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Abstract. The additive manufacturing technology of high strength 2219 

aluminum alloy has been widely used in aerospace field. In this paper, coarse 

microstructure and poor mechanical properties of as-deposited 2219 Al alloy was 

focused, unidirectional compression and multidirectional loading deformation 

were studied, and the evolution law of microstructure and tensile properties was 

analysed. The results show that the deformation mainly concentrated in the core 

of uniaxial compression sample. The dynamic recrystallization was dominant 

above 450 °C. The lamellar microstructure was completely eliminated after 

multidirectional loading deformation, and hydrogen pores were completely 

closed. The yield stress reached 224 MPa, the ultimate tensile stress reached 386 

MPa, and the elongation reached 11%, indicating that the improvement effect on 

microstructure and properties was the best. 

1 Introduction and experimental 

2219 aluminum alloy is Al-Cu series high-strength aluminum alloy, which is widely used in 

aerospace field because of its high specific strength, yield ratio and plastic deformation ability. 

Wire Arc Additive Manufacturing (WAAM) technology of aluminum alloy has the advantages 

of flexible manufacturing and high efficiency. At present, the process and principle of WAAM 

2219 Al alloy have been extensively investigated.[1-4] However, the coarse columnar grains and 

precipitates commonly exist in WAAM 2219 Al alloy lead to poor mechanical properties and 

have a bad effect on service performance.[5-8] The combination of plastic deformation and additive 

manufacturing is an effective method to improve the mechanical properties of WAAM Al alloy 

components, and more systematic and in-depth research is needed. 

Therefore in this paper, by combining WAAM and plastic deformation, the evolution of 

microstructure and properties of as-deposited 2219 Al alloy under unidirectional compression 

and multidirectional loading defomation was analyzed. The uniaxial compression samples were 

cylinders with dimension of Φ8 mm×12 mm, which were cut from the center of the single wall 

by wire electrical discharge machining (WEDM), and their axial direction was parallel to the 

building direction of the single wall. The hot compression experiment was carried out on Gleeble-
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3500D thermal simulation system. The deformation temperatures were 360, 390, 420, 450, 480 

and 510 °C, the strain rate was 0.01 s-1, the compression amount was 60%, and the heating rate 

was 10 °C/s. The samples were kept at the corresponding temperature for 3 min before 

compression, and were water quenched immediately after compression to retain the high-

temperature deformed microstructure. After compression, the cylindrical samples were cut along 

the axis to observe the longitudinal section morphology. WAAM blocks with dimension of 40 

mm×40 mm×63 mm were used for unidirectional compression and multidirectional loading 

deformation experiments. The experiments were carried out on 5000t hydraulic presser equipped 

with a flat anvil. The billets were heated to 450 °C and held for 60 min, and the anvil was also 

preheated to the same temperature before forging. The reduction of unidirectional compression 

was 50%. The single pass reduction of multidirectional loading deformation was 50%. The blocks 

were compressed in each of the three directions for a single pass, and  two passes of deformation 

were carried out. The blocks were naturally air cooled to room temperature after deformation. 

The samples for microstructure observation and tensile experiment were cut from the core of the 

as-deposited, unidirectional compressed and multidirectional loading deformed blocks, 

respectively. The tensile samples were along the height of the block and were heat treated for 

510 °C/3 h + 165 °C/10 h before testing. The tensile experiments were carried out on electronic 

universal testing machine. 

2 Results 

Figure 1 showed the morphology of microstructure and precipitated phases of as-deposited 2219 

Al alloy. As shown in Figure 1(a), the as-deposited microstructure of 2219 Al was composed of 

lamellar columnar grains with diameter of 50~100 μm and length of 200~500 μm, and pores 

between layers with diameter of 50~100 μm. As shown in Figure 1 (b) and (c), there were a large 

amount of eutectic phases distributed at the grain boundaries, which were θ phases (Al2Cu phases) 

according to component analysis. There were also a large amount of nanoscale θ' phases. 

The compressive stress-strain curve of as-deposited 2219 Al alloy in the temperature range of 

360~510 °C was shown in Figure 2(a), and the statistical peak stress variation trend with the 

deformation temperature was shown in Figure 2(b). The results showed that the stress of as-

deposited 2219 Al alloy during hot compression was stable. The stress decreased unevenly with 

the increase of temperature, and suddenly droped when the temperature exceeded 450 °C. As 

shown in Figure 2(c), according to the longitudinal section morphology of hot compressed 

samples, it was found that the core of the samples had severe plastic deformation, and the original 

coarse columnar grains were broken, but the columnar grains at the upper and lower ends were 

still retained. The core microstructure compressed at different temperatures was further analyzed, 

and the polarization images were shown in Figure 3. As shown in Figure 3 (a)-(c), no dynamic 

recrystallization occurred and dynamic recovery (DRV) was dominant at 420 °C and below, and 

the microstructure consisted of deformed grains and a large amount of eutectic phases. When the 

temperature was higher than 450 °C, dynamic recrystallization (DRX) occurred obviously, and 

the DRX grains were clearly visible. Especially when the temperature reached 510 °C, the DRX 

grains were obviously grown. Combined with Figure 2, it was concluded that the sudden dropped 

of flowing stress at 450 °C was due to dynamic recrystallization. 
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Fig. 1. The original microstructure of as-deposited 2219 Al alloy. (a) grains and pores morphology, (b) 

precipitated phases distribution, and (c) precipitated phases morphology and element distribution. 

 

 
Fig. 2. The uniaxial hot compression stress-strain relationship of as-deposited 2219 Al alloy and the overall 

deformed microstructure. (a) the hot compression stress-strain curve at 360~510 °C and 0.01s-1, (b) the peak 

stress variation trend with the deformation temperature, and (c) the overall microstructure deformed at 

360 °C. 

 

The evolution law of eutectic phases in the temperature range of 420~510 °C was further 

analyzed as shown in Figure 4. The eutectic θ phases were sheared and passivated under the 

action of hot deformation, and presented a discontinuous zonal distribution along the deformed 

grain boundaries. The 510 °C deformation temperature had the best effect on the dissolution of 

eutectic θ phases. But the deformation temperature can not be too high, otherwise overburning 

will occur and greatly reduce the mechanical properties. 
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Fig. 3. The deformed microstructure after uniaxial hot compressed at (a) 360 °C, (b) 390 °C, (c) 420 °C, (d) 

450 °C, (e) 480 °C, and (f) 510 °C. 

 

A large amount of coarse columnar grains remained at the upper and lower ends of samples 

after unidirectional compression, so multidirectional loading deformation was conducted on 

WAAM 2219 Al alloy. The deformation temperature was selected at 450 °C. The microstructures 

of as-deposited, unidirectional compressed and multidirectional loading deformed 2219 Al alloys 

were compared as shown in Figure 5. The columnar grains were very obvious in as-deposited 

2219 Al alloy. Most of the grains were broken after unidirectional compression, and the grains 

were refined preliminarily. But the grain size of the original equiaxed grain region was still much 

smaller than that of the columnar grain region, indicating that the ability of unidirectional 

compression to break grains was insufficient. However after multidirectional loading deformation, 

the grains were completely refined, no coarse columnar grain was found, and the lamellar 

microstructure was completely eliminated. 

 

 
Fig. 4. Morphology of precipitated phases after uniaxial hot compressed at (a)-(b) 420 °C, (c)-(d) 450 °C, 

(e)-(f) 480 °C, and (g)-(h) 510 °C. 
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Fig. 5. The polarization microstructures of (a) as-deposited, (b) unidirectional compressed and (c) 

multidirectional loading deformed 2219 Al alloys.  

 

 
Fig. 6. The tensile properties and fracture morphology of as-deposited, unidirectional compressed and 

multidirectional loading deformed 2219 Al alloys, (a) tensile stress-strain curve at room temperature, 

fracture three dimensional morphology of (b) as-deposited, (c)unidirectional compressed and (d) 

multidirectional loading deformed 2219 Al alloys. 

 

The tensile properties and fracture morphology of as-deposited, unidirectional compressed 

and multidirectional loading deformed 2219 Al alloys were shown in Figure 6. After 

multidirectional loading deformation, the yield strength reached 224 MPa and the ultimate tensile 

strength reached 386 MPa, which were 129% and 146% of as-deposition and 115% and 126% of 

unidirectional compression. And the elongation reached 11%, which was much higher than the 

other two samples. At the same time, a large number of hydrogen pores were found on the as-

deposited fracture. The hydrogen pores still remained in the fracture and cannot be completely 

closed by unidirectional compression, But the hydrogen pores were completely eliminated after 

multidirectional loading deformation. Therefore, considering the microstructure, mechanical 

properties and fracture morphology, the modification effect of multidirectional loading 

deformation on as-deposited 2219 Al alloy was much better than that of unidirectional 

compression. 
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3 Conclusions 

1) The flow stress of as-deposited 2219 Al alloy suddenly decreased at 450 °C during uniaxial 

hot compression, mainly due to the obvious dynamic recrystallization behavior. 2) The 

deformation mainly concentrated in the core of uniaxial compression sample. The dynamic 

recovery was dominant below 450 °C and dynamic recrystallization was dominant above 450 °C. 

The eutectic phases were obviously solid soluted and dynamic recrystallization grains grown at 

510 °C. 3) The lamellar microstructure was completely eliminated after multidirectional loading 

deformation, and  the microstructure refinement degree was far higher than that of unidirectional 

compression. Hydrogen pores were completely closed. The yield stress reached 224 MPa, the 

ultimate tensile stress reached 386 MPa, and the elongation reached 11%, which were 

significantly higher than the as-deposited and unidirectional compressed samples. The 

improvement effect on microstructure and properties was the best. 
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