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Abstract

:

Cryogenic deformation can improve the strength and plasticity of Al–Li alloy, although the underlying mechanism is still not yet well understood. The effects of cryogenic temperature on the tensile properties and microstructure of an Al–Cu–Li alloy were investigated by means of tensile property test, roughness measurement, scanning electron microscope (SEM), optical microscope (OM), electron backscatter diffraction (EBSD), and transmission electron microscope (TEM). The results indicated that the strength and elongation of the as-annealed (O-state) and solution-treated (W-state) alloys increased with the decrease in deformation temperature, where the increasing trend of elongation of the W-state alloy was more significant than that of the O-state alloy. In addition, a temperature range was observed at approximately 178 K that caused the strength of the W-state alloy to slightly decrease. The decrease in temperature inhibited the dynamic recovery of the Al–Cu–Li alloy, which increased the dislocation density and the degree of work hardening, thus improving the strength of the alloy. At cryogenic temperatures, the internal grain structure was more involved in the deformation and the overall deformation was more uniform, which caused the alloy to have higher plasticity. This study provides a theoretical basis for the cryogenic forming of Al–Li alloy.
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1. Introduction


Al–Li alloys have a high specific stiffness and strength [1,2]. Due to the demand for lightweight structural materials for the aerospace industry, Al–Li alloys have become a hot research topic [3]. Third-generation Al–Cu–Li alloys, such as 2195 Al–Li alloy, which has a high strength, demonstrate low fatigue crack growth rates, good high-temperature and low-temperature properties, and are preeminent structural materials for aerospace applications [4,5]. At present, the common processing technologies for Al–Cu–Li alloys are room temperature processing or hot processing. In many cases, the strength and formability of Al–Cu–Li alloys produced by these traditional processing technologies cannot simultaneously meet the requirements of the aerospace industry, which limits their application.



Cryogenic forming generally refers to the process of forming at the temperature of liquid nitrogen (77 K) [6]. Aluminum is a face-centered cubic lattice material, which is different from cryogenic temperature brittleness of steel. Aluminum alloys have been proven to not change from toughness to brittleness at cryogenic temperatures. On the contrary, aluminum alloys tend to increase plasticity and toughness at cryogenic temperatures [7,8]. Cryogenic forming can significantly improve the strength and plasticity of aluminum alloy materials simultaneously [9,10,11], which is expected to become a revolutionary processing technology. Kumar et al. [12,13,14] studied the difference in tensile properties between cryogenic rolling and room-temperature rolling and found that the yield strength and tensile strength of cryogenic-rolled alloys were significantly higher than those of room-temperature-rolled alloys. Shi et al. [15] attributed this result to the inhibition of dynamic recovery during deformation in a cryogenic environment, which was beneficial for obtaining a higher dislocation density. Xu et al. [16,17] studied the tensile properties and surface characteristics of 6000 series aluminum alloy at room and cryogenic temperatures and found that deformation at 77 K significantly improved the strength and elongation of the alloy. This was due to a higher strain hardening exponent and more uniform deformation mode at cryogenic temperatures. Park and Niewczas [18] studied the plastic deformation of commercial purity aluminum and AA5754 alloy at 4.2 K, 78 K, and 295 K. The two materials showed flow instabilities at 4.2 K and 295 K, while the flow instability was suppressed at 78 K, showing uniform deformation. The mean free path was used to reflect the substructure. It was suggested that fracturing at cryogenic temperatures was caused by the collapse of the dislocation grid under high stress. However, the state of dislocation evolution during deformation at different temperatures has not yet been described. Zhemchuzhnikova et al. [19] studied the mechanical properties and fracture behavior of as-cast and hot-rolled 1575C Al alloy from 77 to 295 K. It was found that the strength of the as-cast alloy increased continuously with a decrease in temperature. However, the strength of the hot-rolled alloy initially decreased and then increased, while the elongation increased continuously. In addition, the PLC (Portevin-Le Chatelier) effect that describes the zigzag fluctuation in the tensile curve, gradually decreased and disappeared with a decrease in temperature. However, the author did not provide a specific explanation for this phenomenon. At present, the explanation for the influence mechanism of cryogenic temperatures on the mechanical properties and deformation behavior of Al–Cu–Li alloy is incomplete. Therefore, it is necessary to study the deformation behavior of Al–Cu–Li alloys at cryogenic temperatures. In this study, 2195 Al–Li alloy was tensile-tested at different deformation temperatures to determine its mechanical properties and study deformation behavior at cryogenic temperatures, and to explore the mechanism for the influence of cryogenic forming on the microstructure and properties of 2195 Al–Li alloy to provide a basic theoretical basis for the cryogenic forming of other Al–Li alloys.




2. Materials and Experiments


Al–Cu–Li alloy (AA2195), as-annealed (O-state), rolled plates were used in this study, and the chemical composition of this alloy was 4.1% Cu, 0.9% Li, 0.04% Mn, 0.28% Mg, 0.26% Ag, and 0.13% Zr (wt %), and were Al balanced. The O-state samples were obtained after annealing at 40 °C for 2 h. The solution-treated (W-state) samples were prepared from the O-state plates after solution treatment at 510 °C for 1 h and quenched in water. Figure 1a,b shows STEM images of undeformed O-state and W-state 2195 alloys, respectively. It is observed that there are few dislocations and a small amount of β’ phases in the undeformed O-state and W-state alloys. Figure 1c and Figure 1d shows EBSD maps of undeformed O-state and W-state 2195 alloys, respectively. The O-state is dominated by low-angle angle boundaries, as shown in Figure 1c. The W-state is dominated by high-angle angle boundaries, as shown in Figure 1d.



The tensile specimens used in the uniaxial tensile test were prepared along the plate rolling direction. That is, the drawing axis was parallel to the rolling direction (RD), the sample width direction was parallel to the transverse direction (TD), and the sample thickness direction was parallel to the normal direction (ND), as shown in Figure 2. The samples were prepared according to ISO 15579: 2000 standard. Tensile tests were carried out at 77 K, 98 K, 138 K, 178 K, 218 K, 258 K, and 298 K. Three parallel tests were carried out for each temperature. To prevent natural aging of the W-state alloy, we carried out the test immediately after water quenching. Five parallel specimens were prepared at each deformation temperature. To ensure the experimental temperature, we carried out a tensile test after reaching the set temperature and holding for 10 min. The mechanical properties (yield strength (σ0.2), tensile strength (σb), and elongation (δ)) of the tensile samples were measured using a CSS-44100 electronic universal testing machine. The deformation rate of the chuck was 1 × 10−3 s−1, and the measured value of the properties was the average value of the remaining samples after removing the fluctuating experimental data. For the fracture specimen, the fracture morphology was analyzed using a Zeiss Evo MA10 scanning electron microscope (Zeiss, oberkochen, Germany).



In addition, one group of tensile specimens was prepared for the O-state and W-state alloys. The microstructures of the alloys with the same deformation amount (0.12 engineering strain) at different deformation temperatures were observed by optical microscopy (OM), electron backscatter diffraction (EBSD), and transmission electron microscopy (TEM). Samples for OM were obtained by a constant-strain tensile test after removing the surface deformation layer by mechanical and electrolytic polishing, and the surface roughness of the tensile samples was measured using a Mahr PS1 portable surface roughness meter (MAHR, Esslingen, Germany). The ratio of the electropolishing solution was 30% HNO3 + 70% CH3OH, and electropolishing was performed at −20 °C. EBSD samples were sampled at the standard distance of the OM samples and prepared according to the above polishing system. The TEM sample was ground to 100 μm using EBSD samples and then made into a small disk with a diameter of 3 mm. Then, electropolishing was performed using a Tenupol 5 machine (Struers, Copenhagen, Denmark) with a solution of 30% nitric acid and 70% methanol at −30 °C to −20 °C and 15 to 20 V. The OM observations were carried out using an OLYMPUS DSX500 optical digital microscope, the EBSD experiment was carried out using a Zeiss Evo MA10 scanning electron microscope, and the TEM observations were carried out using an F20 field-emission transmission electron microscope (FEI, Hillsboro, OR, USA). These experiments were performed on the plane determined by the TD-RD direction.




3. Results


3.1. Mechanical Properties


Figure 3 shows the engineering stress–strain curves of the O-state and W-state 2195 alloys under uniaxial tension at different deformation temperatures. The tensile properties of the two alloys are affected by the deformation temperature. From 298 K to 77 K, the strength and elongation of the O-state and W-state alloys increased with the decrease in deformation temperature. Compared with the mechanical properties at 298 K and 77 K, the tensile strength of the O-state alloy increased from 212 MPa to 329 MPa, and the elongation increased from 12.8% to 27.2%. The tensile strength of the W-state alloy increased from 342 to 435 MPa, and the elongation increased from 15.4% to 39.2%. The elongation of the W-state alloy increased more than that of the O-state alloy when the deformation temperature decreased from 298 to 77 K. A temperature range was identified that decreased the strength of the W-state alloy at approximately 178 K. The tensile strength at 218 K was 363 MPa, while the tensile strength at 178 K was 331 MPa, which was a decrease of 32 MPa. In addition, the lower the deformation temperature, the higher the tensile strength of the two alloys. With the decrease in deformation temperature, the serrated feature in the tensile curve gradually weakened and disappeared. The serrated feature in the tensile curve was closely related to dynamic strain aging, i.e., the dynamic interaction between mobile dislocations and solute atoms [20]. The mobile dislocations are pinned by the solute atoms, which increases the flow stress; when the applied stress exceeds the pinning force, the dislocations are unpinned, which reduces the flow stress. At cryogenic temperature, the diffusion rate of solute atoms in the alloy is reduced, thereby weakening the PLC effect [11].



Figure 4 shows the variation of the yield strength, tensile strength, and yield ratio with deformation temperature. The yield strength ratio is the ratio of the yield strength to the tensile strength. Generally, the lower the yield ratio, the better the plasticity of the material [21]. For the O-state alloy, the yield ratio decreased with the decrease in deformation temperature; the lower the deformation temperature, the more significantly the yield ratio decreased. The yield ratio of the W-state alloy increased slightly at the initial stage of decreasing deformation temperature, but this change was not obvious. When the deformation temperature was lower than 178 K, a reduction in the deformation temperature led to a decrease in the yield ratio. The reduction in deformation temperature likely improved the plasticity of the 2195 alloy, where the improvement was more significant below 178 K.



To characterize the work-hardening behavior of the two alloys, we calculated the strain-hardening exponents according to Equation (1) [22], as shown in Figure 5, where σ is the true stress, K is the strength coefficient, ε is the true strain, and n is the strain-hardening exponent. With the decrease in deformation temperature, the strain-hardening exponent of the O-state alloy gradually increased; the lower the temperature, the more obvious the increase. The strain hardening exponent of the W-state alloy produced a “W” shape, which may have been related to the rate of dislocation storage.


  σ = K  ε n   



(1)








3.2. Microstructural Observations


3.2.1. Fracture Surfaces Analyses


To explore the effect of deformation temperature on the fracture behavior at cryogenic temperatures, we selected uniaxial, tensile fracture specimens at 298 K, 218 K, 138 K, and 77 K and observed them under a scanning electron microscope, as shown in Figure 6 and Figure 7. The fracture surface of the O-state alloy deformed at 298 K had an obvious tearing ridge (Figure 6a). With the decrease in deformation temperature, the tearing ridge characteristics gradually weakened (Figure 6b,c), and the fracture surface of the deformed specimen displayed a typical dimple fracture mode at 77 K (Figure 6d). The W-state alloy exhibited similar fracture characteristics (Figure 7). With a decrease in the deformation temperature, the dimple size became larger and more uniform. Compared with the fracture of the O-state alloys, the fracture dimples of the W-state alloys were larger and deeper. This result agreed with the change in the elongation of the material.




3.2.2. Optical Metallography


The differences in the deformation mechanisms of 2195 alloy in the two states were compared by observing the metallographic photographs of the tensile specimens at different deformation temperatures. Figure 8 and Figure 9 show the surface metallographic photos and height nephograms of the O-state and W-state alloys after 0.12 strain at 298 K and 77 K, respectively. The surface undulation of the specimen deformed at 77 K was more obvious. From the height nephogram, the height difference between the peak and valley of the deformed sample at 77 K was also higher than that of the deformed sample at 298 K. The height difference between the peak and valley on the surface of the deformed samples at 77 K and 298 K of the W-state alloy was larger than that of the O-state alloy. Quantitative analysis of the surface differences of the tensile specimens under different deformation temperatures was performed by measuring the surface roughness of the specimens, and the results are shown in Table 1. The statistical results of the surface roughness are consistent with those of height nephogram. The decrease in deformation temperature inhibited plane slip during the tensile process, which led to the plastic deformation of the material from the two-dimensional mode of plane slip to the three-dimensional mode of grain deformation.




3.2.3. EBSD


The EBSD results for a strain of 0.12 in the O-state and the W-state are shown in Figure 10 and Figure 11, respectively. In the EBSD images, different colors correspond to different grain misorientations. The larger the color difference, the greater the grain misorientation. The misorientation between 2° and 15° were defined as low-angle grain boundaries (LABGs), and those larger than 15° were defined as the high-angle grain boundaries (HABGs). The deformed O-state and W-state alloys were composed of recrystallized grains, subgrains, and deformed grains, but the proportions were different. The proportion of LABGs and HABGs of O-state and W-state specimens increased with decrease in deformation temperature. This indicates that decrease in deformation temperature will aggravate the deformation inside the alloy grain and increase the intragranular substructure.



Kernel average misorientation (KAM) is a core point composed of the 24 nearest adjacent points. It is used to assign a scalar value to each point to represent its local misorientation, which indicates the degree of deformation at the point. In the EBSD KAM maps, red indicates a large local misorientation, while blue indicates a small local misorientation. Figure 12 shows the KAM distribution of the O-state and W-state specimens tensioned to 0.12 strain at 298 K and 77 K. For the O-state alloy, the local misorientation inside the grain was smaller than that at the grain boundary at 298 K (Figure 12a), whereas there was approximately no difference between the local misorientation between the grain and the grain boundary at 77 K (Figure 12b). For the W-state alloy, at 298 K (Figure 12c), the region with a higher local misorientation was concentrated at the grain boundary, with only a small part inside the grain. At 77 K (Figure 12d), the proportion of large misorientations in the grain increased and the total area increased. The results showed that the grains and grain boundaries deformed simultaneously at 77 K. With the decrease in deformation temperature, the deformation mode changed from two-dimensional plane slip to three-dimensional plastic deformation.






4. Discussion


The strengthening mechanisms of Al–Cu–Li alloys includes fine grain strengthening, solution strengthening, second phase strengthening, and work hardening. Generally speaking, the contribution of solution strengthening of alloys with the same composition has little change [23]. As can be seen from Figure 1, O-state and W-state 2195 alloys had only a small amount of β’ phases. Moreover, the strengthening effect of β’ phase was very limited when β’ phase exists alone [24]. In addition, there was no dynamic precipitation in 2195 alloy at room and cryogenic temperatures. The grain size of O-state and W-state alloys did not change significantly with a decrease in deformation temperature, and therefore the change in grain size had little contribution to the enhancement of strength at cryogenic temperature. It is speculated that the strengthening mechanisms of Al–Cu–Li alloys at cryogenic temperatures mainly come from work hardening.



Work hardening is closely related to dislocation movement. It is generally believed that the dislocation density is positively related to the strength of the alloy. This was determined using Taylor’s formula (Equation (2)) [25]:


   σ i  −  σ 0  = M α G b    ρ i     



(2)




where σi is the flow stress of the alloy; σ0 is the yield stress of the alloy; M is the Taylor coefficient, which is 3.0 in the FCC structure; α is the structure coefficient; G is the shear modulus; b is the Burger’s vector, which is 0.286 nm in Al alloys; and ρi is the dislocation density. According to Taylor’s formula, the dislocation density can be used to explain the strength of alloys.



The KAM obtained from EBSD can be used to estimate the geometrically necessary dislocation density, ρGND, of the alloy. The formula (Equation (3)) [26] used is as follows:


   ρ  GND   ≈   δ θ   D b    



(3)




where δ is the material constant, equal to 3.0, θ is the average KAM value, and D is the step size of the EBSD maps. The stress at a strain of 0.12 for the O-state alloy and the W-state alloy, respectively, and ρGND calculated by Equation (3), are shown in Figure 13. The variation in stress and ρGND was approximately the same when the strain was constant at different deformation temperatures. Therefore, it was concluded that the dislocation density was the main factor influencing the difference in the strength of the alloys.



To characterize the accumulation of dislocations and the difference in movement mode at different deformation temperatures, we carried out TEM observation experiments on two state alloys when they were deformed at 298 K and 77 K with a strain of 0.12. The results are shown in Figure 14 and Figure 15. The number of dislocations in the alloys deformed at 77 K was significantly larger than that in the alloys deformed at 298 K, which was consistent with the above calculation of dislocation density and tensile strength. The size of the cellular structure formed by dislocation entanglement in the O-state alloy was smaller at 77 K (Figure 14b) than that at 298 K (Figure 14a), while the size of the cellular structure of the W-state alloy decreased more significantly (Figure 15b). The decrease in deformation temperature inhibited the dynamic recovery of the alloy. Dynamic recovery [23] is a process of metal deformation through thermal activation, vacancy diffusion, dislocation motion cancellation, and dislocation rearrangement. The vacancy diffusion coefficient of the alloy is affected by the temperature, as determined by Equation (4) [27]:


  D =  D 0  exp  (    − Q   R T    )   



(4)




where D is the diffusion coefficient, D0 is the atomic transition constant, Q is the diffusion activation energy, R is the gas constant, and T is the ambient temperature. As the temperature decreased, the vacancy diffusion coefficient of the alloy decreased, limiting diffusion at cryogenic temperatures. In addition, dislocation motion requires a force to overcome the lattice resistance and cross the potential barrier, which is called the Peirls–Nabarro stress. The Peirls–Nabarro stress is a short-range ordered force that is greatly affected by temperature. The lower the temperature, the higher the Peirls–Nabarro stress. Therefore, at cryogenic temperatures, the energy barrier for dislocation motion increased and the dislocation motion was restrained, which made it more difficult for dislocation entanglement to form a cellular structure and inhibited the dynamic recovery of the alloy. This facilitated the accumulation of dislocations in the deformed alloys at cryogenic temperatures, resulting in higher dislocation densities at cryogenic temperatures than at room temperature, thus improving the strength of the alloy. However, at present, there is no reasonable explanation for the phenomenon that the strength of the W-state alloy initially increased, then decreased and increased again, which will be the focus of future research.



Plastic deformation improved at cryogenic temperatures because there was a more uniform deformation mechanism at cryogenic temperatures. At cryogenic temperatures, the inner part of the grain was more involved in the deformation. The influence of temperature on the strength of the intergranular and grain boundaries differed. The strength of the grain boundary increased with the temperature decreased. The results showed that, under the same stress conditions, intragranular deformation was easier than at room temperature. Figure 16 shows a bright-field TEM image of a W-state alloy deformed at 77 K. Many morphologies that differed from the misorientation of the matrix were found, which was in good agreement with the results of the KAM (Figure 7f). In addition, there was no obvious boundary in the parts with different misorientations in the matrix, which indicated a state of slow transition. This showed that one part of the grain deformed relative to the other parts. At cryogenic temperatures, the intragranular deformation of the alloy was obvious, i.e., the fluidity of the grains was better. At low temperatures, both the grain and grain boundaries moved simultaneously. This makes the deformation of the alloy at cryogenic temperatures more uniform; thus, the plasticity of the alloy significantly improved. By comparing the metallographic photographs and roughness (Table 1) of the surfaces of the O-state (Figure 4) and W-state (Figure 5) deformed samples at 298 K and 77 K, it was found that the fluctuation and roughness of the W-state surface were greater than those of the O-state alloy. This showed that the degree of deformation involved inside grain interiors of the W-state alloy was higher than that of the O-state alloy at cryogenic temperatures, leading the plasticity of the W-state alloy to improve more significantly than that of the O-state alloy.




5. Conclusions


	(1)

	
The deformation temperature had a significant effect on the tensile properties of Al–Cu–Li alloys in the O-state and W-state. The strength and elongation of the O-state and W-state alloys increased with the decrease in deformation temperature, where the increasing trend of elongation of the W-state alloy was more significant than that of the O-state alloy. In addition, a temperature range was observed at approximately 178 K that decreased the strength of the W-state alloy. When the deformation temperature was between 298 K and 178 K, the tensile strength of the two states of the alloys did not significantly change; when the deformation temperature was lower than 178 K, the tensile strength of the alloy changed significantly with the decrease in deformation temperature. The decrease in the deformation temperature eliminated the serrated fluctuation in the tensile curve.




	(2)

	
With the decrease in deformation temperature, the dynamic recovery of the alloy was restrained, resulting in a higher dislocation density and higher degree of work hardening. The strength of the alloy was significantly improved by the effects of work hardening.




	(3)

	
In the cryogenic-temperature deformation process, the fluidity in the grain was better and the internal grain structure was more involved in the deformation, which made the deformation mode more uniform at cryogenic temperatures and led to an improvement in the plasticity of the alloy. The deformation temperature of Al–Li alloys should be lower than 178K during cryogenic temperature forming, where better mechanical properties are obtained for alloys processed at lower temperatures.
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Figure 1. The initial microstructures of 2195 alloy before deformation: (a,b) O-state and W-state STEM images, respectively; (c,d) O-state and W-state EBSD maps, respectively. 
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Figure 2. Schematic illustration of the tensile specimen sampling position and the dimensions of the tensile test specimen (mm). 
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Figure 3. Engineering stress–strain curves of 2195 alloy at 298 K to 77 K: (a) O-state, and (b) W-state. 
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Figure 4. Yield strength, tensile strength, and yield ratio of 2195 alloy at 298 K to 77 K: (a) O-state, (b) W-state. 
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Figure 5. Strain hardening exponent of 2195 alloy at 298 K to 77 K: (a) O-state, (b) W-state. 
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Figure 6. Fracture surface morphologies of the O-state alloy under uniaxial tension at (a) 298 K, (b) 218 K, (c) 138 K, and (d) 77 K. 
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Figure 7. Fracture surface morphologies of the W-state alloy under uniaxial tension at (a) 298 K, (b) 218 K, (c) 138 K, and (d) 77 K. 
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Figure 8. OM images of O-state and W-state alloys tensioned to a fixed strain at 298 K and 77 K: (a) O-state, 298 K; (b) O-state, 77 K; (c) W-state, 298 K; (d) W-state, 77 K. 
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Figure 9. Altitude nephograms of the O-state and W-state alloys tensioned to a strain of 0.12 at 298 K and 77 K: (a) O-state, 298 K; (b) O-state, 77 K; (c) W-state, 298 K; (d) W-state, 77 K. 
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Figure 10. EBSD maps of the O-state alloy after a tensile strain of 0.12 at (a) 298 K, (b) 218 K, (c) 138 K, and (d) 77 K. 
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Figure 11. EBSD maps of the W-state alloy after a tensile strain of 0.12 at (a) 298 K, (b) 218 K, (c) 138 K, and (d) 77 K. 
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Figure 12. KAM diagrams of the O-state and W-state specimens after a strain of 0.12 at 298 K and 77 K: (a) O-state, 298 K; (b) O-state, 77 K; (c) W-state, 298 K; (d) W-state, 77 K. 
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Figure 13. Deformation temperature-engineering stress and dislocation density curves of (a) the O-state alloy, (b) the W-state alloy. 
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Figure 14. TEM bright-field photographs of the O-state 2195 alloys after a tensile strain of 0.12 at (a) 298 K, and (b) 77 K. 
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Figure 15. TEM bright-field photographs of the W-state 2195 alloys after a tensile strain of 0.12 at (a) 298 K, and (b) 77 K. 
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Figure 16. TEM bright-field image of the deformed W-state alloy at 77 K. 
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Table 1. Surface roughness of the O-state and W-state alloys tensioned to a strain of 0.12.
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Deformation Temperature/K

	
Surface Roughness/μm




	
O-State

	
W-State




	
298

	
0.107

	
0.623




	
77

	
0.140

	
0.751
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