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Abstract

:

To refine the grain size and improve the mechanical properties of ultrahigh-strength aluminum alloy (Al-10Zn-1.9Mg-1.6Cu-0.12Zr), the Al-Ti-B-Er grain refiner was prepared by the melt reaction method using the aluminum melt and Al + Ti + B precursor. The results exhibit that the Al-Ti-B-Er grain refiner is mainly composed of a block TiAl3 phase, and loose agglomerated nano-sized TiB2 and Al3Er phases. The microstructure of ultrahigh-strength aluminum is significantly affected by the Al-Ti-B-Er refiner, which changes from dendrite to equiaxial grain with increasing Al-Ti-B-Er content, and the size of the eutectic phase is significantly refined. The high-efficiency refinement of Al-Ti-B-Er is due to Er promoting the uniform distribution of TiAl3 particles and the formation of loose agglomerated nano-sized TiB2 particles. The optimal addition content of Al-Ti-B-Er into ultrahigh-strength aluminum alloys is 1 wt%, whose grain size is approximately 40 µm. Additionally, the strength and ductility of ultrahigh-strength aluminum alloys are simultaneously improved by adding 1wt% Al-Ti-B-Er after the T6 treatment, reaching 756 MPa and 20%, respectively. This enhancement in strength and ductility is mainly attributed to grain refinement and the eutectic phase refinement.
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1. Introduction


High-strength aluminum alloys are mainly composed of Al-Zn-Mg-Cu series alloys, which are widely used in aircraft and rocket components [1,2,3]. High-strength aluminum alloys play an important role in both military and civilian aircraft [2]. From Boeing 727 to Boeing 767, the most successful uses are as follows: 7150-T651X is used for the upper airfoil, 2324-T39 and 2224-T3511 are the best lower airfoils, and 7075 alloy is used for thick forgings [4,5]. With the development of the aviation industry, the new generation of aircraft has put forward higher requirements for materials, such as light weight, high strength, high toughness, and corrosion resistance. The development of ultrahigh-strength aluminum alloys is basically focused on high strength and low toughness; high strength and high toughness; and high strength, high toughness and corrosion resistance. The subsequent development of heat treatment also follows in the direction of T6-T73-T76-T736 (T74)-T77 [6,7]. In terms of alloy designation, the alloying degree and the main alloying elements are becoming increasingly rationalized, and impurities such as Fe and Si are decreasing. Moreover, the addition of trace transition elements is becoming increasingly extensive. Then, the alloy shows excellent comprehensive properties, rather than increasing the strength and ductility [8,9].



Grain refiners are common additives in aluminum alloys and mainly play a role in grain refinement [10,11]. The grain refinement effect is an important indicator for evaluating the performance of a grain refiner, which is the most direct and reliable method. The refinement effect of a grain refiner is determined by factors such as the size, morphology, and distribution of the particles in the grain refiner. Furthermore, the cooling rate during the refinement process is also important for the grain refinement effect. Rare earth elements are active substances that can improve the morphology of particles and are excellent modifiers. In recent years, Al-Ti-B-Re and Al-Ti-C-Re grain refiners have been developed by taking advantage of the metamorphic nature of rare earths to improve the morphology and distribution of particles in the grain refiner [12,13]. Consequently, the grain-refining efficiency of grain refiner is increased. In terms of grain-refining efficiency, the rare earth elements, Al-Ti-B and Al-Ti-C, can refine the grain size, and the composite grain refiner will be more efficient. An addition of the rare earth elements Ce and La into the grain refiner can hinder the growth of the TiAl3 phase and reduce the size of TiAl3, inhibiting the formation of needle-like TiAl3 and improving the distribution of the TiAl3 phase [14,15]. In the Al-Ti-B-Re grain refiner, TiB2 is granular and has loose agglomerates that are homogenously distributed. When it is added to the aluminum melt, the rare earth elements are released and the wettability between borides and the molten aluminum is improved, then the movement of TiB2 particles is inhabited and the growth and aggregation of TiB2 particles in the melt are avoided. Thus, precipitation and aggregation existing in a homogeneous state are not easily achieved, extending the effective action time [16,17]. It can be concluded that the highly efficient refinement results from more active TiB2 particles. Al-Ti-C-Re is more efficient than Al-Ti-C according to the grain refinement experiment. It reveals that rare earth elements improve the wettability of C in aluminum melts, promoting the formation of TiC [18]. The morphology of TiAl3 particles is changed, and the grain size of pure Al is decreased from 350 μm to 50 μm after the addition of 0.5 wt% Al-Ti-C-Re. However, the grain refiner is mainly synthesized using the fluoride reaction method, resulting in low purity and high contamination. This method deteriorates the grain refiner and thus its applications in the aerospace field [19,20].



To improve the microstructure and properties of ultrahigh-strength aluminum alloy, the Al-10Zn-1.9Mg-1.6Cu-0.12Zr alloy is designed. Additionally, the highly efficient Al-5Ti-1B-Er grain refiner is synthesized using the melt reaction method with high purity. The effect of the Al-Ti-B-Er grain refiner on the microstructure and properties of ultrahigh-strength aluminum alloys was studied, and a corresponding mechanism is revealed.




2. Experimental Section


The Al-Ti-B-Er grain refiner is mainly prepared by the melt reaction method. The initial materials are Al power, Ti power and B power, which are homogeneously mixed using a ball-milling machine. Then, the mixed powder is compressed in an iron mold with a size of Φ50 mm × 20 mm. The aluminum ingot was heated to 780–800 °C in a resistance furnace, which was covered with a layer of cryolite-covering agent after the aluminum ingot completely melted. The Al-Er master alloy was pressed into the melt until the master alloy was completely melted and diffused uniformly. Then, the melt was heated to 800~900 °C, the mixed powder compact was pressed into the melt using a graphite bell jar, and the graphite rod was mechanically stirred, accelerating the reaction and alloy homogeneity. The reaction was sustained for 10 min. Then, the melt was subjected to flotation refining (C2Cl6) and stirred until the reaction was complete. After refining, the melt was allowed to stand for 5 min, and the temperature was measured by a K-type thermocouple. The slag was removed after the temperature decreased to 720 °C, and the melt was cast into an iron mold (preheated at 250 °C for 1 h). A stable casting rate was necessary to avoid insufficient pouring and flow breaks, and then the Al-Ti-B-Er grain refiner was obtained.



The high-strength aluminum alloy with a nominal chemical composition of Al-10 Zn-1.9Mg-1.6Cu-0.12Zr was designed, which was melted in a graphite crucible using resistance furnace heating. The nominal and actual chemical composition of a high-strength aluminum alloy was listed in Table 1. The initial materials were aluminum ingots (99.9%), zinc ingots (99.9%), magnesium ingots (99.9%), Al-4Zr master alloy, and Al-50Cu master alloy. The initial materials were melted in a graphite crucible and cast into a φ 90 × 100 mm iron mold. Then, the ingot was cut using a band saw for the grain refinement test. The high-strength aluminum alloy was remelted at 750 °C in a resistance furnace and then the Al-Ti-B-Er grain refiner was added with different contents. After refining and slag removal, the melt was cast into an iron mold (preheated at 250 °C for 1 h). The high-strength aluminum alloy was subjected to dual-stage homogenization treatment at 400 °C × 4 h + 470 °C × 30 h. Then, the ingot was flayed to φ88 mm, and the sheet with a cross-sectional area of 6 × 50 mm2 was extruded at 430 °C. The extruded speed was 5~8 mm/s.



Chemical composition analysis was carried out on the inductively coupled plasma emission spectrometer (ICP) on an IRIS Advantage spectrometer (Thermo Jarrell Ash, Franklin, MA, USA) in the Beijing General Research Institute of Non-Ferrous Metals. A total of 50 g of powder was prepared for each sample for ICP analysis. The phase analysis of the Al-Ti-B-Er grain refiner and high-strength aluminum alloy was analyzed with an X-ray diffractometer (XRD, D/MAX-3C, Rigaku, Tokyo, Japan). The scanning degree was 20–90° with a scanning speed of 5°/min using Cu Kα. The Al-Ti-B-Er grain refiner and high-strength aluminum alloy were observed using metallographic microscopy (OM, IE500M, Guangzhou, China) and scanning electron microscopy (SEM, FEI Quanta 250, Hillsboro, OR, USA) with an energy-dispersive spectrometer (EDAX). The samples were mechanically ground using 400#, 800#, 1000#, 1500#, and 2000# water sandpaper including SiC abrasive grains; the properties of water sandpaper met the criteria of GB/T9258-2000, then were mechanically polished and chemical etched using Keller’s reagent (1.5% HCl + 2.5% HNO3 + 1.0% HF + 95% H2O). The grain size was observed in OM and calculated using the metallographic method. Typically, the OM samples were cut from 1/2 radius of the ingot along the axial direction, and the grain size was determined by the cross-sectional size of dendrite branches, including lateral branches. The particles in the Al-Ti-B-Er grain refiner and eutectic phase in high-strength aluminum alloy were observed via SEM and analyzed via EDAX.



The extruded sheet was subjected to T6 heat treatment and then subjected to tensile testing. The tension test was performed on an MTS testing machine under a tension rate of 0.5 mm/min. The flat specimens with a size of 175 × 25 × 6.5 mm3 (length × width × thickness) were standard plate-shaped specimens. The tensile fracture was observed using SEM and the corresponding fracture mechanism was revealed.




3. Results and Discussion


The phase analysis of the Al-Ti-B-Er grain refiner was performed by XRD, as shown in Figure 1. The Al-Ti-B-Er grain refiner is mainly composed of TiAl3 (PDF#49-1446) and TiB2 (PDF#35-0741) phases. Studies have shown that the addition of Er into aluminum alloys can form the Al3Er phase. However, due to the low content of Er element in this experiment (0.1 wt%), it could not be analyzed by XRD.



In Figure 2, it can be seen that there are blocky particles and aggregated particles in the Al-Ti-B-Er refiner. The results show that the alloy is mainly composed of massive phases, bright white phases, and cluster-like phases. After the addition of rare earth elements, blocky particles and aggregated particles are distributed relatively uniformly. The size of massive block particles is about 10–20 μm, which is considered to be the TiAl3 phase. The loose clumps are regarded as the aggregation of TiB2. Rare earth elements improve the wettability of B and Ti powder in the aluminum melt, promoting the reaction. The solid solubility of Er in aluminum is low (at room temperature, the solubility of Er in aluminum or aluminum alloy is less than 0.046 at%), which exists in a free state [21]. At the same time, the Er element is a surface-active substance, which is easy to adsorb on the grain boundary and phase interface, hindering the growth of TiAl3 particles and reducing the size of TiAl3, as well as inhibiting the formation of needle strip TiAl3. The Er element makes it difficult for TiB2 to aggregate and precipitate in the melt, resulting in the formation of fine and dispersed TiB2 particles. Thus, the aggregation tendency of TiB2 during refinement is reduced, increasing the number of heterogeneous nucleated cores.



The Al-Ti-B-Er grain refiner was studied (Figure 3) carefully, including the morphology, size and distribution characteristics of the particles. The chemical elemental composition of the different phases was analyzed using EDS, as shown in Figure 3b–d. The white particles or aggregates referred to by A and C were enriched in Er element and identified as the AlEr phase by energy spectrometry. Al3Er is commonly seen in addition to Er in aluminum alloys, and the bright white is determined to be the Al3Er phase according to the stoichiometric ratio [22]. The massive phases with sizes of 10–20 μm were marked as B, composed of Ti and Al elements and determined to be the TiAl3 phase based on the stoichiometric ratio. The contrast of cluster-like phases is close to the matrix, and the particles are inferred to be the TiB2 phase according to the XRD results.



The optimal addition amount of the Al-Ti-B-Er grain refiner in ultrahigh-strength aluminum alloys is determined and the effect of the Al-Ti-B-Er grain refiner on the microstructural evolution is revealed, such as the initial eutectic phase and grain size (this corresponds to the cross-sectional size of dendrite branches, including lateral branches). The microstructure of Al-10Zn-1.9Mg-1.6Cu-0.12Zr shows a typical dendritic structure with a grain size of approximately 300 μm, as shown in Figure 4a. Microstructures after adding different contents of Al-Ti-B-Er are shown in Figure 4b–f; the results show that the grain size gradually decreases with the increase in Al-Ti-B-Er contents. The grain size reached the minimum of 40 μm after an addition of 1wt% Al-Ti-B-Er. However, the grain size is not refined, and requires the addition of more grain refiner, denoting that 1wt% is the optimum addition content for the ultrahigh-strength aluminum alloys. In addition, the dendrites morphology changed significantly from dendrites to equiaxed grains. The grain refiner is hereditary, and the initial microstructure of the refiner is helpful for improving the refinement efficiency. The TiAl3, TiB2, and AlEr particles are released after the addition of Al-Ti-B-Er into the aluminum melt. Studies have shown that there is excellent coherence between TiAl3, TiB2 and α-Al, which is good for heterogeneous nucleation sites. In Al-Ti-B-Er, TiAl3 shows block morphology with a size of approximately 30 μm, and TiB2 in the agglomerated group has a size of 1~2 μm [23,24]. When TiAl3 and TiB2 are large in quantity and homogenously distributed, then the number of effective heterogeneous nucleation sites is increased, resulting in highly efficient refinement.



With increasing alloying element content, the segregation becomes more serious during the solidification process. Cu and Zn elements are considered to segregate at dendrites and grain boundaries, forming a large component undercooling at the front of the solid–liquid interface and making the solid–liquid interface unstable. Grain growth stops when dendrites collide, and dendrite coarsening and secondary dendrite growth occurs. The solute aggregates at the interdendritic zone and reaches the eutectic composition point, where the eutectic reaction occurs and eutectic phases, such as MgZn2 and AlZnMgCu, are formed [25,26]. The Al-10Zn-1.9Mg-1.6Cu-0.12Zr alloy shows a coarse eutectic structure. However, the eutectic phase is significantly refined after the addition of 1 wt% Al-Ti-B-Er, and its distribution is uniform. It is revealed that the skeletal morphology and spherical morphology of eutectic phases are mainly the MgZn2 and AlZnMgCu phases, as shown in Figure 5c. The grain size is significantly decreased and the number of grain boundaries is increased after the addition of Al-Ti-B-Er, resulting in the alloying elements being able to distribute at more grain boundaries, thereby refining the eutectic phase. At the same time, the small grain size decreases the movement distance of the solid–liquid interface as well as alloying elements, leading to a relative increase in the solidification rate. Consequently, more alloying elements are dissolved in the matrix, reducing the interdendritic segregation.



The existing forms of TiB2, MgZn2 and Al3Zr particles in the ultrahigh-strength aluminum alloys were performed using TEM. As shown in Figure 6, black spherical particles are observed, which can be determined to be Al3Zr particles according to the selected area electron diffraction (SAED) results. They are mainly distributed in the matrix to refine the grains and improve the mechanical property. The refinement mechanism of zirconium-induced aluminum alloys varies with the change in zirconium content. When the Zr content is low, the interactions between Zr and the clustered atomic groups form stable atomic groups, which eventually develop into crystal nuclei. However, α-Al nucleates through the peritectic reaction as the Zr content is high [27]. It has been observed that the refinement of Al3Zr particles is mainly attributed to heterogeneous nucleation. Al3Zr shows two typical crystal structures, one of which is the L12 type, and the mismatch degree with α-Al is 0.75%. One is the Do22-type, whose mismatch degree with α-Al is 2.89%. Better coherence between the second particles and the matrix helps to lower the interfacial free energy of the system. Then, Al3Zr is an effective heterogeneous nucleation core due to good coherence with the α-Al matrix. The TiB2 particles are observed in the high-strength aluminum alloy, indicating that the TiB2 particles also act as a heterogeneous nucleation core, as shown in Figure 6b. TiB2 and α-Al are coherent, and there are two pairs of coherent surfaces, <110>Al∥<  11  2 ¯  0  >TiB2 and <110>Al∥<  10  1 ¯  0  >TiB2, which are good heterogeneous nucleation cores. TiB2 and Al3Zr are both effective heterogeneous nucleation cores that can refine ultrahigh-strength aluminum alloys. At the same time, a lath-shaped η-phase is also observed, which is the main strengthening phase.



The ultrahigh-strength aluminum alloy was subjected to hot extrusion forming, followed by T6 treatment. After the addition of Al-Ti-B-Er grain refiner, the strength and ductility of the ultrahigh-strength aluminum are improved simultaneously, as shown in Figure 7. The synergistic improvement in strength ductility after the addition of 1 wt% Al-Ti-B-Er grain refiner is mainly due to the grain refinement as well as the refinement of the eutectic phase, which also causes the uniform distribution of the eutectic phase. Grain refinement and eutectic phase refinement are conducive to the dissolution of the eutectic phase during the homogenization process, thereby improving the solid solubility of alloying elements and promoting the precipitation of the strengthening phase during the aging process [28]. Then, the mechanical properties can be improved reasonably. In addition, the eutectic phase in the alloy involves a hard and brittle phase, which is the main source of crack initiation. The grain refiner-induced refinement effect on the eutectic phase improves the ductility of the alloy.



The tensile fracture morphology of the ultrahigh-strength aluminum alloy at room temperature is shown in Figure 8. Without the addition of the Al-Ti-B-Er grain refiner, the fracture exhibits a cleavage fracture mode. Small and shallow dimples are observed under high magnification. This fracture mode is a brittle fracture caused by the second particles, as shown in Figure 8a,b. After the addition of the Al-Ti-B-Er grain refiner, the fracture also maintains a cleavage fracture mode. However, the size of the dimples is larger compared to that without the addition of Al-Ti-B-Er under the high magnification. Moreover, they are relatively shallow, indicating a brittle fracture (Figure 8c,d). In ultrahigh-strength aluminum alloys, second particles are the main source of crack initiation and propagation by tearing. The second particles hinder the crack propagation, which is beneficial for improving ductility. The addition of the Al-Ti-B-Er grain refiner helps to improve ductility, which is mainly attributed to the multiscale second particles in Al-Ti-B-Er impeding the crack propagation and improving ductility, displaying a small increase in elongation [23]. However, the addition of the Al-Ti-B-Er grain refiner does not change the fracture mode of ultrahigh-strength aluminum alloys, which is still a brittle fracture.




4. Conclusions


The Al-Ti-B-Er grain refiner was prepared by the melt reaction method, and was applied to the Al-10Zn-1.9Mg-1.6Cu-0.12Zr ultrahigh-strength aluminum. The effect of Al-Ti-B-Er grain refiner on the microstructure and properties of ultrahigh-strength aluminum alloys was studied, and the conclusions are summarized as follows:




	
The Al-Ti-B-Er grain refiner is mainly composed of the block TiAl3 phase with a size of 10–20 μm, and loose agglomerated nano-sized TiB2 and Al3Er phases. Notably, nanoscale TiB2 and Al3Er particles exhibit excellent refinement ability in ultrahigh-strength aluminum.



	
The microstructure of ultrahigh-strength aluminum changes from dendrite to equiaxial grain with increasing Al-Ti-B-Er content, and the size of the eutectic phase is significantly refined. Er promoted the uniform distribution of TiAl3 particles and the formation of loose agglomerated nano-sized TiB2 particles. Typically, the grain size is reduced from ~300 µm to approximately 40 µm by adding 1 wt% Al-Ti-B-Er into ultrahigh-strength aluminum alloys.



	
After T6 treatment, the tensile results reveal that the ultrahigh-strength aluminum alloy exhibits superior strength and ductility (756 MPa/20%) with adding 1 wt% Al-Ti-B-Er. This enhancement in strength and ductility is attributed to the refinement of grain and the eutectic phase.



	
The Al-Ti-B-Er grain refiner displays a grain refinement limitation of approximately 40 µm in ultrahigh-strength aluminum. It may be an effective way by adding various rare elements to the grain refiner to push the grain refinement limitation and further improve the mechanical properties of ultrahigh-strength aluminum.
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Figure 1. XRD patterns of the Al-Ti-B-Er grain refiner. 
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Figure 2. The initial microstructure of the Al-Ti-B-Er grain refiner: (a) OM image and (b) SEM image. 
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Figure 3. Semiquantitative analysis of Al-Ti-B-Er grain refiner: (a) partial SEM image, (b) point A analysis, (c) point B analysis, and (d) point C analysis. 
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Figure 4. Effect of Al-Ti-B-Er on the microstructure of ultrahigh-strength aluminum alloys: (a) 0, (b) 0.2, (c) 0.5, (d) 0.7, (e) 1.0, and (f) 2.0. 
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Figure 5. SEM morphology and EDS analysis of the ultrahigh-strength aluminum alloy: (a) 0 Al-Ti-B-0.1Er, (b) addition of 1 wt% Al-Ti-B-0.1Er, and (c) EDS analysis. 
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Figure 6. TEM images of the ultrahigh-strength aluminum alloy: (a) Al3Zr particles, (b) TiB2 particles and MgZn2 particles. 
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Figure 7. Tensile property of the ultrahigh-strength aluminum alloy: (a) engineering stress–strain curves; (b) corresponding ultimate tensile strength and fracture strain. 
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Figure 8. Fracture morphology of the ultrahigh-strength aluminum alloy: (a) 0 Al-Ti-B-Er, (b) high-magnification morphology, (c) addition of 1% Al-Ti-B-Er, and (d) high-magnification morphology. 
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Table 1. Chemical composition of ultrahigh-strength aluminum alloy (wt%).
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	Zn
	Mg
	Cu
	Zr
	Al





	Nominal composition
	10
	1.9
	1.6
	0.12
	Bal



	Actual composition
	10.2
	1.78
	1.72
	0.14
	Bal
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