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Abstract

:

Creep aging behavior of a pre-strain and under-age treated 7B04 aluminum alloy (7B04-P for short) was systematically investigated under different temperatures and applied stresses. A lot of dislocation tangles and η’/GPzs were formed in the Al matrix of the 7B04-P al alloy. With the increase in temperature and applied stress, the total creep strain and steady-state creep rate increased significantly. However, the mechanical properties of creep-aged 7B04-P al alloy are sensitive to temperature rather than applied stress. The age-hardening precipitates and grain boundaries change obviously when the temperature rises to 160 °C. Compare to the low temperature (less than 160 °C) creep-aged samples, the size of precipitates is much larger, the width of PFZ is broader, and the grain boundary precipitates are more discontinuous and coarsen. As expected, the electrical conductivity is improved after the high-temperature creep aging process at 160 °C. Last but not least, the creep deformation of 7B04-P al alloy almost retains that of AA7B04-T7451. Meanwhile, the mechanical properties after the creep aging process of 7B04-P al alloy are better than that of AA7B04-T7451. It can be suggested that the novel high-temperature creep age forming of the thermo-mechanical treated 7B04 aluminum alloy can enhance the forming efficiency and comprehensive properties for aerospace industries.
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1. Introduction


Creep aging forming technology is one of the forming technologies to satisfy the complex curvature of aircraft components and large components. It is aluminum alloy forming technology that can be formed/performed simultaneously, the Al-Zn-Mg-Cu alloys have been extensively used in the aerospace and automotive industry for their ultrahigh strength, low density, and stress corrosion resistance [1,2,3]. The retrogression and re-aging treatment before the creep aging forming process can improve the microstructure and be comprehensive [4,5,6]. In general, the T6 peak-aging state has high strength but poor corrosion resistance, whereas over-aging treatments such as T73, and T74 reduce 10–15% of the material strength owing to the coarsening of intragranular precipitates but improve their corrosion resistance [7,8,9]. 7xxx-T77(RRA) temper of an alloy not only maintains high strength, but also keeps good stress corrosion resistance, but lower elongation(El) [10]. The intergranular corrosion and corrosion resistance performances of 7xxx-T74 temper are best among the temper of T6, RRA40, and RRA60 [11]. 7xxx-T7 aluminum alloy is widely used in aircraft wing wall panels attributed to its high strength and corrosion resistance [12]. Therefore, in order to improve creep aging forming accuracy by increasing creep strain and have high excellent mechanical properties and corrosion resistance, the creep properties of T7451-P state (solution treated at 470 °C for 1 h, followed by 1.5–3% hot-rolled, and aged 120 °C for 5–10 h) aluminum alloy were studied. It is very meaningful to study the properties of 7B04-P al alloy during creep aging, and to compare with 7B04-T7451 states.



In recent years, a large number of scholars have studied the effects of different temperatures, stress, and time on creep aging characteristics and comprehensive properties of Al-Zn-Mg-Cu (7xxx) aluminum alloys during one-step creep aging. In general, the precipitated phase sequence of 7000 series aluminum alloy is: (1) supersaturated solid solution-vacancy-rich clusters-GP zones (GPI and GPII)-metastable η’ phase-stable η phase (MgZn2) [13]; (2) GPI zones are ever-present in both conventionally aged and stress aged samples, but GP II zones disappear in stress aged sample instead of which an abundance of new edge-on η’ platelets are formed. In addition, an increase in aging temperature promotes the formation and growth of η (MgZn2) precipitate, while the application of external stress broadens the size distribution of precipitates [14]. Wang Q. et al. [4] studied creep aging behavior of retrogression and re-aged 7150 aluminum alloy, carried out with the increases of aging time, the grain interior and boundary precipitates become coarser and more discontinuous, and the PFZ also becomes wider. L. Steffen et al. [15] have compared the heat treatment process of AA6082 and AA7075 al alloy, it found that with increasing the plastic elongation, there is an increase in yield and tensile strength, which is accompanied by a significant decrease in strain after failure. Zhan et al. [16] carried out creep aging form (CAF) experimental studies on 7055 aluminum alloy and explained the hardening mechanism during the creep aging process. Zhou et al. [17]. Higher temperatures would accelerate to obtain the peak strength state in creep aging for AA2198 alloy. In single-stage creep, the creep strain increases with the increase of temperature and stress, but the mechanical properties may increase or decrease compared with the as-received, which is related to the initial state.



A large number of scholars have studied the relationship between creep under different heat treatment states and pre-deformation. Xu et al. [7] A thermomechanical pretreatment method, combining RRA and a 3% pre-strain treatment, is proposed for Al-Zn-Mg-Cu alloys under-going CAF. This thermo mechanical pretreatment can simultaneously produce high creep deformation and comprehensive performance comparable to those obtained through RRA tempering of Al-Zn-Mg-Cu alloys. However, samples subjected to only RRA or 3% pre-strain before creep aging showed poor creep deformation and performance, respectively [7]. Liu Yet et al. [18] discussed the effect of multistage aging on the microstructure and mechanical properties of 7050 alloy, and suggested that tensile testing shows the multistage aging process (120 °C/24 h + 120–200 °C/40 °C/h + 120 °C/24 h) is capable of enduring high strength equivalent to the T6 temper, together with the RRA corrosion resistance levels. T. Marlaud et al. [19] the evolution of precipitate microstructures during the different steps of retrogression and re-aging (RRA) heat treatments of an Al-Zn-Mg-Cu alloy has been systematically evaluated. Due to the presence of small clusters nucleated during the re-aging step, the average precipitate composition is rich in Cu, and the matrix is rich in Zn, which is related to the difference in diffusivity between the two solute atoms. Lin et al. [20] conducted research on the evolution of precipitates during two-stage stress-aging of an Al-Zn-Mg-Cu alloy, two-stage stress-aging processing can optimize the distribution of aging precipitates within grains and at grain boundaries. Additionally, when the external stress is enhanced, the diffusion kinetics of solute atoms could be accelerated through the interaction between dislocations and aging precipitates. Jun Luo et al. [21] found that al many GPII zones come from second nucleating in PA + RTR alloy at 108 h, which may ascribe to the pre-aging treatment. More importantly, the pre-aging treatment not only makes both two hardness peaks of PA + RTR alloy appeared ahead of but also higher than those of RTR alloy, by virtue of the enhanced precipitation kinetics in PA + RTR alloy. B. Heider et al. [22] investigation revealed that the samples of aluminum alloy AA7075 formed within heated tools reveal higher ductility and lower material strength compared to the parts processed in cold tools. Chen et al. [23] investigated various current densities of AA7150 alloy, and found that the electro pulsing treatment (EPT) can increase the dislocation movement and decrease the dislocation density for the coupling of thermal effect and thermal effect. As such, it could improve both the creep rate and strain by increasing the pulsed current density.



Much research has shown that the precipitates and dislocations of materials change significantly during stress creep aging. Analyzing the evolution law of precipitates is helpful to understand the comprehensive properties and creep behavior. Hosford et al. [24] first observed that stress has a noticeable influence on the habit of θ′ precipitate platelets in Al-Cu alloy. Zhu et al. [25] explained within the frame of classical nucleation and growth theories that incorporate the interaction energy between the external stress and the strain fields due to the lattice misfits between the θ″/θ′-precipitates and the Al matrix. E. Scharifi et al. [26] found that the high fractions of semi-coherent η′-phases for low and coarse η-phases for high tool temperatures caused a fundamental shift of strengthening mechanisms from predominantly particle shearing to a combination of bypassing and strain hardening by orowan loops. Wei Guo et al. [27] evolution of precipitate microstructure during stress aging, The stress aging exhibits a diverse microstructure: the GPII zones and various sizes of η precipitates are just identified in the stress-free aged sample; the main hardening η′ precipitates, with the highest and lowest degree of dispersion, are formed after 25 and 50 MPa stress-aged respectively; a finer aging precipitate size distribution, a larger grain boundary precipitate size and spacing and a wider precipitate free zone are represented in the stress-aged specimens. During aging, the external stress accelerates the growth of the larger-size MgZn2 phase, promotes the formation of the η′ precipitate and inhibits the formation of the η phase of an Al-Zn-Mg-Cu alloy.



Although, there are a lot of research on different heat treatment processes of Al-Cu-Mg-Ag alloy, few studies on the creep aging behavior of 7B04-P al alloy. The creep characteristics of the aluminum alloy under different temperatures and stress are systematically investigated, and the microstructure evolution of the material under high stress during high temperature and low-temperature creep is analyzed emphatically. Tensile tests were employed to survey the effect of temperature on the 7B04-P alloy’s creep aging behavior and mechanical property after creep aged, TEM was employed to observe the evolution of the dislocation and precipitated phase morphology, the high-resolution TEM (HRTEM) technologies were adopted to characterize the microstructure, the effects of dislocation morphology and precipitated phase size and type on the comprehensive properties of materials were analyzed comprehensively. Finally, based on analysis of the test results, the creep aging behaviors of 7B04-P al alloy are explored and revealed at high and low temperatures. The studying will be helpful to improve the development of CAF technology and to guide the T74 heat treatment process of 7xxx aluminum alloy in industry application.




2. Materials and Methods


2.1. Material and Thermo-Mechanical Treatments


The present work was carried out on 30 mm-thick 7B04 commercial aluminum alloy. The composition was Al-5.71Zn-2.37Mg-2.03Cu-0.27Mn-0.16Fe (wt.%). The as-received material was solution-treated at 470 °C for 1 h, followed by 1.5–3% hot-rolled, and aged 120 °C for 5–10 h, which is named temper of 7B04-P. The creep test samples were machined along the rolling direction with the extensometer length of 35 mm, the geometry of the samples is shown in Figure 1.




2.2. Creep Aging and Mechanical Properties Tests


In order to study the temperature and stress effect on creep aging of 7B04-P al alloy, we chose three kinds of temperatures,140 °C, 150 °C and 160 °C, whilst for the stress of 200 N (equipment preload, considering that the sample is not stressed, approaching T7451-treated), 150, 200, 250 MPa were chosen, which creep aging for 8 h. The samples were fitted and aligned in the middle of the machine furnace (SUST-D5,SUST, Zhuhai, China) and the accuracies of the heating and loading system are ±3 N and ±2 °C. The target temperature was raised at a heating rate of 5 °C/s and held for 10 min, then, the target stress was applied with the loading speed of 15 N/s. The constant temperature and load were maintained for 8 h. After that unload to 200 N (10 MPa) and cooled to room temperature in the furnace. Each sample was tested four times, three of which were used for mechanical tests.



The tensile tests were carried out on the MTS CMT5205 machine (SUST, Zhuhai, China) at a tensile speed of 2 mm/min at approximately 25 °C, which the strain was monitored by a 25 mm clip gauge extensimeter (SUST, Zhuhai, China). At least two samples were tested. In order to compare the mechanical properties between tensile stress creep aging and artificial aging. The changes in hardness after artificial aging were tracked, the artificial aging temperature of the sample was 140, 150 and 160 °C, and the time was 0–20 h, All artificial aging tests were conducted by oil bath furnace. The vickers hardness obtain by huayin 200 HVS-5 electronic hardness testing instrument (Huayin, Qingdao, China), the loading stress was 500 N and kept for 15 s. The two vertices corresponding to the diamond indentation on the instrument were marked, and the hardness value was calculated systematically. Five points were randomly selected from each sample for testing, and the average value was taken. The electrical conductivity measurement was conducted on a Fischer electrical conductivity instrument (SIGMASCOPE® SMP350, Fischer, Sindelfingen, Germany). Each sample was repeated at least five times.




2.3. Microstructure Characterization


The precipitate microstructure of creep aging and as-received were observed by (200 kV) field-emission-gun transmission electron microscope (FEG-TEM). The samples (from the middle part of sample shaded part as shown in Figure 1) were ground to 60–80 μm and cut into 3 mm-diameter disks, then twin-jet-electro-polished to perforation with a mixture of 30 vol.% nitric acid and 70 vol.% methanol at −25 °C with a potential of 15 V. The size of grain interior precipitates in TEM images was statistically counted by Nano Measurer 1.2 software (version 1.2.0, Fudan University, Shanghai, China), and more than three images (about 300 precipitates) were counted for each sample to obtain an average value.





3. Results and Discussion


3.1. Creep Behavior of 7B04-P Aluminum Alloy


Figure 2a–c respectively show the creep strain of four 7B04-P al alloy samples under the applied stress of 150 MPa, 200 MPa, 250 MPa at a temperature of 140 °C, 150 °C, and 160 °C for 8 h. As can be seen from the figures, the creep characteristics are consistent with the traditional creep characteristics, including the creep primary creep stage and creep steady creep stage. In Table 1, under different stress conditions at 140 °C and 150 °C, the creep strain is 0.082–0.261% and 0.083–0.276% respectively, which are almost equal. With raising the temperature to 160 °C, an obvious increase in creep strain was observed compared to that subjected to 150 °C for 8 h, it took only 3 h to reach 150 °C for 8 h of creep strain, but the total creep strain is slightly higher at 160 °C than at 150 °C at below tensile stresses of 200 MPa, it can find that the total creep strain of 160 °C is 2.3 times of 140 °C under 250 MPa. The total creep strain of 7B04-P al alloy under 140 °C 250 MPa was much higher than AA7150-RRAed at 140 °C with 300 MPa reference [10], which is slightly less than RRA-3%-CA250 MPa under 140 °C of reference [7]. The total creep strain of 7B04-P al alloy at 160 °C 200 MPa is far greater than 7050 (solid solution) at 165 °C [28]. It is amazing that the total creep strain of 7B04-P al alloy at 150 °C 250 MPa a little bit increased comprised to 7B04-T7451 at 150 °C 260 MPa from [29]. Compare to Figure 2d, the total creep strain of 7B04-P al alloy was slightly higher than that of 7B04-T7451 under applied stress low 250 MPa, but the total creep strain remains nearly constant under applied stress of 250 MPa. At low temperatures (140 °C, 150 °C), the proportion of creep strain in the primary creep stage to the total creep strain increases with the increase of applied stress, but it is the opposite at high temperatures, interestingly, the primary creep stage contributed about 50% of the total creep strain, which depend on the transformation of different precipitates and dislocation morphology. Moreover, it was observed that steady creep strain rate (SCSR) increases by temperature under the same stress. The duration of the primary creep stage lasts for 5 h at 140 °C, 4 h at 150 °C, 3 h at 160 °C, respectively. Precipitates phase transition by temperature increased, which lead to reach the creep steady creep stage earlier. The duration time of the primary creep stage is slightly shortened with the increase in temperature. Which is more beneficial to creep strain at low temperature. This result may be attributed to the solute in the solid solution, precipitate microstructure and dislocation morphology. All in all, the state of 7B04-P al alloy creep performance has a certain advantage in creep aging form.



A temperature-compensated power law creep equation for minimum strain rate   ε ·   is given by [30,31]


   ε ·  = A    ( σ )   n  exp  (   Q  RT    )   



(1)




where A is constant,  σ  is applied stress, Q is apparent activation energy for creep, R is gas constant and T is absolute temperature.



Value of stress exponent (n) can be calculated by the slope of the relation curve between ln  ε ·   and lnσ. Which indicated the deformation mechanism of stable creep stage. The stress exponent of the specimen at 160 °C was 4.5, which revealed that dislocation climb at high temperature leads to the value of n in the range of 4–6 [4,30]. The n of other specimen of 150 °C and 140 °C is about 3, the stable creep stage is the diffusion creep mechanism, creep was caused by the diffusion of particles from high concentration to low concentration, resulting in vacancy and lattice deformation [31,32]. Figure 3b shows the apparent activation energy of tension creep aging, on the other way, the smaller the activation energy is, the more conducive the creep strain increases [33]. The apparent activation energy increased with applied stress, at 250 MPa the Q ≈ 118 kJ/mol, which is slightly higher than that of AA2219-T3 alloy [34]. A large number of dislocations may lead to the low creep activation energy. Based on the above tests results, the higher temperature and greater tensile stress would lead to an increase in creep deformation efficiency, further, the number of dislocations would promote that, at the same time, the mechanical properties also play an important role in the comprehensive properties of 7B04-P al alloy.




3.2. Mechanical Properties of Creep Aged 7B04-P Aluminum Alloy


3.2.1. Artificial Aging Hardening


Figure 4a shows the Vickers hardness curve of 7B04-P al alloy three specimens, respectively aged at 140 °C, 150 °C and 160 °C for 0–20 h by oil bath furnace. It is interesting that the Vickers hardness values increase first, then decrease to a similar to the initial state at 160 °C, but, while at 140 °C and 150 °C, the hardness first increased and decreased, then slowly decline after increasing to peak strength, which was higher than the initial state. we can find that the specimen aged at 140 °C after 12 h reach the peak at 188 HV, but the specimen at 150 °C took 8 h to reach its peak at 189 HV, it is amazing that the specimen at 160 °C only took 2 h reach peak at187 HV, the rate of decline is faster than the first two temperatures.



The electrical conductivity climbed firstly, then decreased, and increased with aging time grew at 140 °C and 150 °C, as shown in Figure 4b and the electrical conductivity of 160 °C enhanced with time. The change of electrical conductivity is consistent with that of Vickers hardness, and the Vickers hardness decreases with the increase of electrical conductivity, that is to say, the mechanical property will show a downward trend with the increase of aging time. The higher value of electrical conductivity improved the stress corrosion cracking resistance [7]. On the other way, the stress corrosion cracking after creep-aging at 160 °C was best than that of 150 °C and 140 °C.



At the first two temperatures, the dislocation motion is blocked, and winding increases the Vickers hardness of the material. With the increase of artificial aging time, the 7B04-P al alloy begins to have unstable precipitated phases, increasing the hardness of the 7B04-P al alloy until reaches the peak value. With the further increase of aging time, stable precipitated phases begin to precipitate and coarsen, weakening the hardness of the material. When the aging temperature of the material is 160 °C, the dislocation and unstable precipitate of the material proceeds simultaneously, the movement and nucleation are faster, and the peak strength is reached in a short time. With the increase of aging time, the stable precipitate begins to precipitate and coarsen, and the hardness value begins to decline rapidly.



In order to study the evolution of mechanical properties during creep aging at high and low temperatures, creep aging tests were carried out at 140 °C, 160 °C and 250 MPa during creep aging. Figure 5 illustrates the YS, UTS, and elongation of samples during creep aging, which is obtained from tensile testing specimens. The evolution of YS and UTS is similar to Figure 4a, YS and UTS of creep aging samples decreased first, reached the lowest at 2 h, then increased to the peak strength, after that decreased with the aging time increasing. A high YS is mainly due to the large quantity of dislocations introduced during the pre-deformation process and the excellent strength of alloy is achieved through work strengthening [35]. In the primary creep aging process, the re-dissolution of the small precipitates is the main reason for the reduction of the hardness [4]. The pre-deformation brings a number of dislocations, which is a benefit to the mechanical strength, creep aging leads to a decrease in the number of dislocations, at the same time the precipitated phase begins to grow up, and the mechanical strength begins to increase to the peak strength, over aging would lead to a decrease in strength. the peak strength of 140 °C slightly higher than the state of T7451-P, elongation was basically same as the state of T7451-P, deposition components with smaller grain sizes increased elongation and dislocation expansion resulted in more grain boundaries and the required energy increased, enhancing elongation [36]. The uniform distribution of a large number of precipitated η’ phases inside grains plays a role in pinning dislocations and increasing elongation [37]. The very fine GP zones are dissolved and new η’ and η precipitates are formed, these newly formed phases reduce El, and improved El originates from discrete grain boundary precipitates and wide PFZ [10]. The elongation of the sample (creep aging at 160 °C) decreased depending on newly formed η’ phase, subsequent discrete grain boundary precipitates and wide PFZ is dominant of El increasing; fine phase hinders dislocation motion and wider PFZ, which leads to the elongation of the specimen (creep aging at 140 °C) to increase. With the increase of creep aging time, the precipitated phase coarsened and the elongation decreased. However, comparing the evolution of mechanical properties at 160 °C to 140 °C. The YS and UTS of the sample at 160 °C decreased more than that of 140 °C, after peak strength the YS and UTS of 160 °C reduced faster than that of 140 °C, during creep aging, the YS and UTS were close to T7451-P state sample. Their results indicate that the high temperature accelerated the precipitated phase evolution, under different tensile stress and time, the mechanical properties of the 7B04-P al alloy under creep aging at 140 °C and 150 °C close to those of the state of T7451-P. However, at a high temperature of 160 °C, the mechanical properties decrease with the increase of stress and time, leading to a decrease of 60 MPa in the YS after creeping aging of 8 h. In order to further explain the influence of different temperatures on the comprehensive properties of 7B04-P al alloy, the dynamic evolution of the microstructure of materials is closely related to the properties of materials [38]. The performance and microstructure evolution of 7B04-P at 140 °C and 160 °C under high stress 250 MPa for 1 h, 2 h, 4 h, 8 h and 12 h were investigated. Comprehensive analysis of material creep properties, mechanical properties, resistance to stress corrosion performance factors, is suitable for large aircraft wainscot provide theoretical analysis of forming process parameters selection.




3.2.2. Mechanical Strength after Creep Aging


Figure 6 shows mechanical properties of 7B04-P al alloy samples after creep aging under different applied stress. It can be observed from the experimental result: (1) The UTS and YS are almost consistent with that of as-received (7B04-P) specimens (tensile strength and yield strength as shown in Figure 6a for the black point line) after creep aging at 140 °C and 150 °C under various tensile stress, with the tensile stress increasing, the UTS and YS first increase and then decreases at 140 °C, but the opposite is true at 150 °C; (2) The elongation is not obvious under different temperature and tensile stress, which compared with that of as-received state; (3) Under the same tensile stress condition, the higher the temperature, the lower the YS and UTS; (4) The UTS and YS of 7B04-P al alloy decreased significantly with the increase of tensile stress at 160 °C, the YS and UTS decreased approximately by 60 MPa at 250 MPa compared with the as-received specimen, but the YS and UTS after creep aged at 160 °C under various tensile stress were better than that of T7451-treatment (as shown in Figure 6a for the black point line). Compared with reference [29], The above observed results can find that YS of 7B04-P al alloy higher than that of 7B04-T7451 after the similar creep aging condition, further with tensile strength accelerated the precipitate transition and coarsening with high temperature, which may be generate the reduction of UTS and YS, but the UTS and YS after creep aging at 140 °C under different tensile stress are basically the same. In order to explore the results, TEM was arranged.





3.3. Microstructure Evolution of 7B04-P Aluminum Alloy during Creep Aging


3.3.1. The Microstructure Morphology of 7B04-P Aluminum Alloy


Figure 7 shows TEM images of 7B04-P al alloy. It can be seen that a mass of dislocation, dislocation loop(DL) and dislocation tangle(DT) were observed in as-received samples (as shown in Figure 7a), due to 1.5–3% hot-rolled of the as-received it can find the similar dislocation phenomenon of 7075-T651 alloy [39]. The pre-deformation would introduce a large number of dislocations. From Figure 7b, It can be seen that a large number of spherical particles were uniformly dispersed, and a small amount of needle-like precipitates can be seen, in other words, A large amount of GP zones (GPZs for short) and a small amount of η’ phase are coherent and semi-coherent with the Al matrix respectively, 7B04-P al alloy mainly consisting the phase of GPZs and η’, the two precipitates were counted together. To further acquire the accurate morphology of phase, HRTEM was observed, the thin strip phase of GPZs were seen and coherent the Al matrix. It can be found from the TEM images of grain-boundary precipitates that the precipitate free zone (PFZ) is not obvious and the grain-boundary precipitates are continuously distributed (as shown Figure 7d). Coincidentally, a similar phenomenon has been reported by some earlier studies, such as [40].




3.3.2. Dislocation Morphology


Figure 8 shows TEM images of 7B04-P al alloy at different tensile stress during creep aging. It was observed that pin dislocation present in Figure 8a,b, it is obvious that the dislocation density is much lower than the as-received sample, dislocation lines are smaller. It was observed that dislocation tangles and dislocation segments were distributed from Figure 8c,d.



Based on the above test results, a large number of dislocations and dislocation loops will be generated (Figure 7a), which would become a way for the diffusion of small precipitates to large precipitates, accelerate the diffusion of solute atoms, and cause the greatly increased amount of precipitates in the primary creep stage of creep aging [18,41]. By considering the decrease of dislocation density induced by dislocation climb and thermally activated glide [42,43]. This would also be conducive to the dislocation density decrease in primary creep aging. As the creep time increases, the dislocation morphology changes from a long dislocation line to a dislocation fragment. It can be found that these dislocation fragments were attached to the smaller precipitate phase to form a nail dislocation, and the dislocation movement is hindered by the precipitate phase. At the same time, the creep rate begins to approach stability, and the mechanical strength in this state was better. This explains that the YS after creep aging of 140 °C-8 h and creep aging of 160 °C-4 h reach peak strength (as shown in Figure 5). The nail dislocation is good for the mechanical properties has been reported by some earlier studies [17,44]. Moreover, in the creep aging order, the dislocations transform from long dislocations, dislocation rings, and entanglements to small dislocations, which interact with the precipitate changes. It only took 1 h to observe nail dislocation From Figure 8a, which for 8 h from Figure 8b, it is comparatively easier for the occurrence of dislocation climb at elevated temperatures as the climb mechanism is closely related to the vacancy concentration [45,46]. Namely temperature will accelerate the dislocation movement and the change of dislocation morphology by accelerating the diffusion of solute atoms to form precipitate, thus accelerating the increase of creep strains. but, the dislocation are greatly rising trend with creep aging temperature 143 °C under different stresses for Al-Cu-Li alloy [47], the similar phenomenon would be discovered from reference [48] in a 7A85 alloy. In order to further elucidate this phenomenon, the precipitate phase of the material should be characterized.




3.3.3. Distribution and Size of Phase Precipitates


Figure 9 shows the TEM images of uniaxial creep test under 250 MPa stress condition at 140 °C. As can be seen in Figure 9a, a large number of striped precipitates were uniformly distributed, with a significant increase in number compared with Figure 7b, and so did the diameter of GPZs. Corresponding Fast Fourier Transformation Patterns(FFT), clear sharp diffraction spots of η’ (framed by orange rectangles) and streaks of GPZs can be seen in the direction of 1/3{111} and 2/3{111} positions along the {111} direction are observed in <110>Al projection indicating that the GPII zones and η’ precipitates preferentially grow on the {111} planes [21]. HRTEM image at the top right corner. In Figure 9b the phase transition of precipitated η’ (the orange arrow) was thick, and its diameter was not obvious compared with that in Figure 9a. It could be found that some precipitates were gathered around the dislocation, and a small amount of rod-like η phase (the red arrow) could be observed, some η precipitations (framed by red rectangles) were discovered in HRTEM of Figure 9b, which is non-coherent with Al matrix after 8 h aging, the corresponding FFT patterns shows the typical diffraction spots of η precipitates can be seen near the direction of 1/2{111} positions. Precipitates phase of and η’ are beneficial for the YS and UTS of 7xxx alloy, they were counted as a class of precipitates. Which results in peak YS and UTS. After aging 12 h (as shown in Figure 9c), the number of phase η is significantly increased compared with that in Figure 8c, and the size is larger. In general, the phase of η is not conducive to the mechanical properties of the material [3], and YS and UTS decreasing attributed to the phase of η.



Figure 10 shows the TEM images of the uniaxial creep aging test under different stresses at 160 °C. After aging 1 h, the diameter of η’ precipitates increased more severely than samples of 7B04-P al alloy (as shown in Figure 7b). The η’ phase is considered to be the most effective precipitate to enhance the strength of Al-Zn-Mg-Cu alloys [49]. Figure 10b shows that the size and quantity of the precipitated phase of GPZs and η’ phase increased significantly, but there are some η phases, which is consistent with the performance of the UTS and YS in Figure 6b. Figure 10c shows the TEM image after creep-aging for 8 h. It is observed that the number of phase η increases significantly compared with that in Figure 10b, but its diameter and thickness are similar to those in Figure 10b. The YS and UTS of the material decreases significantly. From Figure 10d, the diameter of precipitates increased under applied stress of 10 MPa than as-received (as shown in Figure 7b), the UTS and YS only decreased about 30 MPa, interestingly, the UTS and YS basically did not change much applied with applied stress below 200 MPa. All in all, the temperature accelerates the evolution of precipitate and dislocation, at low stress, the temperature has a greater effect on mechanical properties than applied stress.



In order to further analyze the relationship between the size and distribution of the aging precipitates and the performance of the aluminum alloy. The size, distribution number, shape, and average diameter to thickness of the precipitated phase were measured, as shown in Figure 11. In order to make the analysis more accurate, 200–300 precipitates were measured and all kinds of precipitates on each TEM image were counted. The number of precipitates was analyzed by Gatan Digital Micrograph (version 3.7.4, Pleasanton, CA, USA), and data processing and sketching were performed by Origin. It can be seen from Figure 11a,b that the proportion of η’ phase increases nearly 0.2% after 4 h creep aging, the dislocation strengthening is the main mechanism of as-received, higher density of GPII ascribed to its relatively high densities of dislocation [50]. The precipitates of η phase reach 1.85% after 8 h creep aging, meanwhile, the YS reached 553 MPa, and the UTS reached 609 MPa, which were attributed to the precipitates strengthening. at aging of 12 h, the YS decreased by 18 MPa, the UTS decreased by 13 MPa, the proportion of η phase increased to 12% the proportion of η’ phase is relatively large, and the mechanical properties of the material decreased slightly. However, after the creep aging at 160 °C for 1 h, the YS reaches 571.9 MPa, which is close to that of the creep aging at 140 °C for 8 h. After the creep aging at 160 °C for 8 h, the YS decreases by 60 MPa than 140 °C for 12 h, but the distribution of the precipitated phase is close to that of the creep aging at 140 °C for 12 h. According to the dislocation analysis in Figure 7c and Figure 8d, it can be concluded that the combination of pin dislocation, η’ phase, and GPZs in an appropriate proportion is conducive to the improvement of material properties, while the occurrence of dislocation fragments and η phase is not conducive to the improvement of material mechanical properties. During stress-aging the dislocation strengthening played the main role of mechanical properties, but, with aging time increasing, the precipitates strengthening did.




3.3.4. Grain Boundary Precipitates


Figure 12 shows the TEM images of grain-boundary under a uniaxial tensile stress of 250 MPa at 140 °C during creep aging. After 4 h creep aging, it is found that the creep aging can promote the distribution of the GBPs and increase the width of PFZ to 30 nm after creep aging 4 h (as shown in Figure 12a), and slightly larger precipitates (GPBs) can be observed at grain boundaries. In the process of electrolytic polishing, large precipitates (GPBs) are corroded and fall, forming corrosion pits and showing bright colors in the bright field. But with the increasing creep aging time, the width of PFZ is not affected after creep aging 8 h (shown Figure 12b), however, the stable and coarse GBPs appear, moreover, the average size of GBPs increased slightly and more discontinuous, From the perspective of microstructure, due to the large size and spacing of GBPs and the large width of PFZ [51], it implied that the evolution of GBPs and PFZs were good for the corrosion resistance (CSS) of the alloy with increasing of creep aging time. In general, the formation of PFZ is caused by the segregation of solutes toward the grain boundary [52]. Due to the low creep aging temperature, the diffusion rate of solute atoms in the grain boundary is slow. High supersaturated vacancy concentration in regions far from grain boundaries would accelerate precipitate growth and transition. Therefore, the width of PFZ does not change much with aging time. However, when the aging temperature at 160 °C, the variation of grain boundary was different, as shown in Figure 13 After 1 h creep aging, the width of PFZ was 43 nm, which is obviously much wider than the aging at 140 °C for 4 h (as shown Figure 12b), indicating that the distance between precipitates increased greatly. After 4 h creep aging, the width of PFZ was wider than that of 1 h creep aging (Figure 13b) the width of PFZ was 61 nm, the GPBs was clearer and the size was further increased. After 8 h, the width of PFZ was 69 nm, which was slightly wider than that after aging 4 h. After 8 h under applied stress of 10 MPa (T7451-treated), the width of PFZ was 53 nm (Figure 13c). Slots of 160 °C near the grain boundary to the grain boundary diffusion speed faster, precipitated phase of the supersaturated precipitation phase required high vacancy concentration, grain boundary solute atoms consume faster, which prompt the wider PFZ, meanwhile, GPBs may be larger in a stable state, vacancy concentration near the thermal equilibrium concentration, solute atoms consume slowly near grain boundary, meanwhile, the change rate of PFZ width becomes smaller [53]. It is stated that PFZ and GPBs have a positive effect on the stress corrosion properties of materials, which is bad for the strength. It confirms that the material mechanics performance fell sharply in this condition (as shown in Figure 6), the stress corrosion resistance of the material can be improved more at 160 °C than T7451-state, which correspond to the evolution of electrical conductivity (as shown Figure 4b).





3.4. Relationship between Creep Behavior, Mechanical Properties and Microstructure


Figure 14 reveals the evolution of precipitated phase and dislocation morphology during creep aging under a tensile stress of 250 MPa 140 °C (as shown in Figure 14a), 160 °C (as shown Figure 14b) and approaching the aging temper of T7451 (as shown Figure 14c). The precipitates of the primary creep stage were GPZs and η’, a large number of uniformly distributed fine particle GP regions can be seen. In general, GP regions and η’ contribute to the strength of the material, furthermore, a number of dislocations and dislocation loops were good for the strength of alloy. The average diameter of GPZs and η’ was 4.88 nm. After 4 h of creep aging, the diameter of GPZs increased to 6.03 nm, and the number increased sharply compared with the T7451-P. The dislocations make links between precipitates, increasing the efficiency of the solute atom’s transfer from small precipitates to large ones [24]. In the creep aging process, stress accelerates the transformation of the GPZs into η’ phase, and the proportion of η’ phase rapidly increases to 68.51% and its diameter increases to 7.8 nm after 4 h. As the aging time increases, the proportion of η’ increases slowly at 8 h and 12 h. Reaching the peak strength when the proportion of GPZS and η’ reaches a certain proportion after creep-aging 8 h (Figure 9b and Figure 11a), and the average size of GP zones increases greatly in the first 4 h of creep aging process. Size increase slowly, in the subsequent creep aging literature [3] showed that GP zones size is bigger, the distance between each other is small, and the deformation process of GPZs per unit length of interaction between exposure to many more dislocation cutting, making it much more difficult to cut, improve the strength of the alloy, aluminum alloy after aging strength rising trend, With 8 h aging, η phase appears, and the mechanical properties of the material begin to decrease slightly. After 12 h creep aging, the proportion of η increases by 11% compared with 8 h, but the yield strength only decreases by 18 MPa.



In order to study the relationship between dislocation and mechanical properties, it needs to further analyze the influence of dislocation evolution. In Figure 14a, with the increase of creep time, the dislocation morphology evolves from long dislocation entanglement and dislocation loop in the initial state to dislocation pinning and then to small dislocation fragments. Dislocation pinning occurs at the stable of creep aging. It proved that precipitates were probably able to effectively pin the dislocation segments during creep [45], dislocation fragments are adhered to by a small precipitated phase, which hinders dislocation movement and improves alloy strength, dislocation pinging and the precipitates of GPZs and η’ strengthened the mechanical properties cooperatively(as shown Figure 6, Figure 11a, Figure 11b respectively). However, the creep strain becomes stable. In Figure 3a,b, the creep mechanism is dominated by the diffusion creep mechanism, and dislocation motion is mainly carried out by solute atom diffusion.



Figure 14b shows the evolution law of precipitate and dislocation morphology under creep aging at high temperatures, according to Figure 10a–c. It can be suggested that temperature accelerates the transformation of GP zones to η’ phase. The proportion of precipitate after creep aging 1 h is close to that at 140 °C for 4 h, and the size of the two precipitates is similar. After 4 h of creep aging, the proportion of η’ phase reaches 89%. However, after 8 h, the proportion of η’ phase decreases and the diameter remains unchanged. Meanwhile, the proportion of the η phase increases to 22.23%, and the size of the η phase is 27.54 nm. The proportion and size of the η phase have a great influence on the strength of AA7B04. Under the same stress condition, the temperature will accelerate the transformation of GPZs into η’ phase, and the generation of dislocations promoted the nucleation of equilibrium η phase on dislocation networks, which led to a lower strength in Al-Zn-Mg-Cu alloy [54]. So many dislocations (as shown in Figure 8a) accelerated the precipitation of the η phase, and accelerated the growth of the precipitated phase, which corresponds to the decreased strengthening. The creep mechanism is dominated by dislocation climb, which correspond to the greater creep strain of aging temperature of 160 than 140 °C.



As shown in Figure 14b, after creep aging 1 h, the dislocation began to evolve into a dislocation pinning form, and the temperature increase accelerated the dislocation movement, as well as the diffusion movement of solute atoms. After creep aging 1 h, the dislocation morphology showed a dislocation pinning form, and the yield strength and tensile strength of the material were relatively higher. By comparing Figure 11a, it can be concluded that the composite alloy with dislocation pinning and GPZS region and η’ ratio of about 2 has better mechanical properties. The creep strain at 160 °C is much larger than that at 140 °C, and the creep strain at 1 h is similar to that at 140 °C for 5 h. Combined with the number of stress values n = 4.5, the stable creep stage belongs to the dislocation climbing mechanism, which led the creep strain rate in the stable creep stage being much more than that of 140 °C. Figure 14c shows the evolution of microstructure at high temperature with unstressed, the evolution of phase is similar to that of low temperature with high stress, and the evolution of dislocation is similar to that of high temperature with high stress, the temperature has a great influence on the evolution of dislocation morphology. The wide of PFZ after high temperature and high applied stress creep aging is wider than these of T7451-treated, the GBs is more discrete. In other words, after high applied stress creep aging is capable of stress corrosion resistance.





4. Conclusions


In this work, the evolution of mechanical properties, and microstructure associated with the creep of 7B04-P al alloy were studied, and the effect of the aging temperature and time on the mechanism of properties alloy was discussed, which under uniaxial tensile stress creep aging with different of temperature. The following conclusions can be proposed:



(1) The total creep strain basically did not change much under different stresses at 150 and 140 °C, but it increases greatly under high stress at 160 °C, and the creep mechanism at high temperatures is affected by dislocation slip. The mechanism is that the dislocation movement and the diffusion of solute atoms are accelerated at high temperatures, and the mechanism of creep at low temperatures is embodied in the form of solute atom diffusion. Compare to the total creep strain of 7B04-P to that of 7B04-T7451 under applied stress of 250 MPa at 160 °C, both are basically the same.



(2) The mechanical strength of samples after creep aging under different stresses at 140 °C and 150 °C basically retain that of 7B04-p, however, the mechanical strength decreased sharply under unstressed at 160 °C, the YS of samples after creep aging under 250 MPa at 160 °C reduced by 65 MPa, Encouragingly, it was increased by 15 MPa than that of T7451. In other words, the mechanical properties of creep aged 7B04-P al alloy are sensitive to temperature rather than applied stress.



(3) At a low temperature of 140 °C, the width of PFZ at the grain boundary basically remains unchanged with the creep time increased, but at a high temperature of 160 °C, the width of PFZ becomes wider with the increase of time. The greater distance of precipitation-free precipitate (GBPs) and the width of PFZ are good for the stress corrosion resistance of the material. This indicates that the stress corrosion resistance of 7B04-P al alloy after high-temperature creep aging should be close to that of 7B04-T7451 state.
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Figure 1. Geometry and size of the specimen (unit: mm). 
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Figure 2. Creep curves under different applied tensile stress for 8 h; (a) at 140 °C; (b) at 150 °C; (c) at 160 °C; (d) at 160 °C of 7B04-T7451 al alloy. 
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Figure 3. Creep stress exponent (a) and apparent activation energy (b) of 7B04-P al alloy. 
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Figure 4. The Vickers hardness (a) and electrical conductivity (b) Evolution of 7B04-P al alloy during artificial aging at different temperatures. 
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Figure 5. Mechanical properties of 7B04-P al alloy after different creep aged at 140 °C and 160 °C: (a) Ultimate tensile strength and yield strength; (b) Elongation. 
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Figure 6. Mechanical properties of 7B04-P al alloy samples after creep aging under different applied stress: (a) yield stress; (b) unlimited tensile stress; (c) elongation. 
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Figure 7. TEM images of the 7B04-P al alloy: (a) distribution of dislocation in grain; (b) in-grain distribution of GP zones and η’ precipitates; (c) HRTEM of GPII precipitates; (d) grain boundary. 






Figure 7. TEM images of the 7B04-P al alloy: (a) distribution of dislocation in grain; (b) in-grain distribution of GP zones and η’ precipitates; (c) HRTEM of GPII precipitates; (d) grain boundary.



[image: Metals 13 00182 g007]







[image: Metals 13 00182 g008 550] 





Figure 8. TEM images show the distribution of dislocations in creep-aged samples: (a) at 160 °C under 250 MPa for 1 h; (b) at 140 °C under 250 MPa for 8 h; (c) at 160 °C under 10 MPa for 8 h; (d) at 160 °C under 250 MPa for 8 h. 
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Figure 9. TEM and HRTEM images of the 7B04-P al alloy at 140 °C during creep aging along the [110]Al Zone axis: (a) 4 h; (b) 8 h; (c) 12 h. 






Figure 9. TEM and HRTEM images of the 7B04-P al alloy at 140 °C during creep aging along the [110]Al Zone axis: (a) 4 h; (b) 8 h; (c) 12 h.



[image: Metals 13 00182 g009]







[image: Metals 13 00182 g010 550] 





Figure 10. TEM images of the creep aged 7B04-P al alloy under the applied stress of 250 MPa and at 160 °C: (a) 1 h; (b) 4 h; (c) 8 h; (d) applied stress of 10 MPa for 8 h. 
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Figure 11. The number frequency and Average diameter of GP zones/η’ precipitates and η precipitates during creep aging: (a,c) at 140 °C; (b,d) at 160 °C. 
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Figure 12. The TEM images of grain boundary precipitates of 7B04-P al alloy under applied stress of 250 MPa at 140 °C during creep aging: (a) 4 h; (b) 8 h; (c) 12 h. 
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Figure 13. The TEM images of grain boundary precipitates of 7B04-P al alloy under applied stress of 250 MPa at 160 °C during creep aging: (a) 1 h; (b) 4 h; (c) 8 h;(d) applied stress of 10 MPa for 8 h. 
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Figure 14. Schematic illustration of microstructure evolution during creep aging tests at: (a) low-temperature high stress; (b) high temperature with high stress; (c) high temperature with unstressed. 
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Table 1. Steady creep strain and total creep strain of 7B04-P and 7B04-T7451 aluminum alloy with different temperatures and applied stress.
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Applied Stress/MPa

	
Steady Creep Strain Rate/s−1

	
Total Creep Strain/%

	
Steady Creep Strain Rate/s−1

	
Total Creep Strain/%

	
Steady Creep Strain Rate/s−1

	
Total Creep Strain/%

	
Steady Creep Strain Rate/s−1

	
Total Creep Strain/%




	
140 °C

	
150 °C

	
160 °C

	
160 °C (T7451)






	
150

	
8.67 × 10−7

	
0.082

	
1.66 × 10−6

	
0.083

	
1.68 × 10−6

	
0.112

	
1.57 × 10−6

	
0.096




	
200

	
1.92 × 10−6

	
0.122

	
2.92 × 10−6

	
0.155

	
5.03 × 10−6

	
0.239

	
3.16 × 10−6

	
0.179




	
250

	
3.44 × 10−6

	
0.215

	
6.73 × 10−6

	
0.276

	
1.69 × 10−5

	
0.613

	
1.87 × 10−5

	
0.651
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