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ARTICLE INFO ABSTRACT

Keywords: This work investigates the fatigue crack growth behavior of adhesive joints under pure modes I and II within
Composite epoxy matrix composites reinforced with unidirectional carbon fibers. Experimental tests are made using Double
Delamination Cantilever Beam (DCB) and End-Notched Flexure (ENF) setups for modes I and II respectively, considering
Adhesive : . . .
Fracture exposur.e periods of one week and twelve weeks in a salt spray chamber. Control specimens are also studied for
Fatigue comparison.

Static tests were conducted to securely establish the levels of Energy Release Rate (ERR) that were subse-
quently used to obtain the fatigue initiation curves (G-N) and fatigue crack growth curves (G-da/dN). A prob-
abilistic model based on a Weibull distribution is applied to analyze fatigue initiation data.

The fatigue limit in mode I, for all aging periods, is around 25 % of the static strength, while in mode II, it is
around 20 %. These results are very close at all aging levels (0, 1, and 12 weeks). From this, it is inferred that
aging in a saline environment of the studied joints does not have a significant impact on the fatigue limit.

In the crack growth zone, for mode I, the velocity is higher in the specimens aged in both periods than in the
unaged specimens. The same cannot be said for mode II, where a clear trend cannot be appreciated.

Introduction occur, in this case, with the growth of a crack in the adhesive zone.

The high specific strength and stiffness of composite make them ideal
for use in structures where weight is a crucial factor. However, com-
posite materials fabricated from sheets are susceptible to the occurrence
and propagation of cracks between layers. This phenomenon, known as
delamination, represents one of the primary failure modes significantly
limiting the service life of these materials. Delamination can arise from
defects introduced during either the manufacturing process or the
component operational lifespan. Failures during service may result from
interlaminar stresses induced by applied loading conditions or envi-
ronmental factors. The combined influence of these factors contributes
to the initiation of delamination

Usually, delamination growth results in a reduction of strength and
stiffness of the composite, leading to structural failure. This situation,
which occurs in the internal layers of a composite plate, also happens
when two composite plates are joined using an adhesive. Once again, the
ideal conditions are created for the phenomenon of delamination to
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Brunner et al. (2021) and Desai et al. (2023) compile the different types
of failure that can happen in an adhesive joint, while Delzendehroo et al.
(2021) include a relationship with existing regulations for fracture
characterization, among other aspects, of adhesive joints.

In previous studies of this type of joints, the significant importance of
pre-treatment of substrate surfaces has been clearly demonstrated. Yil-
dirim et al. (2023) analyzed the effect of atmospheric plasma treatment
on the fracture toughness properties (modes I and II) of adhesively
bonded carbon fiber/PEKK composite joints. They discovered that
plasma-treated surfaces exhibited an increase in average surface
roughness, which enhanced adhesive wettability and the fracture
resistance. Martinez-Landeros et al. (2019) conducted various surface
treatments, including cleaning, sanding, acid etching, and peel ply,
resulting in increased values of inter-laminar fracture toughness for
CFRPs. Similar objectives were pursued by Del Real et al. (2011), who
employed an acrylic adhesive. In the case of Saleh et al. (2021), they
modified the adhesive by including tannic acid in its composition,
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significantly altering its wettability and mode I fracture toughness in the
bonded joints.

In addition, a significant number of studies have been conducted
where the fracture behavior of adhesive joints was examined. In the case
of mode I fracture, the works of Lima et al. (2022) are focused,
comparing the results monitored using optical fiber located within the
high strength steel joint with an epoxy adhesive with those obtained by
DIC and visual observations, yielding good correlations between the
three methods.Mohan et al. (2014) contrast the results obtained for
mode I fracture in co-cured and secondary bonded joints. Finally,
Gonzalez Ramirez et al. (2018) analyze fatigue delamination in com-
posite joints. In the case of mode II fracture, Akhavan-Safar et al. (2023)
analyzed the effect of low cycle impact fatigue on mode II fracture en-
ergy. Clerca et al. (2019) conducted quasi-static and cyclic fatigue
fracture mode II tests for adhesive wood joints. Orell et al. (2023) used
DIC tool to verify crack growth in mode II, while Zabala et al. (2016),
instead of using the ENF test to induce mode II, employed the 4ENF.
Even Delzendehroo et al. (2021) questioned whether studying mode II
fracture is useful for understanding the behavior of the adhesive joint.

Another parameter whose influence on the joint has been studied in
recent years is temperature. In this line of research, there are works on
general properties of joints, such as the one by Santos et al. (2023), and
many others focused on the impact on fracture and fatigue. For instance,
Tan et al. (2021) analyzed the fatigue behavior of a joint made with
polyurethane. Fernandes et al. (2016) studied the effect of temperature
on modes I and II, while Vikas et al. (2021) solely focused on the in-
fluence of cryogenic temperatures on fracture.

Similarly, there are several studies that analyze the influence of the
environment on adhesive properties. Vigon et al. (2022) compared the
impact of exposure to salt spray and hygrothermal aging on static
delamination. In a similar vein, Teixeira de Freitas et al. (2017) inves-
tigated the influence of salt spray exposure for up to 90 days on a joint
with Steel and CFRP adherents, using the peel test. Argiielles et al.
(2022) examined the effect of exposure to a saline environment on dy-
namic fracture behavior in mode I. Other studies focus on analyzing the
influence of water and humidity. For instance, Almandour et al.
(Almansour et al., 2017) studied the water absorption effect on mode I
fracture toughness of flax/basalt reinforced vinylester composites,
observing distinct behavior during initiation and propagation. Johar
et al. (2019) conducted a similar investigation for various fracture
modes using a carbon/epoxy composite immersed at 70 °C for different
periods.

Brito et al. (2020) studied the combined effect of humidity and
temperature (hygrothermally aged) on the adhesive joint tested under
mode I loading at -54 °C, 25 °C, and 80 °C, detecting a significant
modification in the ERR (Energy Release Rate). Similarly, Katafiasz et al.
(2021) observed the same phenomenon in the mode I fracture test of
CFRPs toughened with thermoplastic particles, which were tested after
moisture saturation at -55 °C, 19 °C, and 90 °C. Lastly, a significant
group of authors focused on analyzing the influence of environmental
conditions on the properties of the joint. In this context, the work by
Sousa et al. (2023) investigated single lap joints made of duplex stainless
steel. The results revealed that both temperature and humidity signifi-
cantly reduced the fatigue strength of the joints, particularly for shorter
fatigue lives, by up to 10 times. Abdel-Monsef et al. (2021) studied mode
II fracture, conducting tests at high and low temperatures. Their
wet-aged specimens were exposed to accelerated aging in an environ-
mental chamber at 70 °C/85 % RH for four years.

The aim of this study was to evaluate how adhesive joints perform in
resisting delamination fatigue when exposed to varying durations in a
saline environment. For this purpose, a composite material consisting of
an epoxy matrix and unidirectional carbon fiber reinforcement was
select, with an epoxy-based adhesive chosen as the bonding agent. For
the characterization of the joint resistance to delamination, the ERR
reached by the joint under mode I and mode II of fracture stress was
taken as a study parameter. The influence of exposure periods to a saline
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environment on adhesive joints and their impact on fatigue life were
analyzed, considering both the initiation and the crack growth for each
fracture mode.

Materials

The description below includes the materials used in this study,
encompassing both the composite material used as substrate, as well as
the type of adhesive employed.

The specimens had the following dimensions: a width of 20 mm and
a length of 150 mm, with a crack initiation length of 60 mm from the
sample end. The total thickness of each specimen was 4.3 + 0.1 mm.
Additionally, a 12 pm thick polytetrafluoroethylene (PTFE) anti-
adhesive film was placed between the substrates at one end, as an
initiator for the delamination process, as show in Fig. 1.

Composite material

The composite material used in this work, as substrate, is composed
of an epoxy matrix and unidirectional carbon fiber reinforcement with
commercial designation MTC510-UD300-HS-33 %RW manufactured by
SHD Composites. The mechanical properties of the laminate are exper-
imentally obtained in accordance with standards and are presented in
Table 1.

The laminate was manufactured using vacuum molding and the
reinforcing fibers were positioned in a unidirectional orientation at 0°.
Then, two layers of the laminate will be bonded using the selected
adhesive.

The thermal curing cyclerecommended by the manufacturer was
applied. During the first hour of the curing cycle, the temperature is
rised progressively from ambient temperature to 100 °C. It is maintained
at this temperature for three and a half hours, and then it is increased
from 100 °C to 120 °C with a velocity of 40 °C per hour. This temper-
ature is maintained for another hour. When the temperature cycle
finished, the material continues in the oven until it returns to ambient
temperature.

Surface treatment

The composite material used as the substrate was surface-
conditioned by manually sanding with Al,O3; sandpaper with a grit
size of P220. After treating the surface of the composite, it was cleaned
and degreased, and then the bonding process was carried out.

Properties of the adhesive

A commercial epoxy-based adhesive, Loctite® EA 9461TM, was used
to bond each of the two parts of the final laminate, whose surfaces were
pre-treated. The properties of the adhesive are shown in Table 2. Then,
the curing cycle recommended by the manufacturer was applied. It
consists of a pressure of 4 bars and a temperature of 80 °C during 50 min.

Experimental methodology

Below are the key aspects of the experimental program conducted to
characterize the adhesive bonding of the composite material against
delamination under modes I and II fracture stress. Both static and fatigue
tests were carried out on specimens aged for different periods of expo-
sure to a saline environment.

Surface treatment

The composite material used as the substrate was surface-
conditioned by manually sanding with AlyOs; sandpaper with a grit
size of P220. After treating the surface of the composite, it was cleaned
and degreased, and then the bonding process was carried out.
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Fig. 1. Schema of specimen geometry.

Table 1
Mechanical properties of substrate.
Elastic modulus® Tensile strentgh” Shear Shear
modulus” strength”
Material Eq1 Eoo o011 Goo G2 (GPa) Tmax
(GPa) (GPa) (MPa) (MPa) (MPa)
MTC510- 122 8,5 1156 28 5,2 37
UD300- CV = CV = CV = CV = CvV =098 CV=2%
HS 8,5 % 8 % 12,5% 11,8 % %

@ ASTM D3039/D3039M-08 (ASTM D3039/D3039M-08 2008).
> ASTM D3518/D3518M-18 (ASTM D3518/D3518M-18 2018).

Table 2
Mechanical properties of the adhesive.
Base Viscosity Elastic Tensile Shear
[mPa-s] modulus strength strength
(cP) [GPa] [MPa] [MPa]
Loctite® Epoxy 150,000 a 2.758 30.3 13.8
EA 250,000

9461TM

Saline environment degradation

In order to accelerate the aging process in a saline environment,
according with ASTM B117-11 (2011), a Koheler salt spray chamber,
model DCTC 1200 P, was used. The considered average temperature
inside the chamber of was 35 °C + 2 °C. The saline solution was pre-
pared by dissolving 5 parts by mass of sodium chloride, with less than
0.3 % of total impurities, in 95 parts of demineralized distilled water
This solution has a relative density between 1.0255 and 1.0400 g/cm?
and a pH between 6.5 and 7.2. A relative humidity of 89 % and an air
pressure of 1.2 bars were chosen because they are values close to at-
mospheric reality.

At the end of the process, the specimens were removed from the
chamber, cleaning the residues of the saline solution. The selected
exposure times in the salt spray chamber were 1 and 12 weeks under the
conditions above.

Characterization of material behavior against delamination

Mode I

The ERR of mode I fracture has been utilized to analyze the influence
of the aging process on the delamination phenomenon, under static and
fatigue conditions. Five Double-Cantilever-Beam static tests were con-
ducted for each aging period, determining the force levels required for
delamination initiation. These values were used as a reference for
planning dynamic tests. These dynamic tests were conducted at various
displacement levels, ranging from 60 % to 20 % of the values obtained in
the static tests.

The geometry of specimens was detailed at the begining of section 2.
The specimen was placed on the testing tools so that the pre-crack tip
reached 50 mm from the load line.

The tests methodology was according ASTM D5528/D5528M-21

(2021), using piano hinges for load application, as shown in Fig. 2
below.

From the formulations outlined in this standard, and considering the
slight deviations presented by the three fundamental formulations pro-
posed therein, the Modified Beam Theory (MBT) was selected as the
reference for determining the ERR under mode I fracture stress. There-
fore, Gic was calculated using the following equation, to assess fatigue
behavior:

3Ps

Cre = bla + 1AD)

€8]

Where b is the width of the specimen, P is the applied load, § is the
displacement at the point of load application, a is the delamination
length of the crack, and A is a correction factor obtained based on
flexibility and crack length.

Mode II

For mode II, static and fatigue End-Notched-Flexure tests (ENF) were
carried out, according to ASTM D7905/D7905M-19el (ASTM
D7905/D7905M-19¢1 2019).

The geometry of the specimens was the same that for mode I,
detailed at the begining of section 2. The specimen was placed on the
testing tools so that the pre-crack tip reached 25 mm from the support as
shown in Fig. 3 below.

The determination of the rate of fracture energy release in mode II
(Gyi¢) involved employing the experimental calibration of flexibility
(NPC), the formula for which is provided in the following equation:

2 2
3m Py, ag

2B 2

Guc =

Where B is the specimen width, Pyax is the maximum applied load,
agp is the initial crack and m is a parameter determined by the compliance
of the specimen.

For both fracture modes, mode I and mode II, an MTS-810 servo-
hydraulic testing machine equipped with a 1 kN load cell was utilized.

Fig. 2. Specimen arrangement on the testing machine for mode I tests.
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Fig. 3. Specimen arrangement on the testing machine for mode II tests.

Crack propagation was monitored using a high-resolution camera..

Fatigue characterization

In order to analyze the potential influence of exposure to a saline
environment on the selected adhesive joint, its behavior regarding
fracture delamination in modes I and I, and fatigue loading is studied.
This includes both the fatigue delamination initiation phase and the
subsequent crack growth phase.

The number of cycles required for delamination initiation with a
specific ERR, is used to plot the variability of ERR vs. number of cycles
curves (AG-N). The delamination energy level is defined based on values
obtained from prior static characterization. Various levels of ERR are
selected, with a coefficient of asymmetry of R = 0.1. Crack initiation is
identified through direct observation of the specimen, establishing the
initiation cycle count as the number of load cycles elapsed from the
beginning of the test until a visible crack appears. Testing follows ASTM
D 6115-97 (2019), recommendations at six constant force levels based
on values from prior static characterization for each exposure period,
combined with isolated tests to enhance result reliability. All fatigue
tests are conducted under displacement control on the testing equip-
ment, at a frequency of 3 Hz.

The standard only include the crack initiation point. To determinate
the crack growth rate, periodic recordings of load, displacement, and
delamination length are registered. Therefore, at intervals of every
thousand cycles, the test is paused, returning to mid displacement level
for measurement of the crack length. This facilitates the calculation of
the ERR average applied during those cycles and the crack growth rate.
Consequently, the growth rate for various crack lengths is identified,
with measurements taken on the specimen surface utilizing a high-
resolution camera.

For studying crack growth under mode I, the methodology proposed
by Stelzer et al. (2012) is followed, where load and displacement values
are defined based on prior static characterization.

For mode II, crack growth velocity is determined for different Gy
percentages, requiring measurement of crack length evolution using a
100x microscope mounted on a device with controlled displacements via
micrometers. Although conducting the test under these conditions is
difficult and laborious, it is considered a sufficiently reliable method-
ology, with the provided information being valid even considering dif-
ferences in crack growth across the specimen width. Similar to crack
initiation tests, asymmetry coefficients (R = 0.2) are used.

Experimental results and discussion
Static
In Table 3, the experimental results obtained under quasi-static

loading conditions of the studied adhesive joint are presented as the
average of five tested specimens for each aging level. The critical ERR
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Table 3
Mode I and II fracture behavior as a function of exposure time in the salt spray
chamber.

Aging time Mode I Mode I
Gic [J/m?] (MBT) Gric [J/m?] (NPC)
No exposure 641 2096
1 week 710 2226
12 weeks 575 1918

calculated for each fracture mode is indicated for the different exposure
periods in the salt spray chamber.

The results presented in Table 2 are obtained as the average of 5
specimens for each exposure period and fracture mode in static tests.
These values will be used later as reference in the setup of dynamic tests.

According to the results, a consistent trend is evident for both frac-
ture modes. It is noteworthy that the best values of ERR were obtained
with a exposure period of one week, which are approximately 10.7 %
higher for mode I and 6.2 % higher for mode II compared to the refer-
ence values without exposure. Conversely, exposure periods of 12 weeks
lead to a decrease in ERR of approximately 10.3 % for mode I and 8.5 %
for mode II.

Fatigue

Initiation of the fatigue delamination process

In order to enhance the reliability in evaluating the results obtained
in the experimental program, a probabilistic analysis of the entire fa-
tigue life field was conducted, for which there are different models (El
Amraoui et al., 2014; Barbosa et al., 2019; Apetre et al., 2015). In this
work, a Weibull regression model proposed by Castillo et al. (Castillo
and Fernandez-Canteli, 2001; Castillo et al., 2008) was utilized as a
statistical tool, which enables the normalization of the entire fatigue life
field and has already proven effective in other cases involving composite
materials (Argiielles et al., 2013).

Figs. 4, 5, and 6 show the experimental results at different levels of
Gir max and Gy max, as well as the initiation curves obtained with the
Weibull model for a 5 % probability of failure. Each figure corresponds
to a different exposure period (0, 1, and 12 weeks). To enhance the
reliability of the probabilistic curve, it was decided to conduct at least
three tests at six G levels.

To determine the crack initiation moment, continuous tracking of the
crack tip is carried out using a traveling microscope. This moment is
defined as the point at which a crack growth of 3 mm is reached.

For the unexposed specimens, the fatigue life range under mode II
fracture varies between 1257 J/m? and 415 J/m?, encompassing both
low and high cycle numbers (fatigue limit), representing 60 % and 19.8
% of its static capacity, respectively. Under mode I, the fatigue life range
varies between 384 J/m? and 160 J/m?, representing 60 % and 25 %
(fatigue limit), respectively, of its static capacity. This translates to a
better response of the adhesive joint under mode I fracture in the high
cycle number region and a similar trend in the low cycle number region.

For a one-week exposure in the salt spray chamber, the results ach-
ieved for mode II fracture under fatigue loading were 48.5 % and 21.5 %
of its static capacity in the low and high cycle number regions, respec-
tively. In the same regions under mode I fracture, the achieved results
were 65 % and 30 %, indicating better performance of the exposed
material in the high cycle number region compared to that observed for
the unaged material.

For twelve weeks of exposure, the fatigue life range for mode I varies
between 60 % and 18.2 % of its static capacity, while for mode I is be-
tween 64.8 % and 25 %. The trend when considering the fracture mode
as an analysis parameter is the same as in the previous two cases.

For mode I, then the maximum applied ERR is taken as the test
variable, a comparable trend can be observed in the high cycle number
region for both the non-aged material and the material aged for one
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Fig. 5. Fatigue initiation curves for a 5 % failure probability, with one-week aging.

week, reaching similar fatigue limits, with a difference of approximately
5 %. If the non-aged material is compared with the material aged for 12
weeks, the difference increases to 8.7 %.

In the low cycle number region, there are differences, although not
significant, tending to similar behaviors as those obtained in the previ-
ous static characterization of the material, with the same trend for the
non-aged and the twelve-weeks aged materials. Slightly higher values
are noted for the case of one week of aging in the salt spray chamber.

For mode II fracture solicitation in the high cycle number region, it is
observed that the material shows worse fatigue behavior for twelve-
weeks aging, with a fatigue limit of about 348 J/m? compared to 415
J/m? fatigue limit reached by the unexposed material. For the one-week
aged material, the fatigue limit reached is about 490 J/m? 15% higher
than that reached by the unexposed material.

Fig. 7 shows the fatigue curves of the adhesive joints studied for all
the analyzed processes, illustrating the stress level expressed as a
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Fig. 7. Fatigue behavior for the three periods studied, for mode I and mode II.

percentage of the critical ERR obtained in the static characterization of
the material versus the number of cycles endured during the fatigue test.

The behavior of adhesive joints during the fatigue delamination
initiation process remains consistent across the various exposure periods
studied. Both the joints without aging and those exposed to a saline
environment for different durations exhibit similar fatigue curves. When
considering the fatigue limit reached as the most representative
parameter of behavior, and using the applied stress level as the test
variable, expressed as a percentage of its ERR achieved under static
loading, a consistent trend is observed regardless of the fracture mode
applied (mode I or mode II). For example, in mode I, the average limit
reached was 26.83 %, while in mode II, it was 19.8 % of the critical ERR
of the static level.

As a summary, Table 3 presents the stress levels reached in the fa-
tigue study conducted, expressed as a percentage of its capacity against
delamination under static loading, for the material without exposure
and with 1 and 12 weeks of exposure to the selected saline environment.
It provides, for each of the analyzed fracture modes (mode I and mode
1), the percentage achieved in both the low and high cycle regions.

To summarize the AG levels reached in the fatigue study, expressed
as a percentage of their static delamination capacity, Table 4 shows the
data for the material without exposure and with 1 and 12 weeks of
exposure to the selected saline environment. The percentages achieved
in both the low and high cycle regions for each analyzed fracture mode
(mode I and mode II) are shown.

Based on these results, it is evident that the studied adhesive joint
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Table 4
AG levels reached.
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Aging time Mode II [%] Mode I [%]
zone zone
Low number of cycles High number of cycles Low number of cycles High number of cycles
No exposure 60 19,8 60 25
1 week 48,5 21,5 65 30
12 weeks 60 18,2 64,8 25,3

exhibits worse behavior in response to delamination under mode II
fracture, compared to its behavior under mode I fracture.

Fatigue delamination growth

In Fig. 8, the crack growth rate under fatigue loading is plotted
against the maximum normalized total ERR applied in dynamic tests
relative to the critical total obtained during the previous static charac-
terization of the studied adhesive (fracture modes I and II). The behavior
of the material of representative specimens subjected to different
exposure periods to the saline environment (no exposure, 1 week, and
12 weeks) is shown.

From the experimental data, for mode I, a consistent trend is inferred
for the exposure periods of one and twelve weeks in the salt spray
chamber, showing similar fatigue delamination growth rates and
matching normalized ERRs. Overall, these rates are higher than those
observed in the non-exposed material across the entire crack growth
range, indicating that exposure to the saline environment leads to faster
crack growth compared to non-exposed material, irrespective of the
exposure duration of one or twelve weeks.

From the experimental data, it is evident that for mode I, both the
one-week and twelve-week exposure periods in the salt spray chamber
exhibit similar fatigue delamination growth rates and normalized ERRs.
These rates are generally higher than those observed in the unexposed
material across the entire crack growth field. This suggests that exposure
to a saline environment leads to faster crack growth, regardless of the
exposure duration.

However, for mode II, the behavior differs. While the unexposed
material and the material exposed for one week exhibit similar trends,
delamination growth rates are generally higher in mode II, resulting in
unstable and relatively rapid delamination growth once initiated.

Fig. 9 shows the crack growth rate versus the maximum ERR applied
to the bond during fatigue crack growth for both failure modes,
comparing the behavior of the bond without exposure and after one and
twelve weeks of exposure to the saline environment.

For mode I, it is observed that delamination growth is faster with

1E+00 ¢

1E-01

increasing exposure time to the saline environment, although it is less
favorable after one week of exposure.

In mode II, two distinct zones are observed based on the exposure
duration: in the low-stress zone, the behavior is similar between the
unexposed material and the material exposed for one week, while the
material exposed for twelve weeks performs better, requiring a higher
stress level for identical growth rates. However, in the medium and high-
stress zones, the behavior differs, with the unexposed material and the
material exposed for twelve weeks exhibiting similar trends, while the
material exposed for one week performs better, showing lower growth
rates for the same stress level.

In Fig. 10, the delamination growth rate is plotted against crack
length for both pure fracture modes considered, mode I and mode II, for
the material without exposure to a saline environment and with expo-
sure periods of one and twelve weeks.

In light of the presented results, when considering fracture mode as
the reference parameter in the analysis of delamination growth rate as a
function of crack length, it is observed that for mode I, the crack growth
rate tends to decrease when the delamination length progresses.
Whereas for mode II, the growth rate remains nearly constant
throughout the process. Additionally, relatively lower growth rates are
observed for mode II fracture during the one-week exposure period,
although the differences are minor.

Fracture surface

In order to more effectively analyze the influence of different expo-
sure periods on the behavior of the adhesive joint when subjected to
fatigue under modes I and II fracture, the resulting fracture surfaces
were studied using a scanning electron microscope (SEM), model JEOL-
JSM5600.

The samples used were extracted from the area closest to the crack
front (insert), as indicated in Fig. 11, where the fatigue process begins. In
this figure, images considered representative are showed. The study was
conducted on images of different samples, witha magnification level of
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Fig. 8. Crack growth rate under fatigue versus the maximum normalized ERR for the different studied exposure periods.
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Fig. 10. Fatigue crack growth rate versus delamination length for the different exposure periods and both fracture modes I and II.

x300 in all cases.

For mode I, there is a sharp adhesive rupture with fiber tearing and a
rough surface that becomes smoother with longer exposure, as can be
seen in Fig. 11.c after 12 weeks. In contrast, for mode II, there’s a
transition from adhesive plasticity in Fig. 11.d (no exposure) to mini-
mized plasticity in Fig. 11.e (one week exposure), disappearing entirely
in Fig. 11.f after 12 weeks of exposure.

Differences in fracture surfaces were evident depending on the
fracture mode applied, although for both fracture modes, a cohesive
fracture is observed. It is also noticeable that the lines generated by the
crack propagation are more spaced in the unaged sample and are more
easily visible. This indicates a greater resistance to crack advancement
due to the non-aged of the adhesive. However, in cases where aging
exists, degradation of the adhesive is observed, affecting the sharpness
of the crack front, resulting in smoother surfaces and material with
smaller grain sizes.

Conclusions

This experimental study aimed to explore the correlation between
the initiation and propagation of fatigue-induced delamination under
pure fracture modes I and II in epoxy-based adhesive joints on laminates
with an epoxy matrix reinforced by unidirectional carbon fibers, subject
to varying durations in a high-saline environment.

Regarding the initiation of interlaminar cracks under static loading
for both fracture modes and the influence of exposure time to the saline
environment, it is evident that the adhesive joint performs better for
short exposure periods, such as one week, where higher ERRs are ach-
ieved compared to unexposed material. However, for longer exposure
periods, the achieved values are lower than those of unexposed material.
This phenomenon is observed for both pure fracture modes I and II
studied, indicating that the first few days of exposure lead to adhesive
post-curing, improving its properties.

In dynamic loading, for initiation when considering the fatigue
behavior represented by the fatigue limit, a better delamination
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Fig. 11. Fracture surfaces of adhesive joints subjected to fatigue (modes I and II) for different periods of exposure to a saline environment. Images taken at 300x

magnification.

resistance of the studied adhesive is observed under mode I fracture
solicitation, regardless of the exposure period to the saline environment.
The behavior of the material in the low cycle zone follows the same
trend observed in the high cycle or infinite life zone.

The fatigue curves obtained in the initiation phase of the delami-
nation process indicate a similar behavior of the adhesive joint for all
cases: no exposure, one week, and twelve weeks, and for both fracture
modes, with average fatigue limits of 19% for mode II and 27% for mode
I, as a percentage of its static strength.

In dynamic loading, for mode I, exposure to a saline environment
causes crack growth at higher rates than those observed in unexposed
material, regardless of the exposure period of one or twelve weeks. For
mode II a similar trend can be considered for unexposed material and
material exposed to one week of salt spray chamber. In general,
delamination growth rates are higher under mode II fracture, with an
unstable and relatively fast delamination growth once the process is
initiated.

Analyzing the delamination growth rate as a function of crack length,
it is observed that for mode I, the crack growth rate tends to decrease as
the delamination length increases. For mode II, the growth rate remains
almost constant for any delamination length, with relatively lower
growth rates for the one-week exposure period, although the differences
are minor.

Significant differences are deduced from the obtained fracture sur-
faces between the two fracture modes and the deterioration caused in
the adhesive joint by the degradation process in the salt spray chamber.
In mode I, this degradation results in a change in the relief of the fracture
surface, being more uneven in the unexposed material. For mode II,
there is a noticeable smoothing of the fracture surface due to movement,
which appears as a certain plasticization, and tends to disappear as the
exposure time increases. In both modes, crack propagation is observed
in the unexposed material, becoming less clear as the exposure period
and the progressive deterioration of the adhesive increase, becoming
imperceptible after 12 weeks of exposure.
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