials [10–12].

Schneider et al. [13] estimated the lifetime of scarf and single lap joints of structural 
adhesives using the stress-life approach. The stress calculations were performed using 
analytical methods and FEA. They applied the TCD and linear-elastic material behav-
iour. They concluded that the homogeneity of stress distributions in the adhesive layer 
has an influence on the quality of the lifetime predictions. Frequently, when dealing 
with joints that present stress peaks, such as single-lap joints, it is possible to reach local 
stress levels that might cause a plastic response of the material, despite nominal stresses 
being within the elastic range. The effect of plasticity was already included in early 
closed formulations from Hart Smith [14] and Crocombe [15]. The consideration of 
elastoplastic material behaviour can influence calculations in several ways, for example 
stress peak relief as demonstrated by Hua [16]. Ward [17] gave an extensive review of the 
yield behaviour of polymers, highlighting the dependence on the hydrostatic component 
of the stress, in contrast to other materials such as metals. Xu [18] performed FEA cal-
culations using hydrostatic stress dependent elastoplastic material behaviour (Drucker–
Prager) to model double lap joints under quasi-static loads. The resulting predictions 
were more accurate than a hydrostatic independent elastoplastic model (Von Mises).

The objective of the present work is to investigate the effect of plasticity on the fatigue 
lifetime prediction of bonded joints using the stress-life approach. Stress distributions were 
calculated using FEA. Three material models were employed, one linear-elastic model and 
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two elastoplastic models: Von Mises (pressure independent) and Drucker–Prager (pres-
sure dependent). The effective stress was determined using three different critical dis-
tances. For each critical distance, three different methodologies of the TCD were applied. 
Predictions were based on SN curves obtained from the literature [7] involving scarf and 
single-lap joints (using the same adhesive used in the current investigation) at four differ-
ent temperatures (−35 °C, −10 °C, RT, +50 °C] under tension-tension cyclic loading with 
a stress ratio of R = 0.1. The input material properties for FEA were acquired from quasi-
static experiments on bulk adhesive specimens at the same aforementioned temperatures. 
The adhesive under investigation was a toughened epoxy intended for structural applica-
tions. From the experimental findings, a model was proposed based on an Arrhenius-like 
equation in order to fit the adhesive yield stress as a function of temperature.

This paper is structured as follows; second section describes the methods used in this 
work: experimental procedures, FEA, material modelling and lifetime prediction pro-
cedure. Third section presents the results of the quasi-static tests, the modelling of the 
adhesive yield stress and the lifetime predictions. Finally, the last section summarises the 
main conclusions.

Methods
Fabrication of bulk adhesive specimens

The adhesive under investigation was a one component toughened epoxy intended for 
structural applications. In this adhesive the addition of dispersed rubbery particles in 
an epoxy matrix provides a multiphase microstructure with increased toughness [19]. 
Further information about the glass transition temperatures and fatigue properties of 
the adhesive can be found in the work of Beber et  al. [7]. Quasi-static properties are 
available in the work of Schneider et al. [13]. The bulk adhesive specimens were prepared 
according to ISO EN 527-1 [20]. The first step of fabrication involved the preparation 
of adhesive sheets of 5 mm thickness. The sheets were produced by application (using 
a pneumatic gun) of the adhesive between plasma-treated non-stick plates. Spacers 
were placed between the plates in order to ensure the desired adhesive thickness (tBS). 
After application the sheets were cured in a hot press under a load of 10 kN (Fig. 1a). 
The curing conditions (180 °C/30 min) were followed, monitored and recorded in order 
to ensure the quality of the specimens. After curing (Fig. 1b), the adhesive sheets were 
machined to the geometry shown in Fig. 2.

Fig. 1  Fabrication of bulk adhesive sheets: a application; b cured adhesive sheet
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Quasi‑static experiments

The bulk adhesive specimens (BS) were tested under uniaxial tension in a servo hydrau-
lic testing machine (MTS Landmark®, Eden Prairie, MN, USA) having a maximum 
load capacity of 50  kN. During the tests, the temperature and humidity (25  % r.h. for 
T > 0 °C) were controlled. The experiments were conducted under strain control at a rate 
of 0.0023 1/s. Figure 3 shows a bulk adhesive specimen clamped in the machine, and the 
temperature and humidity sensors.

In total 24 tests were performed, i.e. six tests at each temperature (−35 °C, −10 °C, RT, 
+50 °C). The tensile stress–strain curves were used to determine the linear-elastic prop-
erties [Young’s modulus (E) and Poisson’s ratio (v)] and plastic properties of the adhe-
sive. The stress–strain curves were approximated using a polynomial equation. Young’s 

Fig. 2  Geometry of a bulk adhesive specimen—dimensions in mm

Fig. 3  Quasi-static experiments
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modulus was calculated from the tangent to the curve at the point where deformation 
started to be plastic. The method of definition of the yield point is described in “Defini-
tion of yield stress” section. These properties were employed as input data for FEA cal-
culations of the stress.

FEA—numerical conditions

The finite element analysis was carried out in order to predict the lifetime of bonded 
joints and to compare the findings with results found in the literature [7]. Different types 
of bonded joints were simulated: (i) scarf joints P13, P45 and P56.6; (ii) thick adherend 
shear joints (TAST) and (iii) single-lap joints (SLJ). The geometry of the specimens is 
described in Figs. 4 and 5. The models were created using a 2D-plane strain consider-
ation to minimise the simulation time. Simulations were performed with the software 

Fig. 4  a SLJ  and b TAST specimens—dimensions in mm

Fig. 5  Scarf joint specimens a P13, b P45 and c P56.6—dimensions in mm
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package Dassault Systèmes Abaqus 6.11-1®. Boundary conditions (Fig. 6) were defined 
as to reproduce the conditions under fatigue testing: (a) clamping was represented by 
creating two reference points which were connected to each side of the bonded joints 
using a rigid body condition; (b) adhesive and adherends were joined using a tie condi-
tion; (c) load and degrees of freedom were set in order to reproduce a uniaxial tension 
loading. The meshing of the adherends and adhesive was performed using CPE8 Ele-
ments (8-node biquadratic plane strain quadrilateral). The number of elements in each 
adhesive layer was 64 × 8 (length × thickness). The mesh of the adherends was refined 
congruently in the region of bonding.

FEA—material modelling

The linear-elastic material modelling was based on data obtained experimentally. These 
properties are summarised in Table 1 which gives mean values and standard deviations 
at four temperatures.

Definition of yield stress

For material modelling using the elastoplastic models it was necessary to define a yield 
stress above which the deformation of the material becomes irreversible. In the case 

Fig. 6  Boundary conditions of finite element analysis: a SLJ, b Scarf Joints and c TAST

Table 1  Linear elastic properties of the adhesive

T (°C) E (MPa) ν (−)

−35 3546.8 ± 140 0.428 ± 0.046

−10 2538.1 ± 110 0.417 ± 0.024

RT 1571.9 ± 80 0.402 ± 0.041

+50 1158.9 ± 90 0.423 ± 0.040



Page 7 of 18Beber et al. Appl Adhes Sci  (2016) 4:5 

of the toughened epoxy adhesive there was no clear yield plateau in the stress–strain 
curves. Therefore, the determination of yield stress was based on the work of Chris-
tensen [21]. He defines the yield stress (σy) according to Eq. 1:

For glassy polymers, as in the case of the adhesive under investigation, this point of the 
maximum second derivative is caused by molecular rearrangement and damage at both 
molecular and macroscopic levels [21].

The procedure to define the yield stress was performed as follows: (i) the engineering 
stress–strain curve was transformed into a true stress–strain curve; (ii) the experimen-
tal measurements (discrete values) were transformed into continuous equations using a 
polynomial regression; (iii) the yield stress was defined by 3rd derivation using Eq. 1. The 
yield stress results are presented in “Tensile properties and temperature” section.

In order to model plasticity using the finite element models, a description of plastic 
behaviour of the materials after yielding was necessary. This was done using a plastic 
potential function, which assumes that the components of the plastic strain increment 
tensor are proportional to partial derivatives of the plastic potential, which is a scalar 
function of stress. In this work, it was assumed that the plastic potential function (g) has 
the same form as the yield function (f), for both Von Mises and Drucker–Prager model-
ling, in a so-called associated flow. Hence the direction of increment of plastic strain is 
the same as the normal vector of the yield surface.

Von Mises yield criterion

The Von Mises yield criterion [22] considers the yield behaviour as pressure-independ-
ent, assuming that the yield stresses in simple compression and tension have the same 
value, so depending only on the deviatoric stress tensor. This criterion is also known 
as the maximum distortion energy criterion. The yield surface (fVM) for Von Mises is 
defined by Eq. 2:

Here q is the Von Mises equivalent stress which is defined in terms of principal stresses 
(σ1, σ2, σ3) by Eq. 3:

Drucker–Prager yield criterion

The Drucker–Prager yield criterion [23] considers the influence of pressure on the yield 
behaviour of materials and can be interpreted as an extension of the Von Mises yield 
criterion. The dependence of the yield on the pressure is shown in Fig. 7 for two mod-
els: a pressure independent model (Von Mises, VM) and a pressure dependent model 
(Drucker–Prager, DP):

In this investigation a linear Drucker–Prager model was used. In this model, the yield 
surface can be described by Eq. 4 [24]:

(1)σ = σy, when
d3σ

d ∈3
= 0

(2)fVM = q − σy = 0

(3)q =

√

1

2

[

(σ1 − σ2)
2 + (σ2 − σ3)

2 + (σ1 − σ3)
2
]

(4)fL−DP = q − p. tan(β)− σy = 0
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where p is the hydrostatic equivalent stress (p = − 1
3 (σ1 + σ2 + σ3)) and β is the friction 

angle, a property of the material measured using tensile and compressive tests. In the 
FE model it is also necessary to define the dilation angle (φ), but as associated flow was 
assumed it follows that φ = β.

Lifetime calculation procedure

In the stress-life approach the lifetime prediction of a specimen is done on the basis of a 
SN curve from another specimen, the so-called base SN curve. Therefore, it was neces-
sary to determine an equivalent stress in order to make SN curves of different specimens 
comparable, since base SN curves results from experimental tests in which the nominal 
stress is used. In this work, the maximum principal stress (sp3 = max [σ1, σ2, σ3]) was 
chosen as the equivalent stress, as has been by other authors for the design of bonded 
joints [25–27]. Fatigue is a process that often does not just occur locally (hot spot) but 
rather occurs in a “process zone”. In this context, a length parameter in which the pro-
cess takes place was determined, i.e. a critical distance [28]. Three methodologies of the 
TCD were used PM  (Eq. 5), LM  (Eq. 6) and the third methodology (Max) was to define 
the effective stress as the maximum value of the stress within the critical distance (Eq. 7). 
Therefore, the effective stress at each methodology was defined as follows:

Three different critical distances were used. The value of the critical distance was nor-
malised (L*) meaning that the chosen critical distance for each specimen was divided by 
the adhesive layer length (Eq. 8).

(5)σeff−PM = σ

(

L

2

)

(6)σeff−LM =
1

2L

∫ 2L

0
σ(x)dx

(7)σeff−Max = max(0,L)[σ(x)]

(8)L∗ =
L

Ladh

Fig. 7  Pressure dependence of elastoplastic material modelling
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Here Ladh is the adhesive layer length that changes for each type of specimen and 
L is the chosen critical distance. The values of L* were L1 = 0.03125, L2 = 0.0625 and 
L3 = 0.125. Three material models were applied. Table 2 summarises the variations that 
were possible for the predictions. In total 27 different combinations of material model-
ling, critical distance and TCD methodology were applied for each prediction. The life-
time prediction procedure is depicted in Fig. 8.

The procedure was conducted as follows:

	(a)	 A base SN curve was chosen.
	(b)	 Base SN curve: the nominal stress amplitudes for lifetimes of N = (103, 104, 105, 106) 

were selected.
	(c)	 Base SN curve: those nominal stress amplitudes were used as input data for a FEA 

model of the base SN specimen.
	(d)	 Base SN specimen: for each nominal stress amplitude, the stress distribution in the 

centre of the adhesive layer was calculated.

Table 2  Variations applied for the predictions

Material model Normalised critical distance Methodology

Linear-elastic L1 = 0.03125 PM

Von mises L2 = 0.0625 LM

Drucker–Prager L3 = 0.125 Max

Fig. 8  Lifetime prediction procedure
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	(e)	 Base SN specimen: a combination of critical distance and TCD methodology was 
chosen, and from the stress distribution the effective stresses for N = (103, 104, 105, 
106) were determined.

	(f )	 The base SN curve was transformed from nominal stress into an effective stress SN 
curve.

	(g)	 Predicted specimen: nominal stress amplitudes for lifetimes of N =  (103, 104, 105, 
106) were selected.

	(h)	 Predicted specimen: for each nominal stress amplitude, the stress distribution in the 
centre of the adhesive layer was calculated.

	(i)	 Predicted specimen: using the same combination of critical distance and TCD meth-
odology as the base SN curve, the effective stresses were determined.

	(j)	 Predicted specimen: the calculated effective stresses were used in the related trans-
formed base SN curve, the predicted number (Ncalc) of cycles was determined.

	(k)	 Ncalc was compared to experimental results from the literature Nexp.
	(l)	 The deviation factor (Adev) was calculated on the basis of Ncalc and Nexp.

Adev can be calculated using Eq. 9.

Finally, an analysis was carried out to evaluate the influence of: base SN curve, critical 
distance, TCD methodology (PM, LM or Max) and material modelling, i.e. which com-
bination would give the best predictions (the smallest Adev).

Results and discussion
Tensile properties and temperature

The tensile stress-strain curves revealed an influence of temperature on the Young’s modu-
lus (E) of the adhesive (Fig. 9), where E diminished with increasing temperature. On the 
other hand, the Poisson’s ratio (v) results showed no noticeable trend related to temperature.

Representative tensile stress–strain curves as a function of temperature are illustrated 
in Fig. 10 from which the yield stress (σy) was calculated as described in “Definition of 
yield stress” section. As shown in Fig. 10, the strain increased with increasing tempera-
ture. However, the ultimate strength decreased when the temperature increased.

(9)Adev = 10
1
n

∑n
i |logNi(calc)−logNi(exp)|

Fig. 9  Tensile properties as a function of temperature—E (left) and v (right)
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Several studies on glassy polymers [29–31] have demonstrated the temperature 
dependence of the yield stress. In the present work, a model based on an Arrhenius-type 
equation was proposed for modelling the yield stress as a function of the temperature. 
This approach was taken based on consideration of yielding as a thermally activated pro-
cess, as assumed in earlier studies [32, 33]. Equation 10 shows the equation used for the 
modelling:

The yield stresses obtained this way were fitted using the proposed model. The result of 
the fitting process is depicted in Fig. 11.

The proposed model showed good agreement with the experimental results (maxi-
mum error of 13 %), which supports the assumption of yielding as a thermally activated 
process for the adhesive under investigation.

Lifetime calculation

Lifetime predictions were conducted for scarf joints (P13 and P56.6) and single-lap 
joints (SLJ). Scarf joints present an almost homogeneous stress distribution (HSD), 
while single-lap joints and thick adherend shear test joints have a very inhomogeneous 
stress distribution (ISD). Figure 12 demonstrates this (in) homogeneity of all specimens 
through the generic stress distributions, assuming a linear-elastic material behaviour. In 
this chart, maximum principal stresses and adhesive layer lengths were normalised.

Table 3 lists the specimens for which the predictions were performed and the base SN 
curves used to each lifetime prediction.

The predicted lifetimes were compared with experimental results obtained from Beber 
et al. [7]. The objective was to determine which combination of base SN curve, material 
modelling, critical distance length and TCD methodology would give the best quality 
of prediction for all four temperatures. This was done using DevTotal, which is the sum 

(10)log
(

σy
)

= logA− Blog

(

1

T

)

Fig. 10  Representative tensile stress–strain curves
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of the logarithm of each value of Adev for all temperatures. Equation 11 represents the 
method for calculation of DevTotal:

when DevTotal is zero, the prediction had an accuracy of 100 %.

(11)DevTotal =
∑

T

log (Adev) for T = [−35 ◦C,−10 ◦C, RT,+50 ◦C]

Fig. 11  Yield stress: experimental results and modelling

Fig. 12  Generic stress distribution of used specimens

Table 3  Performed predictions

Pred. Base

P45 P56.6 TAST

P13 X X X

P56 X – X

SLJ – X X
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Predictions of scarf joint (P13)

Figures 13, 14 and 15 show DevTotal for predictions of scarf joint (P13): two of them were 
based on HSD specimens (P45 and P56.6) and one on ISD (TAST) specimens.

The main points to be highlighted are as follows:

• • HSD based predictions had smaller DevTotal than ISD based ones.
• • For HSD based predictions the major differences were due to the TCD methodology 

rather than material modelling and critical distance.
• • For HSD based predictions DevTotal was maximum for LM and a minimum for PM.
• • For ISD based predictions elastoplastic models gave the smallest DevTotal, especially 
DP.

Prediction of scarf joint (P56.6)

Figures 16 and 17 show predictions for the P56.6 specimens based on HSD (P45) and 
ISD (TAST)

Fig. 13  Prediction of P13 specimen—base: P45

Fig. 14  Prediction of P13 specimen—base: P56.6



Page 14 of 18Beber et al. Appl Adhes Sci  (2016) 4:5 

The main points to be highlighted are as follows:

• • HSD based predictions had smaller DevTotal than ISD based ones.
• • HSD based predictions showed little effect of the chosen critical distance due to the 

lack of peak stresses.
• • ISD based predictions: marked effect of the material modelling and critical distance 

on DevTotal due to stress inhomogeneity.

Prediction of single‑lap joint (SLJ)

Figures 18 and 19 show predictions for the SLJ specimens based on HSD (P56.6) and ISD 
(TAST)

The main points to be highlighted are as follows:

Fig. 15  Prediction of P13 specimen—base: TAST

Fig. 16  Prediction of P56.6 specimen—base: P45
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• • There was a bigger difference between different combinations of material modelling, 
critical distance and TCD methodology when compared to P13 and P56.6 predic-
tions.

• • The chosen critical distance length had a greater influence when compared to P13 
and P56.6 predictions due to the stress inhomogeneity of SLJ specimens.

• • The best predictions were obtained with elastoplastic models.
• • PM based predictions gave the highest values of DevTotal.
• • VM and DP predictions gave differing results depending on the chosen base SN 

curve due to different hydrostatic stress states of each base specimen.

Conclusions
In this work the influence of plasticity on the lifetime prediction of bonded joints using 
the stress life approach was investigated. Stress calculations were performed using FEA. 

Fig. 17  Prediction of P56.6 specimen—base: TAST

Fig. 18  Prediction of SLJ specimen—base: P56.6
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Three material models were employed, a linear-elastic model and two elastoplastic mod-
els: Von Mises (pressure independent) and Drucker–Prager (pressure dependent). The 
effective stress was calculated using the theory of critical distances (TCD). Predictions 
were based on SN curves obtained from the literature for scarf and single-lap joints 
at four different temperatures (−35  °C, −10  °C, RT, +50  °C) under tension-tension 
cyclic loading with a stress ratio of R = 0.1. The input material properties for FEA were 
acquired from quasi-static experiments on bulk adhesive specimens. The adhesive was a 
toughened epoxy intended for structural applications.

The following conclusions can be drawn:

(a)	�	� The tensile data obtained from bulk adhesive specimens showed a reduction in 
the value of Young’s modulus and yield stress with increasing temperature.

(b)		� A model was proposed based on an Arrhenius-type equation in order to fit the 
yield stress as a function of temperature; the model showed good agreement 
(maximum error of 13 %) with experimental findings.

(c)		� The lifetime predictions for scarf joints were better using base SN curves with 
almost homogeneous stress distributions.

(d)		� The prediction errors were overall lower for elastoplastic modelling than for lin-
ear-elastic modelling, especially for single-lap joints.

(e)		� This is likely due to stress inhomogeneity, since the critical distance length had a 
greater influence on predictions for single-lap joints than scarf joints.
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