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Abstract

:

The compression tests in a temperature range of 400–540 °C and strain rates of 0.1–15 s−1 were applied to novel Al-Cu-Y(Er)-Mg-Mn-Zr alloys to investigate their hot deformation behavior. The higher volume fraction of the intermetallic particles with a size of 0.5–4 µm in the alloys caused an increase in flow stress. Hyperbolic sine law constitutive models were constructed for the hot deformation behavior of Al-Cu-Y(Er)-Mg-Mn-Zr alloys. Effective activation energy has a higher value in the alloys with Er than in the alloys with Y. According to the processing maps, the temperature range of 420–480 °C and strain rates higher than 5 s−1 are the most unfavorable region for hot deformation for the investigated alloys. The deformation at 440 °C and 15 s−1 led to cracks on the surface of the sample. However, internal cracks were not observed in the microstructure after deformation. The optimum hot deformation temperatures were in a range of 500–540 °C and at strain rates of 0.1–15 s−1.
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1. Introduction


Aluminum alloys play a significant role in the industry due to their high specific strength, corrosion-resistance, and workability during casting and deformation processing. Such two processes are the main stages of aluminum alloy production and heat treatment, which form the microstructure of the products. Hot deformation behavior plays an important role in investigations and the development of novel aluminum alloys [1,2,3,4,5,6,7]. Hot deformation can significantly improve the microstructure of as-cast materials due to decreasing the porosity, the size of the crystallization origin particles, and the grain size. It considerably enhances the strength and plasticity of materials.



Novel Al-Cu-Y [8,9,10,11,12] and Al-Cu-Er [9,13,14,15,16] alloys demonstrate enhanced casting and mechanical properties due to a wide solidification range [8,9,11,17,18,19,20] and particle dispersion and thermally stable structure [8,9,10,11,12,13,14,15,16]. Perspective quasibinary Al-Cu-Ce alloys also exhibit such properties [21]. Multicomponent alloys [12,16] demonstrate high hardness and tensile strength after heat and thermomechanical treatments due to the formation of nano-sized precipitates under solution treatment and aging. The formation of micron-sized intermetallic particles of solidification origin provide high yield strength at elevated temperatures [22,23].



The development of the optimal technology of hot deformation requires the response of the material under different thermomechanical conditions. Usually, thermomechanical simulators are used for the determination of rheological properties [24,25]. However, the true stress–true strain curves are obtained only in discrete mode for a limited set of strain rates and temperatures. The constitutive modeling of hot deformation behavior is required to extend the mechanical testing results on continuous ranges of strain rates and temperatures [26]. Recently, constitutive models were constructed for a wide range of aluminum alloys such as 2A14 [26], AA6099 [27], and AA6061 [28]. Most of the publications have been devoted to investigating alloys with a small number of eutectic origin particles. However, it is known that such particles may significantly influence hot deformation behavior [29,30,31,32,33]. For example, it was found that the flow stress was lowered by decreasing the Al3Ni size at a low 0.03 volume fraction in binary Al-Ni alloys and intensive softening at large strains was achieved in the alloy with a 0.1 volume fraction of fine Al3Ni particles [29]. Wu et al. demonstrated the effect of micro-sized Si particles on the hot deformation behavior of Al-Si-Mg alloys [30]. This effect corresponds to particle-stimulated nucleation [30]. Mikhaylovskaya et al. showed that particle-stimulated nucleation occurred due to Al9FeNi and Mg2Si eutectic origin phases during hot tension of the Al-Mg-Si alloy doped with eutectic-forming Ni and Fe [31]. Zhang et al. investigated the effect of Al4Sr particles on hot deformation behavior. In particular, they used constitutive modeling, which improved the hot extrusion process of the Al-10Sr master alloy [32]. However, few works have been devoted to investigating the effect of the Y and Er content phases on the hot deformation behavior of Al-Cu alloys. Chankitmunkong et al. showed that the AA4032 alloy with 3.5Cu and 0.4Er had a lower activation energy of deformation compared to the base alloy without Er [33]. The alloy with Er demonstrated more polygonized grains at a low strain rate than the alloys without Er, indicating that Er hindered recrystallization development [33].



The main hot deformation parameters are temperature, strain rate, and strain. However, the initial microstructure is critical for deformation behavior and microstructure formation [1]. This work aimed to investigate the hot deformation behavior of novel Al-Cu-Y(Er)-Mg-Mn-Zr alloys with different initial microstructures.




2. Materials and Methods


The composition of the investigated alloys is shown in Table 1. The alloys were melted from pure Al (99.7Al, 0.15Fe, and 0.15Si), Mg (99.9%), Al-10Mn, Al-5Zr, Al-5Ti-1B, Al-8Er, and Al-10Y master alloys in a resistance furnace at 830 °C. Melt was poured into a water-cooling copper mold with an ingot size of 20 × 40 × 120 mm3. Before hot compression, the samples were homogenized at 575 °C for 3 h [22,23]. Mechanical testing at elevated temperatures was carried out using a thermomechanical simulator Gleeble 3800 (Dynamic Systems Inc., Poestenkill, NY, USA). The samples for compression were cylinders with a height of 15 mm and a diameter of 10 mm. Hot compression proceeded in a temperature range of 400–540 °C and at strain rates of 0.1–15 s−1. The heating of the samples to the hot compression temperature was carried out with the rate of 5 K/s. The soaking time before compression was 30 s. The samples were immediately quenched after the deformation by compressed air. The cooling rate was about of 20 K/s. The compression stress–strain curves were recalculated to consider friction and adiabatic heating during deformation [34,35]. Processing maps were constructed by B-spline interpolation using OriginLab Software (Version 9.1, Northampton, MA, USA).



The microstructure of the samples was investigated using a scanning electron microscope (SEM) Tescan-VEGA3 LMH (TESCAN, Brno, The Czech Republic) equipped with an energy dispersive X-ray spectrometer (EDS) (X-MAX80, Oxford Instruments Advanced AZtecEnergy, High Wycombe, UK) and a light microscope (LM) Carl Zeiss Axiovert 200 (Carl Zeiss AG, Oberkochen, Germany). The samples for the microstructural investigations were mechanically polished and electrochemically etched. The grain size, size, and volume fraction of intermetallic phase particles were determined by the linear intercept method.




3. Results and Discussion


3.1. Initial Microstructure


The initial grain structure and the phase composition of the alloys were investigated in detail in [22,23]. Figure 1 illustrates the typical microstructure of the AlCuErMg2 alloy in the as-homogenized state. The grain structure is shown in Figure 1a (LM) and the microstructure in the back scattered electron in Figure 1b (SEM). The dark phase is the aluminum solid solution (Al) and the light phases are the intermetallic particles. The average grain size of the AlCuYMg2 and AlCuErMg2 alloys was in the range of 80–100 µm (Figure 1a). A finer grain structure (25–40 µm) was seen in AlCuYMg1 and AlCuErMg1 due to higher Ti content [22]. The microstructure of the Al-Cu-Y and Al-Cu-Er system based quasibinary alloys with Zr, Mn, Ti, Mg addition was investigated in detail in previous works [8,9,10,11,12,13,14,15,16]. The aluminum solid solution (Al) and a fine eutectic ((Al)+Al8Cu4Y) and ((Al)+Al8Cu4Er) were the main structure parts of the Al-Cu-Y and Al-Cu-Er system based quasibinary alloys in the as-cast state. The low fraction of the AlCu, Al3Er, (Al,Cu)11Y3 formed during solidification in the ternary alloys [8,9,13]. Manganese and magnesium additions led to formation of the Al25Cu4Mn2Er, Al25Cu4Mn2Y and Mg2Si phases [12,16,22,23]. The non-equilibrium part of the intermetallic particles dissolved during homogenization treatment. Non-dissolving particles fragmentized, spheroidized, and grew. As a result, the binary AlCu, Al3Er, ternary Al8Cu4Y, (Al,Cu)11Y3, Al8Cu4Er, and quaternary Al25Cu4Mn2Er, Al25Cu4Mn2Y phases [8,9,10,11,12,13,14,15,16,22,23] with a size of 0.5–4 µm were present in the microstructure of the investigated alloys in the as-homogenized state. The average intermetallic phase particles size was 1.5 ± 0.5 µm. The volume fraction of the intermetallic particles for the alloys with elevated copper content AlCuYMg1 and AlCuErMg1 was in the range of 11–12% [22] and for the AlCuYMg2 and AlCuErMg2 alloys, it was 8.5% [23]. The microstructure parameters are presented in Table 2.




3.2. Hot Deformation Behavior


Typical stress–strain curves are shown in Figure 2. The stress increased with decreasing the compression temperature and increasing the strain rate for all the investigated alloys. The reasons for such behavior are as follows. The increase in temperature enhanced dislocation mobility, which accelerated the annihilation and rearrangement of dislocations. The increase in strain rate can offer stronger dislocation–dislocation interaction and a shorter time for dynamic softening.



The elevated volume fraction of the intermetallic particles in the first group of the alloys led to an increase in the stress at all modes of deformation in comparison with the alloys containing lower particles. The particles are obstacles for the dislocation movement and do not provide the conditions for the particle stimulated nucleation due to high concentrations of the Mn and Zr. The stress level was slightly higher for the alloy with elevated Cu contents alloyed by Er (AlCuErMg1) in comparison with the Y-containing alloy (AlCuYMg1).



The quantitative analysis of the deformation behavior was carried out by constructing the Zener–Hollomon parameter-based constitutive model. The experimental values of the true stress at different strain rates (  ε ˙  ) and temperatures (T) at a strain of 0.8 were used for the building hyperbolic sine law model [36]:


  Z =  A  HS      [  sinh  (   α σ   )   ]     n  HS      



(1)




where Z is the Zener–Hollomon parameter [37]:


  Z =  ε ˙   e     Q  H S     R T      



(2)




where    A  HS    ,    n  HS    , and  α  are the experimentally determined parameters;    Q  H S     is the effective activation energy of hot deformation, J/mol; and R is the universal gas constant (8.314 J/mol∙K).



However, the description of special cases of the constitutive models is required to determine the α parameter’s value. The power-law form of the constitutive model is applicable for low stresses:


  Z =  A P   σ   n P     



(3)







The exponential form is usually used for elevated stresses:


  Z =  A E   e   β σ     



(4)




where    A P   ,    n P  ,      A E  ,     and  β  are the experimentally determined parameters.



The parameter α may be approximately determined as:


  α ≈  β   n P     



(5)







The values of the constants in Equations (1) and (2) are shown in Table 3. The effective activation energy has a value in the range of 171–204 kJ/mol, which corresponds to the values obtained for the other aluminum alloys with a high content of intermetallic particles (e.g., 187 kJ/mol for the Al-4Ni-5.5Mg alloy [29] and 222 kJ/mol for the Al-10Sr master alloy). The effective activation energy    Q  H S     had a higher value for the alloys with Er than with Y for both low-alloyed and high-alloyed materials. The particles of the Er-containing phase may have higher strength than the Y-containing phases. As a result, the energetic barrier for the hot deformation of the AlCuErMg1 and AlCuErMg2 alloys was higher than for the AlCuYMg1 and AlCuErMg2 alloys.



The accuracy of the constructed constitutive model was quantified using the average absolute relative error (AARE) and Pearson’s correlation coefficient (R), which are expressed as [38]:


  A A R E  ( % )  =   100  N    ∑   i = 1  N     |   E i  −  C i   |     E i     



(6)






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



(7)







Here, E and C are experimental and calculated by the model stress, and      E ¯   ¯    and    C ¯    are the mean values. N is the number of experiments used for the model construction. As shown in Figure 3, the model’s accuracy was high (R = 0.995 and AARE = 3.1%).




3.3. Processing Maps


A hot processing map is a powerful tool to determine the optimal hot deformation technologies. This approach is based on the dynamic material model (DMM) suggested by Prasad and Gegel [39]. Processing maps may help determine the efficiency of power dissipation during forming and find unstable modes of deformation. The method linked the deformation medium mechanics with the evolution of the dissipative microstructure, which described the dynamic response of the microstructure during hot deformation. Such an approach was widely applied for the analysis of the hot deformation behavior of aluminum alloys. Optimal thermomechanical parameters were found using processing maps for Al4.5Zn4.5Mg1Cu0.12Zr(0.05–0.15)Sc [40], AA7020 [41], 6A02 [42], and 6063 [43] aluminum alloys.



Based on the dissipative structure theory, the total power required per unit volume of the material during hot deformation was described as:


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



(8)




where P is the power dissipated during hot deformation; J is the power consumed by the evolution of the microstructure such as recrystallization, recovery, and phase transformation. Unfortunately, the integration of the stress–strain rate dependence in the form of hyperbolic sine law is impossible in the non-numeric form. This is the reason why the power-law is applied for the construction of processing maps:


  σ = K   ε ˙  m   



(9)




where K is the material constant, and m is the strain rate sensitivity coefficient:


  m =   ∂ l n σ   ∂ l n  ε ˙     



(10)







J co-content can be written as


  J =   ∫  0 σ   ε ˙  d σ =  m  m + 1   σ  ε ˙   



(11)







The maximum possible dissipation was reached when m = 1, so J co-content obtains the maximum, which implies Jmax = (σ  ε ˙  )/2 = P/2.



The power dissipation efficiency η can be calculated by the equation as [41]:


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



(12)







The instability of the material during hot deformation is represented by the dimensionless parameter of ξ:


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



(13)







The processing maps for the investigated alloys are presented in Figure 4. Temperatures of 420–480 °C and strain rate higher than 5 s−1 were the most unwelcome deformation conditions for all the investigated alloys. This region on the processing maps is characterized by the minimum values of the power dissipation efficiency and the negative values of the flow instability. As a result, cracks on the surface of the samples appeared during deformation at 440 °C and 15 s−1 (Figure 5a). The deformation in conditions with a positive flow instability parameter and a higher value of power dissipation efficiency did not lead to the fracture of the sample (Figure 5b).



The microstructure after the deformation at different regions in processing maps is presented in Figure 6. According to the processing maps, no internal cracks were observed in the microstructure for the samples deformed at unfavorable regions. However, the low values of power dissipation efficiency are due to the fact that the microstructure is unrecrystallized after compression at 440 °C and a strain rate of 15 s−1. The high concentration of the Mn and Zr prevented the growth of new grains. The increase in the deformation temperature to 540 °C led to dynamic recrystallization at a high strain rate of 15 s−1. However, the deformation at a lower strain rate of 0.1 s−1 did not provide conditions for dynamic recrystallization. The dynamic recovery fully neutralized stimulus for the appearance and the growth of new grains due to a long period of deformation and the high stacking fault energy of the (Al) solid solution [44,45].



The AlCuErMg1 and AlCuYMg1 alloys are more suitable as heat resistant cast alloys due to the high-volume fraction of the intermetallic particles, high strength at room and elevated temperatures [22], and the worst hot deformation behavior. The AlCuErMg2 and AlCuYMg2 alloys demonstrated a better hot deformation behavior, and the level of the room temperature strength of the wrought alloys was similar to the 2xxx alloys [23].





4. Conclusions


	(1)

	
The hot deformation behavior of four novel Al-Cu-Y(Er)-Mg-Mn-Zr alloys was investigated through compression tests in a temperature range of 400–540 °C and strain rates of 0.1–15 s−1. A higher intermetallic particle content in the alloys led to an increase in flow stress at all the investigated temperatures and strain rates.




	(2)

	
Hyperbolic sine law constitutive models of the Al-Cu-Y(Er)-Mg-Mn-Zr alloys’ hot deformation behavior were constructed. Effective activation energy had a higher value in the alloys with Er than in those with Y.




	(3)

	
The construction of the processing maps showed that a temperature range of 420–480 °C and strain rates higher than 5 s−1 were the most unfavorable region for hot deformation for all investigated alloys. The deformation at 440 °C and 15 s−1 led to cracks on the surface of the samples. However, internal cracks were not observed in the microstructure after deformation.
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Figure 1. Microstructure of the AlCuErMg2 alloy in the as-homogenized state: (a) LM and (b) SEM. 
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Figure 2. Typical true stress–true strain curves for the investigated alloys deformed at a strain rate of 1 s−1 (a,c) and at a temperature of 440 °C (b,d). 
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Figure 3. Comparison between the predicted and the experimental values of the flow stress. 
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Figure 4. Processing maps of the investigated alloys: (a) AlCuYMg1, (b) AlCuErMg1, (c) AlCuYMg2, and (d) AlCuErMg2. Line contours are the values of the power dissipation efficiency (η), and the gray areas correspond to the negative values of the instability criteria. 
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Figure 5. Image of the AlCuYMg1 and AlCuErMg1 alloys samples deformed at (a) 440 °C 15 s−1 and (b) 540 °C 0.1 s−1. 
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Figure 6. Grain microstructure of the investigated alloys AlCuYMg1 (a,e), AlCuErMg1 (b,f), AlCuYMg2 (c,g), and AlCuErMg2 (d,h) after compression at 440 °C and a strain rate of 15 s−1 (a–d); after compression at 540 °C and a strain rate of (e,g) 15 s−1 and (f,h) 0.1 s−1. 
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Table 1. Composition of the investigated alloys.
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	Alloy
	Cu
	Er/Y
	Mg
	Mn
	Zr
	Fe
	Si
	Ti





	AlCuYMg1
	5.6
	-/2
	1
	0.8
	0.3
	0.15
	0.15
	0.15



	AlCuErMg1
	5.4
	3/-
	1.1
	0.9
	0.3
	0.15
	0.15
	0.15



	AlCuYMg2
	4.5
	-/1.6
	0.9
	0.6
	0.2
	0.15
	0.15
	0.1



	AlCuErMg2
	4
	2.7/-
	0.8
	0.8
	0.2
	0.15
	0.15
	0.1
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Table 2. Microstructure parameters.
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	Alloy
	Grain Size, µm
	Intermetallic Particles Size, µm
	Intermetallic Particles Volume Fraction, %





	AlCuYMg1 and AlCuErMg1
	25–40
	0.5–4
	11–12



	AlCuYMg2 and AlCuErMg2
	85–100
	0.5–4
	8.5
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Table 3. The values of the Zener–Hollomon parameter-based models.
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	Alloy
	     A  H S   ,   s  − 1     
	     n  H S      
	   α   
	     Q  H S   ,   kJ / mol    





	AlCuYMg1
	1.95·1013
	5.34
	0.013
	190



	AlCuErMg1
	2.03·1014
	5.37
	0.013
	204



	AlCuYMg2
	1.17·1012
	5.10
	0.013
	171



	AlCuErMg2
	7.35·1013
	5.58
	0.014
	199
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