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Abstract

:

The high one-pass deformation behaviors of mass-produced Al–4.30Mg alloy are investigated in the temperature ranging of 350 °C–500 °C, the strain rate ranging of 0.01 s−1–1 s−1 and the reduction ranging of 50–75%. 3D processing maps are constructed by the superimposition of the instability map and the power dissipation map at the true strain of 0.69, 0.92, 1.20 and 1.38. When the true strain increases from 0.69 to 1.38, the average apparent activation energy (Q) decreases from 140.3 kJ/mol to 112.7 kJ/mol, indicating the reduction of the hot deformation energy barrier. The heating caused by a large strain of 1.38 greatly reduces the Q and improves processing efficiency. The instability regions at the strain of 0.69 appear at two domains, namely 350 °C/1.0 s−1 and 450 °C/1.0 s−1; whereas, the instability regions disappear at the strain of 1.38. The maximum efficiency of power dissipation is about 48%, which occurs at both domains of 440–480 °C/0.01 s−1/0.69 true strain and 470–500 °C/1.0 s−1/1.20 true strain. High-efficiency domains represent the optimized deformation conditions which are verified by stress-strain curves and microstructure characterization, in which the local dynamic recrystallization is observed and the power dissipates mainly by dynamic recrystallization during deformation.
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1. Introduction


Al–Mg alloys (5xxx series) have been widely used in aerospace, electrical and electronics, transportation and bridge construction due to their low density, large specific strength and specific stiffness, and good corrosion resistance [1,2,3]. Al–Mg alloys are the best choices for components that require moderate strength, formability, weldability, and excellent atmospheric corrosion resistance [4]. However, the way to improve the strength, plasticity, and formability of Al–Mg alloys is very limited because the heat treatment is not suitable for them. Instead, their mechanical properties are mainly improved by alloying and work hardening. Rare earth elements and transition elements (such as Sc, Zr, Er, Cr, Nb, Sr and Ti) are widely used alloying elements in Al–Mg alloys, which can significantly improve their mechanical properties; in particular, the strengthening effects of trace addition of Sc, Er and Zr in Al–Mg alloys are significant [5,6,7,8]. Additionally, since thermomechanical processing is a devoted part of Al–Mg alloys production, it is also important to investigate their deformation behaviors at elevated temperatures. The processing parameters, like temperature, strain rate and strain during hot processing, have a strong impact on their behaviors of strain hardening and dynamic softening [9,10,11]. The constitutive model is used to connect the complex hot deformation process with the forming parameters [12,13,14,15,16] The four popular constitutive models, namely Arrhenius model, Zerilli–Armstrong (ZA) model, Johnson–Cook (JC) model and an artificial neutral network model can accurately predict flow stress [17,18,19,20,21,22]. The JC model and ZA model have been widely used to predict the flow stress of materials because of the simple constitutive form and a small number of involved material parameters [17,18,19]. However, the JC equation is not accurate enough when thermal deformation behaviors are considered [17,18]. ZA equation can’t pay enough attention to couple the effects of temperature and strain rate [19]. An artificial neutral network model not only needs a lot of adaptive training to achieve high accuracy but also be bad at handling complex data [20,21,22].



In the various and complicated constitutive models, the strain is usually expressed by single-pass deformation and the degree of single-pass deformation has a sharp influence on the structure and the deformation resistance [17,18,19,20,21,22]. Most of the published reports are about the thermal deformation behaviors and the hot processing maps of a small amount of deformation (the single-pass deformation is usually less than 0.69) [23,24,25,26,27,28,29]. Haghdadi et al. [23] studied the hot deformation behaviors of A356 Al alloy based on the Arrhenius-type model at the temperature range of 400–540 °C, strain rate of 0.001–0.1 s−1 and the true strain of less than 0.6, and the average relative error (AARE) of the model was reduced to 8.4%. Yuan et al. [24] found that dynamic precipitation of Al3(Er, Zr) at 400–450 °C, 0.001–0.01 s−1 and the true strain of 0.6 for Al–0.04Er-0.08Zr alloy reduced the accuracy of the constitutive model during hot deformation. Reddy et al. [27] established the hot processing maps at a strain of less than 0.5 for Al–4.1Li aluminum alloy and found that the optimized deformation parameters were affected more obviously by the crack due to a larger strain hardening than dynamic recrystallization (DRX) and dynamic recovery (DRV). Ganesan et al. [29] believed that shear band formation for flow stress at high strain rates greatly affected the hot processing maps for 6061/SiC Al alloy with the true stain of 0.3 and 0.5, but the relationship between the maps and strain (larger than 0.6) wasn’t discussed. Mohamadizadeh et al. [30] noted that the efficiency domains may shrink, expand or appear by increasing strain via establishing the 3D hot processing maps of duplex low-density steel to characterized the effect of strain on the maps, but the maximum true strain was only 0.6 (nearly 45.2% reduction) and failed to obtained the curved surface maps. Moreover, the deformation mechanism of dynamic softening may change with the increase of strain, so that DRX takes place after DRV in alloys [31,32]. The large hot deformation increases density of dislocation, induces grain boundaries to slid and accelerates the nucleation and growth of dynamic recrystallization [33,34]. However further exploration on the influence of large one-pass strain (especially strain larger than 0.69) on the deformation mechanism and processing map of Al–Mg alloy is still lacking.



With the improved plasticity, the metal needs to be deformed under a large amount of deformation in order to gain larger strength, higher production efficiency and lower cost. Therefore, it is worthy to study the behaviors of hot deformation and establish the processing map under a large amount of one-pass deformation in order to discuss the influence of strain on the deformation mechanism and processing map under a large amount of one-pass deformation in order to provide the theoretical support for the hot processing such as hot extrusion, hot forging, and hot rolling. In this research, the hot compression deformation behaviors of mass-produced Al–4.30Mg aluminum alloy under a large reduction of 50–75% were characterized at temperatures ranging from 350–500 °C and strain rates ranging from 0.01–1.0 s−1. 3D processing maps were obtained by the superimposition of the instability map and the power dissipation map at the true strain of 0.69, 0.92, 1.20 and 1.38. The stress-strain curve, the apparent activation energy (Q) and microstructural evolution of Al–4.30Mg alloy during the hot compression were analyzed to correlate with the processing maps.




2. Materials and Methods


2.1. Materials


Hot rolled Al–4.30Mg alloy of 25 mm plate was received from an aluminum company. The chemical composition was listed in Table 1. The cylindrical specimens with 10 mm in diameter and 15 mm in height were machined with the cylinder axis parallel to the rolling direction. These samples were annealed at 450 °C for 12 h followed by hot compression.




2.2. Hot Compression


The hot compression was carried out using a Gleeble-3500 thermo-mechanical simulator (Poestenkill, NY, USA). The thermocouple was spot-welded to the center of each cylindrical specimen. After polishing the top and bottom surfaces of each cylinder using #600 sandpaper, the lubricant and graphite flakes were placed at both the top and bottom in order to reduce the friction. The lubricant is made of 75% graphite, 20% oil and 5% tricresyl-nitrate. As shown in Figure 1, the cylindrical samples were heated at a rate of 5 °C/s under rough vacuum to 350, 400, 450 and 500 °C. After holding at the selected temperature for 3 min, the samples were deformed along the cylinder axis at a strain rate of 0.01, 0.1 and 1.0 s−1 by a reduction of 50%, 60%, 70% and 75%. Finally, the samples were water quenched to room temperature.




2.3. Microstructure Characterization


The samples for JEM-2010 transmission electron microscope (TEM, Tokyo, Japan) characterization were cut perpendicular to the cylinder axis at the central cross-section, polished and finally thinned using an MTP-A twin-jet electro-polishing device with 10% perchloric acid in ethanol.




2.4. Activation Energy Determined by Constitutive Equation


The stress-strain curves obtained by hot compression at different strain rates and temperatures were used to calculate the material constants of the constitutive equation. The Arrhenius constitutive equation is widely used to describe the relationship between flow stress, temperature and strain rate. The effects of deformation temperature and strain rate on the hot deformation behaviors can be expressed by Equations (1)–(3) [33].


   ε ˙  =  A 1   σ n  exp  (  − Q / R T  )  , α σ < 0.8  



(1)






   ε ˙  =  A 2  e x p  (  β σ  )  exp  (  − Q / R T  )  , α σ > 0.8  



(2)






   ε ˙  = A    [  sinh  (  α σ  )   ]   m  exp  (  − Q / R T  )  ,   f o r   a l l   σ  



(3)




where Q is the apparent activation energy for hot deformation (kJ/mol), R is the gas constant (8.314 J mol−1∙K−1),   ε ˙   is strain rate (s−1),σ is stress (MPa), T is deformation temperature, α, A, A1, and A2 are material constants, and m, β and n are parameters related to the strain rate sensitivity. Besides, α = β/n.



According to Equation (3), Equation (4) is obtained [34].


  Z = A    [  sinh  (  α σ  )   ]   m  =  ε ˙  exp  (  Q / R T  )  ,  



(4)




where Z is a constant compensated strain rate.



On the basis of the natural logarithm of both sides of Equations (1)–(4), a series of parallel and straight lines at specific hot deformation conditions can be obtained. The values of n, m and β can be obtained from the slope of fitting linear relationships between   ln  ε ˙    versus lnσ, between   ln  ε ˙    versus σ, and between   ln  ε ˙    versus ln[sinh(ασ)], respectively. From the natural logarithm of Equation (3), the following equation can be gained:


  Q = R    {    ∂ ln  [  sinh  (  α σ  )   ]    ∂  (  1 / T  )     }    ε ˙      {    ∂ ln  ε ˙    ∂ ln  [  sinh  (  α σ  )   ]     }   T  = R n S .  



(5)







According to Equation (5), the Q can be calculated. The value of S can be obtained from the plot of ln[sinh(ασ)] versus 10−3 T−1 under different strain rates. The value of Z can be calculated according to Equation (4) after determining the value of Q. According to the natural logarithm of Equation (4), the value of lnA can be obtained from the y-intercept of the linear-relation between lnZ and ln[sinh(ασ)].




2.5. Development of Processing Maps Using Dynamic Material Modeling


The dynamic materials model (DMM) is a method to be used for establishing the hot processing map [35,36,37]. In the DMM theory, the external energy input from hot deformation is usually thought to be consumed as the energy used for hot deformation and micro-structure variation. The total dissipated power P, as expressed in Equation (6), can be composed of parameters G and J. The constant G is the energy required for plastic deformation, which is dissipated as deformation heat; while the constant J is the energy for the material to undergo phase transitions.


  P = σ ·  ε ˙  = G + J =   ∫  0  ε ˙   σ d  ε ˙  +   ∫  0 σ   ε ˙  d σ .  



(6)







The constant G and J can be expressed by the equation of flow stress σ and strain rate   ε ˙  . The relationship between the flow stress and strain rate can be expressed by the following equation:


  σ = K   ε ˙  m  ,    



(7)




where K is a material parameter,   ε ˙   is the strain rate, and m is the strain rate sensitivity. Equation (7) can be expressed by the following equation:


  m =   ∂ J   ∂ G   =   ∂  (  ln σ  )    ∂  (  ln  ε ˙   )    .  



(8)







When m is equal to one as an ideal linear dissipation process, the value of J achieves its maximum.


   J  m a x   =  1 2  σ ·  ε ˙  .  



(9)







The ratio of the actual energy consumed with microstructure variation (J) and its ideal energy (Jmax) in hot deformation is defined as a constant η by Prasad et al. [35].


  η = J /  J  m a x   =   2 m   m + 1   .  



(10)







Then the power dissipation map can be plotted based on the contour line of η on the   ln  ε ˙   -T coordinate system. Generally, the property of hot processing is indirect proportion to the value of η. However, the high efficiency may lead to deformation instability such as cavitations and crack initiation. Therefore, it is necessary to mark the unstable areas in the hot processing map by instability criterion (ξ) proposed by Prasad et al. [36].


  ξ  (  ε ˙  )  =   ∂ ln  [  m /  (  m + 1  )   ]    ∂ ln  ε ˙    < 0 .  



(11)







When the value of ξ is less than 0, this area is thought to be unstable. As a result, the hot processing map at a certain strain is obtained by the superimposition of the corresponding power dissipation map and the instability map.





3. Results


3.1. True Stress–Strain Curves


The true stress-strain curves of the Al–4.30 Mg alloy at 400 °C, the true strain of 0.69–1.38 and different strain rates are showed in Figure 2. As can be seen, the greater the strain rate, the higher flow stress. The flow stress increases gradually to peak stress, and then decreases slightly. With increasing strain, a distinct dynamic softening occurs just after yield point at strain rates of 0.01 s−1 and 0.1 s−1 (Figure 2a,b, which indicates the occurrence of obvious dynamic recrystallization (DRX) [38]. However, with increasing strain, the flow stress increases steadily, which indicates that work hardening is more obvious than DRX. As shown in Figure 2a,b, the multiple peaks (PA and PB) are observed in the curves with increasing strain, which indicates the periodic competition between dynamic softening and work hardening. It is probably because the early recrystallized grains also experience large deformation and provide deformation resistance at a low strain rate. This phenomenon has been described as Discontinuous Dynamic recrystallization (DDRX) [39,40,41]. Noticeably adiabatic heating-up caused by deformation at a high strain rate of 1.0 s−1 and a large strain of 1.20–1.38 contributed to the softening according to the stress-strain curves in Figure 2c.




3.2. Development of 3D Hot Processing Map


The 2D processing maps are usually used for describing deformation behaviors, without considering the effect of strain on the efficiency of power dissipation and stability. When considering the effect of strain, the 3D hot processing maps when true strain changes from 0.69 to 1.38 have been constructed in Figure 3. It clearly shows that the power dissipation not only changes with deformation temperature and strain rate but also changes with stain.



The alloy as a function of true strain from 0.69 to 1.38 (The left ones are 3D curved surface maps, while the right ones are the corresponding projection in   T − ln  ε ˙    plane). As shown in Figure 3a,b, the 3D power dissipation map at a true strain of 0.69–1.38 and its projection in   T − ln  ε ˙    plane is established. In addition to temperature and strain rate, the strain also plays a significant role in the change of the power efficiency. At the strain of 0.69, the maximum power efficiency (η) is calculated to be about 48%, which is located at 450 °C/0.01 s−1, namely the red color region in Figure 3a,b. When the strain is 0.92, the maximum η is reduced to 38% (blue color). When the strain increases to 1.20, the efficiency peak value increased to 48% again, which occurs at 500 °C/1.0 s−1, namely the red color region in Figure 3a,b. When the strain rises to 1.38, the maximum η is only about 30% (blue color).



Figure 3c,d shows the 3D instability map and its projection in   T − ln  ε ˙    plane. According to the instability maps, the curved surface becomes smoother with an increase in strain, indicating that the stability of hot working is enhanced. The instability regions, namely blue color regions in Figure 3c,d, also are reduced with increasing the strain. At a strain of 0.69, there is a large instability zone, surrounding the centers of 350 °C/1.0 s−1 and 450 °C/1.0 s−1. However, the instability zone is reduced greatly with the strain increasing up to 0.92 and 1.20, which only has a small area surrounding 350 °C/1.0 s−1. When the strain is 1.38, the instability region is completely disappeared.



Figure 4a–d show 2D hot processing maps, which are from the strain sections of 3D processing maps (Figure 3a,b) and the instability maps (Figure 3c,d) at the true strains of 0.69, 0.92, 1.20 and 1.38, respectively. Clearly, the efficiency of power dissipation (η) varies with the amount of strain.



As shown in Figure 4a, the efficiency domain is characterized at 440–480 °C/0.01–0.04 s−1 (Domain I A, Figure 4a) with the maximum η of 48%. There are two instability regions at 350–390 °C/0.1–1.0 s−1 (Domain II A, Figure 4a) and 410–490 °C/0.1–1.0 s−1 (Domain II B, Figure 4a), which are also the low-efficiency regions with the minimum η of 15%.



At the true stain of 0.92 (Figure 4b), the efficiency region (Domain I A, Figure 4b) still exists, but the maximum of power efficiency (η) decreases to 37%; whereas, the efficiency Domain I B (480–500 °C/0.1–1.0 s−1) starts to appear, with a maximum η of 38%. At the true stain of 0.92 (Figure 4b) and 1.20 (Figure 4c), the instability regions have greatly been contracted to small regions compared with Figure 4a at a small strain of 0.69. At the true stain of 1.38, the power efficiency (η) of most areas in Figure 4d is small, with the minimum η only about 8.0%.



When the strain increases to 0.92 and 1.20, the high-efficiency regions Domain I A in Figure 4a develop into Domain I A and Domain I B (Figure 4b,c). Domains IA in Figure 4b,c are characterized by high temperature and low strain rate; while Domain I B in Figure 4b,c are characterized by high temperature and high strain rate. The maximum power efficiency of Domain I B in Figure 4c (470–500 °C/0.3–1.0 s−1) increases up to 48%. On the other hand, the low-efficiency region (Domain II C, Figure 4c) is characterized at 480–500 °C/0.01–0.04 s−1 with a minimum η of 25%. At the true stain of 1.38 (Figure 4d), the whole hot processing map is divided into two regions, high-efficiency domain I B and low-efficiency domain II C, whose η are the maximum of 30% and the minimum of 8.0%, respectively.




3.3. Verification of Hot Processing Maps via Apparent Activation Energy


According to the analysis of the true stress-strain curves under different strain rates and deformation temperatures, the values of α, n, Q and A of the Arrhenius constitutive model in different amounts of deformation strain are shown in Table 2. The true strain is often expressed as   ε = ln  (  1 + ϵ  )   , where  ϵ  is the Engineering strain.



The AARE is used to measure the difference values between the predicted and experimental flow stress. The correlation coefficient (R*) is considered to be a linear relationship between the predicted and experimental flow stress. The accuracy of the constitutive equation can be reflected by the calculation of R* (Equation (12)) and AARE (Equation (13)).


   R *  =     ∑   i = 1  N   (   E i  −  E ¯   )   (   P i  −  P ¯   )        ∑   i = 1  N     (   E i  −  E ¯   )   2    ∑   i = 1  N     (   P i  −  P ¯   )   2       



(12)






  A A R E  ( % )  =  1 N    ∑   i = 1  N   |     E i  −  P i     E i     |  × 100 ,  



(13)




where Ei is the experimental flow stress and Pi is the predicted flow stress obtained from the established model; E and?P are the average values of Ei and Pi; N is the number of data compared with predicted values.



As shown in Figure 5, the correlations of true strains of 0.69, 0.92 and 1.20 all have values larger than 0.996, indicating that the model is accurate for true strains (0.69–1.20). When the true strain reaches 1.38, the value of R* is larger than 0.988. The values of R*, AARE, and Q are listed in Table 3.



From Table 3 and Figure 6, the apparent activation energy Q decreases with increasing the strain from 0.69 to 1.38. When the strain is 0.69, the apparent activation energy of Al–4.30 Mg alloy is 140.33 kJ/mol; when the strain is 1.38, the activation energy is 112.744 kJ/mol. Therefore, increasing the strain reduces the deformation instability, the deformation energy barrier and the deformation difficulty.



When the true strain increases from 0.69 to 0.92, the activation energy only decreases about 4 kJ/mol; however, when the true strain increases from 0.92 to 1.2 and from 1.2 to 1.38, the activation energy changes significantly and decreases by about 12 kJ/mol. Therefore, the hot workability changing from 0.92 to 1.38 will be greatly different from that of strain less than 0.69. This is consistent with the hot processing maps (Figure 3 and Figure 4).




3.4. Verification of Hot Processing Maps via Stress-Strain Curves


In order to verify the reliability of the hot working diagram, it is necessary to analyze the true stress-strain curves (Figure 7) corresponding to the hot deformation parameters (as shown in Figure 4) in order to discuss the competition between softening and hardening.



As shown in Figure 7a (  ε = 0.69  ), the true strain-stress curves of domain II A(350 °C, 1.0 s−1, Figure 4a) and domain II B(450 °C, 1.0 s−1, Figure 4a) are in a strain hardening state after the stress reaches the yield limit. At the same time, the curve of domain I A (450 °C, 0.01 s−1, Figure 4a) is characterized by the softening after the true strain reaches 0.35. At the true stain of 0.92 (Figure 7b), both curves of domain II A and domain II B (Figure 4b) show distinct hardening, corresponding to a low power efficiency η of 20%. Whereas, the curves of efficiency region (Domain I A and Domain I B, Figure 4b) indicate obvious softening due to obvious dynamic recrystallization (DRX) and dynamic recovery (DRV), corresponding to a large η of 38%. In Figure 7c (  ε = 1.20  ), the stresses of Domain I B and Domain I A (Figure 4c) have a significant decline when the strain exceeds 0.92, which greatly benefits the deformation; while stresses of domain II C shows the transitional point of hardening when the strain increasing from 0.92 to 1.20. At a true stain of 1.38 (Figure 7d), the curve of domain I B indicates obvious hardening until the true strain reaches 1.38, which is consistent with Figure 4d having a low η of 8.0%.





4. Discussion


Figure 8 shows the microstructure of Al–4.30 Mg alloy deformed at 450 °C, 0.01 s−1. When the reduction is 60%, the fiber microstructure caused by high one-pass compression is obvious and the recrystallization grains appear along the streamlines. With increasing the reduction to 75%, streamlines become blurring and the recrystallization almost finishes.



The TEM characterization of the samples at Domain I A (ε = 0.69 and 0.92), domain I B (ε = 1.20 and 1.38), and domain II C (ε = 1.38) are shown in Figure 9.



4.1. Efficiency Domain I A (about 450 °C, 0.01 s−1/0.69 Strain)


Few dislocations are observed in Figure 9a, which indicates that DRX has occurred. Some residual dislocations are pinned by the second phases. In addition, several dislocation cells and recrystallization grains are formed, as seen in the local amplification. This microstructure is consistent with the high power efficiency η of 48% and DRX type stress-strain curve (as seen in Figure 7a): The flow stress is stable after the peak, due to the balance between dislocation nucleation caused by work hardening and DRX.




4.2. Efficiency Domain I A (about 450 °C, 0.01 s−1/0.92 Strain)


The dislocation density (as seen in Figure 9b) increases slightly compared with Figure 9a. The corresponding stress-strain curve (Figure 7b) shows that stress has not reached a distinct peak at the initial stage of deformation, and increases slightly after long-term balance. It demonstrates that more dislocations are introduced by the large one-pass deformation, but these dislocations are not sharply decreased by DRX. Meanwhile, the pinned dislocations need more energy to overcome the deformation barrier, due to a reduction of the power efficiency η down to 35% and the corresponding Q has fallen to only 4 kJ/mol.




4.3. Efficiency Domain I B (about 500 °C, 1.0 s−1/1.2 Strain)


In contrast to efficiency domain I A (ε = 1.20), the dislocation density decreases greatly in Figure 9c, and the clear crystal boundaries are formed [42]. The corresponding stress-strain curve (Figure 7c) is softening. This corresponds to the power efficiency η of 48% (Figure 4c). The obvious softening attributes to the deformation heating-up caused by large deformation and high strain rate, which decreases the resistance of deformation and benefits recrystallization.




4.4. Efficiency Domain I B (about 450 °C, 1.0 s−1/1.38 Strain)


Figure 9d shows the microstructure of domain I B (ε = 1.38), whose hot processing map and stress-strain curve correspond to Figure 7d and Figure 4d, respectively. The dislocations are arranged into walls and accumulated at grain boundaries, leading to a decent power efficiency η of 30%. The dislocation cells and clear crystal boundaries are observed in Figure 9d at the same time. The corresponding curve indicates that stress decreases at the strain more than 0.69, and increases at strain more than 1.20, meanwhile, with characteristics of multi-peek. This is because of Discontinuous Dynamic recrystallization (DDRX) caused by further deformation of initial crystal and CDRX grains [41,43].




4.5. Low-Efficiency Domain II C (about 400 °C, 0.01 s−1/1.38 Strain)


The dislocation tangles are observed in Figure 9d*, resulting in a very low-efficiency η of 8% (as seen in Figure 4d). Correspondingly, the stress-strain curve (Figure 7d) is characterized by strain hardening after softening. It can be confirmed that the strain-induced precipitation has enough time to form, which effectively pinned the movement of dislocations. Besides, the low strain rate not only provides more deformation time, but also accelerates the dissipation of deformation heating caused by high one-pass deformation.





5. Conclusions


The hot deformation behaviors of Al–4.30 Mg alloy are analyzed on basis of the true strain-stress curves, and the 3D hot processing maps have been established under high true strains of 0.69, 0.92, 1.20 and 1.38. Based on the comprehensive analysis of the TEM characterization, apparent activation energy and stress–strain curves, the hot processing maps are verified and deformation mechanisms are discussed. The conclusions are as follows.



	(1)

	
The apparent activation energy (Q) decreases obviously with increasing the strain. The activation energy decreases from 140 to 136 kJ/mol when strain increases from 0.69 to 0.92. When the strain increases from 0.92 to 1.20 and from 1.20 to 1.38, the apparent activation energy changes from 136 to 124 kJ/mol and from 124 to 112 kJ/mol, respectively. The difference of Q is nearly 12 kJ/mol, which greatly affects the processing maps. The activation energy changes with the amount of deformation, indicating the dependence of deformation mechanisms on the strain.




	(2)

	
The optimized hot processing parameters are the two efficiency regions with the maximum power efficiency η of 48%. The domain I A (440–480 °C/0.01–0.05 s−1, ε = 0.69) is considered as a result of dynamic recrystallization (DRX) at the high temperature and low strain rate. The domain I B (470–500 °C/0.3–1.0 s−1, ε = 1.20) is the result of DRX at high temperature and a large deformation heat caused by both large strain and high strain rate.




	(3)

	
There are two types of instability regions in hot processing maps of Al–4.30 Mg alloy. The instability domain II A (350–390 °C/1.0 s−1) appears at strains less than 1.20; another instability domain II B (410–490 °C/1.0 s−1) only appears at a stain of 0.69. The appearance of domain II A and domain II B attributes to the obvious strain hardening and low deformation energy under low temperature, low strain and high strain rate, which cannot provide enough driving force for dislocation movement.
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Figure 1. Experimental procedures for the hot compression. 
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Figure 2. True stress-strain curves at 400 °C, the true strain of 0.69–1.38 and different strain rates of (a) 0.01 s−1, (b) 0.1 s−1 and (c) 1.0 s−1. 
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Figure 3. (a,b) The 3D power efficiency map, (c,d) 3D instability map of Al–4.30 Mg. 
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Figure 4. The strain sections of 3D hot processing maps for the true strain of (a) 0.69, (b) 0.92, (c) 1.20 and (d) 1.38. 
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Figure 5. The correlation of experimental flow stress and predicted values for true strains of (a) 0.69, (b) 0.92, (c) 1.20 and (d) 1.38. 
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Figure 6. The variety of apparent activation energy (Q) with increasing strains of 0.69, 0.92, 1.20 and 1.38. 
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Figure 7. Stress-strain curves after deformation at true strains of (a) 0.69, (b) 0.92, (c) 1.20 and (d) 1.38. 
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Figure 8. The OM photographs of Al–4.30Mg alloy deformed at 450 °C and a strain rate of 0.01 s−1 with a reduction of (a) 60% and (b) 75%. 






Figure 8. The OM photographs of Al–4.30Mg alloy deformed at 450 °C and a strain rate of 0.01 s−1 with a reduction of (a) 60% and (b) 75%.



[image: Metals 11 00347 g008]







[image: Metals 11 00347 g009 550] 





Figure 9. The TEM images after deformation at (a) 450 °C, 0.01 s−1/0.69 strain; (b) 450 °C, 0.01 s−1/0.92 strain; (c) 500 °C, 1.0 s−1/1.20 strain; (d) 450 °C, 1.0 s−1/1.38 strain and and (d*) 400 °C, 0.01 s−1/1.38 strain. (β is the second phase of the alloy). 
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Table 1. Chemical compositions of Al–4.30Mg alloy (wt.%).
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	Mg
	Si
	Fe
	Cu
	Mn
	Cr
	Zn
	Ti
	Al





	4.30
	0.118
	0.188
	0.022
	0.03
	0.01
	0.03
	0.031
	Bal.
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Table 2. Values of α, n, Q and A of Arrhenius constitutive model in different amounts of deformation strain.
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	True Strain
	A/s−1
	α/MPa−1
	n
	Q/kJ/mol





	0.69
	1.55×109
	1.45×10−2
	3.83588
	140.300



	0.92
	8.37×108
	1.44×10−2
	3.70879
	136.350



	1.20
	1.13×108
	1.39×10−2
	3.77810
	124.079



	1.38
	1.70×107
	1.27×10−2
	4.03817
	112.744
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Table 3. Calculated values of R* and average absolute relative error (AARE) for constitutive equations with different stains.
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	True Strain
	Q/kJ/mol
	R*
	AARE(%)





	0.69
	140.300
	0.9962
	2.77%



	0.92
	136.350
	0.9974
	2.28%



	1.20
	124.079
	0.9963
	4.29%



	1.38
	112.744
	0.9883
	5.96%
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