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Abstract

:

The corrosion resistance of the AW7075 alloy after RRA treatment was evaluated. The corrosion rate in the NSS test was assessed and the electrochemical parameters were determined. The results were compared with the results obtained for the alloy subjected to conventional aging (T6) and dual-stage aging (DA). In order to determine the state of alloy hardening, the tests were carried out simultaneously with the material hardness measurements and microscopic examinations. The hardness of the AW7075 alloy increased in the following order: DA < T6 < RRA. The tests revealed that the achieved increase in strengthening was correlated with the preservation of high resistance to general corrosion of the alloy after RRA treatment. After the corrosion tests, SEM microscopic observations were also carried out to determine the corrosion features. The corrosion rate can be arranged in the following order: RRA < T6 ≈ DA. At the same time, the alloy after RRA was characterized by the lowest value of the corrosion potential and the open circuit. The corrosion potential value can be presented in increasing order: RRA < T6 ≈ DA. The corrosion behavior of the aluminum alloy after dual-stage aging was similar to that of T6. However, it was accompanied by a decline in hardening.
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1. Introduction


High-strength 7000 series aluminum alloys have been widely used in the aerospace industry due to their unique properties [1,2,3,4,5,6,7]. Their high strength properties are obtained through heat treatment, during which conventional methods of precipitation hardening based on supersaturation and subsequent aging are usually used. However, even a subtle change in the microstructure of a material can significantly translate into its performance properties, including corrosion resistance [8,9,10]. Therefore, research in this area is largely focused on the balance between corrosion resistance and strength. Proper control of the morphological features of the microstructure of these alloys allows control of the properties of these materials [1].



Single-stage aging treatment to the T6 state provides high strength but is associated with high susceptibility to stress corrosion cracking (SCC) [2,6,7,11,12]. The SCC mechanisms in high-strength 7000 series alloys have been associated with hydrogen-induced cracking, anodic dissolution-assisted cracking, and passive layer cracking [5,13,14]. In particular, the authors noted a strong relationship between alloy state and hydrogen interaction [15,16,17]. SCC has been linked to the hydrogen generation and diffusion before the crack tip [13]. Cooper et al. [14] also observed environment acidification at the crack peak. There is evidence that metallurgical features, particularly grain boundary precipitates (GBPs), affect the SCC resistance. The properties of these precipitates are mainly determined by the chemical composition, electrochemical activity, size, and distribution of GBPs [1,2,13,17,18,19]. The higher corrosion susceptibility of the T6 alloy is attributed to the continuous distribution of GBPs providing corrosion channels for anodic dissolution. These continuous chain-like precipitates are distributed along grain boundaries and make the alloy susceptible to stress corrosion cracking [2,7].



It has been demonstrated that the application of the over-aging to T7X states improves the low SCC susceptibility of 7000 series alloys; however, it is associated with a significant decrease in strength and hardness properties [2,4,6,11,12,13,15,20,21]. The low susceptibility of the over-aged alloy to SCC was explained by the presence of large-phase precipitates, whose presence altered the crack growth conditions and favored hydrogen trapping [15]. In order to improve resistance to SCC while maintaining high strength, the dual-stage aging (DA) has been proposed [2,22,23]. The first aging stage of the DA heat treatment process is characterized by relatively low temperature compared to conventional aging, which is responsible for the diffuse and uniform distribution of GP zones. The coarse GP zones and phases formed during the second aging contribute to the hardness peak. The strength of the experimental alloy increases by 9.6% (33.2 MPa) and the susceptibility to the SCC decreases by 38.9% when using the second peak aging regime instead of the conventional T73 state [22]. Emani et al. [23] believed that the DA treatment results in an acceleration of the kinetics of the precipitation of the alloy strengthening phase. Compared to classical single-stage aging to the T6 state, matrix precipitates (MPs) after DA treatment are fragmented and partially converted into an incoherent η phase, resulting in reduced strength but increased ductility [24].



The third Retrogression and Reaging (RRA) heat treatment involving multi-stage aging treatments provides better control over the resulting precipitates responsible for strengthening, and thus increases the chance of obtaining a microstructure that will provide a favorable combination of mechanical strength and corrosion susceptibility [3,4,7,19,20,24]. Retrogression involves heating of the previously precipitation-strengthened alloy at temperatures in the range of 200–260 °C for a short time (120s), followed by Reaging typical of T6 peak aging [1,2,6]. The application of retrogression leads to a partial dissolution of the unstable precipitates formed during the first aging. This is accompanied by an increase in the size of the stable precipitates [12]. It also leads to a decrease in dislocation density compared to the state after supersaturation [16]. Reaging aims to restore the alloy strengthening, which decreases during the retrogression treatment as a consequence of the increase in precipitations [1]. The application of RRA treatment makes it possible to obtain a microstructure characterized by the presence of finely dispersed MgZn2 matrix precipitates (MPs) in the grains that are characteristic for the T6 state (and by fragmented, discontinuous precipitates occurring along grain boundaries (GBPs) typical of T7X over-aging [2,6,7,13,20,25]). Thus, the grain boundary line previously blocked by continuous GBPs precipitates is transformed into a state where η phase precipitates are coarse and discontinuous [4,6,24,26]. The volume proportion of GP zones also decreases [26]. This significantly reduces the susceptibility of the alloy to SCC, while still maintaining the strength typical of T6 [2]. Resistance to the SCC has also been linked to the provision of low dislocation density after the reaging stage [16]. Thick GBP precipitates act as hydrogen trapping sites, which limit the hydrogen content around grain boundaries [13]. Zielinski et al. [16,27] also linked the good resistance to SCC to the possibility of hydrogen trapping by numerous interfacial boundaries present after RRA, especially those providing high coherence with the matrix. Meanwhile, Park et al. [18] linked the enhanced resistance to the SCC with the reduction in copper concentration in the precipitate-free zone (PFZ). The susceptibility to SCC is also largely attributed to the existence of precipitate-free zones (PFZ) near grain boundaries. RRA treatment makes it possible to obtain wide PFZs [24]. Its widening is also favored by the combination of high temperature and stress [28]. The presence of wide PFZs has a beneficial effect on stress relaxation, which reduces the probability of fatigue crack formation [29]. In addition, the low strength of the precipitate-free zone (PFZ) promotes plastic deformation in this region and thus intergranular cracking [29]. Consequently, the RRA is characterized by high resistance to fatigue crack initiation [30,31]. A clear contribution of the matrix to crack development is also observed [16,27].



The literature data indicate a significant effect of regression parameters on the obtained properties of aluminum alloys. With an increase in regression time, there is an increase in impact toughness as the size of GBPs grows along with their discreteness, which leads to the grain boundary being unblocked [6]. The best level of strengthening is obtained if the regression is terminated at the stage where the precipitates reach a size typical of the shearing (Friedel effect)/Orowan looping dislocation [12]. It has been suggested that for some alloys, the strength after RRA treatment can be higher than in the T6 state [2,32]. In addition, the retrogression time plays an important role, as reducing the regression time with high temperatures can help achieve high alloy strengthening. Reda et al. [33] indicated that the most optimal properties are obtained with retrogression conducted at 200 C. Similar observations were made by the authors of [32]. Increasing the temperature and reducing the regression time positively affect the resistance to SCC [16]. It was also found that cyclic repetition of regression significantly influences the precipitates at grain boundaries (GBPs), while the precipitates distributed in the matrix (MPs) are affected only to a slight extent [2]. The search for optimal properties is also favored by the possibility of applying various aging parameters after the regression [34]. Good results can also be obtained by the combination of the RRA heat treatment with thermomechanical treatment [23,35], as well as the use of plastic forming during the aging process [36]. A number of patented parameters for treatments conducted at lower temperatures but longer times have also been developed based on RRA heat treatment [1]. It has found application not only in solid alloys but also in coating systems applied to aluminum alloys of other series [37,38].



Providing an optimal microstructure from the point of view of SCC and mechanical properties of SCC may be associated with an increase in susceptibility to other types of corrosion. An important indicator in assessing the susceptibility of aluminum alloys to corrosion turns out to be electrical conductivity, which shows a relationship with the microstructure and properties of 7000 series alloys [6,24,32,39,40,41]. Significant potential differences contribute to the rate of formation and amount of galvanic corrosion between the matrix and (GBPs) or (PFZs) [40]. Therefore, 7000 series alloys are particularly susceptible to intergranular corrosion and exfoliation [3,4,7,19,32,41]. The unfavorable effect of alloy aging may be associated with PFZ widening near the grain boundaries [11,29] and the reduction in copper content in them [18]. This leads to reduced resistance to intergranular corrosion. The continuous η phase at grain boundaries makes it a very good anodic pathway for the development of intergranular corrosion [3,29]. The rate of anodic dissolution along grain boundaries can be hindered by increasing the size and spacing of GBP precipitates, reducing the susceptibility to intergranular corrosion [29,42]. According to Wang et al. [3], material after RRA shows less susceptibility to intergranular corrosion. Ren et al. [43] showed that intergranular corrosion resistance (IGC) is ranked in the following order: T6 < RRA < T76 < T74 [43]. Wang et al. [2] also showed that the T6 alloy displayed a higher intergranular corrosion (IGC) susceptibility than the alloy after RRA treatment. The alloy after dual-stage aging was found to be most resistant to IGC. A similar sequence of the strengthening states of 7000 series alloys were shown for exfoliation resistance [43]. According to Li et al. [4], the exfoliation resistance of the AW7150 alloy after RRA treatment is similar to the T73 state. When the aging level increases, the precipitates at grain boundaries reduce the potential difference, and the intra-grain precipitates make the surrounding matrix more susceptible to dissolution. Therefore, pitting corrosion is more likely to occur in aged alloys [44]. The AW7055 alloy after RRA treatment showed better corrosion resistance than single-stage aging with 10% hardness loss [7].



The literature review indicates a significant effect of RRA treatment on the resistance to structural corrosion, such as stress corrosion cracking, intergranular corrosion, or exfoliation corrosion. However, there are no reports on the effect of RRA treatment on the overall corrosion rate of the AW7075 alloy. Therefore, the corrosion resistance of the AW7075 alloy after RRA treatment was evaluated. The results were compared with the results obtained for the alloy subjected to conventional aging (T6) and dual-stage aging (DA). In order to determine the state of alloy strengthening, the tests were carried out simultaneously with the material hardness measurements.




2. Material and Methodology of Research


The research focused on the AW7075 aluminum alloy. The chemical composition of the tested alloy determined by LECO GDS500A (Leco Corporation, St. Joseph, Michigan, USA) glow discharge optical spectrometry (GD OES) is presented in Table 1.



The parameters of four different heat treatments of 30 mm× 100 mm coupons cut from a 10 mm thick sheet tested material were developed (Figure 1). Microstructure investigations were performed on conventionally prepared metallographic micro-sections using a Leica DM6000M (Leica Microsystems, Wetzlar, Hesse, Germany) metallographic microscope and scanning electron microscopy (SEM) using a JEOL 5800 LV scanning electron microscope coupled with an energy-dispersive X-ray microanalysis system ISIS 300 (Oxford instruments, Abingdon, Oxfordshire, UK). The microscopic examinations were carried out before and after etching with a 10% aqueous solution of HF. In order to determine the material strengthening, hardness measurements were carried out by means of the Brinell method and DuraJet G5 hardness tester (Struers, Detroit, Cleveland, USA). The tests were carried out on grinded heat-treated sheet metal coupons using a 2.5 mm ball. The test forces of 1839 N (equivalent to a force diameter index of 30) were applied. The initial force application time was 2 s and the test force was maintained for 10 s. Five measurements were made at ambient temperature for each heat treatment state, determining an average of the measurements and standard deviation. In order to compare the hardness with the state before the precipitate strengthening, hardness measurements were carried out immediately after supersaturation (S state). Due to the low hardness of the material in this state and the limitations of the hardness tester scale, the hardness was measured using the Vickers method and a LECO LC100 (Leco Corporation, St. Joseph, Michigan, USA) hardness tester. The hardness obtained was then converted to Brinell scale units.



The general corrosion resistance of the tested materials was evaluated based on the weight loss of 30 mm × 30 mm sheet metal coupons subjected to the NSS (Neutral Salt Spray) test in the salt chamber VLM CCT 400 FL (VLM, Bielefeld, Germany). Three coupons were tested for each condition of heat treatment. The results are given as an average of measurements with determination of the standard deviation. The tests were conducted in accordance with PN-EN ISO 9227:2017-06 under the following conditions:




	
Temperature inside the chamber: + 35°C ± 0.4 °C;



	
Brine concentration: 5.00%;



	
Salt spray precipitation: 1.5 mL/h;



	
Brine pH: 8.06 ± 0.6;



	
pH of the collected solution: 6.90 ± 0.06;



	
Density of the collected solution 1.033 ± 0.002 g/cm3;



	
Test duration: 144 h.








The corrosion rate was evaluated according to ASTM G1, indicating the relationship between the corrosion rate (CR) and the coupon mass lost during the test (for an alloy density of 2.81 g/cm 3). The formula was used in the calculation:


  CR =      K ∗ W         A ∗ T ∗ D       








where:




	
K—constant equal to 8.76 × 104;



	
W—weight loss (g);



	
A—surface area (cm2);



	
T—exposure time (h);



	
D—density (g/cm3).








Resistance to corrosion was also determined on the basis of electrochemical measurements, which were carried out using methods involving measurement of the open-circuit potential (stationary) E0 and recording of the relation i = f(E) during polarization tests in a three-electrode measuring system. The automated measuring system consisted of a measuring vessel, an ATLAS 0531 ELEKTROCHEMICAL UNIT & IMPEDANCE ANALYSER (Atlas-Sollich, Gdansk, Poland), and a computer controller with AltasCorr05 software (Atlas-Sollich, Gdansk, Poland). The counter electrode made of austenitic steel was placed directly in the measuring vessel. A saturated chlorosilver electrode (Ag/AgCl) was used as the reference electrode. The potential value of this electrode relative to a standard hydrogen electrode was +0.196 V according to EN ISO 17475:2010. The time between coupon preparation and testing was a minimum of 24 h. The surface area of the test electrode (coupon) was 0.785 cm2. Before measurement, each coupon was kept in a 3.5% NaCl solution and room temperature to stabilize the stationary potential, after which it was polarized in the same solution in the anodic direction at a rate of dE/dt = 1 mV/s. The initial potential value was determined based on the stationary potential values, assuming a value about 200 mV lower. Tests were carried out on three samples for each state of heat treatment. The results were presented as an example polarization curve and summarized in the form of electrochemical parameters: stationary potential E0, corrosion potential Ecorr, and corrosion current density icorr. The parameters were determined as an average of three measurements with determination of the standard deviation.




3. Results and Discussion


3.1. Hardness Measurements


The RRA heat treatment aimed to increase resistance to stress corrosion cracking while maintaining a high strength level. An important indicator in this respect is the hardness value. On the basis of the measurements carried out, it can be stated that the proposed heat treatment affected the material strength level (Figure 2). It was found that the hardness of the AW7075 alloy increased in the following order: DA < T6 < RRA. The highest hardness of the AW7075 alloy was achieved after RRA heat treatment, while the material subjected to heat treatment to obtain the T6 state was slightly lower. It is worth noting that the dual-stage aging applied adversely affected the strengthening of the alloy, as the hardness after this process was lowest. In comparison, Wang et al. [41] reported a 10% increase in hardness compared to T6. The increase in strength is related on the one hand to precipitation hardening, but also to the reduction in defects in the matrix. The time of the applied regression was short, which positively influenced the final hardness of the material. Ozer et al. [6] indicated that the use of short regression times (up to 10 min) increases the hardness due to an increase in the proportion of transition phases in the microstructure compared to the peak-aged state. Park et al. [11] also confirmed that a high hardening level after RRA is associated with a higher volume fraction of particles in the microstructure. The use of longer times contributes to the formation of larger precipitates, which may result in a decrease in the strengthening compared to the T6 state [7].



The material before the precipitation strengthening (supersaturated-state S) was characterized by a low hardness of 100 ± 2 HV0.5, which corresponds to 95 HB. The tests were also repeated for the coupon 14 days after supersaturation. The obtained results confirmed the ability of the alloy to natural aging, as after this period, the hardness of the material was 152 ± 1 HBW 2.5/187.5. The value of hardness after supersaturation and natural aging (T4 state) was thus about 50% higher than that of the S state. On the other hand, the naturally aged alloy had a significantly lower hardness than the artificially aged material.




3.2. Study of Microstructure after Heat Treatment


3.2.1. T6 State


In the microstructure of all the samples studied, regardless of the heat treatment state, large grayish precipitates of the iron-rich phase were visible, as well as dark precipitates of the Mg2Si phase (Figure 3, Figure 4, Figure 5 and Figure 6). In the case of wrought aluminum alloys, the iron-rich phase was the α-AlFeMnSi phase, which was confirmed in the material investigated using the EDS method (Figure 3 and Figure 4). In the case of the studied precipitates, the presence of chromium and copper was repeatedly observed in the spectrum of the characteristic X-ray radiation, which indicates that some atoms were replaced by these elements, creating a complex α-AlFeMnSi(Cr,Cu) phase (Figure 4b). Optical microscopic observations carried out at higher magnifications indicated a fine grain size of α solid solution, but locally, its heterogeneous character was observed, especially in the vicinity of large precipitates of the iron-rich phase (Figure 5 and Figure 6).



The aging process of 7xxx series aluminum alloys is well known and can be summarized as: SSSS (super-saturated solid solution) → GP zones → metastable η’ → stable η. GP zones are metastable coherent solute clusters of Zn, Mg, and Cu. The inter-phase energy of the GP zone in the Al-Zn-Mg system is so low that precipitates of small size (~3 nm) can form already in the range from ambient temperature to 120 °C [45,46]. Metastable η’ phases are based on MgZn2, Mg(ZnCuAl)2, or Mg(Zn2,AlMg) phases and appear as discrete semi-coherent particles with the matrix. The η phase as pseudo-stable and incoherent fills the grain boundary [5].



In the case of the alloy state after a single artificial aging, the grain boundaries were less defined, which indicates that the precipitation strengthening phase did not occur at grain boundaries or was coherent with it (Figure 6). At the same time, comparing the microstructure of the alloy in the T6 state to the DA state, numerous precipitates of the precipitation strengthening phase in the matrix (MPs) could be observed, which suggests their lower coherence and probably larger dimensions (significant atomic mismatch results in easier interaction with the etching reagent). Locally, these precipitates formed bands resulting from the segregation of the chemical composition.




3.2.2. Double Aging (DA)


After double aging (DA), the precipitates of the precipitation strengthening phase were mainly present in the form of clearly separated bands. In the light microscope image, practically no precipitates outside these bands were observed, to a similar extent as after RRA treatment. This suggests the formation of larger precipitates mainly in areas of chemical composition segregation.



As in the case of the coupon aged once, precipitates of an iron-rich phase, most likely α-AlFeMnSi, as well as dark precipitates of the Mg2Si phase were observed in the unetched state (Figure 7a). In the case of other heat treatment states, the results of the EDS tests were not presented, as these phases did not undergo phase transition during the applied heat treatment. For this material, the full strengthening effect could not be achieved, as evidenced by a lower hardness value by about 10 HBW 2.5/187.5 compared to the other states. The strengthening coefficient, which can be defined as hardness after heat treatment/hardness after supersaturation, was 2.00 in this case, while for the T6 and RRA states: 2.09 and 2.11, respectively. It should be remembered that the strengthening in aluminum alloys showed a gradual increase in the initial stage of aging, and a slow decrease after reaching a maximum. The highest strengthening was obtained when the precipitates reached a size typical of the change in the mechanism of precipitate bypassing by dislocation from shearing (Friedel effect) to Orowan looping [12]. This is closely related to the moment of loss of semi-coherence by precipitation strengthening phases. It should be noted that the total aging time was shorter than the T6 state, which was reflected in the obtained hardness value. The first stage of aging during DA treatment was directed toward a uniform distribution of GP zones and only the second stage of aging contributed to the hardness peak. The lack of clearly visible precipitates in the microstructure of the material and the relatively low hardness indicate that the hardening peak of the alloy was not reached in these cases. The associated partial coherence of the precipitates will make them difficult to observe in light microscope images (Figure 7b and Figure 8).




3.2.3. RRA Treatment


In the unetched state, precipitates of the iron-rich phase and dark precipitates of the Mg2Si phase were observed, which were a constant element of the microstructure (Figure 9a). After etching, the precipitates were revealed to be mainly in the form of distinct bands arranged according to the plastic formation direction (Figure 9b and Figure 10). The presence of large precipitates in the microstructure of the alloy prevented its comminution in their environment during the plastic formation of the alloy, resulting in grain heterogeneity. In addition to these bands, the alloy after RRA treatment exhibited a microstructure characterized by the absence of distinct precipitates in the α solid solution region (MPs).



The authors are unanimous on the evaluation of the microstructure during RRA. Generally, GP zones and some η’ phases appear and grow during the pre-aging stage. During the regression treatment, the GP zones dissolve back into the matrix and some intermediate phases continue to grow [41]. After reaging, the η’ phases again precipitate and the hardness of the alloy returns to a higher level. Consequently, the greatest strength was achieved for this alloy. During RRA, the η phase in GBPs became thicker and discontinuous. This resulted in the grain boundaries becoming visible in the microscopic image (marked with arrows in Figure 10b).





3.3. Corrosion Resistance Tests


Based on the results obtained from the weight loss measurement of the NSS test, it can be concluded that RRA treatment promoted an improvement in the general corrosion resistance compared to the T6 and DA states. The average corrosion rate for the coupon after the RRA process was 0.683 ± 0.029 mm/year. The following values were obtained for the T6 and DA states, respectively: 0.723 ± 0.027 and 0.741 ± 0.031 (Figure 11).



Observation of the samples after salt chamber testing showed local shallow pitting corrosion. After the removal of corrosion products, the fewest corrosion changes were observed for RRA, indicating a more uniform corrosion development after RRA. In the case of T6 and DA samples, the nature of the changes was similar, and the pits formed bands, indicating a significant influence of MPs present in the microstructure and precipitating in bands on the corrosion development. Stereoscopic images of the corroded surfaces of the samples after the NSS test are shown in Figure 12. The microstructure after RRA treatment was characterized by the occurrence of finely dispersed MgZn2 precipitates in the grains (MPs) and fragmented, discontinuous precipitates occurring along the grain boundaries (GBPs). The discontinuously distributed and separated precipitates occurring after RRA decreased the anodic dissolution rate along the grain boundaries as they crossed the corrosion channels. Thus, this microstructure arrangement favored the uniform development of corrosion. This was confirmed by the microscopic SEM observations (Figure 13). The smallest local changes were observed for this state. The largest changes concerned the states of T6 and DA. After single aging, the pitting nature of the corrosion was observed, in which the pits penetrated deep into the material. In the case of double aging, the changes were flatter, and at the same time, a clear relationship between the developing corrosion and the grain boundaries was observed locally. In the microscopic image, the corrosion clearly followed a specific path, along the line initiated at the grain boundaries (Figure 14). In the case of RRA, it was observed at higher magnifications that corrosion was initiated on the entire surface of the sample, although the influence of grain boundaries on the course of corrosion could be observed locally (Figure 15). In this case, the corrosion resulted from preferential dissolution of precipitates present in the matrix and caused α solid-solution reaction. This combined dissolution of minor precipitates and the surrounding solid solution resulted in the formation of an Al(OH)3 product layer that limited the depth of corrosion attack [33].



The obtained potentiodynamic curves determined electrochemical parameters, such as OCP potential, corrosion potential, corrosion current density, and polarization resistance. As can be seen from the electrochemical investigations, the electrochemical parameters determined from the obtained curves changed noticeably for various heat treatment conditions (Figure 16, Table 2). The higher polarization resistance and corrosion rate density indicate better corrosion resistance of the material after RRA. However, this was accompanied by a decrease in corrosion and open-circuit potential values. The presence of precipitates at the grain boundaries of GBPs in the material microstructure resulted in a large potential difference between the anodic grain boundary and its cathodic center. It is suggested that as the aging stage deepened, alloy segregation occurred, leading to an increase in the copper content of GBPs as a result of the η phase moving toward equilibrium content [2,12,18,41,44]. The size, spacing, and copper content of GBPs after RRA treatment increased as the aging step deepened, which is beneficial for the grain boundary to resist anodic dissolution [43]. The separated and coarse-grained GBPs with high Cu content formed in the deepening aging process enhanced corrosion resistance. The increased copper concentration at grain boundaries and the induced decrease in copper content in the matrix caused the matrix potential to shift toward more negative values. A decrease in Zn and Mg content in GBPs’ chemical composition or an increase in Cu content results in a growth of GBPs’ potential value (shift toward more noble direction) [12,39]. This leads to a decrease in the relative potential difference between the cathodic matrix and anodic GBPs. This translates into a lower electrochemical activity of the alloy, which lowers the hydrogen emission rate [13]. This reduces the driving force for local corrosion and contributes to improved resistance to intergranular corrosion [43]. At the same time, grain centers become susceptible to dissolution [44]. In the RRA state, the MPs precipitates are also enriched in copper, which further promotes the reduction of copper content in the matrix [47]. Thus, the accompanying heat treatment segregation of copper to GBPs and the reduction in its content in the matrix can be explained by the shift in the Ecorr and EOCP potential toward lower values. At the same time, this is consistent with the microscopic observations after the NSS test. The microstructure of aluminum alloys after RRA favors the lowering of the potential difference between the matrix and the precipitates, which favors the lowering of the corrosion rate and the formation of changes of a more uniform character.



The corrosion rate was directly proportional to the corrosion current density, indicating that the alloy after RRA had the lowest corrosion rate, which is also consistent with the NSS test. Considering the corrosion current density, the different heat treatment states can be assigned the following order: T6 > DA > RRA. In addition, other authors [3,7,39] obtained in the case of the AW7055 alloy a lower value of current density for the state after RRA than in the state aged once.



The comparison of SEM images obtained from the surface after electrochemical tests allows the conclusion to be made that in the T6 state in the matrix area, diffuse corrosion was observed, which is a form of pitting corrosion depending on the crystallographic orientation of the grains. After DA, the changes were clearly streaked in accordance with the direction of plastic working, which indicates a significant influence of MPs on the development of corrosion. In the case of the condition after RRA on the surface, the least changes were observed, although the research was completed with the same overpotential value in relation to Ecorr (Figure 17, Figure 18 and Figure 19). This is consistent with the obtained results, because the lowest corrosion rate was obtained for this alloy in both types of corrosion tests. At the same time, in the case of the post-RRA condition, the formation of tubercles caused by local anodic corrosion of the matrix around the primary precipitates of the copper-rich phase was observed (Figure 20).





4. Conclusions


The corrosion resistance of the AW7075 alloy after Retrogression and Reaging (RRA) heat treatment was evaluated. The results were compared to conventional single-stage aging to the T6 state and dual-stage aging (DA). The selection of suitable heat treatment parameters for the AW7075 alloy allowed the optimization of the hardening of the material studied, which translated into the mechanical properties obtained. In order to determine the hardening state of the alloy, the tests were carried out together with the measurements of the material hardness, as well as microscopic observations. The results of the research carried out can be summarized as follows:




	(1)

	
RRA treatment improved the hardening of the tested alloy, which will result in better strength properties. The alloy after RRA treatment was characterized by the highest hardness. The hardness of the AW7075 alloy increased in the following order: DA < T6 < RRA.




	(2)

	
The tests also revealed that the achieved increase in hardening was correlated with the preservation of high resistance to general corrosion of the alloy after RRA treatment. The corrosion rate determined after the salt spray tests can be arranged in the following order: RRA < T6 ≈ DA.




	(3)

	
Higher polarization resistance and corrosion rate density values also indicated better corrosion resistance of the material after RRA treatment. However, this was accompanied by a decrease in corrosion and open-circuit potential values. The corrosion potential value can be presented in increasing order: RRA < T6 ≈ DA.




	(4)

	
Nevertheless, it should be remembered that resistance to one type of corrosion does not ensure resistance to the others. At the same time, the literature analysis showed that RRA treatment provides better resistance to stress corrosion cracking and relatively good resistance to intergranular corrosion.









These facts mean that RRA treatment should be considered beneficial in preventing various types of corrosion of 7000 series alloys with copper. It is uncertain whether the 7000 series aluminum alloys without copper addition will show similar behavior. This requires further research in this area.
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Figure 1. Diagram of the heat treatments: (a) T6, (b) DA, and (c) RRA. 
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Figure 2. Results of hardness measurements of AW7075 alloy after heat treatments. 
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Figure 3. Microstructure of the investigated alloy in the scanning electron microscope image. Visible precipitations of primary phases in the α(Al) solid solution. 
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Figure 4. Characteristic X-ray spectra obtained from the phases shown in Figure 3: (a) Mg2Si phase, (b) α-AlFeMnSi(Cr,Cu) phase 
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Figure 5. Microstructure of the alloy in the T6 state: (a) unetched state and (b) etched state. Light microscopy, BF. 
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Figure 6. Magnified image of the alloy microstructure in the T6 state: (a) DIC contrast and (b) bright-field (BF). Etched state, light microscopy. 
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Figure 7. Microstructure of the alloy in the DA state: (a) unetched state and (b) etched state. Light microscopy, BF. 
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Figure 8. Magnified image of the alloy microstructure in the DA state: (a) DIC contrast and (b) bright-field (BF). Etched state, light microscopy. 
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Figure 9. Microstructure of the alloy in the RRA state: (a) unetched state and (b) etched state. Light microscopy, BF. 
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Figure 10. Magnified image of the alloy microstructure in the RRA state: (a) DIC contrast and (b) bright-field (BF). Etched state, light microscopy. 
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Figure 11. Corrosion rate CR obtained for particular states of heat treatment. 
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Figure 12. Stereoscopic image of the surface of the samples after the NSS test: T6 state (a), DA (b), and RRA (c). 
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Figure 13. SEM images obtained from the surface of samples after the NSS test at low magnification:state T6 (a), DA (b), RRA (c), and SEM. 
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Figure 14. Corrosion initiated in the area of the grain boundary and propagating to the matrix in the DA state (a,b), SEM. 
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Figure 15. Corrosion developing in the area of grain boundaries and matrix in RRA state, SEM. 






Figure 15. Corrosion developing in the area of grain boundaries and matrix in RRA state, SEM.



[image: Cmd 03 00008 g015]







[image: Cmd 03 00008 g016 550] 





Figure 16. Example of potentiodynamic curves obtained for each heat treatment condition. 
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Figure 17. An exemplary general view of the surface of samples after electrochemical tests in the states: T6 (a), DA (b), and RRA (c); SEM. 
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Figure 18. Corrosion with a clear character of a crystallographic attack observed on the surface of the sample after electrochemical tests in the T6 (a) state and localized corrosion in the sample DA (b); SEM. 
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Figure 19. Corrosion changes observed after electrochemical tests on the sample surface in RRA state (a,b), SEM. 
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Figure 20. Corrosive changes evidencing the formation of tubercles during electrochemical tests on the surface of the sample in RRA state, SEM. 
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Table 1. Chemical composition of tested aluminum alloy AW7075.
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	Element
	Zn
	Mg
	Cu
	Fe
	Cr
	Si
	Mn
	Ti
	Al





	Content [%]
	5.42
	2.34
	1.45
	0.39
	0.26
	0.12
	0.10
	0.03
	rest
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Table 2. Electrochemical parameters obtained for each heat treatment condition.
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	STAN
	E0 (I = 0)

[mV]
	Ecorr vs Ag/AgCl

[mV]
	icorr

[µA/cm2]
	Rp

[Ohm·cm2]





	T6
	−771 ± 3
	−769 ± 4
	1.94 ± 0.21
	2135 ± 22



	DA
	−766 ± 4
	−765 ± 2
	0.79 ± 0.15
	3438 ± 44



	RRA
	−805 ± 7
	−802 ± 3
	0.31 ± 0.11
	14 801 ± 103
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