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Abstract

:

The hot deformation behavior of Al-Zn-Mg-Cu alloy was investigated by flow stress curves in isothermal hot compression experiments with deformation temperatures of 350–450 °C and strain rates of 0.01 s−1 to 1 s−1, and the constitutive equation of homogeneous alloy was obtained. At the same time, the dynamic recrystallization and precipitation behavior during hot deformation and the relationship between them and the Z parameters were studied by using EBSD and TEM. DRV is the main mechanism of dynamic softening. With the decrease in Z parameter, the softening mechanism changes from dynamic recovery to discontinuous dynamic recrystallization or continuous dynamic recrystallization. At a higher Z parameter, the dislocation density and precipitated phase density are also higher because the high dislocation density provides heterogeneous nucleation sites of the precipitated phase. A large number of precipitates in the alloy also inhibit the nucleation and growth of dynamic recrystallization by hindering dislocation movement and grain boundary migration.
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1. Introduction


In recent decades, aluminum alloys have been widely considered because of their excellent properties. Their high specific strength, corrosion resistance, and excellent formability have made them widely used in aerospace, ocean navigation, and automobile industries. Aging-hardened Al-Zn-Mg-Cu alloys are a very important group of alloys because they have the characteristics of light weight, high strength, high toughness, and rapid aging response [1,2,3]. Al-Zn-Mg-Cu alloys often undergo hot deformation treatments, such as extrusion, hot rolling, and forging, before they become the final process products, so higher requirements are put forward for their hot workability [4,5]. During hot deformation, Al-Zn-Mg-Cu alloys often exhibit dynamic softening behavior, which is attributed to dynamic recovery (DRV) and dynamic recrystallization (DRX). Because of the high stacking fault energy, DRV occurs easily in Al-Zn-Mg-Cu alloy, but DRX mainly occurs at high temperatures and low strain rates [6].



Continuous dynamic recrystallization (CDRX), discontinuous dynamic recrystallization (DDRX), geometric dynamic recrystallization (GDRX), and other DRX behaviors have been successively found in aluminum alloys [7]. DDRX is characterized by the formation of new recrystallized grains at grain boundaries, and the nucleation and growth of recrystallized grains can be found at the same time [8]. CDRX is formed by the progressive rotation of subgrains. When dislocations fully accumulate, low-angle grain boundaries (LAGBs) can be formed. Due to the continuous rotation of subgrain boundaries, the orientation difference increases, and then LAGBs gradually transform into high-angle grain boundaries (HAGBs) [9]. The grain refinement of aluminum alloy occurs through the process of grain elongation and thinning under high temperature and large strain, which leads to a sharp increase in grain boundary area. Due to the formation of a subgrain boundary (SGB), it becomes serrated, and finally the grain boundary is pinched to form new grains [10]. This is the formation process of GDRX. Among the above three mechanisms, only DDRX shows new grain nucleation. Although these three mechanisms have obvious characteristics, they are not easy to distinguish in practice.



Precipitation strengthening is the main strengthening method of Al-Zn-Mg-Cu alloy, and a large number of nanometer precipitates produced by aging treatments show obvious improvement on the mechanical properties of the alloy [11]. The precipitation sequence during aging is as follows: supersaturated solid solution (SSS) → Guinier–Preston zones (GP Ⅰ, Ⅱ) → η’→ η [12,13,14]. At the same time, the precipitation behavior is also affected during hot deformation. Wang et al. have studied the dynamic precipitation behavior of Al-Cu-Li alloy at deformation temperatures of 300 °C and 400 °C and strain rates of 0.01 s−1 and 0.1 s−1, finding that the precipitated phase will not affect the recrystallization mechanism but will significantly change the dynamic recrystallization fraction [15]. At the same time, it has been long believed that the coarse insoluble phases in Al-Cu-Li alloy can promote particle stimulated nucleation (PSN) and significantly increase the volume fraction of dynamic recrystallization and flow stress at low temperatures (<400 °C) [16].



The relationship between temperature, strain, and strain rate can be expressed by an accurate model, and the Arrhenius equation of strain compensation is widely used to predict the flow stress of aluminum alloy under specified conditions [17]. Combined with the experimental data on hot compression, the Arrhenius equation with the Zener–Hollomon parameter (Z) can not only evaluate the relationship between temperature, strain rate, and flow stress but also establish a hot working diagram based on a dynamic material model (DMM) to find the best processing parameters [18].



The Z value was found to be related to the microstructure evolution during hot deformation [19]. Tang [20] and others have studied the hot deformation behavior of Al-Zn-Mg-Cu alloys with different Zn contents at 300 °C and 400 °C, and 0.01 s−1 and 0.1 s−1 strain rates and found that different Z values affect the dynamic softening. Sun [21] and others have found that the lnZ value affects the microstructure change in high strength 7xxx aluminum alloy. With the lnZ value from high to low, the microstructure of the sample was softened by DRV, DRV + DRX, and DRX, in turn. Ding [22] and others have also found similar results in 6063 aluminum alloy.



Although the relationship between Z and the dynamic softening of Al-Zn-Mg-Cu alloys has been found, the effect of Z on DRX is rarely mentioned, and the relationship between dynamic precipitation and dynamic recrystallization during hot deformation is also poorly understood. Based on the Gleeble thermal simulation compression experiment, electron backscattering diffraction (EBSD) images and transmission electron microscope (TEM) images, the softening behavior of a new Al-Zn-Mg-Cu alloy was discussed. The relationship between the change in the lnZ value and the dominant mechanism of DRX was studied. The evolution process of different DRX was described in detail. At the same time, the role of the precipitate phase in the thermal deformation process was discussed from the point of view of precipitation behavior, which provided guidance for the practical production of high-strength 7 series aluminum alloy.




2. Material and Methods


In this study, Al-Zn-Mg-Cu semi-continuous ingot was used as the raw material, and its main chemical compositions are shown in Table 1. Before the hot compression experiment, the material was first treated. The cylindrical specimen was cut from the original slab by using WEDM technology. Its diameter and height were 10 mm and 15 mm, respectively. These cylindrical samples were first homogenized at 470 °C for 24 h, and then quenched to room temperature.



Axisymmetric isothermal compression is used to simulate extrusion and forging deformation, and the relationship between stress and strain can be measured at different temperatures and strain rates. In order to simulate the actual industrial processing conditions, isothermal compression experiments were carried out in the temperature range of 300 °C to 450 °C, and the strain rate was selected in the range of 0.01 s−1~1 s−1, using a Gleeble-3800 thermal simulator. The hot compression diagram of Al-Zn-Mg-Cu alloy is shown in Figure 1. The sample was heated to the deformation temperature at a heating rate of 5 °C/s and kept for 2 min to ensure the homogeneity of the microstructure. In order to reduce friction during hot working, the contact surface must be coated with graphite lubricant, and a high-purity graphite sheet must be placed between the sample and the compression indenter. A thermocouple was welded in the middle of the outer surface of the sample to accurately measure the temperature change. Immediately after the compression test, quenching and cooling should be carried out to room temperature to maintain the microstructure of the deformed structure.



The microstructures of the samples were studied by using optical microscopy (OM, Leica Microsystems Wetzlar GmbH, Wetzlar, Germany), transmission electron microscopy (TEM, FEI Tecnai G220, Hillsboro, OR, USA), and scanning electron microscopy (SEM, Sirion 200, FEI, Hillsboro, OR, USA). The sampling locations used for characterization are shown in Figure 2. The OM samples were ground and mechanically polished, and then corroded with Keller reagent. Quantitative microstructure characterization, including the average grain size of α-Al measured by using the linear intercept method, was realized using Image J 1.8.0 software. After grinding with 3000 mesh sandpaper, the EBSD samples were prepared by electrolytic polishing with 10% perchloric acid solution and 90% ethanol solution at −5 °C. The grain size, grain shape, grain orientation, angular distribution of grain boundary dislocation, and crystal texture were analyzed by using a scanning electron microscope (SEM) and OIM 7 software using the EBSD technique. The samples were ground to about 40 μm, and the TEM samples were prepared by using electrolytic double spraying with 30% nitric acid solution and 70% methanol solution in liquid nitrogen at −30 °C. As shown in Figure 2, the region for microscopic characterization was selected from the middle of the cross section of the compressed cylindrical specimen.




3. Results and Discussion


3.1. True Stress–Strain Curve


Figure 3 shows the true stress–strain curves with deformation temperatures of 300 °C~450 °C and strain rates of 0.01 s−1~1 s−1. It can be seen that the flow stress increases sharply at the initial stage of plastic deformation regardless of the strain rate, which can be attributed to the work hardening caused by the increase in dislocation density. When the strain rate is 0.01 s−1, the stress increases rapidly at first, and then decreases slowly to the equilibrium value. When the strain rate is 0.1 s−1, the stress also increases rapidly, but does not decrease obviously. When the strain rate is 1 s−1, the stress increases rapidly at the initial stage, and then increases slowly. It is well known that the evolution of the flow stress curve is influenced by the interaction of work hardening and dynamic softening. At the low strain rate (0.01 s−1), the dynamic softening mechanism is dominant in the deformation process, and it increases with the increase in strain, so the stress decreases slowly after reaching the peak value. At the medium strain rate (0.1 s−1), the dynamic softening and work hardening work at the same time, as they are in dynamic equilibrium, and the stress remains unchanged after reaching the peak value. At the high strain rate (1 s−1), work hardening is dominant, dynamic softening is not enough to completely counteract the consequences of work hardening, and the stress increases slowly with the strain after a sharp increase. At the same time, the peak value and steady value of stress gradually decrease with the increase in temperature and the decrease in strain rate because higher temperatures can promote atomic diffusion and dislocation movement [23], and lower strain rates can provide sufficient time for dynamic softening in the deformation stage [24].




3.2. Constitutive Equation


Under the condition of high temperature plastic deformation, the relationship between true stress, strain rate, and deformation temperature of conventional thermal deformation can be expressed by the hyperbolic sine function proposed by Sellars C M and Tegart J M et al. [25,26,27]:


   ε ˙  = A    [  sinh α σ  ]   n  exp  (  −  Q  R T    )   



(1)




where    ε ˙    is the strain rate, s−1; σ is the true stress under a given strain, MPa; Q is the activation energy of thermal deformation, (J·mol−1); R is a gas constant with a value of 8.314 J·(mol·K)−1; T is thermodynamic temperature, K; A and α are temperature independent material constants; and n is the stress exponent.



At a low stress level (ασ < 0.8), it can be simplified as follows:


   ε ˙  =  A 1   σ n  exp  (  −  Q  R T    )   



(2)







Under a high stress level (ασ > 1.2), it can be simplified as follows:


   ε ˙  =  A 2  exp  (  β σ  )     exp   (  −  Q  R T    )   



(3)




where A1, A2, n, and β are the material constants independent of temperature. Taking logarithms from both sides of Equations (2) and (3), we can obtain:


  ln  ε ˙  = ln  A 1  −  Q   (  R T  )    + n ln σ  



(4)






  ln  ε ˙  = ln  A 2  − Q /  (  R T  )  + β σ  



(5)







According to the true stress–true strain curve obtained from the test, the peak stress σp of aluminum alloy under different deformation conditions is read, and the relationship between lnσp − ln   ε ˙    and σp − ln   ε ˙    is established, as shown in Figure 4a,b. It can be determined that n = 4.37, β = 0.0648, and α = 0.0148, as can be obtained from α = β/n. Taking the logarithm of Equation (1), we obtain:


  ln  ε ˙  = ln A − Q /  (  R T  )  + n ln  [  sinh  (  α σ  )   ]   



(6)







The curves of ln[sinh(ασ)] − ln   ε ˙    and ln[sinh(ασ)] − 1/T are shown in Figure 4c,d. n = 3.50, Q/nR = 4359.3469, and the activation energy Q = 126.90 kJ·mol−1 is obtained. The Arrhenius relation of the high temperature constitutive equation can characterize the relationship between stress and strain, strain rate, and deformation temperature (Figure 5). In the process of establishing this relationship, the Zener–Hollomon parameter, that is, the Z parameter, should be introduced, as shown in Equation (7):


  Z =  ε ˙  exp  (   Q  R T    )  = ln A ln    [  sinh  (  α σ  )   ]   n   



(7)




where Z is the temperature compensated strain rate parameter. Take the natural logarithms on both sides of Equation (7) to obtain:


  ln Z = ln A + n ln  [  sinh  (  α σ  )   ]   



(8)







By making a lnZ − ln[sinh(ασ)] curve, we can obtain the intercept lnA = 19.96; then a = 4.68 × 108. Therefore, the constitutive equation of aluminum alloy is as follows:


   ε ˙  = 4.68 ×   10  8     [  sinh  (  0.01482 × σ  )   ]    4.37   exp  (  −   126900   R T    )   



(9)








3.3. Homogenization Treatment


Figure 6 shows the original microstructure of the as-cast material. It can be seen from the figure that the microstructure is mainly composed of α-Al solid solution, a low-melting-point eutectic phase at the grain boundary, and precipitated phase in the grain; additionally, the eutectic phase at the grain boundary is basically distributed continuously in the network. The microstructure of the as-cast 7075 aluminum alloy is non-uniform, and there is microsegregation present. At the same time, there is a large number of precipitated phases in the crystal, which adversely affect the initial properties and subsequent processing of the alloy. These eutectic phases can be eliminated by heat treatment, so homogenization treatment should be carried out first.



The metallographic structure after homogenization treatment is shown in Figure 7a. The non-equilibrium eutectic structure was basically eliminated, and only a small amount of precipitated phase was completely eliminated. It is presumed that there was an insoluble Fe-rich phase and Si-rich phase formed by impurities such as Fe and Si introduced in the casting process, and its average grain size is measured to be 103.31 ± 5.35 μm. The IPF diagram after homogenization treatment is shown in Figure 7b. It can be seen that the grain size did not change obviously after homogenization, that the crystal has no obvious orientation, and that the grain is basically equiaxed.




3.4. Effect of Z Parameter on Dynamic Recrystallization


In the process of hot deformation behavior analysis, it was found that the Z value can represent the coupling effect of deformation temperature and strain rate [28], so we can study the influence of the Z parameter’s change on the dynamic recrystallization of AlZn5.5Mg2.56Cu1.26 alloy. When the strain rate is 1 s−1, there is no dynamic recrystallization nucleation in the microstructure of the samples deformed at 300 to 400 °C, which is consistent with the stress–strain curve in Figure 3c. When the temperature increased to 450 °C (lnZ = 21.11), a small amount of recrystallization nucleation appeared gradually. Figure 8a,b shows the IPF diagram for lnZ = 21.11 and lnZ = 19.89. The sample shows obvious deformation microstructure characteristics, and the grains are flattened and elongated to both sides perpendicular to the deformation direction. At the same time, a large number of subgrain boundaries can be found around the grain boundaries of deformed grains, with white lines indicating small-angle grain boundaries (misalignment angle between 2° and 15°) and black lines indicating large-angle grain boundaries (misalignment angle greater than 15°). The grain boundaries of deformed grains are serrated, and many smaller grains are observed locally. As shown in Figure 9a,b, some small recrystallized grains can be found on the original grain boundaries, and the proportions of recrystallized grains are 2% and 1.6%, respectively. In the process of recrystallization, the high-density dislocations introduced by deformation become the driving force of recrystallization, while the subgrain boundary becomes the transition between dislocations and recrystallized grains. Because of the high orientation gradient, the bulge of the grain boundary becomes the ideal position for DDRX nucleation [29]. Figure 8c shows the IPF diagram for lnZ = 18.07. There are still many subgrain boundaries in the diagram, but the number and size of recrystallized grains is obviously increased. As shown in Figure 8c, the recrystallization ratio increases to 7.1%. Generally speaking, a lower lnZ value means a lower strain rate and a higher temperature, which will accelerate the diffusion of atoms and the movement of dislocations and contribute to the growth of recrystallized grains [30]. Figure 8d and Figure 9d show the IPF and recrystallization profiles for lnZ = 16.50, respectively. It can be seen that the proportion of recrystallized grains in the figure is larger than the other Z parameters, reaching 40.3%.



Figure 10 shows the distribution of orientation difference under the different Z parameters. When the Z values are high (lnZ = 21.11, lnZ = 19.89), the proportions of HAGBs are 27.3% and 21.1%, respectively. According to the proportion of HAGBs, it can be determined that a small amount of DRX occurs, while the proportion of LAGBs is ~80%, indicating that DRV still dominates under this condition. When the Z value continues to decrease (lnZ = 18.07), the proportion of HAGBs further increases to 28.1%, which indicates that DRX behavior is further strengthened with the increase in temperature and the decrease in strain rate, which is a similar finding to the results of Zhang [31] et al. When the Z value decreases to the lowest (lnZ = 16.50), the proportion of HAGBs increases greatly to 35.9%, which indicates that the proportion of LAGBs decreases continuously, and that the proportion of DRX in the alloy is higher.



Figure 10 shows the distribution of orientation difference between random recrystallized grains and their sides under different Z parameters. In Figure 8, we randomly select three different positions along the original deformed grain through the recrystallized grain to reach another original grain, which are indicated by black lines with arrow. When the lnZ value is high (lnZ = 21.11, lnZ = 19.89), only HAGBs and LAGBs pass through the grains, but there are no medium-angle grain boundaries (MAGBs), which shows that the DRX mechanism at this time is a process from LAGBs to HAGBs without the MAGBs stage. When lnZ is median (lnZ = 18.07), MAGBs appear in addition to HAGBs and LAGBs when black lines pass through grains. This indicates that the increase in HAGBs is caused by the joint transformation of LAGBs and MAGBs. The existence of MAGBs implies that recrystallized grains are formed through subgrain rotation and growth mechanisms [32]. The continuous rotation of subgrains is a typical characteristic of CDRX, so it can be judged that CDRX occurs easily when lnZ is median. When the value of LnZ is its lowest (lnZ = 16.50), it was found that only LAGBs and HAGBs, but no MAGBs, pass through the area of the black line with the arrow, which is a similar result to that seen when the value of lnZ is higher. Compared with Figure 11c, the medium-angle grain boundaries in Figure 11d disappear, indicating that the medium-angle grain boundaries gradually transform into high-angle grain boundaries with the increase in temperature. At the same time, a large number of subgrains with equiaxed grain morphology also appear inside the original grains, indicating that the nucleation mechanism under this condition is mainly CDRX.



According to the above analysis, it can be considered that CDRX and DDRX are the main nucleation mechanisms of the 7075Al alloy during thermal deformation [33], but that the DRX mechanisms are different under different lnZ values, so it is necessary to explore the occurrence conditions of various DRX mechanisms. When lnZ = 19.89, Figure 12a–c shows the grain boundary diagrams and geometric dislocation density (GND) diagrams, respectively. In the grain boundary diagrams, there are three grain boundaries of different colors, blue for 2° to 10°, red for 10° to 15°, and black for >15°. It can be seen from Figure 12b that the low-density dislocations appear around the grain boundaries of the original grains, and the bulges of grain boundaries can be observed at the positions with lower densities. Further through Figure 12a–c, it can be observed that the raised grain boundary is wrapped with a subgrain, which should be formed by subgrain rotation. With the deformation, the subgrain can further rotate, and when the orientation angle of the subgrain is greater than 15°, it becomes a recrystallized grain. Figure 13a shows the complete process of DDRX. First, the grain boundary will hinder dislocation movement, so that high-density dislocations are concentrated around the grain boundary, which gives it a higher storage energy and produces grain boundary bulges. As the deformation continues, the dislocation density increases continuously, dislocation cells and LAGBs are formed under the action of DRV, and then LAGBs and raised original grain boundaries form subgrains, which gradually transform into small DDRX grains. Many DDRX grains are formed along the grain boundaries of the original grains, forming a necklace-like structure.



When lnZ = 18.07, Figure 12e–h shows the grain boundary diagrams and GND diagrams, respectively. Two intermediate processes of CDRX can be clearly observed in Figure 12f,g, and Figure 12g shows the first intermediate process. It can be seen that the subgrains are surrounded by the original grains and LAGBs, but there is no high dislocation density around the grain boundary, so the original grain boundary is still straight, and there is no grain boundary bulge, thus DDRX cannot be produced [34]. However, through DRV, subgrains will be produced at the original grain boundary, and CDRX grains can be formed by the rotation of subgrains and the migration of the original grain boundary as the deformation continues. Figure 13b shows the complete process of the first mechanism of CDRX. Aluminum alloys have high stacking fault energy, so DRV is easy to occur. The rapid occurrence of DRV makes the dislocation density around grain boundaries decrease, and the grain boundaries cannot be raised. However, DRV makes dislocation cells and LAGBs form at the original grain boundary, and LAGBs are transformed into HAGBs with higher angle by subgrain rotation and growth mechanism, and CDRX grains are formed. Figure 12f shows the second intermediate process. It can be seen that a large number of subgrains appear in the original grain, which is obviously produced by DRV. With the increase in deformation, the grain rotation of adjacent subgrains may be induced, and then CDRX grains may be produced. Figure 13c shows the complete process of the second mechanism of CDRX. Under the action of DRV, dislocation cells form in the crystal, and then form subgrains with LAGBs, and CDRX grains are formed through subgrain rotation during further deformation. It is worth mentioning that the HAGBs generated in this process are all newly generated. Therefore, unlike DDRX, CDRX can appear both at grain boundaries and within grains. Figure 12d shows the grain boundary diagram for when lnZ = 16.50. A large number of subgrains with equiaxed grain morphology can be observed in the interior of the original grains, which is the next stage in the development of the recrystallization process in Figure 12f. In this process, there are more subgrains with equiaxed grain morphology inside the original grain, so the nucleation mechanism of this process is also the same as that shown in in Figure 13c.




3.5. Dislocation Microstructure


Figure 14 shows the dislocation structure of the sample under different parameters. When lnZ = 21.11 and lnZ = 19.89, the dislocation density is extremely high. As shown in Figure 14a, dislocations gather around grain boundaries to form dislocation walls, which promote the formation of subgrain boundaries. At the same time, it is observed that a large number of dislocations in Figure 14b are distributed in an aluminum alloy matrix, forming a dislocation entanglement. When lnZ = 18.07, the dislocation density decreases significantly compared with in Figure 14a,b. With the decrease in dislocation density, the driving force of recrystallization decreases, and it is more difficult for dynamic recrystallization nucleation to occur [35,36,37]. When lnZ = 16.50, the dislocation density decreases further, and the grain boundary and subgrain boundary can be clearly observed. Therefore, it can be concluded that the dislocation density decreases with the decrease in the lnZ value.




3.6. Precipitation Behavior


Figure 15 shows the microstructure of the alloy under different Z parameters. Figure 15a–d shows that the fine precipitates appear and that these precipitates are dispersed in Al matrix. Most of the precipitates are elliptical, which indicates that dynamic precipitation occurs during thermal deformation. It can be seen from the figure that the amount of precipitates in the alloy is greatest at 450 °C, 1 s−1 (lnZ = 21.11) and 350 °C, 0.01 s−1 (lnZ = 19.89); that the precipitates gradually decrease at 400 °C, 0.01 s−1 (lnZ = 18.07); and that the precipitates are the lowest at 450 °C, 0.01 s−1 (lnZ = 16.50). This is because when the deformation temperature is 350 °C, the temperature is lower, which is beneficial to precipitation, and with the increase in temperature, a large number of precipitates are dissolved back into the matrix, which makes the number of precipitates decrease. At the same time, a low strain rate reduces dislocation density by promoting DRV, while a higher strain rate means more dislocations and favorable nucleation sites, which provides a fast diffusion path for accelerating growth and coarsening, reduces the energy barrier of dynamic precipitation, and promotes the heterogeneous nucleation of the precipitated phases [38,39]. Therefore, the higher Z parameter can promote dynamic precipitation during hot compression.



Figure 16 shows the microstructure morphology of the precipitated phase and the dislocation of the alloy. As can be seen from Figure 16a, a large number of dislocations had accumulated around the precipitated phase after hot compression. According to the Orowan mechanism, the precipitated phase will hinder the movement of dislocations and pin dislocations in the process of plastic deformation. Therefore, the precipitated phase delays dislocation slip and reduces dynamic recrystallization. At the same time, the pinning effect of grain boundary precipitates (GBPs) on grain boundaries makes grain boundaries appear serrated, which may be one of the origins of serrated grain boundaries in Figure 12a. As can be seen from Figure 16a,b, the precipitated phase is dispersed in the aluminum alloy matrix, and there is also a large number of precipitated phases around the grain boundary, which obviously affect the growth of dynamic recrystallization grains. Dynamic recrystallization nucleation can be observed in Figure 16a, and it can be seen that precipitates are pinned around the boundary, which obviously limits the expansion of grain boundaries. Therefore, precipitates in alloys always inhibit the nucleation and growth of dynamic recrystallization by hindering dislocation movement and grain boundary migration [40,41]. The influence of precipitation on dynamic recrystallization is related to the lnZ value. The larger the lnZ value, the more obvious the influence is. When the lnZ is high, the dislocations and grain boundaries can be effectively pinned by the dispersed fine precipitates, thus reducing the dynamic recrystallization behavior. However, when the lnZ value is low, the precipitated phase density and dislocation density are obviously reduced, and the restriction on recrystallization is weakened. It can be seen that the precipitated phase can only control the grain size of dynamic recrystallization; it cannot change the recrystallization mechanism.





4. Conclusions


	(1)

	
According to the flow stress curve, the peak value and steady value of stress decrease gradually with the increase in deformation temperature and the decrease in strain rate. The hot deformation constitutive relation of the alloy is obtained by fitting the relevant numerical values. The hot deformation activation energy of the alloy is 126.9 kJ/mol, and the constitutive equation is as follows:








    ε ˙  = 4.68 ×  10 8    [ sinh  ( 0.01482 × σ )  ]   4.37   exp  −  126900  R T      



(10)





	(2)

	
When the Z value is high, the softening mechanism of 7075 aluminum alloy is dynamic recovery. The main recrystallization mechanism of the alloy is DDRX at a relatively high Z value. However, at a lower Z value, the main recrystallization mechanism of the alloy is CDRX, and these experimental conditions are helpful to obtaining more uniformly refined grains.




	(3)

	
There are four different recrystallization mechanisms in AlZn5.5Mg2.56Cu1.26 alloys, among which DDRX is mainly produced by grain boundary bulge, subgrain rotation, and grain boundary migration; CDRX is mainly produced by subgrain rotation and grain boundary migration within grains and at grain boundaries; and GDRX is produced by the pinch breaking of original grains.




	(4)

	
Higher Z parameters can promote dynamic precipitation during hot compression. The dislocation density of the alloy decreases with the decrease in the Z value. Precipitates in the alloy inhibit the nucleation and growth of dynamic recrystallization by hindering dislocation movement and grain boundary migration, and the greater the Z value, the more obvious the influence is.
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Figure 1. Schematic diagram of hot compression experiment of Al-Zn-Mg-Cu alloy. 
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Figure 2. Sampling method and location of microscopic characterization. 
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Figure 3. Stress–strain curves of AlZn5.5Mg2.56Cu1.26 alloy at different temperatures: (a) 0.01 s−1, (b) 0.1 s−1, (c) 1 s−1. 
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Figure 4. Fitting between different parameters: (a) lnσp − ln   ε ˙   , (b) σp − ln  ε ˙  , (c)    ln  [  sinh  (  α σ  )   ]      − ln  ε ˙  , (d)    ln  [  sinh  (  α σ  )   ]      − 1/T. 
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Figure 5. Different lnZ values at different temperatures and strain rates. 
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Figure 6. Microstructure of as-cast AlZn5.5Mg2.56Cu1.26 alloy: (a) 200×, (b) 500×. 
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Figure 7. Microstructure of AlZn5.5Mg2.56Cu1.26 after homogenization: (a) OM, (b) EBSD. 






Figure 7. Microstructure of AlZn5.5Mg2.56Cu1.26 after homogenization: (a) OM, (b) EBSD.



[image: Metals 14 00449 g007]







[image: Metals 14 00449 g008] 





Figure 8. IPF diagram of different thermal deformation parameters: (a) lnZ = 21.11 (450 °C 1 s−1), (b) lnZ = 19.89 (350 °C 0.01 s−1), (c) lnZ = 18.07 (400 °C 0.01 s−1), (d) lnZ = 16.50 (450 °C 0.01 s−1). 
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Figure 9. Recrystallization distribution under different thermal deformation parameters: (a) lnZ = 21.11, (b) lnZ = 19.89, (c) lnZ = 18.07, (d) lnZ = 16.50. 
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Figure 10. Distribution of orientation difference under different Z parameters: (a) lnZ = 21.11, (b) lnZ = 19.89, (c) lnZ = 18.07, (d) lnZ = 16.50. 
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Figure 11. Distribution of cumulative orientation difference through grain boundary along black lines with arrow in Figure 7: (a) lnZ = 21.11, (b) lnZ = 19.89, (c) lnZ = 18.07, (d) lnZ = 16.50. 
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Figure 12. GB diagram and GND density diagram under different Z parameters. (a,c) GB diagram when lnZ = 19.89; (d) GB diagram when lnZ = 16.50; (e–g) GB diagram when lnZ = 18.07; (b,h) GND maps for lnZ = 19.89 and lnZ = 18.07. 
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Figure 13. Schematic diagram of DRX mechanism: (a) DDRX; (b,c) CDRX. 
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Figure 14. Dislocation structure under different parameters. (a) lnZ = 21.11; (b) lnZ = 19.89; (c) lnZ = 18.07; (d) lnZ = 16.50. 
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Figure 15. Morphology of precipitated phase under different parameters. (a) lnZ = 21.11; (b) lnZ = 19.89; (c) lnZ = 18.07; (d) lnZ = 16.50. 
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Figure 16. Precipitation phase and dislocation morphology of alloy: (a) lnZ = 19.89; (b) lnZ = 18.07. 
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Table 1. Subject chemical compositions of the employed Al-Zn-Mg-Cu alloys (wt.%).
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	Si
	Fe
	Cu
	Mg
	Cr
	Zn
	Ti
	Zr
	Al





	0.078
	0.130
	1.62
	2.56
	0.23
	5.50
	0.10
	0.033
	Bal.
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