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Abstract

:

The effect of Cu and Zr additions and annealing temperature on electrical conductivity and hardness of the Al–1.5 wt.% Mn alloy in the form of as-cast ingots and cold rolled sheets has been investigated. It is shown that due to the formation of low alloyed aluminum solid solution and Al20Cu2Mn3 and Al3Zr (L12) phase nanoparticles, the 1.5MnCuZr alloy is superior to the base 1.5Mn alloy both in the hardness (up to two times) and electrical conductivity (up to 30%) after metal processing and annealing. A new alloy can be considered as a replacement for existing 6201 type conductive alloys.
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1. Introduction


Wrought AA3003 type aluminum alloys containing 1%–1.5% Mn are characterized by high manufacturability (in particular, in the manufacture of sheet metal) and good corrosion resistance [1,2,3,4]. Due to the manganese addition their strength is higher in comparison with unalloyed aluminum (1xxx series). On the other hand, manganese dissolved in aluminum solid solution (referred to as (Al)) significantly reduces their electrical conductivity (EC) [5,6,7]. Annealing of aluminum–manganese alloys leads to the precipitation of Al6Mn dispersoids from (Al) and, as a result, a decrease in the concentration of Mn in (Al). This process significantly increases the EC, but it still remains too low. Therefore, alloys of the 3xxx series are not considered as conductive, although the presence of submicron size dispersoids significantly increases the recrystallization temperature and therefore the permissible operating temperatures [8,9,10,11] compared to unalloyed aluminum. It should be noted that the interest to heat-resistant conductor alloys has increased significantly in recent years [12,13,14,15]. Their production is a difficult task since it requires the achievement of difficultly combinable properties (electrical conductivity, strength, heat resistance and high manufacturability). Alloys with the addition of zirconium are the most suitable for solving this problem [16,17,18,19]. This element (usually in an amount of 0.3%–0.4%) is an effective hardener in aluminum alloys due to the formation of Al3Zr (L12) phase secondary precipitates, which are less than 10 nm in diameter [20,21]. These nanoparticles are formed during annealing via decomposition of the supersaturated as-cast (Al). This feature allows for a significant increase in the strength of aluminum alloys by simple annealing (below 450 °C), i.e., without additional heat treatment, including quenching in water. However, the strength of the alloys does not exceed 250 MPa, which is lower than that of the 6xxx alloys that are also used as conductive materials. However, these alloys soften when heated to above 200 °C; therefore, they cannot be considered as heat-resistant. It was shown [22] that for the experimental alloy containing 1.5% Cu, 1.5% Mn and Zr, an ultimate tensile strength (UTS) of about 600 MPa can be obtained in a wire. This result is largely due to the presence of Al20Cu2Mn3 dispersoids in the structure (based on reported models in literatures [23,24], the Al20Cu2Mn3 phase has orthorhombic, Ccmm crystal lattice structure with a = 2.411 nm, b = 1.251 nm and c = 0.771 nm [24]). A more complete decomposition of the aluminum solid solution and the formation of the corresponding Mn and Cu containing nano-sized dispersoids can provide for the creation of conductive alloys with an improved combination of EC, strength and heat resistance.



It is shown earlier [5] that the addition of Cu into the base Al–1% Mn binary alloy can significantly increase the EC. The influence of copper on the electrical conductivity is highly dependent on the annealing mode, which can be explained by a complex change in the concentration of Cu and Mn in (Al) during heating. The greatest effect was observed in alloys containing 1%–3% Cu after annealing at 400–450 °C. Such studies were not carried out for wrought semi-finished products. It should be noted that copper at up to ~1.5 wt.% has little effect on the as-cast structure since most of it dissolves in (Al). Therefore, such alloys do not require homogenization since their ductility is high in as-cast state (i.e., they have a high manufacturability during metal forming) [25,26].



Based on the above, the purpose of this work is to study the effect of Cu and Zr additions and annealing temperature on electrical conductivity and hardness of the Al–1.5 wt.% Mn alloy in the form of as-cast ingots and cold rolled sheets.




2. Materials and Methods


The main subjects of the experimental study were 3 Mn-containing alloys: binary (Al–1.5% Mn), ternary (Al–1.5% Mn–1.5% Cu) and quaternary (Al–1.5% Mn–1.5% Cu–0.5%Zr). Al–1.5% Cu binary alloy was also prepared as a reference alloy. All the four alloys (referred to as 1.5MnCu, 1.5MnCuZr, 1.5Mn and 1.5Cu, respectively) were studied in the form of ingots and cold rolled sheets. The melting was carried out in an electric resistance furnace (GRAFICARBO S.r.l., Casalpusterlengo Loc. Zorlesco (LO), Italy) based on high purity aluminum (99.99%) and corresponding master alloys. The casting temperatures were ~750 °C for alloys without Zr and ~900 °C for the 1.5MnCuZr alloy. The chemical composition of the experimental alloy, according to spectral analysis (electron microprobe analysis—EMPA, OXFORD Aztec, Oxford Instruments, Oxfordshire, UK), is given in Table 1.



By using laboratory rolls of VEM-3SM (JMO, St. Petersburg, Russia), sheets with a thickness of 2 mm were obtained at room temperature from the ingots (the reduction ratio was 80%). Additionally, to assess the manufacturability and hardening, some of these sheets were rolled to 0.5 mm and 0.1 mm (reduction ratios of 95% and 99%, respectively). Samples cut from the ingots and the sheets were annealed in a stepwise mode in the temperature range from 200 to 600 °C with a step of 50 °C and 3 h exposure at each step (referred to as F200–F600 for ingots and CR200–CR600 for cold rolled sheets). The stepwise mode allows us to carry out all studies of the influence of heating temperatures on one sample. This method was both informative and economical for the Al alloys, which hardened due to the nanoparticles of the L12 phase [27]. At each step, the electrical conductivity and hardness (HV) were measured for the ingots and the sheets. EC values were determined by the eddy current method with the help of a VE-26NP eddy structure scope (CJSC Research institute of introscopy SPEKTR, Moscow, Russia), using pure aluminum (99.99%) as a reference for each measurement. Vickers hardness was determined using a DUROLINE MH-6 hardness tester (METKON Instruments Inc., Bursa, Turkey) with a load of 1 kgf and a dwell time of 10 s.



The microstructure was examined with optical microscopy (OM, Olympus GX51, ITX Corporation, Tokyo, Japan), transmission electron microscopy (TEM, JEM-2100, JEOL Ltd., Tokyo, Japan), scanning electron microscopy (SEM, TESCAN VEGA 3, Tescan Orsay Holding, Brno, Czech Republic) and electron microprobe analysis (EMPA, OXFORD Aztec, Oxford Instruments, Oxfordshire, UK).



To calculate the phase composition of alloys (fractions of phases and chemical composition of (Al)), we used Thermo-Calc software (database TTAL5) [28].




3. Results


3.1. Computational and Experimental Analysis of The Evolution of The Microstructure


The results of metallographic analysis showed that the 1.5Mn binary alloy, as expected, has a single-phase structure, i.e., all manganese was dissolved in (Al), which was also confirmed by EMPA data (Table 2). In all the copper containing alloys a small amount of uniformly distributed eutectic inclusions of the Al2Cu phase was revealed (Figure 1a). As follows from Table 2, most of the copper was included in (Al). Segregation of manganese (in Mn-containing alloys) is insignificant (Figure 1b) and the concentration of copper (in Cu-containing alloys) is slightly higher at the boundaries of the dendritic cells (Figure 1c). Most of the zirconium in the 1.5MnCuZr alloy, as follows from the EMPA results (Table 2), is dissolved in (Al). Only a few primary crystals of the Al3Zr phase were found (Figure 1d).



In general, the as-cast structure of the ternary and quaternary alloys is characterized by a small number of eutectic inclusions of the Al2Cu phase. This type of structure suggests a high deformation plasticity of the alloys [29,30]. Cold rolling of the ingots (to 0.1 mm thickness) confirmed this assumption. On the other hand, the high concentration of manganese in (Al) determined the low electrical conductivity of all the Mn-containing alloys (Table 2), which had significantly lower EC than the reference 1.5 Cu alloy and pure aluminum (37.8 MS/m). It should be noted that the effect of manganese on electrical conductivity was incomparably higher than that for the copper. Dissolution of zirconium in the aluminum solid solution (Al) (Figure 1d) led to an additional relatively weak decrease in electrical conductivity (Table 2). A quantitative analysis of the contribution of each element to electrical conductivity would be discussed in the next section.



Electrical conductivity is known to be one of the most sensitive characteristics to the composition of (Al) [31]. For a preliminary assessment of the structural changes occurring during annealing in the Mn-containing alloys, the equilibrium phase composition was calculated at temperatures of 200–600 °C (Table 3). According to the calculation, the main difference between them is that manganese must precipitate from (Al) in the binary alloy in the form of Al6Mn dispersoids while in the ternary and quaternary alloys it will precipitate in the form of Al20Cu2Mn3 phase. With increasing temperature, the equilibrium concentrations of Mn, Cu and Zr in (Al) increase, and the number of phases containing these elements decreases. Since the cast structure is characterized by strongly supersaturated (Al) (i.e., it is non-equilibrium), its change during annealing was assumed to be rather complicated (mainly for the 1.5MnCu and 1.5MnCuZr alloys). This is due to various processes: the decomposition of supersaturated (Al) with the formation of dispersoids, the dissolution of eutectic inclusions of the Al2Cu phase, and a decrease in microdritic segregation. Since all the manganese in the as-cast state is dissolved in (Al), the following phases should form as dispersoids: Al6Mn (in the 1.5Mn alloy) and Al20Cu2Mn3 (in the 1.5MnCuZr and 1.5MnCuZr alloys, respectively) [23]. In contrast, the concentrations of manganese and copper in (Al), as well as that of Zr in the 1.5MnCuZr alloy, should increase with increasing temperature [22,27]. However, since the concentration of these elements in (Al) in the as-cast structure was significantly higher than that in the equilibrium state, the approximation to the calculated values was only possible at temperatures for which the diffusion of alloying elements was sufficiently high.




3.2. Hardness and Electrical Conductivity Analysis


As can be seen from Figure 2a,b, in the initial state when (Al) was highly alloyed (Table 2), the ingots and the cold-rolled sheets of Mn-containing alloys differed but slightly in the EC. As can be seen, cold rolling had almost no effect on EC. Taking into account that the electric conductivities for both cast and annealed at 200 °C ingots were equal, the possibility of natural aging for these alloys could be completely excluded (Figure 2a). During annealing at up to 300 °C, the situation remained almost unchanged, which means a slight decomposition of (Al). However, a further increase in temperature led to significant differences. In particular, a significantly sharper increase in the EC of the 1.5MnCu and 1.5MnCuZr alloys was observed. For the ingots, the maximum difference was reached at 500 °C (state F500) while for the sheets it was at 400 °C (state CR400). It should be noted that the maximum values of SEC for the sheets were noticeably higher than those for the ingots. This can be explained by the effect of plastic deformation (i.e., a high dislocation density) leading to a higher decomposition rate of (Al). During a further increase in the annealing temperature, the difference in EC decreased. The electrical conductivity of 1.5Cu reference alloy changed but slightly.



The temperature dependences of the hardness of the ingots shown in Figure 2c demonstrate the strengthening effect of the zirconium addition after annealing at 400–500 °C. The hardness of the 1.5MnCuZr alloy in the F450 state was more than two times that of the binary alloys. Cold rolling led to approximately the same strain hardening of the alloys (about 30 HV), i.e., the difference between them remained the same as in the as-cast state (Figure 2d). The most significant difference is observed between the alloys after annealing at 300–450 °C. The hardness of the 1.5Cu reference alloy decreased after heating to above 250 °C and at 300 °C it was only 30 HV. The presence of dispersoids in the other alloys substantially increased the softening threshold. As in the case of ingots, the alloy with the addition of zirconium had the highest resistance to softening. In particular, this resistance in the CR400 state of the 1.5MnCuZr alloy was almost two times than that of the 1.5Mn binary alloy. The higher heat resistance of this alloy was accounted for by the presence of dispersoids, which prevent recrystallization [32,33,34]. In particular, dark field TEM Figure 3a shows the presence of a high fraction of nanoscale dispersoids, which, in agreement with the obtained SADP (selected area diffraction pattern), corresponded to the Al3Zr phase with L12 structural type having a characteristic cube-on-cube orientation relationship with the matrix. TEM analysis also revealed the presence of Al20Cu2Mn3 phase dispersoids with a length of 100 nm (Figure 3b). As can be seen from Figure 3c, the observed dispersoids were detected at dislocations and grain boundaries, which confirms their high pinning ability during high-temperature annealing. It should be emphasized that Al3Zr-L12 dispersoids had superior pinning ability, which was well confirmed by the results in Figure 3d. In particular, the hardness of a ternary alloy without zirconium began to gradually decrease starting at an annealing temperature of 250 °C. The observed result was associated with the coarsening of Al20Cu2Mn3 phase dispersoids (Figure 3d), which led to a decrease in the pinning ability, resulting in the development of recrystallization processes. On the other hand, the hardness of the quaternary alloy remained almost unchanged up to an annealing temperature of 450 °C (Figure 2d). This was due to the increased thermal stability of the nanoscale Al3Zr-L12 dispersoids, the volume fraction of which (according to the calculation results) at 0.4 wt.% Zr could reach 0.6%.





4. Discussion


Any alloying of pure metals is known to cause a decrease in the EC. To assess the contribution of various factors to the EC of the studied alloys, the equation below is proposed:


EC = Q(Al)·(EC0–KMn∙CMn–KCu·CCu – KZr∙CZr)·K0,



(1)




where EC and EC0—electrical conductivity of alloy and pure aluminum (99.99%) correspondingly, MS/m;




	
Q(Al)—volume fraction of (Al) in alloy;



	
CMn, CCu and CZr—concentrations of Mn, Cu and Zr in (Al) correspondingly, wt.%;



	
KMn, KCu and KZr—coefficients of EC decrease per 1 wt.% of Mn, Cu and Zr in (Al) correspondingly;



	
K0—empirical constant.








The parameters CMn, CCu, CZr and Q(Al) were calculated using Thermo-Calc software. The coefficients KMn and KCu were evaluated by comparing the EC of pure aluminum and the as-cast 1.5Mn and 1.5Cu alloys (Table 2). They were 16.5 and 0.8, respectively. The value of KZr according to [27] was 12.6, and the empirical constant was estimated to be 0.84 by processing of the experimental and calculated data.



Comparison between the experimental (obtained for the sheets) and calculated EC at different temperatures is illustrated with the dependences shown in Figure 4. These dependences show that at high annealing temperatures, starting from 450 °C, there was a good agreement between the calculated and experimental EC for all the Mn-containing alloys. With decreasing temperature, the difference between the calculated and experimental values increased, which could be attributed to insufficient exposure times for achieving the equilibrium composition (Al).



The higher values of electrical conductivity of the 1.5MnCu and 1.5MnCuZr alloys (compared to the base alloy 1.5Mn) after annealing at 350–400 °C could be accounted for by the influence of copper on the increase in the decomposition rate of the (Al) solid solution. Thus, an increase in the holding time during annealing at these temperatures could lead to equalization of EC between the alloys. However, in this case we should expect a stronger softening than for a 3-h exposure. Taking into account that, according to the requirements of IEC 62004: 2007, the maximum heating temperature for heat-resistant wires is 400 °C (AT4), the CR400 mode is the most indicative for comparing the test alloys. In this state, the 1.5MnCuZr alloy was superior to the 1.5Mn alloy both in the hardness (by 80%, see Figure 2d) and in the electrical conductivity (by 19%, see Figure 2b).



In summary, based on the data obtained, we could conclude that the 1.5MnCuZr quaternary model alloy was promising as the basis for the development of conductive alloys with high strength and heat resistance. These alloys could replace existing alloys of the Al–Mg–Si system (type 6201) [35]. Their advantage over the latter alloys was that they did not require homogenization, solution treatment and water quenching, which often leads to instability of properties, as well as their resistance to heating above 200 °C, while the electrical conductivity of both new and 6201 type alloys were at a close level.




5. Conclusions


By using experimental and calculation methods, the effect of copper (1.5 wt.%) and zirconium (0.5 wt.%) additives on the electrical conductivity and hardness of ingots and cold-rolled sheets of model aluminum alloys containing 1.5 wt.% Mn were analyzed.



It was found that the entire amount of manganese, as well as most of copper and zirconium, dissolved in the aluminum solid solution during solidification, which allowed both high alloy processability during cold rolling and the formation of Al20Cu2Mn3 (instead of Al6Mn in base alloy) and Al3Zr dispersoids during annealing.



It is shown that the addition of copper and zirconium after annealing at 400–450 °C of ingots and sheets allowed both to increase the hardness and electrical conductivity in comparison with the base binary alloy. Presumably, this could be associated with the acceleration of the aluminum solution decomposition, which led to a decrease in the concentration of Mn in (Al) and formation of dispersoids with high pinning ability.



A calculation model of the dependence of electrical conductivity as a function of the phase composition was proposed. It is shown that the proposed model was in a good agreement with the experimental values obtained on cold-rolled sheets annealed at temperatures above 450 °C.



Based on the results obtained, the Al–1.5% Mn–1.5% Cu–0.5% Zr model alloy was promising as the basis for the development of high-strength and heat-resistant conductive alloys as an alternative to the existing conductive alloys of the 6xxx series.
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Figure 1. Microstructure (a) of electron microprobe analysis (EMPA) mapping (b–d) for alloy1.5MnCuZr, as-cast ingot, (a) SEM for mapping, (b) Mn, (c) Cu and (d) Zr. 
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Figure 2. Electrical conductivity (a,b) and hardness (c,d) and vs. temperature curves for experimental alloys: (a,c) ingots and (b,d) cold rolled sheets. A measurement error for SEC values: ±0.22 MS/m for as-cast samples and ±0.08 MS/m for rolled samples. A measurement error for hardness values: ±2 HV for as-cast and rolled samples. 
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Figure 3. Dispersoids of Al3Zr (a,c) and Al20Cu2Mn3 (b,c) in cold rolled alloy 1.5MnCuZr after annealing: (a–c) at 400 °C (state CR400), TEM and (d) at 600 °C (state CR600), SEM. (a) Dark field and diffraction patterns and (b,c) bright field. 
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Figure 4. Calculated (according Equation (1)) and experimental values of electrical conductivity for cold rolled sheets of alloys (a) 1.5Mn, (b) 1.5MnCu and (c) 1.5MnCuZr. 
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Table 1. Chemical compositions of experimental alloys.






Table 1. Chemical compositions of experimental alloys.





	
Alloy Designation

	
Concentrations, wt.% (at.)




	
Cu

	
Mn

	
Fe

	
Si

	
Zr

	
Al






	
1.5Mn

	
-

	
1.57 ± 0.03 (0.78)

	
0.04 ± 0.03 (0.03)

	
0.00 ± 0.02 (0.00)

	
-

	
Balance




	
1.5Cu

	
1.64 ± 0.05 (0.70)

	
-

	
0.03 ± 0.03 (0.01)

	
0.00 ± 0.02 (0.00)

	
-




	
1.5MnCu

	
1.61 ± 0.05 (0.70)

	
1.39 ± 0.03 (0.69)

	
0.06 ± 0.03 (0.03)

	
0.00 ± 0.02 (0.00)

	
-




	
1.5MnCuZr

	
1.61 ± 0.05 (0.70)

	
1.37 ± 0.03 (0.69)

	
0.17 ± 0.03 (0.08)

	
0.00 ± 0.02 (0.00)

	
0.55 ± 0.06 (0.17)
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Table 2. Compositions of aluminum solid solution and electrical conductivity (EC) in the as-cast state.
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Alloy

	
Concentration in (Al), wt.% (at.)

	
EC, MS/m




	
Mn

	
Cu

	
Zr

	
Fe

	
Si






	
1.5Mn

	
1.52 ± 0.12 (0.76)

	
-

	
-

	
0.04 ± 0.10 (0.02)

	
0.01 ± 0.08 (0.01)

	
13.3




	
1.5Cu

	
-

	
1.17 ± 0.16 (0.48)

	
-

	
0.03 ± 0.10 (0.02)

	
0.02 ± 0.08 (0.02)

	
32.4




	
1.5MnCu

	
1.39 ± 0.11 (0.69)

	
1.30 ± 0.16 (0.57)

	
-

	
0.02 ± 0.10 (0.01)

	
0.01 ± 0.08 (0.01)

	
13.7




	
1.5MnCuZr

	
1.18 ± 0.11 (0.56)

	
1.04 ± 0.16 (0.43)

	
0.39 ± 0.21 (0.11)

	
0.05 ± 0.10 (0.03)

	
0.01 ± 0.08 (0.01)

	
12.2
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Table 3. Calculated data on the phase composition of 1.5Mn and 1.5MnCu alloys at various temperatures.






Table 3. Calculated data on the phase composition of 1.5Mn and 1.5MnCu alloys at various temperatures.





	
T, °C

	
Alloy

	
The Fraction of Phases, vol.%

	
Concentrations in (Al), wt.%




	
Al6Mn

	
Al20Cu2Mn3

	
Al2Cu

	
Mn

	
Cu






	
200

	
0Cu

	
6.19

	
-

	
-

	
<0.01

	
-




	

	
1.5Cu

	
-

	
7.01

	
0.82

	
<0.01

	
0.10




	
250

	
0Cu

	
6.17

	
-

	
-

	
<0.01

	
-




	

	
1.5Cu

	
-

	
6.99

	
0.60

	
<0.01

	
0.24




	
300

	
0Cu

	
6.12

	
-

	
-

	
0.02

	
-




	

	
1.5Cu

	
-

	
6.96

	
0.20

	
0.01

	
0.47




	
350

	
0Cu

	
6.01

	
-

	
-

	
0.05

	
-




	

	
1.5Cu

	
-

	
6.87

	
-

	
0.03

	
0.60




	
400

	
0Cu

	
5.80

	
-

	
-

	
0.11

	
-




	

	
1.5Cu

	
-

	
6.64

	
-

	
0.07

	
0.64




	
450

	
0Cu

	
5.43

	
-

	
-

	
0.21

	
-




	

	
1.5Cu

	
-

	
6.19

	
-

	
0.17

	
0.71




	
500

	
0Cu

	
4.83

	
-

	
-

	
0.37

	
-




	

	
1.5Cu

	
-

	
5.54

	
-

	
0.33

	
0.82




	
550

	
0Cu

	
3.93

	
-

	
-

	
0.60

	
-




	

	
1.5Cu

	
-

	
4.33

	
-

	
0.56

	
0.99




	
600

	
0Cu

	
2.53

	
-

	
-

	
0.93

	
-




	

	
1.5Cu

	
-

	
2.78

	
-

	
0.86

	
1.22
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