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Abstract


A new method of thermo-mechanical processing has been designed by introducing pre-aging before general cold rolling for an Al-Zn-Mg alloy. This process results in an increase of 200 MPa in yield strength compared to that of the peak-aged samples. The microstructures were examined by transmission electron microscope and X-ray diffraction. It has been found that the enhanced strength is mainly contributed to by ultra-fine lamella structures containing a high density of dislocations pinned by nanoprecipitates. Extra strength is provided by the “interlocking” of precipitates and dislocations. Fractographic features analysis shows that crack propagation along the interface of the lamella structures is the direct reason for resulting in fracture, due to intra-granular strength exceeding grain boundary cohesion.
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1. Introduction


Al-Zn-Mg alloys are widely used as structural materials in aerospace and other transportation applications for their high strength and low density [1]. Aging hardening is an effective approach to strengthen Al-Zn-Mg alloys [2,3,4,5,6,7] via a high density of nanosized precipitates inhibiting the dislocation motion. Strain-hardening is another popular strengthening mechanism employed in Al alloys. The strengthening effect from a single mechanism is limited; researches have tried to explore the combined effect of these strengthening mechanisms such as dislocations and precipitations [8,9,10,11,12,13]. Thus, thermo-mechanical processes (TMPs) have been significantly developed. The strength has been improved dramatically by conventional TMPs in Al-Mg-Si alloys and Al-Cu-Mg alloys, but little in Al-Zn-Mg alloys, compared to their peak-aged counterparts [14,15,16,17,18].



Still, Zhao et al. found that the coupling of dislocations and precipitates offers a pleasant surprise in microstructures [15,19,20,21], i.e., nanosized grains, which provide extra strength for 7075 alloy (one of the Al-Zn-Mg alloys). In these works, the thermo-mechanical processes used were designed as solid solution treatment + severely plastic deformation (SPD) + aging, promoting heterogeneous nucleation of precipitates employing dislocations as the nucleation site, meanwhile resulting in grain refinement via precipitates pinning the sub-grain boundary. Although it will be difficult to explore these approaches commercially, these works provide a new strategy for strengthening Al-Zn-Mg alloys, which also reminds us there is still room for improvement in conventional TMPs, if knowledge about the coupling of precipitates and dislocations is upgraded.



In this work, an Al-Zn-Mg alloy (7N01) with the lowest Zn content in all commercial Al-Zn-Mg series, widely applied as a structure material in high-speed trains, was employed to investigate the coupling of precipitates and dislocations. However, this time, types of sheared precipitates (GPη′ zones [2,3]) by dislocations were introduced before conventional deformation (cold rolling), in other words, aging was ahead of deformation. A significant improvement was achieved in the strength of 7N01 alloy, which was contributed to by ultra-fine lamella grains, phase transformation and a high density of evenly distributed dislocations.




2. Experimental Materials and Procedures


A commercial hot-rolled plate, with a major composition of 4.38 wt.% Zn-1.35 wt.% Mg-balance Al, was employed in this investigation. These plates were solution-treated at 475 °C for 1.5 h, then quenched in water to the ambient temperature. The quenched samples were immediately aged at 120 °C for 24 h (T6-treatment). Part of the aged samples were subsequently cold-rolled at room temperature to a total thickness reduction of ~60%, named as AR (aging-rolling) sample. For comparison, the quenched samples were rolled at the same condition as the AR sample, termed as the QR (quenching-rolling) sample, similar to the NS sample prepared by Zhao et al. [20].



Specimens with a gage length of 5 mm, a thickness of 1.8 mm and a width of 2 mm were used for tensile testing, which was carried out at ambient temperature and at a constant strain rate of 1 × 10−3 s−1 on a Shimadzu AGS-X universal tester (SHIMADZU, Kyoto, Japan). The specimen axis was aligned with the direction of rolling. The values of strength and ductility were taken from an average of three specimens. The yield strength was estimated by the stress at 0.2% plastic strain. The microstructures were observed using an FEI Titan G2 60-300 transmission electron microscope (TEM) (Thermo Fisher Scientific Inc., Waltham, MA, USA) with a spherical aberration corrector under the objective lens operated at 300 kV. TEM specimens were prepared using twin-jet electro-polishing with a solution of 30% nitric acid and 70% methanol under a relatively constant temperature between −20 °C and −30 °C. XRD measurements were taken on a Bruker-AXS D8 Advance X-ray diffractometer (Bruker, Karlsruhe, Germany) equipped with a Cu target operating at 1.8 kW. θ–2θ step scans were taken to record the XRD patterns at room temperature. The scanning step was 0.02° and the scanning rate was 0.6 s per step. The scanning area was about 2 mm × 10 mm.




3. Experimental Results


Figure 1 shows the engineering stress-strain curves of the T6, QR and AR samples. The tensile yield strength (marked by solid circles on curves) and ultimate strength of the AR sample are 497 MPa and 527 MPa, respectively, which are about 67% and 45% higher than those of the T6-treated sample (297 MPa and 363 MPa). The tensile yield strength and ultimate strength of the QR sample are 422 MPa and 466 MPa, respectively, 42% and 28% higher than those of the T6 treated sample. In comparison to the QR sample, the yield strength and ultimate strength of the AR sample are increased by about 75 MPa and 61 MPa, respectively. The uniform elongation (marked by solid squares on curves) and the elongation to failure of the AR sample are 3.5% and 7.7%, respectively. Obviously, they are significantly lower than those of the T6 treated sample (11.9% for uniform elongation and 22.5% for elongation to failure), and slightly lower than those of the QR sample (5.8% for uniform elongation and 10.1% for elongation to failure). This decrease in tensile ductility is typical for cold-worked metals [22,23], but the extremely high strength is very worthwhile to understand the strengthening mechanism. The strength of the QR sample is higher than that of the T6 sample, attributing to the fine grain size and a high density of dislocations reported by Zhao et al. [20]. The strength of AR samples is even higher than that of the QR sample, the over strength must not be thought of simply as the contribution of work-hardening or precipitation-strengthening.



Figure 2 shows the representative bright-field and corresponding dark-field TEM images of the T6-treated sample and AR sample. In the T6-sample, the microstructure consists of elongated micron-sized coarse grains and sub-micro subgrains; as shown in Figure 2a,b, the average grain diameter of the T6-sample is about 1822 ± 150 nm. In the AR sample, lamella structures are primarily observed in Figure 2c, with a mean thickness of 137 ± 20 nm and a mean length of 2000 ± 270 nm. Averaging the mean length and the mean thickness of the elongated grains yields an estimate for the mean grain diameter of 590 ± 55 nm. Figure 2d is the corresponding dark-field TEM micrograph and shows more clearly the subgrain morphologies; the slight contrast difference within lamella structures was caused by small orientation variations due to serious lattice distortion introduced by cold rolling. The selected area diffraction pattern with <112> zone axis inserted in Figure 2c, from a 3 μm diameter area of an AR sample, suggests that the grain boundaries are mostly low-angle type. The diffraction patterns were distorted into discontinuous rings, revealing a refined structure, but the misorientations were not large enough to yield continuous rings. Figure 3 shows the TEM micrographs inside a grain of the T6-treated sample and AR sample. As shown, a few of the dislocation walls or dislocation tangles are found in the T6-treated sample, while a high density of dislocations are observed in the AR sample. Little dislocation tangle (dislocation wall, dislocation cell) is observed in the AR sample; the evenly distributed dislocation morphologies indicate that the dislocation motion of cross slip is inhibited effectively by pre-existing nanoprecipitates during cold rolling.



The XRD patterns for T6-treated and AR samples are displayed in Figure 4a, where the XRD peaks for precipitates are very weak and embedded in the background. The grain diameter (d) and microstrain (ε) of the bulk samples were calculated from the XRD peak broadening (δhkl) for the matrix, using the Williamson-Hall method [24]. It assumes that δhkl consists of grain refinement broadening and strain broadening, which is given by:


δhkl·cosθhkl = Kλ/d + ε·sinθhkl



(1)




where λ (= 1.54 Å) is the wavelength of Cu Kα radiation, K is a constant (~0.9) and θhkl is the Bragg angle. The values of d can be found above, and ε (= 0.01036 for AR sample and 0.00723 for T6 sample) were obtained from the slope of the fitted curve in Figure 4b. The dislocation density (ρ) can be deduced by d and ε [21]:


  ρ =   2  3  ε  /  d b    



(2)




where b = 0.286 nm is the magnitude of the Burgers vector for Al. The dislocation density for T6-treated and AR samples are calculated to be 4.81 × 1013, 2.13 × 1014 m−2, respectively. Obviously, the dislocation density in the AR sample is much higher than that in the T6-treated sample, which is in good agreement with the TEM results.



Figure 5a shows typical high-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) image of a conventional T6-treated sample, showing a high density of nanosized precipitates. These precipitates are disc-like GPη′ zones, as shown in the high-resolution HAADF-STEM image (Figure 5c), consisting of Zn-rich atomic layers parallel to {111} Al-planes, and so brighter than the matrix. GPη′ zones as well as the nuclei of η′ precipitates are metastable, the latter will evolve into a stable laves phase (MgZn2) finally during artificial aging. Figure 5b displays the morphology and distribution of precipitates in AR samples. These precipitates are distributed homogenously in the grain volume and are smaller than those in the T6-treated sample in size. Obviously, pre-existing GPη′ zones are fully coherent and easily sheared by sliding dislocations during cold rolling, resulting in a smaller volume and a near-spherical shape, as shown in Figure 5b and d. Also, composition redistribution within precipitates are caused by moving dislocations, which are suggested by the inhomogenous contrast in the interior of precipitates (Figure 5d) instead of the homogenous contrast in GPη′ zones (Figure 5c). Here, the Z-contrast of the HAADF-STEM image can be used to explain the Zn distribution, i.e., brighter area means higher Zn-inclusion, and vice versa. The ordered structure of precipitates has been destroyed by dislocation shearing; as shown in Figure 5d, no repeated periodic cells can be extracted, so they are termed as nanoclusters. Precipitate change is caused by moving dislocations; in the meantime, dislocations are “locked” by precipitates; as shown in Figure 5b, dislocations connect precipitates and no dislocation tangle occurs.




4. Discussion


4.1. Mechanical Properties and Strengthening Mechanism


The strength of the AR sample is significantly higher (200 MPa) than those of the T6-treated counterpart, indicating that it is possible to add the strengthening effect from cold rolling to that from the precipitation hardening. The over strength may be attributed to: (i) dislocation strengthening and (ii) grain refinement strengthening. The grain-refinement strengthening is generally described by a Hall–Petch relationship:


Δσ0.2 = σ0 + kd−1/2



(3)




where σ0.2 is the yield strength, σ0 is the friction stress, k is a constant (approximately ~0.12 MPa/   m    for T6-treated Al-Zn-Mg sample [9]), and d is the average grain diameter. Thus, it is revealed that 67 MPa of the improved 200 MPa yield strength is contributed to by grain refinement of the AR sample, in comparison to the T6 sample.



The Bailey–Hirsch relationship was applied to estimate the contribution from the residual dislocations to strengthening [13]:


Δσd = MαGbρ



(4)




where M is the mean orientation factor (= 3.06 for fcc polycrystalline matrix), α is a constant (= 0.2 for fcc metals) and G is the shear modulus (= 26.9 GPa for Al-Zn-Mg alloys). The strength increment caused by dislocations is calculated to be ~33 MPa and ~69 MPa for the T6-treated and AR sample, respectively. Thus, there is 36 MPa of the improved 200 MPa yield strength which is contributed to by strain hardening for the AR sample, in comparison to the T6 sample.



Obviously, the yield strength of the AR sample (497 MPa) is not a simple sum of dislocation strengthening (36 MPa), grain-refinement strengthening (67 MPa) and yield strength of the T6-treated sample (297 MPa). Part of the strength (97 MPa) is from the “interlocking” of dislocations and clusters, because the dislocations from rolling have been “locked” by clusters, resulting in more force needed to make them move while being tensile. In other words, clusters with built-in dislocations might be more resistant to moving dislocations than fully-coherent GPη′ zones.




4.2. Tensile Fracture Analysis


The tensile tests show that the AR sample (3.5%) has much lower ductility than the T6-treated sample (11.9%). Fractography was performed to explain the tensile ductility trends on the basis of fracture mechanisms. Figure 6a shows the transgranular ductile fracture of the T6-treated sample. The ductile voids here are very small due to the nanosized precipitates in the T6-treated sample. A large number of coarse voids along the interfaces between the lamella structures are observed on the fracture surface of the AR sample (Figure 6b), suggesting intergranular cracking, which is probably due to a high density of dislocations sticking at the boundaries after rolling.





5. Conclusions


In this study, we have developed a new process to achieve super-high strength of an Al-Zn-Mg alloy, exceeding 200 MPa in yield strength compared with the T6-treated sample. Unlike previous work, we purposely retained a large number of nanoprecipitates after T6 treatment, which is useful for the generation of a uniformly-distributed, high-density of dislocations during the subsequent cold rolling at room temperature, via the inhibition of dislocation cross slip. The yield strength of the AR sample is higher than the simple sum of precipitation strengthening, strain hardening and grain-refinement strengthening; the extra strength is contributed to by the “interlocking” of dislocations and precipitates. Fracture analysis indicated that the cracks initiate at the interface of the lamella grains, which is probably due to a mass of dislocations sticking at the interfaces.
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Figure 1. The stress-stain curves of samples subjected to T6 treatment or thermos-mechanical processing (AR and QR). 
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Figure 2. The bright-field (a,c) or dark-field (b,d) TEM images of grains in the T6-treated sample (a,b) or TMP-treated sample (c,d). 
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Figure 3. The morphology of dislocations in the T6-treated sample (a) or AR sample (b). 
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Figure 4. (a) comparison of XRD peaks of the T6-treated and AR samples, (b) plotting δcosθ vs. sinθ and performing a linear regression analysis. 
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Figure 5. HAADF-STEM images showing precipitates in the T6-treated sample (a,c) and AR sample (b,d). Images were obtained under conditions with Z contrast using HAADF detector, along <112>Al zone axis. 
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Figure 6. Fractographs of tensile fracture in the T6-treated sample (a) and AR sample (b). 
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