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Influence of anodizing surface treatment on the aging behavior in salt-fog 

environment of aluminum alloy 5083 to fiber reinforced composite adhesive 

joints  

The present work aims to evaluate how an innovative and eco-friendly anodizing process with tartaric-

sulfuric acid (TSA) bath and a pore widening in an aqueous solution of NaOH 0.1 M can improve the 

durability in marine environment of co-cured adhesive joints between an aluminum alloy (AA 5083) 

and fiber (i.e., glass or basalt) reinforced composite substrates. The aging was carried out by exposing 

samples to salt-fog spray conditions (5 wt.% NaCl) for 30, 60 and 90 days in a climate chamber, in 

accordance with ASTM B117. In order to get further insights on the aging behaviour of bonded joints, 

neat matrix was also exposed to the same environment for 60 days. Quasi-static mechanical tests and 

morphological analysis through SEM microscope coupled with EDX analyser were carried out to 

deeper understand how the fracture surfaces change during aging and how this affected the mechanical 

performances of joints. 
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1. Introduction 

Nowadays, the usage of composite materials has considerably increased in nautical industry due to 

their low weight and high mechanical performances [1–3]. These features, indeed, allow to increase 

cargo or save fuel, thus leading to a reduction of CO2 emissions. However, two of the critical issues 

of these materials are related to the high emissions during their production and their no recyclability. 

A possible solution to these problems consists in the usage of natural fibres as reinforcement of bio-

based recyclable epoxy matrix. Natural fibres have found many applications in industry sectors such 

as nautical or automotive, due to their specific properties such as sustainability, good specific 

properties, wide availability, and low price. Furthermore, they are renewable and have a low 

environmental impact [4,5]. 

Among natural fibres, basalt is considered one of the main candidates for replacing synthetic fibres 

such as E-glass as reinforcement of composite materials useful for nautical applications. It is a mineral 

fibre which can be obtained by melting basalt rock from volcano activities. In more detail, its 

production process does not require the use of any chemical additives such as solvents, pigments, or 

other hazardous materials. In fact, a continuous filament of basalt fibres can be prepared in a one-step 

process, consisting of melting and direct extrusion. This material possesses comparable mechanical 

properties as well as higher thermal stability and chemical inertia in comparison to E-glass (i.e., the 

most used reinforcement in this field) [6–8]. Other important features of basalt fibre lie in its 

resistance to corrosion in addition to a very low moisture absorption tendency. 

As concerning the matrix phase, it is widely known that the use of synthetic thermosetting polymers 

should be nowadays reduced due to their difficult disposal at the end of life. In fact, these materials 

are formed either through polymerization of monomers or by creating chemical crosslinks between 

linear or branched polymers (i.e., curing process). These irreversible chemical reactions create a 

cross-linked network of interconnected molecules which cannot be thermally processed further [9]. 

In this context, several chemical recycling methods based on the use of solvent mixtures have been 

carried out in the past [10–12]. An alternative sustainable solution consists in the use as curing agent 



 

 

of cleavable amines that allow to obtain epoxy thermoset matrix which can be recycled yielding 

thermoplastics, as shown by Cicala et al. [13–16]. They produced fibre reinforced composites, which 

resulted recyclable by soaking them in mild acetic acid aqueous solutions. Furthermore, the Life 

Cycle Assessment (LCA) of these materials was assessed showing that recycling and reusing the 

reinforcing fibres with very little chemical damage are the most important aspects in terms of 

environmental and economic savings. 

When some parts of the ship are difficult to create by using composite materials, it’s needed to joint 

them to traditional materials such as metals, for example by building a superstructure in glass fibre 

reinforced polymer (GFRP) on metallic hull [17]. Hence, the implementation of composite materials 

in conjunction with metals into hybrid structural systems is currently developed in several industrial 

field such as nautical one [18]. 

In this context, composites and metals can be joined mechanically [19,20], adhesively [18,21] or 

through a combination of both techniques [22,23]. Among these kind of connections, the adhesive 

one offers various advantages such as no presence of damage caused by drilling, prevention of 

degradation phenomena as consequence of galvanic corrosion, high absorption of energy as well as 

cost and weight reductions due to the absence of a third linking elements [24–26] . Despite this, the 

interaction between adhesive and substrates often represents the weakness of joined structures. 

Hence, it is necessary to employ an appropriate surface treatment to overcome this issue.  

A wide available literature can be found about several surface treatments such as mechanical abrasion, 

chemical etching, laser texturing or electrochemical treatments like anodizing process [27–29]. In 

particular, the latter is able to create an oxide porous layer that could be heightened on the metal 

surface, thus generating a good interlocking with the adhesive layer and, at the same time, furnishing 

a corrosion protection to the metal substrate [30–34]. Due to these reasons, this treatment was already 

used to improve the aging resistance against various environmental condition of metal to metal or 

metal to composite adhesive joints [35–38]. For example, Golaz et al. [39] evaluated the strength and 

Griffith’s critical strain energy release rate GIC of adhesive joints before and along 13 weeks of 



 

 

accelerated aging in salted and deionized water at 50 °C, at varying the surface treatments on titanium 

alloy grade 5. In particular, sandblasting, chemical etching and anodizing treatments were carried out. 

The experimental results show that the aging decreased the strength and the critical strain energy 

release rate of bonded joints by 30–70% and that samples anodized had faster mechanical 

performance decrease. It is worth noting that industrial baths widely used (i.e., phosphoric acid, 

chromic acid, and sulfuric acid solutions) are toxic (i.e., Cr VI is carcinogenic for human) or do not 

guarantee a proper corrosion protection. Consequently, the research is nowadays focusing on the use 

of more eco-friendly baths which also offer a good protection from corrosive environments. 

Abrahami et al. [40] studied the influence of surface chemistry on the adhesion of epoxy matrix on 

aluminum alloy 2024-T3 anodized with eco-friendly bath (i.e., PAA, SAA, PSA). XPS analysis on 

the surface and floating roller peel test in dry and wet conditions were carried out. Results showed 

that all anodizing technique have a good mechanical resistance in dry condition, while in wet 

condition the resistance depends on the quantities of OH- on the surfaces. 

Zhang et al. [41] evaluated phosphoric/boric/sulfuric acids anodizing as replacement of chromic acid 

anodizing. FE-SEM and AFM analyses were carried out to evaluate microstructure and topography 

of the pre-treated surface, while mechanical tests such as lap shear and wedge to evaluate the adhesion 

between metal to metal with epoxy adhesive. The results showed how this innovative treatment could 

improve both bonding strength and corrosion resistance under humid and hot environments. 

In this regard, the present paper aims to evaluate for the first time the effect of an innovative and eco-

friendly electrochemical process (i.e., Tartaric-Sulfuric acid anodizing) on the aging resistance 

against salt-fog environmental condition of metal to composite bonded joints. To this scope, treated 

and untreated (or reference) joints were exposed to salt spray fog (5 wt.% NaCl) at 35° C in a climatic 

chamber for three months (i.e., 90 days). 



 

 

2. Experimental 

2.1. Materials 

The metallic substrate of joints corresponds to Aluminum alloy sheet 5083 series, with nominal 

thickness 3 mm, length 110 mm, width 160 mm, Young’s modulus of elasticity 70 GPa and tensile 

yield strength 125 MPa. 

With the aim of comparing the aging resistance of bonded joints at varying the reinforcement of the 

composite substrates, two plain weave woven fabrics were used: i.e., glass (with areal weight 200 

g/m2) and basalt fabrics (220 g/m2), supplied by Hexcel® and Basaltex®, respectively. 

The polymeric matrix was obtained by mixing a bio-based epoxy monomer SuperSap® 300 with a 

cure inhibitor INH (both furnished by Entropy Resins) and an amine curing agent Recyclamine® 301 

(furnished by Connora Technologies) with the weight mix ratio 100:32:11 (resin: curing agent: INH). 

SuperSap® 300 is composed of epoxidized pine oils, bisphenol A/F type resin, benzyl alcohol, and 

proprietary reactive epoxy diluent. Recyclamine® 301 is a cleavable polyamine ether. The INH 

inhibitor is added to the mix as a viscosity and pot life modifier. In particular, the pot life extends 

while the viscosity of the mix lowers by increasing the INH content. The mix ratio was suggested by 

the supplier datasheet, that also reports the pot life and viscosity equal to 48 min and 500 cPs, 

respectively. 

Following the same procedure described in our previous paper [31] both fabrics (i.e., glass and basalt) 

were treated with an amino-silane coupling agent (i.e., Sigma-Aldrich (3-

Aminopropyl)trimethoxysilane) in order to strengthen the fibre-matrix adhesion in composite 

substrates. 

2.2. Metal surface treatments 

In this paper two metallic surface treatments were compared in order to evaluate their effects on the 

aging behaviour of metal to composite bonded joints: i.e., namely mechanical abrasion and anodizing. 



 

 

Mechanical abrasion was chosen as reference treatment. In particular, the aluminum substrates were 

mechanically treated for 20 minutes through an orbital sander Bosch PSS 250 AE with a sandpaper 

P80 using a number of oscillations of 20000 osc. /min. After that, aluminum substrates were first 

cleaned in deionized water for 2 minutes and then in an ultrasonic acetone bath for further 5 minutes. 

All steps were performed at room temperature (i.e., 24 ± 1 °C). 

The anodizing treatment was carried out following a multi-step process. Firstly, the metallic 

substrates were smoothed with the same orbital sander of mechanical treatment and the same number 

of oscillations, but with sandpaper up to grid 2000. Secondly, they were cleaned in deionized water, 

after in an ultrasonic bath with acetone for 5 minutes, and then rinsed in deionized water. Thirdly, 

they were soaked in a 10 wt.% of NaOH aqueous solution at 60°C for 30 s and subsequently rinsed 

in deionized water. Finally, the samples were immersed in 30% v/v HNO3 aqueous solution at room 

temperature for 15 s and then cleaned with deionized water. All reagents were supplied by Sigma-

Aldrich. Finally, the anodizing treatment was realized in a bath composed by 0.48 M sulfuric acid 

and 80 g/l of tartaric acid and water (TSA) [42]. The process parameters were a voltage of 14V at 37 

°C for 20 min during a moderate stirring. After these steps, the metallic samples were immersed in a 

0.1 M NaOH solution at room temperature for 2 min to widen pores of the oxide layer (Figure 1). 

After each treatment (i.e., mechanical abrasion or anodizing), the metallic substrates were dried at 

room temperature for 24 h before manufacturing of joints. 

All samples are codified by using a prefix “REF” and “ANOD” depending on the treatment carried 

out on the metallic surface (i.e., mechanical abrasion or anodizing) followed by a suffix “GFRP” and 

“BFRP” as function of the kind of fiber (i.e., glass or basalt) used as reinforcement of the composite 

substrates (see Table 1). For instance, “REF-GFRP” indicates joints having the metal substrates 

mechanically abraded and the composite substrates reinforced with glass fabrics.   

 



 

 

2.3. Manufacturing of joints and neat matrix samples 

Double strap adhesive co-cured joints (160 mm width, 220 mm length) were manufactured through 

vacuum infusion process by placing two aluminum sheets (110 mm x 160 mm x 3 mm) side by side 

in a plain mold. In correspondence of the bonded area six dry fabrics (50 mm x 160 mm) of basalt or 

glass fibers were manually laid up above and below the metal sheets, respectively. Afterwards, a 

vacuum bag closed the mold and the air inside was pulled out by a two-stage vacuum pump model 

VE 235 D by Eurovacuum. The dry lay-up contained in the mould was then impregnated by the epoxy 

matrix, which flows through mainly driven by vacuum. 

Before the infusion, the matrix mix was prepared as follow. First, 100 g of epoxy resin was added in 

a Becher at room temperature, followed by 32 g of curing agent and 11 g of INH. The mix was then 

slowly stirred manually for 5 minute and degassed for further 2 minutes in a vacuum chamber. 

Following this procedure, prismatic samples of neat matrix (80 mm length, 50 mm width, and 5 mm) 

were also manufactured by pouring the matrix mix in a silicone mold. All joints and neat matrix 

samples were cured at room temperature (i.e., 24 °C ± 1 °C) for 24 h and then post-cured at 100 °C 

for further 3 h.  

2.4. Salt-fog exposition 

The aging behaviour of the co-cured joints was evaluated by exposing them to salt-fog spray condition 

(5 wt.% NaCl, 35 °C ± 1 °C) in a climate chamber model SC/KWT 450 by WEISS, according to 

ASTM B 117 standard. At each investigated aging time (i.e.,  30, 60 and 90 days), one joint was taken 

out from the climatic chamber and cut by means of a rotating blade (i.e., Bosch GCM 800 SJ).  By 

doing so, five samples with 25 mm width (Figure 2) were obtained for each manufactured joint as 

well as for each aging condition, in order to perform the quasi-static tensile tests. For the sake of 

comparison, five samples from each unaged joint were also tested. 

In order to get further insights on the aging behaviour of bonded joints, samples of neat epoxy matrix 

were also exposed to the same hostile environmental conditions (i.e., salt-fog spray) for three months 



 

 

(i.e., 90 days). In particular, five prismatic samples (80 mm x 10 mm x 5 mm) were removed from 

the climatic chamber after 30, 60, and 90 days and mechanically tested under three-point bending 

configuration. Unaged samples were tested for comparison purpose. 

Moreover, the water gain W experienced by the neat matrix during salt-fog exposition was evaluated 

through the following equation: 

 
𝑊 =

𝑊𝑡 −𝑊0

𝑊0
100 (1) 

where W0 and Wt are the initial weight and the weight at aging time t, respectively. 

2.5. Quasi-static mechanical tests 

The tensile characterization of the joints was carried out according to ASTM D 3528 standard. Five 

samples for each aging condition were tested through a U.T.M. model ETM-C by WANCE, equipped 

with a 50 kN load cell. The crosshead speed was set equal to 1.27 mm/min. The displacement was 

measured with a YYU-10/50 extensometer by WANCE, with a gauge length of 50 mm and a full-

scale value equal to 20% coupled to the testing machine. The value of the joint strength (or failing 

stress) was calculated as described in the ASTM standard, i.e., maximum load per total shear area. 

Quasi-static three-point bending tests were performed on five neat matrix samples for each aging 

condition, according to ASTM D 790 standard. To this scope, a U.T.M. model Z005 by Zwick-Roell, 

equipped with 5 kN load cell. The support span and crosshead speed were set equal to 60 mm and 1.4 

mm/min, respectively. 

2.6. Analysis of the failure zones  

The aluminum alloy surfaces of fractured joints were observed by using a scanning electron 

microscope model XL30 ESEM by Philips, coupled with EDX. SEM images and EDX information 

are helpful to evaluate the presence of corrosion products as well as to investigate the morphologies 

of the metal surfaces after the exposition of the joints to salt-fog environment. 



 

 

3. Results and discussion 

3.1. Quasi-static mechanical tests 

The average values and the related standard deviations of maximum strength for compared joints 

(i.e., REF and ANOD batches) at each aging condition time (i.e., 0, 30, 60 and 90 days of 

exposition to salt-fog) are shown in  

 a-b. 

From these figures it can be noticed that, regardless of the kind of fibres used as reinforcement of the 

composite substrates, REF-BFRP and REF-GFRP show dramatic reductions of their average joint 

strength (i.e., -83% and -67% respectively) already after 30 days of salt fog exposition. 



 

 

Furthermore, it is worth noting that the strength values of these batches are missing for longer 

exposition times, because these samples during the cutting phase of the joints: i.e., no tensile test can 

be performed on REF joints (i.e., REF-BFRP and REF-GFRP) aged for 60 and 90 days. In particular, 

all these joint samples failed through adhesive fracture mode, evidenced by the absence of polymer 

matrix traces on the metal surface (Figure 4), as defined by ASTM D 5573 standard.  

For the sake of brevity, only the metallic surfaces of REF-BFRP samples were shown in Figure 4, 

because REF-GFRP samples evidenced a quite similar behaviour, thus experiencing the same failure 

mode.  

Moreover, Figure 4 shows the effect of humidity on the metallic surface, suggesting that water 

molecules were able to penetrate through the metal-composite interface. This clearly means that the 

exposition to the aggressive environment strongly weakens the adhesion between the mechanically 

abraded metal substrate and composite one, thus leading to the premature and unexpected failure of 

the joints during the cutting phase. 

Conversely, when exposed for 30 days to the salt-fog spray condition, anodized joints (i.e., ANOD-

BFRP and ANOD-GFRP) present lower decrements of their maximum strength (i.e., -57% and -35% 

for BFRP and GFRP, respectively) in comparison to REF joints. Consequently, ANOD joints still 

outperform REF joints in term of maximum strength (i.e., + 82% and + 74% for ANOD-BFRP and 

ANOD-GFRP) even after 30 days of aging.  

Furthermore,  



 

 

a-b clearly evidence 

that, regardless of kind of composite reinforcement, ANOD joints are able to keep quite constant their 

mechanical strength values for longer aging times. In particular, it can be noticed a slight increasing 

trend in the joints strength of both ANOD-GFRP and ANOD-BFRP samples for exposition time 

longer than 30 days.  

Figure 5 shows the presence of some traces of both matrix and fiber on the metal surface of the 

ANOD-BFRP fractured samples, after 60 and 90 days of salt-fog exposition. This clearly means that 

a cohesive failure mode occurs for these joints, as defined by ASTM D 5573 standard. It is worth 



 

 

noting that this failure mode occurs for all the anodized joint samples (i.e., ANOD-BFRP and ANOD-

GFRP), regardless the exposition time to salt-fog. 

These findings demonstrate that the anodizing process carried out by using the innovative and eco-

friendly bath (i.e., TSA) allows to protect the aluminum substrate from corrosive phenomena in 

addition to offer a good mechanical interlocking with the epoxy matrix of the composite substrates.  

By taking into account the experimental evidences from our previous work [31], the results of the 

present paper clearly highlight the beneficial effect of the proposed electrochemical treatment not 

only on the mechanical strength of bonded joints, but also on their durability when exposed to hostile 

environments such as marine one. 

Nevertheless, it is worth stating that the strength reductions experienced by ANOD joints after the 

first 30 days of salt-fog exposition cannot be considered negligible (i.e., -57% and -35% for ANOD-

BFRP and ANOD-GFRP samples, respectively). These results can be explained by evaluating the 

aging behaviour of the neat epoxy matrix. To this scope, the quasi-static flexural properties of the 

matrix at varying the exposition time to salt-fog are reported in Table 2. From these data, it is possible 

to notice that the thermoset matrix experienced noticeable decrements in the flexural strength and 

flexural modulus already after 30 days in the climatic chamber: i.e., -87% and -89%, respectively. 

Moreover, the strain at break increases by about 112% after 30 days, thus showing the occurrence of 

evident softening and plasticization phenomena of the epoxy matrix when exposed to salt-fog 

environmental conditions. For longer aging times, flexural properties do not vary markedly. In 

particular, flexural strength and modulus decrease of about 93% and 95%, respectively, whereas the 

strain at break increases of about 104%, after 90 days of aging. 

These results are corroborated by the water absorption experienced by the epoxy matrix during the 

salt-fog exposition, as shown in Figure 6. In the early phase, there is a significant increase in the 

weight gain: i.e., equal to about +4% after 30 days of salt–fog exposition. For longer aging times, a 

progressive stabilization of the absorbed water can be evidenced, reaching increase slightly higher 

than 5% after 60 and 90 days. 



 

 

3.2. Analysis of the failure zones  

The metallic surface of the fractured joints was analysed by SEM microscope equipped with EDX 

analyser, to gain more insight on the fracture mechanisms of the joints.  

As shown in Figure 7a-b, the metallic surface after 30 days is covered by corrosion products, mainly 

containing Al and O according to EDX analysis (see Figure 9). Moreover, it is possible to see that 

corrosion products are also present under the matrix (i.e., indicated by green arrows in Figure 7), 

suggesting that water is easily absorbed by the matrix and reaches the metallic substrate. As soon as 

water reaches the mechanically treated Al surface, extensive hydration of the native oxide produces 

oxyhydroxide or hydroxide phases such as AlOOH and Al(OH)3 that are thermodynamically more 

stable than Al2O3 at room temperature (Figure 8). The rate of growth of oxyhydroxide and hydroxide 

scales is reported to proceed in three stages: 1) an induction period (of minutes to hours depending 

on temperature) during which no growth is observed (the native oxide does not change in thickness), 

2) a period of rapid growth during which a pseudoboehmite (AlOOH) layer forms and grows to a 

thickness of several microns, and 3) a period of slower growth in which Al(OH)3 grows on top of the 

pseudoboehmite. The induction period for the uniform corrosion of aluminum could correspond to 

the time required for a hydration front to move through the native oxide, compromising its ability to 

function as a diffusion barrier toward aggressive environment and inducing Al oxidation and 

consequent H2 evolution. The latter process compromises the matrix adhesion. 

This phenomenon is so pronounced that after 60 and 90 days of salt-fog exposition the adhesion was 

totally compromised. Hence, the solicitation of the rotating blade for cutting the samples led to the 

premature delamination of both REF-BFRP and REF-GFRP joints. 

The presence of an anodic porous layer changes the phenomena occurring during aging. Figure 10 

shows that the polymeric matrix with a clear footprint of fibers remains attached to the surface of the 

Al alloy even after 90 days of salt-fog expostion. The fracture zones are always located where fibers 

at 0° and 90° intertwine (i.e., indicated by red arrows in figure), disclosing the porous oxide layer of 

the anodized surface. For samples after 30 days of aging, the fracture zone is free of corrosion 



 

 

products, suggesting that the anodic layer is stable during aging. For longer duration of the salt spray 

test (namely 60 days) the presence of hydration products is evident is some areas due to the hydrolysis 

of anodic Al2O3 and consequent formation of AlOOH and/or Al(OH)3 (indicated by green arrows in 

figure), as confirmed by EDX results. 

After 90 days of salt-fog-exposition, SEM micrograph at high magnification (Figure 11, yellow 

arrows) reveals that the anodic layer is more hydrated due to the longer exposure to the aggressive 

environment. 

As explained above, for mechanically treated alloys (i.e., REF-BFRP and REF-GFRP) the 

hydration of the few nanometer thick native oxide and the subsequent Al oxidation and H2 

evolution are responsible for the drop of the joints mechanical properties already after the first 

month of salt-fog exposition. Conversely, for the anodized joint samples (i.e., ANOD-BFRP and 

ANOD-GFRP), the alloy surface is protected by few micrometer thick anodic film. Hence, the drop 

of the joint strength (see Figure 3) is due to the water absorption of the matrix, which leads to the 

weakening of the chemical bonds between the metallic substrate and the epoxy matrix [40]. The 

slight strength recovery for longer exposure time (i.e., 60 and 90 days, see  



 

 

) can be explained by 

the improvement of the matrix adhesion with the metal alloy, due to the increased hydration degree 

suggested by SEM and EDX analysis. Indeed, according to the literature [40] the adhesion between 

the epoxy matrix and the anodized Al alloy in wet condition improves by increasing the OH- 

concentration on the sample surface. According to the authors [40], the interfacial bonding proceeds 

through the surface hydroxyls and thus is positively influenced by the hydration. This can justify the 

mechanical properties recovery of ANOD joints during the salt-fog exposition. 

  



 

 

Conclusions 

Metal to composite bonded joints were prepared by performing two metal surface treatments: i.e., 

mechanical abrasion (REF-BFRP and REF-GFRP) and anodization with an innovative TSA bath 

(ANOD-BFRP and ANOD-GFRP). The evolution of the mechanical strength of these joints was 

monitored during their exposition to salt-fog environment for a period up to 90 days, with the aim of 

understanding the effect of the innovative anodizing treatment on the joints durability in marine 

environment.  

The experimental results showed that REF joints (i.e., REF-BFRP and REF-GFRP) greatly suffer the 

exposition to hostile environment such as salt-fog. In particular, the 30 and 60 days-aged joints 

experienced premature and unexpected adhesive failures during the cutting phase, meaning that the 

aggressive environment exposition dramatically weakens the adhesion between the mechanically 

abraded metal and composite substrates. Moreover, SEM analysis confirm that this treatment was 

totally inadequate to the scope, because the metallic surface was covered by corrosion products 

already after 30 days of salt-fog exposition.  

Conversely, anodized joints (i.e., ANOD-BFRP and ANOD-GFRP) show lower decrement of their 

mechanical performances in comparison to REF joints after 30 days of salt-fog exposition. This 

finding is mainly due to the scarce aging resistance of the epoxy matrix. However, it is of upmost 

importance to evidence that the residual strength was retained by ANOD joints during the remaining 

60 days of aging. In particular, a slight recovery in the joints strength can be noticed for longer 

exposition time (i.e., 60 and 90 days). This result can be mainly ascribed to the increased hydration 

degree of the metal surface (as suggested by SEM and EDX analyses), which leads to better adhesion 

with the polymeric matrix. 

In conclusion, this paper clearly shows the beneficial effect of the innovative and eco-friendly 

anodizing process on the aging resistance of metal to composite bonded joints against aggressive 

environmental conditions such as marine one.  



 

 

Furthermore, it was shown that the main responsible of the performance loss of anodized joints is the 

limited durability in humid environments of the epoxy matrix. Hence, the evaluation of other 

thermoset polymers is proposed for future work in order to further increase the aging resistance of 

metal to composite bonded joints. 
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 Table 1. List of manufactured joints.  

 

 

Table 2. Three-point bending properties of neat matrix at varying the exposition time to salt-fog. 

Aging time 

[days] 

Flexural 

strength 

[MPa] 

Variation 

[%] 

Flexural 

Modulus 

[GPa] 

Variation 

[%] 

Strain at 

break 

[%] 

Variation 

[%] 

0 78.6 ± 10.1  2.6 ± 0.2  3.5 ± 0.7  

30 10.5 ± 0.8 -86.6% 0.3 ± 0.03 -89.2% 7.5 ± 0.8 +112.6% 

60 5.8 ± 0.2 -92.6% 0.14 ± 0.05 -94.6% 7.3 ± 0.4 +106.3% 

90 5.1 ± 0.5 -93.5% 0.13 ± 0.03 -94.9% 7.2 ± 0.5 +103.9% 

 

  

Code Metal substrate treatment Composite substrate reinforcement 

REF-GFRP Mechanical abrasion Glass 

REF-BFRP Mechanical abrasion Basalt 

ANOD-GFRP Anodizing Glass 

ANOD-BFRP Anodizing Basalt 



 

 

Table captions 

Table 1. List of manufactured joints. 

Table 2. Quasi-static three-point bending results of the neat matrix at varying the exposition time to 

salt-fog. 

 

  



 

 

 

Figure 1. Schematic representation of electrochemical treatment on aluminum alloy surface. 

 

Figure 2. Schematization of joint sample – Gray: AA 5083; Blue: Composite substrate.  



 

 

 

Figure 3. Strength average values versus aging time of joints with a) basalt and b) glass fibers as 

reinforcement of composite substrates. 



 

 

 

Figure 4. Aluminum alloy surfaces of REF-BFRP joint samples exposed to salt-fog for (a) 60 days 

and (b) 90 days. 

 

Figure 5. Aluminum alloy surfaces of ANOD-BFRP joint samples exposed to salt-fog for (a) 60 

days and (b) 90 days. 



 

 

 

Figure 6. Weight gain of neat matrix at varying the exposition time to salt-fog. 



 

 

 

Figure 7. SEM micrographs of the metal surface of fractured REF-BFRP joint samples after a-d) 30 

days, b-e) 60 days and c-f) 90 days of salt-fog exposition. 



 

 

 

Figure 8. Schematization of uniform corrosion on the mechanical treated aluminum surface exposed 

to salt-fog spray conditions. 

 

Figure 9. EDX analysis of the metal fracture surface of REF-BFRP after 30 days of salt-fog 

exposition. 



 

 

 

Figure 10. SEM micrographs at low magnification of the metallic surface of fractured ANOD-

BFRP joint samples after a) 30 days, b) 60 days and c) 90 days of salt-fog exposition. 



 

 

 

Figure 11: SEM micrograph at high magnification of the anodic layer on the metallic surface of 

ANOD-BFRP joint sample after 90 days of salt-fog exposition.  



 

 

Figure captions 

Figure 1. Schematic representation of electrochemical treatment on aluminum alloy surface. 

Figure 2. Schematization of joint sample – Gray: AA 5083; Blue: Composite substrate.  

Figure 3. Strength average values versus aging time of joints with a) basalt and b) glass fibers as 

reinforcement of composite substrates 

Figure 4. Aluminum alloy surfaces of REF-BFRP joint samples exposed to salt-fog for (a) 60 days 

and (b) 90 days. 
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Figure 6. Weight gain of neat matrix . 

Figure 7. SEM micrographs of the metal surface of fractured REF-BFRP joint samples after a-d) 30 

days, b-e) 60 days and c-f) 90 days of salt-fog exposition. 

Figure 8. Schematization of uniform corrosion on the mechanical treated aluminum surface exposed 

to salt-fog spray conditions. 

Figure 9. EDX analysis of the metal fracture surface of REF-BFRP after 30 days of salt-fog 

exposition. 

Figure 10. SEM micrographs at low magnification of the metallic surface of fractured ANOD-BFRP 

joint samples after a) 30 days, b) 60 days and c) 90 days of salt-fog exposition. 

Figure 11: SEM micrograph at high magnification of the anodic layer on the metallic surface of 

ANOD-BFRP joint sample after 90 days of salt-fog exposition. 


