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The effects of temperature and saltwater aging on the mode II fatigue crack 
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A B S T R A C T

Hybrid structures built with composite and steel emerge across industries (offshore, shipbuilding, bridges, etc.) 
due to benefits of weight optimization, fatigue and environmental resistance. Particularly, the wrapped com
posite joints emerge as a new method to connect steel circular hollow sections for application in supporting 
structures of offshore wind turbines. The implementation of this technology requires predicting the long-term 
performance of the bi-material interface under operational conditions of loading and environment. This work 
addresses the effects of temperature and saltwater aging on the fatigue crack growth behavior of the composite- 
steel bonded joint under mode II loading conditions. Fatigue tests were performed using a 4-point end-notched 
flexure (4ENF) set up with digital image correlation (DIC). A numerically based method was applied to calculate 
the strain energy release rate (SERR) accounting for friction effects, geometrical and material non-linearities. The 
consistency of the manufacturing process was evaluated by tests performed in room conditions (21 ◦C). The mode 
II fatigue behavior of the composite-steel bonded joints remained between an upper and a lower bound of the 
Paris curves, characterized by composite delamination and adhesive failure, respectively. Then, the effect of 
temperature was assessed by experiments in − 10 ◦C and 70 ◦C. Short-term temperature changes showed a 
significant effect on the fatigue resistance of the bonded joint, followed by changes in the failure mode. Finally, a 
decrease in performance was observed as a consequence of the long-term aging of specimens in saltwater for up 
to 549 days.

1. Introduction

Composite materials, e.g. fiber-reinforced polymers (FRPs), are 
increasingly popular in structural applications due to their high 
strength-to-weight ratio, design flexibility, and fatigue resistance. Novel 
designs of composite structures are introduced using FRPs in combina
tion with traditional materials, such as steel, through adhesive bonding. 
These bi-material interfaces require extensive research to evaluate 
design, manufacturing, and operational parameters on the performance 
of the FRP-steel bonded structures [1,2]. In particular, composite ma
terials are significantly influenced by environmental factors [3]. It is 
fundamental to predict the durability of these bi-material structures 
under real-life operational conditions of loading and environmental ef
fects, such as temperature and moisture.

Several methods have studied the mechanical behavior of composite 
bonded joints using the fracture mechanics approach [4–6]. It assumes 
that a crack develops in one or a combination of three different loading 
modes: opening, or mode I; in-plane shear, or mode II; and out-of-plane 

shear, or mode III. The fracture toughness is measured as the strain 
energy release rate (SERR) during propagation of the crack. In the case 
of bonded interfaces, they present higher mechanical resistance in mode 
II loading conditions and is therefore the preferred loading case in the 
design of structures. Experimental evaluation of the mode II fracture are 
usually performed by end-notched flexure (ENF) tests for composite 
materials [7]. However, the ENF tests set-up may result in unstable crack 
growth when testing bonded joints. To circumvent this problem, the 
4-point end-notched flexure (4ENF) tests are typically applied [8].

The performance of bonded joints can be predicted using fracture 
tests with cyclic loadings, or fatigue tests. Most fracture mechanics 
methods for evaluating fatigue resistance are based on the Paris curves, 
which relates the SERR to the crack growth rate during an experiment 
[9]. In the case of composite-steel interfaces, Weikang et al. [10] eval
uated the ENF and 4ENF test methods for characterization of the 
interface mode II fatigue crack growth behavior. The 4ENF test set-up 
with displacement-controlled loadings provided a wider range of SERR 
measurements and lower scattering. However, analytical methods for 
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calculation of the SERR based on the linear elastic fracture mechanics 
(LEFM) have limited application due to significant effects of geometrical 
nonlinearity and friction between the cracked surfaces in 4ENF tests. 
Moreover, crack length measurements can be obtained with the assis
tance of a digital image correlation (DIC) system during the tests [5,10].

Short-term changes of temperature can have a significant impact on 
the mechanical properties of composite materials [3]. Relevant works 
can be found on the effect of temperature on composite delamination. 
Several works [11–13] observed an increase the mode II fracture 
toughness of composite delamination and debonding at high tempera
tures together with a higher ductility, while the opposite was found in 
lower temperatures. Cohesive failure is usually found for room and high 
temperatures, while adhesive failure is common in temperatures below 
0 ◦C because of an embrittlement of the polymer adhesive agent. 
Regarding composite-steel interfaces, experimental works performed by 
He et al. [14], using single-lap shear joints, and Ke et al. [15], using 
double lap joints, corelated the degradation of the bond strength with 
that of the tensile properties of the adhesives at high temperatures. 
Similar results were obtained using double strap joints [3]. Tempera
tures near and above the adhesive glass transition temperature (Tg) 
showed rapid deterioration of the joint strength and change of failure 
modes. Moreover, Guo et al. [16] modelled the debonding behavior of 
double lap shear joints at different service temperatures. These works 
focus on the joint strength and bond-slip behavior of the bi-material 
interface. Instead, the use of fracture mechanics methods to investi
gate effects of temperature on composite-steel bonded joints remain 
unexplored.

Long-term exposure to harsh environments reduces the mechanical 
performance of bonded interfaces [17]. Borrie et al. [18] showed the 
importance of protection of FRP-steel structures subjected to salt water 
for ensuring their strength over time. Heshmati et al. [1] observed a 
change from initially cohesive to interfacial failure modes accompanied 
by strength reductions of double-lap shear joints aged for up to three 
years in various environments. Exposure to thermal freeze-thaw cycles 
showed to cause only minor changes on the strength of the joints, while 
salt fog environment caused severe degradation of ultimate capacity [3]. 
A similar behavior was found in composite-steel bonded interfaces using 
peel tests after salt spray [19] and saltwater [20] aging. Additionally, a 
shift in failure mode is observed from thin-layer cohesive failure to ad
hesive failure in aged composite-steel bonded joints [21]. These works 
show that long-term environmental effects are critical to the ultimate 
strength and fracture toughness of bonded joints under quasi-static 
loadings. However, no relevant work addressed the combination of cy
clic loadings and environmental conditions on the fatigue crack growth 
of composite-steel interfaces.

In the construction sector, the wrapped composite joints have been 
introduced as an alternative to traditional welded joints for joining steel 
circular hollow sections [22]. The loadings are transmitted through a 
wrapped glass fiber laminate with a large bonded area, promoting 
reduction of stress concentration, minimizing maintenance costs and 
increasing operational life of the structure. This innovative solution is 
developed for application in supporting structures for offshore wind 
turbines. However, the implementation of the technology requires pre
dicting the long-term performance of the composite-steel bonded 
interface under combined effects of loading and environment.

In this work, the mode II fatigue crack growth behavior of composite- 
steel bonded joints is investigated under the effect of environmental 
conditions of temperature and saltwater immersion. Specimens are 
manufactured using the same materials and methods as indented for the 
wrapped composite joints. The fatigue crack growth behavior is accessed 
by displacement controlled 4ENF tests with DIC for crack length mea
surements. A numerically based model is applied to calculate the SERR 
accounting for geometrical non-linearities and friction effects. The 
consistency of the manufacturing process is evaluated by tests per
formed in room conditions (21 ◦C). Then, the effect of environmental 
parameters is considered in the range of operations temperatures and 

sea water condition. Then, tests are performed at low (-10 ◦C) and high 
(70 ◦C) temperatures. In addition, the long-term effect of saltwater aging 
is investigated after immersion for up to 549 days. Fatigue resistance is 
analyzed using the Paris curves and correlated to the failure mode 
observed in the fracture surfaces.

2. Materials and methods

2.1. Specimen manufacture

Steel-composite interface fracture specimens were manufactured 
using a wet lay-up process. First, steel plates S355 (E = 210 GPa, υ =
0.3), with 3 mm thickness, were treated with grit blasting and 
degreased. Then, a primer was applied to improve the bond quality and 
a non-adhesive insert of 32 μm thickness was placed on the steel plate to 
produce a pre-cracked region. A vinyl ester resin was used as the com
posite matrix and adhesive agent between the composite and steel parts. 
Each composite ply is made of a layer of glass fiber bi-directional woven 
stitched to a layer of glass fiber chopped strand mat (CSM), as shown in 
Fig. 1. The laminated plates were allowed to cure at the room conditions 
of 50 ± 10 % humidity and 17 ± 1 ◦C. Finally, coupon specimens were 
cut from the plates using water jet. A scheme of the specimen geometry 
is shown in Fig. 2. The specimens have a nominal length of 320 mm and 
a nominal insert length of 90 mm. The average width (w) and thickness 
(H) of 25.27 ± 0.58 mm and 18.53 ± 0.73 mm, respectively, were 
measured from 3 different sections of each specimen using a digital 
caliper.

2.2. Experimental set up

The mode II fatigue behavior was accessed by the 4-point end- 
notched flexure (4ENF) tests. The 4ENF tests were performed in a uni
versal testing machine coupled with a 15 kN load cell. Fig. 3 presents the 
ENF test scheme and test set up. The support span (2 L) is 274 mm and 
the distance between the right loading and support points (La) is 52 mm. 
The steel part is always positioned on top. During the tests, a compres
sive force (P) is applied at the half-span of the test at the constant fre
quency of 4 Hz and distributed through a pin to two equally spaced load 
points in contact with the specimen. Specimens are loaded to 70 % the 
critical force in order to maintain a stable crack growth. The critical 
force was obtained from the first peak load before crack propagation in 
quasi-static tests using the same set-up [23].

Prior to the tests, a thin layer of white matt paint was coated and a 
random black speckle pattern was applied to the measurement surface of 
the specimen. A high-resolution camera (50.6 MPx) and a blue LED light 
source were positioned to the measurement surface to acquire the full 
field displacements by digital image correlation (DIC). For reference, the 
support points, the load points and the section of the pre-crack tip were 

Fig. 1. Lay-up of the steel-composite bonded joints.
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marked on the measurement surface. During the tests, the controlling 
system takes photos at the maximum displacement after either a 
sequence of 500 cycles or 1 % stiffness reduction between photos (based 
on the machine load and displacement measurements). For image pro
cessing, surface points were recognized by a small neighborhood of a 
square with a side length of 19 pixels and a step size of 11 pixels set in 
the DIC software.

Reference tests were performed at the room temperature (RT) of 21 
◦C. In order to condition the specimens to different testing temperatures, 
a climate chamber was used in the set up for the tests at the low tem
perature (LT) of − 10 ◦C and high temperature (HT) of 70 ◦C. Air mixing 
fans are placed to ensure stability of air conditions over time. Specimens 
were maintained in the target temperature for a minimum time of 15 h 
before the tests to ensure a homogeneous temperature field.

The long-term effect of moisture degradation was experimentally 
investigated by immersing specimens in a 500 l tank filled with 3.5 % 
salt mixed with demineralized water. In order to minimize the corrosion 
effect of corrosion on the steel part, specimens were previously coated 
on the steel top surface using the same resin as the composite matrix. 
The room temperature aging (RTA) was carried out at the constant water 
temperature of 23 ◦C. Specimens were removed from the aging tank 
after 222 and 549 days of immersion (RTA1 and RTA2, respectively), 
immediately wiped with paper tissue and tested. Table 1 shows the test 
matrix. A total of 5 specimens were tested in each configuration.

3. Experimental study

3.1. Crack length measurements

An experimental method is utilized to measure crack growth by 
analysing the shear strain on the surface of the specimens. The DIC- 
based method is independent of material nonlinearity and avoid the 
difficult visual tracking of the crack tip in mode II fracture conditions. 
First, an interface curve was defined along the crack path in the 

reference photo. Then, the shear strain is extracted from the interface 
curve in every photo taken during the test. The measured interface shear 
strains remain negligible in the bonded regions and increase due to 
relative movement between steel and composite arms once a crack is 
present, as illustrated in Fig. 4. The criterion defines the crack tip 
location by a threshold interface shear strain of 0.005. This value was 
chosen to avoid noise in the shear strain measurements from the bonded 
interface of the magnitude of ±0.004. This criterion is applied to obtain 
the crack length in every photo taken during the test.

A representative measurement of the crack growth during the fatigue 
4ENF tests is displayed in Fig. 5. In displacement-controlled fatigue 
tests, the increase of the crack length is followed by a decrease of the 
applied force. The curves show that the crack growth was stable from the 
initial stages and the crack reached a significant length of 170 mm after 
30.000 cycles. This shows that the displacement values were properly 
defined to avoid unstable crack growth and ensure full crack develop
ment in the specimen.

3.2. Calculation of the SERR

The mode II SERR (GII) of 4ENF tests can be calculated by the 
extended global method (EGM) [8], as follows: 

GEGM
II =

P2L2
a

8wE1I1

(
1

1 + ψ − ξ
)

(1) 

The parameters ψ and ξ, in Eq. (1), are the bending stiffness ratios of 
the arms of the specimens, given by Eqs. (2) and (3), respectively: 

ψ =
E2I2

E1I1
(2) 

ξ =
E1I1

(EI)eq
(3) 

The parameters E1 and E2 are the flexural moduli of the upper and 
lower arms, respectively, I1 and I2 are the moments of inertia of the 
upper lower arms, respectively, and (EI)eq is the equivalent bending 
stiffness of the specimen.

In this study, the flexural modulus of the composite material was 
measured experimentally using the composite parts of each specimen 
separated from the steel after the fatigue tests. The flexure tests were 
performed with the same set up and testing conditions used for the fa
tigue 4ENF tests (see Fig. 3). Tests were carried out with a constant 
displacement of 1 mm/min. and a camera was used to take photos for 
DIC in a frequency of 1/3 Hz. The composite longitudinal flexure 

Fig. 2. Scheme of steel-composite specimen.

Fig. 3. 4ENF test scheme and set up (dimensions in millimeters).

Table 1 
Test matrix.

Test series Testing temperature (◦C) Aging time (days) Number of tests

RT 21 - 5
LT − 10 - 5
HT 70 - 5
RTA1 21 222 5
RTA2 21 549 5
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modulus (Efx) was calculated based on ASTM D7264 [24], using Eq. (4): 

Efx =
Δσ
Δε (4) 

Where the stress (σ) and strain (ε) are determined by: 

σ =
3PL

4Bh2
comp

(5) 

ε =
48δhcomp

11L2 (6) 

The specimen mid-span deflection (δ) was extracted from DIC as the 
vertical displacement of the point of midspan deflection subtracted by 
the average vertical displacement between the support left and support 
right points (see Fig. 4). Then, the Efx was determined by linear 
regression of the stress-strain curve in the strain range between 0.001 

and 0.003. The experimental Efx for each specimen was applied to the 
calculation of the fracture toughness in the fatigue tests. This allows 
consideration to the changes of composite materials properties due to 
manufacturing, aging and testing conditions.

Although the EGM is able to account for the changes of the materials 
elastic behavior between specimens and testing conditions, it still has 
limitation to account for the contribution of non-linear effects due to 
plastic deformation and geometry. In the case of 4ENF tests, the calcu
lation of the SERR can be significantly affected by friction [5]. To ac
count for these non-linear effects, a method was developed based on 
finite element modelling (FEM) of the steel-composite specimen [10]. 
Simulations of the 4ENF test were carried out using the virtual crack 
closure technique (VCCT) to predict the SERR at different conditions of 
test force (P) and crack length (a). A surface curve fit was extracted from 
the numerical results to correlate these parameters. A quadratic rela
tionship was stablished for P, in order to keep the same form as the EGM 
– Eq. (1), and a linear relationship for a showed to be accurate enough to 
account for the effects of geometrical non-linearities. The fitted curve 
from models without friction is: 

GFEM
II = 0.0089P2 − 4.98 10− 4 a+0.076 (7) 

Eq. (7) gives similar results as the EGM. To account for friction ef
fects, a fitted curve is extracted from models with friction, as follows: 

GFEM,f
II = 0.0068P2 − 5.07 10− 4 a+0.070 (8) 

Substituting experimental data of force and crack length into Eqs. (7) 
and (8), the mode II SERR of the steel-composite interface fracture can 
be determined with consideration to the non-linear effects.

3.3. Fatigue resistance curves

The fatigue crack growth behavior of the steel-composite bonded 
joints is obtained from experiments, using the crack propagation rates, 
measured by the DIC method in Section 3.1, and the mode II SERR, 
calculated by the methods in Section 3.2. The fatigue resistance curves, 
or Paris curves, are fitted from the test data points by the power law 
described in Eq. (9): 

Fig. 4. Interface strain measurements with DIC.

Fig. 5. Crack length measurements based on the interface strain.
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da
dN

= C(GII)
m (9) 

where the parameters C and m are the intercept and slope of the linear 
segment of the Paris curve (excluding the critical and the threshold re
gion), respectively. The Paris curve relates the fracture energy to the 
crack growth rate (da/dN), calculated from experimental results by the 
secant method between crack length measurement points, as shown in 
Eq. (10): 
(

da
dN

)

a
=

(ai+1 − ai)

(Ni+1 − Ni)
(10) 

where N is the number of cycles and i represents the ith data point 
measured during the test.

4. Results and discussion

4.1. Non-linearity effects

The mode II fracture energy (GII) is obtained from the method 
explained in the previous section at the maximum load of the cycle. 
Since the tests are displacement controlled, a reduction of the applied 
load is expected as the crack grows, and, consequently, a reduction of 
the crack growth rate. Results were extracted from minimum crack steps 
of 1 mm to minimize measurement errors. The results from initial 
20 mm of crack growth were discarded to avoid the influence of crack 
initiation. In addition, results from a region of 30 mm length before the 
second load point were neglected to avoid effects of local compression 
on the crack growth [10]. Friction of the interface does influence the 
estimation of the SERR [5]. Therefore, the effect of non-linearity was 
evaluated using the linear elastic EGM and the non-linear FEM-based 
method without and with friction effects, formulated by Eqs. (1), (7) and 
(8), respectively.

Fig. 6 presents a comparison between the calculated GII. In Fig. 6a, 
similar results are shown between the EGM and the frictionless nu
merical model. Consequently, the Paris curves overlap in Fig. 6b. This 
implies a negligible effect of geometrical non-linearities of the 4ENF test. 
When accounting for the friction effects, the SERR reduced 30 %. This is 
translated into an increase of 272 % of the Paris curve C-parameter, as 
shown in Table 2. In addition, a slight change in the slope of the Paris 
curve is noticed with a reduction of 2.1 % of the m-parameter. The 
friction effects have significant contribution to the fatigue crack growth 
analysis using the 4ENF test and, therefore, the FEM-based model with 
friction, defined by Eq. (8), is used for the calculation of the SERR 
hereafter.

4.2. Reference tests

A total of 5 specimens were randomly selected from different steel- 
composite plates manufactured in the same conditions. A series of 
reference tests were performed in room conditions (21 ◦C) and the fa
tigue crack growth results of each test are shown in Fig. 7. Each test 
provides a significant pool of data due to the relatively long length of 
crack growth. Specimen RT-01 revealed consistent behavior with su
perior fatigue resistance while specimen RT-02 presented consistent 
lowest performance. In contrast, the remaining specimens (RT-03, RT- 
04 and RT-05) showed a transitional behavior during the tests. Higher 
performance is observed in earlier stages of the tests, characterized by 
higher crack growth rates (da/dN), and generally overlapping with 
specimen RT-01. Then, the fatigue performance decreased in later stages 
of the tests to values of SERR (GII) intermediate between specimens RT- 
01 and RT-02.

Images of the fracture surfaces of tested specimens were obtained 
using a 3D optical profilometer at a magnification of x40. The fracture 
surfaces from reference tests are displayed in Fig. 8. Specimen RT-01 
presented full composite delamination within the layer of CSM adja
cent to the bonded interface, which indicates good adhesion between the 
steel-composite interface. On the other hand, specimen RT-02 showed 
full adhesive failure, which indicates poor adhesion quality of the 
interface between the steel and composite. Specimen RT-03 and RT-05 
presented a combination of composite delamination in earlier stages 
and adhesive failure in later stages of crack growth. Moreover, specimen 
RT-04 presented dominant adhesive failure with some small chunks of 
fibers attached to the steel surface.

The failure modes presented in Fig. 8 can be directly corelated to the 
mechanical behavior observed in Fig. 7. The upper and lower bounds of 
the fatigue resistance of specimens RT-01 and RT-02 are related to the 
delamination and adhesive failure, respectively. The remaining speci
mens revealed combinations of these two failure modes, characterized 
by a crack growth from regions with more composite delamination to 
regions of dominant adhesive failure. These results agree with the 
decrease in fatigue performance during the tests in specimens RT-03, 
RT-04 and RT-05. Overall, the failure modes are consistent with the 
fatigue performance.

4.3. Effect of temperature

The effect of temperature was accessed by series of 5 tests performed 
in low temperature, or − 10 ◦C, and high temperature, or 70 ◦C. Fig. 9
shows the Paris curves of the tests in low temperature. Representative 
fracture surfaces of the specimens tested in low temperature are dis
played in Fig. 10. Although the fatigue behavior presented remarkable 

Fig. 6. Non-linearity effects on the mode II fatigue Paris curves.
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differences between tested specimens, the fracture surfaces of all spec
imens showed similar adhesive failure mode within the composite-steel 
interface.

Results of specimens tested in high temperature are presented in 
Fig. 11, and the representative fracture surfaces are displayed in Fig. 12. 
The specimens showed either a combination of composite delamination 
and interface failure (HT-01), or pure composite delamination (HT-03). 
This reveals a good adhesion quality of the composite-steel interface in 
high temperature. A comparison of fracture surfaces from series of tests 
in different temperatures reveals that low temperature tests triggered a 

failure of the interface while high temperature tests maintained a ductile 
crack growth behavior.

A summary of the Paris curve parameters (C and m) of the specimens 
tested in different temperatures are presented in Table 3. The results of 
RT-01 and RT-02 are presented as reference to the upper and lower 
bounds of the fatigue behavior at room temperature. Low temperature 
tests showed consistent m-parameter in specimens LT-02, LT-03, LT-04 
and LT-05, while specimen LT-01 is a positive outlier. In the case of 
high temperature tests, a positive outlier is found in HT-02.

Fig. 13 shows the Paris curves of combined test results of each series 
of low and high temperatures compared to the reference tests (RT). 
Specimens that showed composite delamination, either in room or high 
temperature, consistently presented fatigue resistance near the upper 
bound behavior. This agrees with the observation that composite failure 
induces a more irregular crack path that requires more energy to grow 
the crack [5]. On the other hand, specimens tested in low temperature, 
with pure interfacial failure, showed better performance than specimens 
with similar failure mode tested in room conditions. These results are 
quantified in the combined Paris curve C- and m-parameters shown in 
Table 3. They were obtained using the combined results of the 5 tests 
from each series. Low temperature test series showed a similar value of 
the m-parameter as the reference tests, and an intermediate value of the 
C-parameter between the reference upper and lower bounds. In high 
temperature, the m-parameter is slightly higher than the reference upper 
bound and the C-parameter showed similar value. Overall, temperature 
changes within the operational conditions (between − 10–70 ◦C) have a 
significant effect on the mode II fatigue performance of the 
composite-steel bonded joint. However, the variation remains within the 
range of results at room temperature. Low temperature does not jeop
ardize the performance of the interface further than the manufacturing 
quality.

Table 2 
Non-linearity effects on the Paris curve parameters.

Paris curve Linear elastic EGM FEM without friction FEM with friction Effect of non-linearities

C-parameter 3.04E− 4 3.00E− 4 11.3E− 4 272 %
m-parameter 3.59 3.55 3.51 − 2.1 %

Fig. 7. Paris curves from the steel-composite interface 4ENF fatigue tests at 
room temperature (21 ◦C).

Fig. 8. Fracture surfaces from specimens tested at room temperature (crack growth direction to the right).
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4.4. Effect of aging

The effect of aging was assessed by series of 5 tests performed after 
long-term immersion in saltwater. Fig. 14 shows the Paris curves of the 
tests in specimens aged for 222 days (RTA1). The fatigue resistance can 
be related to the representative fracture surfaces shown in Fig. 15. The 
dominant adhesive failure, observed by the bare steel surface, reveals a 
poor interface adhesion as consequence of the aging process. In addition, 
it is possible to observe an irregular pattern of corrosion on the sides of 
the of the steel surface. In contrast, the presence of composite delami
nation, observed by scattered regions of fibers attached to the steel 
surface, means remaining spots of good interface adhesion. Paris curves 
of specimens tested after 549 days of aging (RTA2) are shown in Fig. 16
and the representative fracture surface in Fig. 17. Similarly to RTA1, the 
failure modes are dominant adhesive within the composite-steel inter
face with scatter regions of composite delamination. A larger area of 
corrosion in noticed on the sides of the of the steel fracture surfaces 
compared to RTA1 (Fig. 15).

Fig. 18 shows the Paris curves of the combined test results of each 
series of aged specimens compared to the reference tests (RT). A sig
nificant reduction in fatigue resistance is observed between the upper 
bound of the reference tests and the first series of aged tests (RTA1). The 
second series of aged tests (RTA2), shows a slight reduction from RTA1. 
A summary of the Paris curve parameters (C and m) of tested aged 
specimens is presented in Table 4. For the reference tests, only the re
sults of upper bound (RT-01) and lower bound (RT-02) are presented. 
Paris curve C- and m-parameters were also obtained using the combined 
results of the 5 tests from each series. There is a trend of simultaneously 
decreasing m-parameter and increasing the C-parameter with aging 
time. Overall, immersion in salt water for up to 549 days had a signifi
cant effect on the mode II fatigue performance of the composite-steel 
bonded joint. However, the total aging period did not reduce the fa
tigue performance of the interface below the lower bound of the refer
ence non-aged tests at room temperature.

4.5. Summary

A total of 5 different testing series were carried out to evaluate the 
effects of short-term changes of temperature and long-term aging on the 
mode II fatigue behavior of composite-steel bonded joints. In addition to 
the reference conditions, tests were performed in low and high tem
peratures, and after 222 and 549 days of immersion in salt water. A 
reliable methodology was employed to determine the fatigue resistance 
from experiments. Accurate crack length measurements were extracted 
using DIC during the tests, and the influence of geometrical non- 
linearities and friction during 4ENF tests were taken into account in 
the calculation of the SERR.

Lower temperatures and longer aging periods showed to degrade the 
joint performance. These trends are observed by the decrease in m- 
parameter and the increase of C-parameter of the Paris curves. The 
reduction of fatigue resistance reflects a transition of failure modes, from 
a better performance of composite delamination towards a worse per
formance of adhesive failure within the composite-steel interface. The 
correlation between mode II fatigue performance and failure mode is 
confirmed by the reference tests performed in non-aged specimens at 
room conditions. Inherent variations in the hand lay-up manufacturing 
process produced a range of results that variated according to the 
interface adhesion quality from a superior fatigue behavior, with full 
composite delamination, to the lowest performance, with full adhesive 
failure. Intermediate cases exhibited a transition between these failure 
modes, further emphasizing the correlation between fatigue perfor
mance and adhesion quality. Therefore, the environmental effects 
remained within predictable limits.

The effect of short-term changes of temperature causes physical 
properties of the polymer resin that may affect the interface perfor
mance. Higher temperatures typically improve the fracture toughness of 

Fig. 9. Paris curves from the steel-composite interface 4ENF fatigue tests in low 
temperature (-10 ◦C).

Fig. 10. Representative fracture surfaces from specimens tested at low tem
perature (crack growth direction to the right).

Fig. 11. Paris curves from the steel-composite interface 4ENF fatigue tests in 
high temperature (70 ◦C).
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composites due to a larger ductility of the matrix. In contrast, lower 
temperatures cause embrittlement that induces more stress concentra
tion at the bonded interface. Predictions of the temperature effects are 
valid within the tested range of operational temperatures (between − 10 
◦C and 70 ◦C), which remains significantly below the Tg of 111 ◦C for the 
composite material [13]. Regarding the effect of long-term aging, 
corrosion of the steel part was observed near the edges of the interface 
and may contribute to further degrade the bonded joint after longer 
aging periods. Results highlight the importance of considering the 
environmental effects in design predictions of multi-material structures.

5. Conclusion

This work investigated the effects of temperature and saltwater aging 
on the mode II fatigue crack growth behavior of the composite-steel 
bonded joint. Coupon specimens were manufactured such as the inten
ded application of wrapped composite joints and tested using displace
ment controlled 4ENF tests. The consistency of the manufacturing 
process was evaluated by tests performed in room conditions (21 ◦C). 
Then, the range of operations temperatures was considered by tests 
performed in low temperature (-10 ◦C) and high temperature (70 ◦C). 
The effect of aging was investigated after long-term immersion in 

Fig. 12. Representative fracture surfaces from specimens tested at high (crack growth direction to the right).

Table 3 
Paris curve parameters of low and high temperature tests.

Series Specimen Paris curve parameters

C m

Reference (room temperature) RT− 01 0.00113 3.51
RT− 02 0.08160 3.62

Low temperature (− 10 ◦C) LT− 01 0.00852 6.28
LT− 02 0.03022 4.24
LT− 03 0.02057 3.59
LT− 04 0.01141 3.74
LT− 05 0.00292 3.51
Combined LT 0.00857 3.54

High temperature (70 ◦C) HT− 01 0.00219 4.24
HT− 02 0.00399 7.79
HT− 03 0.00075 5.49
HT− 04 0.00109 3.83
HT− 05 0.00040 4.60
Combined HT 0.00127 3.89

Fig. 13. Effect of temperature on the mode II fatigue Paris curves.

Fig. 14. Paris curves from the steel-composite interface 4ENF fatigue tests after 
222 days of aging.

Fig. 15. Representative fracture surfaces from specimens tested after 222 days 
of aging (crack growth direction to the right).
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saltwater. The following conclusions were obtained from the 

experimental analysis: 

• Analytical methods based on LEFM are not appropriate for calcula
tion of the SERR of 4ENF tests using composites-steel bonded joints. 
Friction has a significant contribution of 30 % of the energy released 
and must be considered in the fracture mechanics analysis. There
fore, the FEM-based methods are recommended to account for non- 
linear effects caused by materials and geometry;

• A relation between fatigue resistance and failure modes can be 
established from the experimental analysis of the mode II fatigue 
crack growth of composite-steel bonded joints. Higher performance 
is related to composite delamination, while lower performance is 
characterized by an adhesive failure at the bi-material interface. This 
can be easily observed by the presence (or not) of fibers attached to 
the fracture surface of the steel member.

• Reference tests produced a range of Paris curves between an upper 
performance, with dominant composite delamination, and a lower 
performance, characterized by adhesive failure within the interface. 
The difference in crack growth rate by a factor of 100 was found for 
the two boundary performances, when linear regions of the fatigue 
crack growth are considered;

• Temperature changes within the operational conditions (between 
− 10 and 70 ◦C) have a significant effect on the mode II fatigue 
performance of the composite-steel bonded joint. This is followed by 
a clear distinction in the failure mode, with full adhesive failure in 
low temperature and dominant composite delamination in high 
temperature;

• Long-term immersion in salt water showed to reduce the mode II 
fatigue performance of the composite-steel bonded joint. This effect 
can be quantified by a simultaneous decrease of the m-parameter and 
increase of the C-parameter of the Paris curves with aging time;

• Neither the changes of temperature nor the aging in salt water 
resulted in a reduction of fatigue performance more critical than the 
lower bound performance found for reference tests in non-aged 
specimens at room temperature.

The experimental results of specimens in a range of operational 
temperatures and environmental aging can be used for design purposes, 
assuming that the resistance of the structure is governed by the resis
tance of the composite-steel bonded interface.
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