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ABSTRACT
The viscoelastic nature of polymeric adhesives means that the
effect of fatigue frequency has to be treated cautiously. However,
this subject has received limited attention and very few studies can
be found. Therefore, this work aims at investigating the cyclic creep
response of adhesively bonded steel lap joints. Load-controlled
fatigue tests were performed with shear stresses of 9.1, 7.4, and
6.3 MPa, which are typically low cycle fatigue stresses. Only during
the last 20% of fatigue life can we observe an increase in the cycle
hysteresis area due to the decrease of the shear stiffness caused
by the failure mechanisms. Under fatigue load, the maximum/
minimum strain curves exhibit a shape being similar to that of
the steady creep curves, inwhich occurs a second stagewith nearly
constant strain rate, independently of the number of cycles and
increasing with the load range. A linear relationship between the
log cyclic creep rate and the log of the number of cycles to failure
was observed, indicating that fatigue behaviour is strictly related to
cyclic creep.
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1. Introduction

The use of adhesive joints is becoming increasingly important in aerospace,
automotive, and other industries where traditional fasteners are discouraged [1].
In fact, adhesive bonding distributes stresses over the whole bonded region,
which promotes lower stress concentrations than the conventional fastening
techniques (bolted, riveted, or welded). However, for the industries mentioned
above, adhesive joints are usually subjected to complex fatigue load histories
characterized by changes in the amplitude, stress ratio (R), frequency, and
waveform of the cycling stresses.

Several studies report that the fatigue strength of adhesive joints, for example,
is highly dependent on the stress ratio (R) [2–7] and frequency of the cyclic
stresses [7–11]. However, if the time taken to generate fatigue data is responsible
for relatively high frequencies, normally between 5 and 10 Hz [12], literature
reports that the frequency effects on the fatigue life should be considered as
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consequence of the viscoelastic nature of polymeric adhesives. On the
other hand, the frequency effects show to be sensitive to the different adhesive
systems [12,13].

According to Pirondi and Nicoletto [9] and Ashcroft et al. [14], when the
adhesives exhibit strong viscoelastic behaviour, the influence of loading
frequency is markedly temperature dependent. Therefore, in this case, the
frequency effect should be discussed in terms of temperature, especially
for adhesives where the mechanical properties are markedly temperature
dependent [9]. On other hand, studies developed by Althof [15] show that
the fatigue failure is creep-controlled at low frequencies, provided that
no significant change of temperature occurs. Marceau et al. [16] found
that, in lap-shear and double cantilever beam (DCB) joints, low-frequency
fatigue was more damaging to adhesive joints than high-frequency fatigue.
According to Reis et al. [11], for the higher shear stress amplitudes, the
frequency presents only a marginal effect, since fatigue lives are very similar
for the different frequencies. On the other hand, for the lower shear stress
amplitudes, the fatigue life of the adhesive joints is highly dependent on the
frequency. The fatigue tests performed at 2 Hz promotes the smallest fatigue
lives, while the higher fatigue lives were obtained for the frequency level of
10 Hz. Above 10 Hz, the fatigue life decreases but with higher values than the
ones observed for 2 Hz. The results were explained by the predominance of
the creep mechanism at 2 Hz and by the temperature at 40 Hz.

In this context, this work aims at investigating the cyclic creep response of
adhesively bonded steel lap joints. For this purpose, S–N diagrams under
constant amplitude fatigue tests are obtained at 2 Hz. The maximum and
minimum strain values plotted against the number of cycles and the cyclic
creep rate against number of cycles for the different values of σmax are
analysed.

2. Materials and experimental procedure

Docol 1000 DP high elastic limit steel plates (supplied by SSAB, Borlänge,
Sweden) with 1.5 mm thickness were used as material for the adherends of
the double strap joints studied. Tensile tests were performed according with
ASTM E8/E8M-09 [17], in order to characterize the adherends, and the main
mechanical properties can be found in Table 1. Typical stress–strain curves
are shown in Fig. 1.

Table 1. Mechanical properties of the Adhesive and Adherends.
Material σUTS (MPa) σYS (MPa) Strain 0.2% E (GPa)

Adhesive (Araldite® 420 A/B) 35 27 1.85
Docol 1000 High-strength steel 1018 (15) 782 (16) 201 (11)

() Standard deviation.
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The specimens were manufactured as 10-mm-wide bars cut from the
plates and bonded with “Araldite® 420 A/B” adhesive epoxy (Huntsman
Advanced Materials, Everberg, Belgium). The main properties of the adhesive
can be found in Table 1, and they were obtained from the literature [18]. The
geometry and dimensions of the specimens are shown in Fig. 2. Abrasive
polishing with silicon carbide paper type P220 (Rz = 4.66 ± 0.34 µm) was
used and, finally, the surface was cleaned with dry air and alcohol. In order to
ensure a constant bondline thickness, the specimens were compressed with a
constant pressure of about 0.12 MPa, uniformly applied during all cure time,
as suggested in previous works developed by the authors [19,20]. The bond-
line thickness was measured after tests using surface roughness topography
station (Mahr) equipped with a laser sensor (Rodenstock RM 600-S) [20]. An
average value of 63 μm was obtained without significant dispersion.

For this adhesive, as suggested by the supplier [21], the cure procedure
occurred during 4 h at 50°C. However, in terms of mechanical properties, the
open literature reports benefits when a post-cure is performed [22–24]. To
verify its effect on the fatigue strength, S–N curves were compared between
specimens exposed to a post-cure of 6 h at 30°C and other ones exposed to a
post-cure of 24 h at 30°C.
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Figure 1. Stress versus strain curves obtained from tensile tests to characterize the adherends
(Docol 1000 DP).
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Constant amplitude loading fatigue tests were carried out in tension using a
servohydraulic machine (Instron model 1341), equipped with a 100 kN load
cell and controlled by a computer with data acquisition. Tests were performed
at room temperature, under constant amplitude sinusoidal waveform loading,
a stress ratio of R=0.05 and a frequency of 2 Hz. The displacement between
upper and lower specimen parts was measured using an axial extensometer
Instron, Model 2620-601. Figure 3 shows the specimen clamping grips and the
extensometer coupled to the specimen. Along the present study, the tests were
replicated four times for each loading level and the total separation of the
specimens was adopted as the failure criterion.

Previously, tensile tests were performed using an electromechanical
machine (Instron model 4206) to obtain the static shear strength. Five tests
were carried out at room temperature and an average around 10.1 MPa was
obtained with a standard deviation of 0.35MPa. The shear stresses used during
the fatigue tests were 9.1, 7.4, and 6.3 MPa. They represent, respectively, 90.1%,
73.3%, and 62.4% of the ultimate strength. According to the literature, these
values are greater than 50% of the ultimate shear strength and, in this context,
they are typically low-cycle fatigue (LCF) stresses [25]. This is relevant for the
present study, because high LCF stresses promote large strains. Moreover, it
was expected that the experimental tests were carried out at constant strain
rate. However, as the tests were performed at constant frequency, the shear
strain rate ranged between 0.544 and 0.713 μstrain/s, for maximum shear
stresses of 6.3 and 9.1 MPa, respectively. In this case, these values are so
close that a significant influence on the cyclic creep response is not predictable.

Figure 3. Experimental setting showing the specimen clamping grips and the extensometer
coupled to the specimen.
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3. Results and discussion

S–N diagram, representing the fatigue life dependence on stress, is the main
tool used to analyse fatigue test results based on the stress-life approach [26].
The results of fatigue tests for the different maximum shear stresses studied
(9.1, 7.4, and 6.3 MPa) are presented in Fig. 4, in terms of maximum shear
stress versus number of cycles to failure. The effect of the post-cure time is
also shown in Fig. 4. Mean S–N curves, fitted to the experimental results by
least squares method, are also superimposed in Fig. 4.

It is possible to observe the benefits of the post-cure during 24 hours,
promoting an average fatigue life around 4.8 times higher than that occurred
for 6 hours. These results present the same tendency that is observed in static
tests, where the post-cure promoted benefits in terms of tensile strength [22–24].
Therefore, the following fatigue and cyclic creep analyses will be performed only
for the samples exposed to a post-cure of 24 h at 30°C.

Figure 5 shows the typical damage morphology observed after the fatigue
tests, relatively to the samples exposed, which is in good agreement with the
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Figure 4. Constant maximum shear stress versus number of cycles to failure.

Figure 5. Typical failure surfaces for samples with post-cure of 24 h at 30°C.
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literature [6,11,24]. In a previous study performed by the authors, using
similar specimens, no adhesive film left on the adhesive/adherend interface
was observed [11]. Therefore, it is possible to conclude that an adhesive
failure occurs according to ASTM D 5573-99 [27]. Debonding typically
initiates at the edge of the patches, where the stress concentration and peel
stresses are highest, and proceeds towards the centre of the path [28–30],
although higher values of both stiffness and elastic limit of the adherends
promote a more uniform distribution of shear stresses in the adhesive [31].

Figure 6 shows the typical evolution of the load–displacement hysteresis
loops during the fatigue tests. It is possible to conclude that the load–
displacement curves under loading and unloading branches are nonlinear.
For all tests it was observed that the cycle hysteresis loops are very similar on
the first 80% of the fatigue life and, only on the remaining fatigue life, it is
observed both a slope change and an increase of the cycle hysteresis area.

Literature reports that an increase of the cycle hysteresis area is a conse-
quence of the material cyclic softening [32]. In this case, the strain softening
is often caused by the nucleation and growth of microvoids inside the
materials. Therefore, for the shear stress levels applied in the fatigue tests, a
cohesive failure in the epoxy adhesive would be expectable as consequence of
the nucleation and growth of microvoids. However, as shown in Fig. 5, an
adhesive failure was observed, and the cyclic softening can be related with the
nucleation and growth of adhesive/adherend debonding.

Figure 7 shows the shear strain (γ) against number of cycles (N). Shear
strain (γ) is defined by Equation (1):

γ ¼ du
dv

(1)

0

1

2

3

4

0.01 0.03 0.05 0.07 0.09 0.11 0.13

1 30 60 90

120

160 180

188

Displacement (mm)

L
oa

d 
(k

N
)

Figure 6. Typical evolution of the hysteresis cycles obtained over a test performed at maximum
shear stress of 9.1 MPa. Samples with post-cure of 24 h at 30°C.
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where du and dv are the infinitesimal axial and transverse displacement,
respectively. Taking into account the higher stiffness of the adherends, an
approximate value for the shear strain (γ) can be calculated by Equation (2):

γ � δ=2
t

(2)

where δ is the axial displacement measured by the axial extensometer and t is
equal to the bondline thickness (0.063 mm). In Equation (2), the axial
displacement (δ) is divided by 2 because it corresponds to the contribution
of the two central adherends.

Representative curves of γ versus N, obtained for a maximum shear stress
of 9.1 MPa, are shown in Fig. 7(a)), where the maximum and minimum
shear strain values, γmax and γmin, respectively, are plotted against the
number of cycles (N). The minimum shear strain, γmin, represents the cyclic
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Figure 7. Shear strain (γ) versus number of cycles (N) in terms of: (a) maximum and minimum
values for a maximum shear stress of 9.1 MPa; (b) cyclic creep minimum shear strain for all tests
performed at maximum shear stress of 9.1 MPa. Samples with post-cure of 24 h at 30°C.
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creep shear strain, while the maximum shear strain, γmax, represents the
summation of the cyclic creep shear strain with the elastic strain. The shear
strain range, Δγ = γmax − γmin, is also shown in Fig. 7(a), using an amplified
secondary scale for clarity, where the variation of the shear stiffness along the
test is shown (because the tests were performed at constant amplitude
loading). Figure 7(b) shows all shear strain curves, in terms of minimum
values, obtained for a maximum shear stress of 9.1 MPa. It is possible to
observe a significant variation of fatigue life, as can also be observed in Fig. 4.
A similar dispersion of fatigue lives was also observed for the other
maximum shear stresses.

The minimum and maximum shear strain curves shown in Fig. 7 present a
similar shape of the steady creep curves (i.e., creep under constant applied
stress), which are characterized by an initial stage with a rapid increase of
strain, followed by a second stage with constant strain rate and a third stage
with an abrupt strain increase before the final fracture [32–34]. On the other
hand, the curve Δγ versus N presents only the second and third stages. In
terms of second stage, the shear strain range is almost constant with the
number of cycles, and the variation of the shear strain range with the number of
cycles d(Δγ)/dN is about 61 μstain/cycle. Finally, in the third stage, d(Δγ)/dN
has a fast growth with the number of cycles due to the decrease of the shear
stiffness caused by the failure mechanisms. Consequently, the area of the cycle
hysteresis loops increases as shown in Fig. 6.

Figure 8 compares representative curves obtained for 6.3, 7.4, and 9.1 MPa
stress levels, showing the cyclic creep shear strain (γmin) against the number
of cycles (N). The x-axis was represented in logarithmic scale, in order to
increase the clarity of the figure. As expected, higher loads promote lower
lives and higher final strain values, in agreement with studies developed by
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Figure 8. Comparison between three cyclic creep shear strain curves (γmin) versus number of
cycles (N), obtained for maximum shear stresses of 6.3, 7.4, and 9.1 MPa. Samples with post-cure
of 24 h at 30°C.
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Bai and Wang [32] in a polymeric material. However, other studies [33–35]
show that higher loads promote lower final strain values. This disagreement
can be explained by the different damage mechanisms involved in the creep
behaviour of composite materials and adhesive joints.

To understand better the behaviour reported in Fig. 8, the cyclic creep
shear strain rate (dγmin/dN) against the normalised number of cycles to
failure (N/Nf) is plotted in Fig. 9. Representative curves of each stress level
are presented, where N is the current number of cycles and Nf the number of
cycles to failure. All curves exhibit a nearly constant second stage, whereas
the cyclic creep rate proves to be highly dependent on the shear stress. For
the lowest shear stresses (6.3 MPa), the cyclic creep rate is about 3 μstain/
cycle, whereas for shear stresses of 7.4 and 9.1 MPa, the cyclic creep rate is
around 300 and 3,200 μstain/cycle, respectively.

According to Bernasconi and Kulin [35], when a linear relationship is
observed between the log(cyclic creep rate) and the log(number of cycles to
failure), the fatigue behaviour is strictly dependent of the cyclic creep rate,
taking into account the normal linear relationship between the log(applied
maximum stress) and log(Nf). Figure 10 shows the log (dγmin/dN) versus log
(Nf), where the cyclic creep rate was obtained by the second stage slope of the
γmin – N curve with a correlation coefficient higher than 0.95 for all tests. All
data fell on the same line as observed by the previous authors, suggesting that
fatigue behaviour is strictly related to cyclic creep, despite the data being
obtained only for the frequency of 2 Hz.

Finally, the evolution of the cyclic creep rate (dγmin/dN) with the max-
imum shear stress is shown in Fig. 11. As expected, it is possible to observe
that the cyclic creep rate increases with the increasing of the shear stress. In
spite of the data scatter, the results are reasonably fitted by Equation (2):
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Figure 9. Cyclic creep shear strain rate (dγ/dN) against normalised number of cycles. Samples
with post-cure of 24 h at 30°C.
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τ ¼ 5:76
dγ
dN

� �0:057

(2)

with a correlation coefficient of 0.994. The linear relationships between cyclic
creep strain rate versus both Nf and shear stress curves, in double logarithmic
scales, confirm that fatigue behaviour is strictly related to cyclic creep.

4. Conclusions

This study investigated the cyclic creep response of adhesively bonded steel
lap joints. Increasing the post-cure period from 6 hours to 24 hours promotes
an increase on fatigue life around 4.8 times. It has been proved that the
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fatigue behaviour, for the frequency level studied, is strictly related to cyclic
creep rate. This conclusion was supported by the linear relationship observed
between the log(cyclic creep rate) with both log(number of cycles to failure)
and shear stress curves. The cyclic creep shear strain rate versus the normal-
ised number of cycles to failure showed a second stage almost constant and
very dependent of the shear stress. Finally, the minimum and maximum
shear strain curves can be characterized by three stages, similar to those
observed for creep under constant applied stress, opposite to the shear strain
range curves, where there are only two stages. The decrease of the shear
stiffness caused by the failure mechanisms is responsible for the higher area
of the cycle hysteresis loops observed.
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