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Abstract: Fibre Metal Laminates (FMLs) are very interesting materials due to their light weight
coupled with their high stiffness, high fatigue resistance, and high damage tolerance. However,
the presence of the polymeric matrix in the composite layers and of polymeric adhesive at the
metal/composite interface can constitute an Achille’s heel for this class of materials, especially when
exposed to a hot environment or water. Therefore, in the present article, aluminium/carbon fibre
FML specimens were produced, aged by considering different hydrothermal conditions, and then,
subjected to mechanical testing. The End-Notched Flexure (ENF) test was considered for this activity.
It was found that the first ageing stage, consisting of submersion in saltwater, was very detrimental
to the specimens, while the second stage, composed of high and low temperature cycles, showed an
increase in the maximum load, probably due to a post-curing effect of the resin during the higher
temperatures of the ageing cycles and to the dissolution of salt crystals during the subsequently
ageing stages in distilled water.
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1. Introduction

Structural applications in advanced fields, such as aeronautics, demand innovative
materials presenting high mechanical properties, low density, and resistance against ageing.
In fact, the mechanical properties of structural parts have to remain unaltered throughout
the entire lifecycle, even if the part is exposed to hazardous environments [1]. Fibre Metal
Laminates (FMLs) are a class of materials able to meet the aforementioned properties. In
fact, they are formed by metal sheets alternated with Fibre-Reinforced Polymer (FRP) layers,
and this confers to the material the desired mechanical characteristics [2,3]. From a historical
point of view, FMLs were developed to overcome the poor fatigue resistance of aluminium
sheets [4,5]. Moreover, FRPs suffer a decrease in mechanical properties due to exposure
to water /moisture environments, which are able to damage the matrix of the composite
layers [6,7]. In fact, the matrix of FRP generally is hydrophilic. This leads to a tendency for
the material to absorb moisture from the outside to the inside. Generally, the mechanisms
by which this occurs are essentially two: volumetric and “interaction” [8]. In the first
mechanism, the absorption of water in free volumes and microcavities that are present in
the FRP such as micro-voids and pores due to gases generated during the polymerisation of
the resin throughout the curing process is considered the cause. These gases could remain
entrapped in the matrix, increasing the void content in the FRP. In the second mechanism,
there is an interaction between the water molecules and the polar groups present in the
molecular structure of the polymer. This interaction not only allows diffusion within the
polymer, but also involves a plasticisation of the polymer itself as a weakening of the
primary and secondary bonds of the molecular structure and distortions of the molecular
chains. This phenomenon results in a change in the thermomechanical characteristics of the
polymer, which are usually manifested by a reduction in the glass transition temperature
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(Tg). On the other hand, thermal ageing is strongly linked to the Tg of the resin used for the
production of FRP. Generally, when the temperature of the environment exceeds the Tg of
the resin, its mechanical characteristics undergo a strong reduction, which can be recovered
if the working temperature is reduced below the Tg. However, such temperature changes
affect the molecular structure by generating configuration changes [9]. However, the effects
of physical ageing related to the presence of moisture in the polymer or the presence of
high-temperature environments can be recovered if chemical degradation of the molecular
bonds does not occur. In fact, if a polymer is exposed for a certain time to a temperature
close to its Tg, its aging history is lost. For epoxy resins, this phenomenon can also occur at
temperatures lower than the Tg, definable as erasure temperatures [10].

The presence of the metal sheets on the exposed surface of the laminate is able to
reduce the penetration of moisture into the FRP resin [11]. For this reason, FMLs can be
employed in environments characterised by intense temperature variations and elevated
humidity [12]. However, ageing can affect the mechanical properties of the FML, leading to
dangerous delaminations in the laminate and, consequently, to its failure [13]. Moreover,
the presence of an interface could accelerate the moisture uptake in the FML because it can
be the most-critical area in terms of mechanical strength and temporal reliability [14].

There are several studies about the mechanical properties of FMLs, paying attention to
the composite type [15], the thickness of the layers [16], the metal’s surface preparation [17],
and the fibre orientation [18]; however, there has not been much research performed on
the hygrothermal effects on carbon-based FMLs, and it is still unclear how long layers will
stay bonded, particularly in seawater environments or at high temperatures. Yu et al. [14]
prepared titanium/Carbon-Fibre-Reinforced Polymer (CFRP) FMLs by anodising the tita-
nium sheets and grafting the CFRP layers with multi-walled carbon nanotubes. Then, they
compared the interlaminar fracture toughness of the produced laminates with that of an
equivalent, but untreated, one, by considering both as-produced and aged materials. They
found much better behaviour for the treated laminate. Instead, Wang et al. [19] studied the
effect of graphene nanoplatelets on the impact resistance of FMLs subjected to different
hygrothermal ageing conditions, finding that the addition of nanoplatelets decreased the
water absorption and increased the impact resistance. Pan et al. [20] investigated the effects
of aluminium sheet treatments on the mechanical performances of a hydrothermally aged
CFRP FML. They found a greater decrease of the mechanical properties in the untreated
laminates, due to the corrosion of the aluminium sheets. Hamill et al. [21] studied the effect
of galvanic corrosion induced by ageing in saltwater on traditional aluminium /CFRP FML
and an innovative bulk metallic glass/CFRP FML. They found a lower corrosion resistance
in the former one, which was reflected in the tensile properties of the materials, while the
flexural properties remained unaffected. To reduce the effects of environment-induced
galvanic corrosion, Stoll et al. [1] added an elastomeric interlayer between the aluminium
sheets and the carbon layers, suitable to reduce the corrosion thanks to its high electrical
resistance. They found decreased mechanical properties in the laminate produced without
the elastomer. Ali et al. [13] compared the effect of hydrothermally induced corrosion
on the mechanical properties of titanium sheets, CFRP laminates, and titanium/CFRP
FMLs. They found higher mechanical characteristics in the FML compared to the CFRP
laminates, while the titanium sheets presented the lowest corrosion. Viandier et al. [22]
studied the corrosion resistance of an FML based on CFRP and stainless steel, finding
that the former behaved as a cathode, while the latter as an anode, and it was affected
by pitting corrosion as well. Alia et al. [12] studied the effect of hydrothermal ageing on
the adhesive layer used for bonding the metal with the composite in the FML, evaluating
the diffusion of water throughout the adhesive thickness and finding both microstruc-
tural changes and chemical degradation in the latter. Hu et al. [23] compared the effect of
moisture absorption on the mechanical behaviour of carbon-fibre-reinforced polyimide
and polyimide-titanium-based FMLs. They subjected samples of these materials to a
high-temperature and high-relative-humidity environment for different amounts of time,
and then, they evaluated the interlaminar shear strength and the flexural strength of the
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aged specimens. A certain decrease in these properties was found, induced by ageing, as
confirmed also by scanning electron micrographs and dynamic mechanical analysis tests.
Hu et al. [24] investigated the effect of hydrothermal ageing on Ti/CF/PMR polyimide
composite laminates conditioned in environments at different combinations of temperature
and relative humidity. They found that the saturated moisture absorption rate depended
on the relative humidity, while the diffusion rate of water in the composite depended on
the temperature. Zhang et al. [25] proposed a reduced graphene oxide modified Ti/CFRP
laminate to be used for intelligent de-icing in aeroplanes and tested both the de-icing per-
formances and the mechanical properties of this laminate. They found that the mechanical
properties improved after several de-icing cycles.

The aim of the present work is to investigate the effect of hydrothermal ageing on the
mechanical performances of FMLs. Specimens made of CFRP and aluminium sheets were
subjected to a sequence of different environments, such as saltwater, hot water, and ice, as
will be better described in the “Materials and Methods” Section. The motivation behind
this choice can be explained as the willingness of reproducing the possible environments
an aeronautical part is subjected to. Therefore, in the present work, End-Notched Flexure
(ENF) specimens were manufactured, aged under different conditions, and finally, tested
through a three-point bending scheme in order to analyse the effect of hydrothermal ageing
on the bonding interface between metal sheets and composite layers in an FML made of
aluminium and CFRP.

2. Materials and Methods

FMLs made of carbon composite laminates and aluminium sheets were chosen for the
investigation presented in this work. According to published research, galvanic corrosion
affects FMLs made of CFRP and aluminium sheets because the standard electrode potentials
of carbon and aluminium differ. Due to this peculiarity, the combination of these materials
was chosen since it is extremely important when thinking about the issue of environment-
induced corrosion, the goal of this work being to explore the impact of hydrothermal ageing
on the mechanical properties. The FMLs considered in this work were manufactured using
the prepreg vacuum bag process, as already described in [26]. The metal layers of the
produced FMLs were made of EN AW 3105, a commercial aluminium alloy, while the
layers of CFRP were made of M92/48%/220H4/AS4C/3K, a woven thermoset prepreg
system. The aluminium sheets had a thickness of 0.8 mm, while the prepreg layers had a
thickness of about 0.25 mm in the uncured state. The layup sequence is reported in Figure 1.
The composite layer consisted of two plies of M92/48%/220H4/AS4C /3K, layered in the
roll direction. The composite laminates were co-bonded to the aluminium sheets using the
structural adhesive AF 163-2, manufactured by 3M. As the pretreatment for the bonding,
the aluminium sheets were degreased using Methyl Ethyl Ketone (MEK). Specifically, the
FMLs were made using the vacuum bag technique: the cure cycle consisted of a heat
ramp of 2 °C/min up to the temperature of 125 °C and a dwell at this temperature of
about 90 min. This thermal cycle was suitable for both the prepreg and adhesive, as
reported in the respective technical sheets. Two notches were made using a very thin
Polytetrafluoroethylene (PTFE) release film at the interface between the composite and the
aluminium inner sheet in order to realise a notch length of about 30 mm in the finished
specimens. In fact, once the cure was complete, the laminate was removed from the mould,
and ENF specimens were made through a cutting operation using a diamond blade. In
particular, the specimen dimensions were determined in accordance with ASTM D7905 [27],
as shown in Figure 2. In total, 20 specimens were produced.

Ageing Treatments

To study the behaviour of the hybrid laminate in various types of possible working
conditions, five specimens, which represented the reference for measuring the mechanical
performance in unaged conditions, were stored in a chamber with a humidity of 30% and a
temperature of 25 °C, while the other specimens were subjected to the hydrothermal ageing
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cycle reported in Figure 3. It is possible to subdivide the ageing cycle into three stages.
Specifically, in the first stage, for a duration of 14 days, the specimens were immersed at
room temperature in saltwater with a chemical composition according to ASTM D1141 [28].
For the preparation of saltwater, 2 stocks and a final container were used. In the first stock,
7 L of distilled water was placed and 3889 g of magnesium chloride hexahydrate, 405 g of
calcium chloride anhydrous, and 15 g of strontium chloride hexahydrate were dissolved.
In the second stock, 486 g of potassium chloride, 141 g of sodium bicarbonate, 70 g of
potassium bromide, 19 g of boric acid, and 2 g of sodium fluoride were diluted in 7 L of
distilled water. Finally, the preparation of the saltwater was made in the final container. To
prepare it, 245 g of sodium chloride and 41 g of sodium sulphate were dissolved in 8 L of
water. After, 200 mL of the solution in Stock 1 and 100 mL of the solution in Stock 2 were
added to the container. Finally, the obtained solution was diluted with distilled water until
a volume of 10 L was reached.

g <« Aluminum
“«————— AF 163-2
<— CFRP
€« AF 163-2

Figure 1. FML layup sequence adopted in this work.

(a) (b)
Figure 2. Manufactured ENF specimens: (a) geometry and dimensions in mm; (b) a photo of a group.

Subsequently, five specimens were extracted and stored in a dry environment at room
temperature, while the others were immersed in distilled water and subjected to thermal
shocks between —28 °C and 80 °C. Each ageing cycle lasted 7 days, and the thermal
variations imposed are illustrated in Figure 4. The adopted ageing cycles simulated the
most-critical environments an aeroplane could be exposed to: parking in the snow or ice,
near the sealine, and high-altitude flight after a take off from a very hot and sunny location.
It is worth pointing out that the edges of the specimens were not sealed in order to procure
the most-critical condition for the specimens. In fact, the metal sheet, placed on the external
surfaces, protects the FML from moisture and water absorption. By exposing the edges
to the environment, the detrimental effects, due to the galvanic coupling between carbon
fibres and aluminium sheets, are intensified.
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Figure 3. Hydrothermal ageing cycle adopted in this work.
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Figure 4. Temperature variations of specimens immersed in distilled water for one week: (a) first day
of the week; (b) from the second to fourth day; (c) fifth day of the week.

After four cycles, five specimens were removed from the distilled water and stored in a
dry environment at room temperature. At the end of each ageing stage, the specimens were
dried and weighed using a precision balance. Weight variations were calculated only for
samples that were subjected to the ageing stages. For each specimen, a coefficient of varia-
tion with respect to the unaged condition cwog,s (defined as the reference weight, which
consisted of the weight of the specimen before ageing) was calculated using Equation (1):

Py stage — Pref

Pos )

CWURef =
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where Py siqqe is the weight of the specimen after the nth stage, while Py is the weight of
the specimen in unaged conditions. Similarly, it is possible to calculate the coefficient of
weight variation with respect to the previous ageing stage cwv, according to Equation (2):

Py stage — Py stage

cwo, =

@

Py stage

where Py, 1 stqge is the specimen weight after the previous ageing stage considered.

Once having completed the ageing treatments, the specimens were stored for two
years at room temperature and subsequently subjected to flexural tests. These tests were
performed using a universal testing machine and equipment produced to realise three-
point bending tests. Specifically, the test configuration consisted of a three-point bending
test with a span of about 100 mm (Figure 5). In particular, the diameters of the support
were equal to 8 mm, while the punch diameter was fixed to 10 mm. For completeness, the
imposed crosshead speed was equal to 2 mm/min during the tests.

Figure 5. The three-point bending test of a specimen during testing and its deflection/deformation.

3. Results

The first results obtained from the analyses were related to the weight variations of
the specimens at the end of each ageing stage. The obtained values of cwoug, and cwo, are
reported in Figures 6 and 7, respectively. Observing Figure 6, it is possible to state that
saltwater was uptaken into the specimens, allowing an increase in weight of about 8%.
This increase in weight was also due to the formation of salt crystals on the free surfaces of
the specimens. The subsequent ageing stages allowed a reduction in weight of about 10%,
reducing the weight of each sample to a value lower than the reference one. This result
could be due to the microcracking of the composite matrix, the corrosion of the aluminium
in saltwater, and the subsequent solution of salt crystals and aluminium oxides in the
distilled water.

During the three-point bending test, crack propagation between the adhesive and
aluminium sheets was observed. The failure modes can be classified according to ASTM
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D5573 [29]. Here, the failure modes can be subdivided into six types: adhesive failure, if
the failure appeared at the adhesive-adherend interface; cohesive failure, if the separation
appeared within the adhesive itself; thin layer cohesive failure, if the failure appeared very
near the adhesive-adherend interface with the presence of traces of FRP adherends on
the adhesive; fibre tear failure, if the rupture appeared only in the FRP matrix with the
exposure of the fibres on the failure surface; light fibre tear failure, if the rupture was in
the FRP matrix near the bonded surface; stock break failure, if the failure appeared outside
the bonded region. Starting from the observation of all the failure surfaces, it is possible
to classify the failure mode obtained from testing as an adhesive failure for all the ageing
conditions. Specifically, failures appeared between the adhesive and the outer aluminium
sheets. It is possible to state that the interface between the adhesive and CFRP was optimal,
while the interface between the adhesive and aluminium was the most-critical. Figure 8
shows the representative load—displacement curves obtained from the experimental tests.
It is possible to observe that all the ageing conditions caused a decrease in mechanical
performance, but contrary to what one might think, the last and the second to last ageing
stage involved an increase in the mechanical performance with respect to the first stage
of the ageing treatment. This could be due to a possible effect of the high temperature
used for the thermal shock, which could allow for a post-cure effect on the adhesive and
the composite layer. The presence of a working environment with higher temperatures
during the last two stages of the ageing cycle could have a positive effect on the mechanical
resistance of the specimens by a revamping of the physical ageing accumulated during
the first stage of the aging cycle [10]. Moreover, the immersion in distilled water during
the last two ageing stages resulted in a reduction in the salt content deposited within the
specimens. In fact, while the saltwater-aged samples showed, in addition to a noticeable
increase in weight, also the presence of salt crystals spread over the entire free surface of
the aluminium, the specimens that were subsequently subjected to immersion in distilled
water showed, in addition to a weight reduction lower than the initial reference one, also a
clear reduction of the salt crystals on the free surface of the aluminium.

0.35%
0.30%
0.25%
0.20%
0.15%
0.10%
0.05%
0.00%
-0.05%
-0.10%
-0.15%

CWV,

1° stage 2° stage 3° stage

Figure 6. Coefficient of variations with respect to the unaged condition for each ageing stage.

Observing the maximum load obtained from the tests (Figure 9), it is possible to
state that the average maximum load was lower, particularly for specimens aged only in
saltwater at room temperature. Considering also the dispersion of the results, it is possible
to state that the mechanical resistance variations were negligible compared to the other
stages, despite the last stage showing a higher distribution. A decrease in the interfacial
fracture energy in Ti-CFRP FMLs was also found by Yu et al. [14]. In particular, they aged
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in simulated seawater both common and pre-treated laminates and found a decrease of 67%
of the interfacial energy in the former case, while it was of 62% and 43% in the other cases.
This decrement of the mechanical properties was induced by the hydration of the metal
oxide layer, which had poor bonding with the composite matrix, and by the penetration of
water into the matrix. Alia et al. [12] determined a decrease in the mechanical properties of
adhesives equal to 25% due to microstructural changes induced by the hydrolytic action of
the water. Pan et al. [20] found a decrease in the interlaminar shear of an aluminium-based
FML equal to 14% after 15 days of hygrothermal ageing in seawater and 26% after 90 days.

0.40%
0.30%
0.20%
0.10%
0.00%
-0.10%
-0.20%
-0.30%
-0.40%
-0.50%

c
>
S
o

1° stage 2° stage 3° stage

Figure 7. Coefficient of weight variation with respect to the previous ageing stage for each
ageing stage.
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Figure 8. Average load—displacement curves obtained from the experimental tests.
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Figure 9. Maximum loads obtained from the experimental test (as a function of the ageing stage).

The observed variation in failure loads probably depended on the presence of salt
crystals on the metal surfaces of the specimens. To understand this, the failure surfaces
between the aluminium and composite were observed by optical microscope. Figure 10
shows the failure surfaces near the notch tip of a specimen aged only with the first stage,
which was in saltwater. At the notch tip, it is possible to observe an extensive formation of
salt crystals, which was not only concentrated at the notch apex, represented by the blue line,
but developed within the bonding at the interface between the aluminium sheet and the
adhesive. In fact, salt crystals at the notch tip were grown not only along the free surface of
the aluminium, but also in the transverse direction. Such a phenomenon probably generated
some peeling stress, which caused the crack propagation at the adhesive-aluminium
interface. The free surface generated by this propagation led to a growth of salt crystals on
the aluminium side (Figure 10c), which increased this phenomenon. The subsequent stages
of ageing in distilled water involved a dissolution of salt crystals, therefore a decrease in the
peeling stress at the crack tip and a consequent recovery of the mechanical performance of
the FML specimens. It is likely that the surface pretreatment applied to the aluminium did
not guarantee the performance needed to avoid the debonding between the aluminium and
film adhesive. The analysis of the effect of different surface treatments on the aluminium
sheets in these ageing conditions will be the subject of further work by the authors.
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Notch tip

(e)

Figure 10. Failure surfaces of a specimen subjected to the first stage of ageing (saltwater): (a) salt
crystals on the aluminium side; (b) salt crystal deposition on the adhesive side; (c) crack propagation
on the aluminium side; (d) crack propagation on the adhesive side; (e) position of the region shown

in the previous images.

4. Conclusions

In this work, the effect of ageing conditions on the mechanical performance of end-
notched Fibre Metal Laminate (FML) specimens was investigated. The samples were
manufactured through the vacuum bag technique and subjected to ageing cycles, which
consisted of immersion in saltwater followed by thermal shocks in distilled water. At
the end of each ageing cycle, the specimens were removed from the ageing environment,
weighed, and tested through three-point bending tests. Specifically, the gravimetric analy-
ses showed an increase in the weight of the specimens immersed in saltwater and a decrease
in the weight in the subsequent ageing conditions in distilled water. This was due to the
nucleation and growth of salt crystals on the free surfaces of the aluminium, which was
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severely limited by the dissolution of the crystals in the distilled water in the subsequent
ageing stages. After the gravimetric analyses, mechanical testing was performed, and
the results showed a decrease in the failure loads of about 30% for the specimens aged in
saltwater, while the subsequent ageing in distilled water showed a recovery of mechanical
performance. This was probably due to an imperfect pretreatment of the aluminium surface
before bonding and to the formation and growth of salt crystals near the crack tip, which
allowed the concentration of peel stress and was removed by the dissolution of the salt
crystals during the subsequent ageing stage in distilled water. Moreover, the presence
of a working environment with higher temperatures during the last two stages of the
ageing cycles could have an effect on the resistance of the specimens by a revamping of the
physical ageing accumulated during the first stage of aging. Future works will investigate
the effect of different aluminium surface pretreatments on the reliability of FML specimens
in the same ageing conditions.
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