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Abstract

:

The objective of this study is the investigation of nanomechanical properties using nanoindentation of extruded and heat-treated Mg-Dy-Nd-Zn-Zr, with an emphasis on the transformation of long-period stacking-ordered (LPSO) phases. Solution heat treatment was performed with different heat treatment for durations on hot extruded Mg-Dy-Nd-Zn-Zr to monitor the transformation of LPSO phases, as well as to keep track of microstructural changes. The initial fine-grained microstructure, with blocky and lamellar LPSO structures within the matrix, first transformed into coarser grains with fewer LPSO lamellae, which then increased in amount again at higher annealing duration. The blocky LPSO phases, which have the highest hardness compared to the matrix grains with and without LPSO lamellae, consistently decrease in quantity, as so does the trend in their hardness value. The Mg matrix grains with LPSO lamellae show a lower hardness compared to the Mg matrix grains without or with a just few lamellar LPSO phases, and increase in quantity at long annealing durations. The overall hardness of the microstructure is essentially determined by the LPSO lamellae-containing grains and reaches a peak at 24 h. There is another peak found for the grain size values; however, this is at later annealing duration, at 72 h. The reduction in grain size towards longer annealing durations goes along with a reactivated formation of LPSO lamellae.
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1. Introduction


Magnesium (Mg) alloys containing long-period stacking-ordered (LPSO) phases are receiving growing attention due to their improvement of mechanical and corrosion properties. This is change based on unique microstructural features which are easily adapted by post-heat treatment and manufacturing routes, like extrusion and equal channel angular pressing (ECAP) [1,2,3,4,5,6,7,8]. Various Mg-rare earth (RE)-containing alloys, like Mg-Y-Zn-based alloys [9,10,11,12,13,14], Mg-Gd-based alloys [15,16,17,18,19,20,21,22,23] and Mg-Dy-Ni-based alloys [24,25], have been studied in cast and extruded states. The appearance of LPSO phases depends on the ratio of RE to Zn as well as the alloy composition and processing in general. The LPSO phases arrange periodically in the Mg basal planes due to restricted Zn/RE distributions at the close-packed atomic layers, forming a well-ordered structure, for example a local ABCA (fcc) stacking [26]. They are found to be either block-shaped within the grain and/or at the grain boundaries, or needle-like (lamellar)-shaped inside the grains [27]. The transformation of the morphology of these LPSO phases (named 14H-LPSO phases in lamellar shape and 18R-LPSO in block-shape) by thermo-mechanical treatment or post-heat treatment, which depends on their initial appearance, is well studied. Blocky LPSO phases can transform into lamellar LPSO phases, and both phase formations can dissolve in and precipitate from the Mg matrix during aging treatment. The possible change of their periodical intervals and the role of stacking faults as diffusion paths are well described [4,5,10,18,22,24,25,28]. Ding et al. [17] conclude that, following solid solution heat treatment of as-cast Mg–Gd–Zn–Zr at 698–813 K, a novel lamellar phase with a 14H-type LPSO structure was formed from the dendritic β-phase already existing in the Mg matrix, in addition to the initial coherent fine lamellae of type 14H-LPSO. Liu et al. [10] summarize that during annealing at 773 K, 14H-LPSO lamellae first precipitates in cast Mg-Y-Zn and then dissolves into the Mg matrix, while blocky 18R-LPSO phases display no obvious change. The formation of 14H-LPSO lamellae in the cast alloy during annealing follows the reaction process whereby 18R-LPSO, plus Mg matrix, transforms into 14H-LPSO lamellae. As for the extruded alloy, the 14H precipitates from the supersaturated solid solution stage and grows continuously with increasing annealing time, while 18R gradually dissolves. The extruded alloy exhibits an Mg matrix/14H-LPSO phase dual microstructure when annealed.



Zhang et al. [4] describe the microstructure of Mg-Gd-Y-Zn-Zr, consisting of both grains containing LPSO lamellae and grains free of them. They state that no obvious contrast of lamellar LPSO phases in microscopy images can be found, which indicated that these phases might dissolve. A microstructure of Mg grains with and without LPSO lamellae has also been found for Mg-Gd-Y-Zn-Zr in the study by Wang et al. [23]. Most of the grains have dense lamellar LPSO phases inside, which are arranged in parallel to each other. In brighter Mg grains, no LPSO lamellae were visible—an observation which agrees with other studies on Mg-Gd-Y-Zn-Zr [11,19,20]. The transformation of blocky LPSO phases into lamellar ones has also been found in [5,9,15,16]—a process conducted either by forging, extrusion or post-heat treatment.



Yuan et al. [25] investigated the morphological evolution of LPSO phases in Mg-Dy-Ni caused by solid solution treatment, different cooling conditions and precipitation hardening. During solution heat treatment, dot-shaped, block, fine lamellar and rod-shaped LPSO phases precipitated in the as-cast Mg matrix. For continuous cooling conditions, the fine LPSO lamellae phase generally formed within the grains with increasing volume fraction and blocky LPSO phase coarsened with increasing cooling time. For discontinuous cooling conditions, the dot-shaped LPSO grew into the rod-shaped phase.



Xu et al. [18] also studied different cooling conditions on cast Mg-Gd-Y-Zn-Zr: furnace cooling and quenching after homogenization. While the majority of the eutectic phases were dissolved into the Mg matrix, a small amount of block-shaped LPSO phases remained at the grain boundaries, especially at the triple junctions. The plate-shaped 14H-LPSO phases precipitated and grew across the whole grains during slow cooling. After quenching supersaturated solid solution, Mg grains without visible precipitation were seen. After slow cooling, no obvious grain growth was found, which potentially would have stemmed from the effective pinning of the grain boundaries by both block-shaped LPSO phases and the plate-shaped 14H-LPSO phases inside the grains.



The microstructure and mechanical properties of an extruded Mg-Dy-Ni alloy have been studied by Bi et al. [2]. The as-extruded alloy was mainly composed of Mg matrix grains, the Mg2Dy phase, 18R-LPSO phases distributed along the extrusion direction and small amounts of fine 14H-LPSO phase in the grain interior. During aging, two hardness peaks were observed: the first one mainly originated from the high number of blocky 18R-LPSO phases in conjunction with the precipitation of underaged 14H-LPSO phase, and the second one mainly arose from the precipitation of a high-volume fraction of 14H-LPSO phases in the grain interior.



Kittner et al. [12] found that annealing of twin-roll cast Mg-Zn-Zr alloy led to partial dissolution of the initial continuous network of the LPSO phases into the Mg matrix when quenched in water and that the morphology changed significantly: to block-shaped at 500 °C for 2 h and to a globular and rod-like shape at 525 °C for 6 h. The volume fraction of the LPSO phase decreased with increasing temperature. After heat treatment at 525 °C, fine 14H-LPSO lamellae precipitated within the Mg matrix grains at the expense of the dissolution of the network-shaped 18R-LPSO phase. Cooling at a low cooling rate in the air then led to the formation of the fine lamellae of an LPSO structure—which could be assigned to the 14H-LPSO phase—and here its precipitation was not suppressed. Wang et al. [14] studied the transformation of LPSO phases in an Mg-Y-Er-Zn-Zr alloy during heat treatment. Prior to heat treatment, the alloy consisted of an Mg matrix and 14H-LPSO lamellae. After heat treatment at 510 °C, the lamellae shortened, and their content decreased. Upon 8 h heat treatment, blocky 18R-LPSO phases formed at the grain boundaries while the 14H-LPSO lamellae disappeared.



Schuh [29] stated already in 2006 that nanoindentation has become a commonplace tool for the measurement of mechanical properties at small scales and since then Mg alloys have also been nanomechanically analyzed [30,31,32]. Studying the effects of Mn on the microhardness, HV0.01, of LPSO phases containing Mg-Zn-Y shows a significant higher hardness for the 18R-LPSO phases compared to the Mg matrix—in the solid solution state slightly less hard compared to the as-cast state [33]. Research on ZRB2-modified Mg-Zn-Y-Mn shows with a nanohardness value of approximately 1.6 GPa a higher nanohardness at an applied load of 5 mN of the blocky LPSO phases compared to the Mg matrix with 1.0 GPa [34]. Individual microhardness measurements on Mg-Gd-Y-Zn-Zr [35] also show a higher hardness of the blocky 18R-LPSO phases (105 HV) compared to the Mg matrix-containing 14H-LPSO lamellae (71 HV). In terms of microhardness, the LPSO phases forming in as-cast Mg-2.5Y-1Ce-0.5Mn have been found to be twice as hard the Mg matrix [36].



The Mg-Dy-Nd-Zn-Zr alloy used in this study is high in the Dy content (>10 wt.%) and was developed specifically for absorbable implants by MeKo Manufacturing e.K. in Sarstedt and the Helmholtz-Zentrum Hereon in Germany [37]. The alloy shows good strength and ductility, high elasticity and excellent fatigue life in air [38,39]. In combination with other alloying elements, such as Gd, Zr, and Nd, Dy, having a high solubility in Mg, both the mechanical and corrosion properties can be adjusted by heat treatment [40,41].



Ahlers et al. [42] previously investigated the influence of the cooling conditions on the morphology of the LPSO phases in cast Mg-Dy-Nd-Zn-Zr. Grains became larger with increasing heat treatment duration and slow cooling led to additional grain growth. Slow cooling supported the development of LPSO lamellae, which transformed from the blocky LPSO phases during the cooling process. Crack growth in the alloy used in this study was investigated in [43] with attention to the role of LPSO phases. Solution heat treatment changed the initial fine-grained microstructure, consisting of grain boundary blocky LPSO and lamellar LPSO structures within the matrix, into coarser grains of less lamellar and blocky LPSO phases. Crack initiation and propagation was found to be influenced by twin boundaries and LPSO lamellae being surrounded by softer Mg matrix. The blocky LPSO phases hindered crack growth due to their higher hardness; however, their amount decreased with increasing heat treatment duration. The Mg matrix in between LPSO lamellae was found to be less hard than the Mg matrix in grains free of LPSO lamellae, where solid solution strengthening was expected.



It becomes clear that the general transformation possibilities between the phases have been widely researched, and understood in turn to some degree. However, new alloying possibilities and fabrication routes still leave some questions unanswered. How the phases change the mechanical properties on the macro-scale is also essentially known. In contrast, much less is known about the influence of heat treatments on the local mechanical properties. Therefore, this study aims to quantitatively investigate the change in microstructure and examine the nanohardness of each phase influenced by solid solution, testing how sensitively nanohardness can measure even minor hardness changes due to different cooling rates.




2. Materials and Methods


The Mg-Dy-Nd-Zn-Zr alloy in this study, extruded in tubes, consists of 12.63 wt.% Dy, 1.05 wt.% Nd, 0.94 wt.% Zn and 0.075 wt.% Zr, and was analyzed by X-ray micro fluorescence and spark optical emission spectroscopy [43]. The manufacturing route of the tubes can be found in detail in [43]. The hot-extruded Mg-Dy-Nd-Zn-Zr alloy was solution heat treated for 0.5 h, 1 h, 24 h, 72 h, 96 h or 120 h at 500 °C, followed by water quenching in 55 °C warm water. For the solution heat treatment duration of 0.5 h and 1 h also, cooling in air was applied. The samples for nanoindentation were cut from the extruded tubes and the cross-section was used for hardness measurements and microstructure characterization.



The samples were prepared by grinding with SiC paper to a grit size of 4000, followed by polishing with 3 and 1 µm water-free diamond paste and 0.25 µm OPS colloidal silica. The samples were then cleaned with ethanol and dried with hot air. The microstructure was developed by etching in a solution of 4.2 g picric acid, 10 mL acetic acid, 10 mL distilled water, and 70 mL ethanol for a few seconds only. Micrographs were obtained with a Leica DMi8 (Leica Microsystems GmbH, Wetzlar, Germany). IMAGIC IMS software was used to take grain size measurements, applying the line intercept technique.



Quasi-static nanoindentation tests were carried out using a TI 950 TriboIndenter (Bruker, MA, USA) equipped with a Berkovich tip. The tests were conducted in a load-controlled mode and a trapazoidal load function: the maximum force was 1 mN, and loading/holding/unloading lasted 5 sec each. Grits of 15 × 15 indents were taken with a grid spacing of 8 µm. Force–displacement curves were monitored. The indents were visualized using the TI 950 TriboIndenter in either the scanning probe microscopy imaging mode, the Leica DMi8 light microscope or a scanning electron microscope (SEM; VEGA4 GMU, TESCAN, Brno, Czech Republic). Each indent could thus be assigned to the location of the hardness measurement. The overall hardness values, the average of all hardness values, shows the hardness of all the grains measured without the blocky LPSO phases.




3. Results


Figure 1 shows representative micrographs of the Mg-Dy-Nd-Zn-Zr alloy in an as-extruded state (Figure 1a), and after heat treatment at 500 °C for 0.5 h, 1 h, 24 h, 72 h, 96 h and 120 h followed by quenching in 55 °C warm water (Figure 1b–g). The majority of the grains in the as-extruded state contain LPSO lamellae within the grains (grey and darker grey grains). Some grains appear very bright and are expected to be free of lamellae—the as-extruded microstructure also shows precipitates and grain boundary LPSO phases. A coarser-grained microstructure was found after solution heat treatment. The grains reveal microstructural features, such as the lamellar LPSO structures with the Mg matrix and blocky LPSO phases within the grains and at the grain boundaries. Some grains show twin boundaries (for example in Figure 1b). The number of grains containing lamellar LPSO increases in quantity after solution heat treatment for 96 h and 120 h. The number of blocky LPSO phases decrease further towards 120 h—the study in [43] has already presented a decrease between 24 h and 72 h and the images in Figure 1b and c clearly show the highest amount of blocky LPSO among the heat-treated states.



The micrographs in Figure 2 support the statements on the appearance of lamellae-free and lamellae-containing grains, as well as those about the grains in the heat-treated states. The brighter microstructural feature-free grains in the light microscopy images (Figure 2c,d,f) do not show LPSO lamellae. If they do show them, it is only very few, and the same is true of the grains in the SEM images (Figure 2a,b,e). The images in Figure 2b and c show the same details in the microstructure of the heat-treated samples at 500 °C for 0.5 h, and so does Figure 2e,f for the heat-treated samples at 500 °C for 96 h.



The micrographs in Figure 2 are taken at the grit area, seen by 15 × 15 small indents in horizontal and vertical lines—in Figure 2d the indents are marked in red. Indents at interfaces and grain boundaries are eliminated in calculating average nanohardness values. This is also the case indents near or on the RE-hydrides, seen as white cubical particles in the SEM images, as see Figure 2a and as is correlated to [44]. Since these particles are hard but cannot be indented without false values (sliding off), their values are not taken into account.



The SEM images in Figure 3a and b show once more the different appearance of Mg matrix grains containing LPSO lamellae (here named “Matrix lamellae”) and lamellae free grains (here named “Matrix solid”). The force–displacement curves in Figure 3c are representative curves of blocky LPSO phases, the Mg matrix in between the LPSO lamellae and the Mg matrix free of LPSO lamellae (solid). The highest displacement is seen for the Mg matrix in the LPSO lamellae-containing grains, and the lowest displacement is found for the blocky LPSO phases. All curves show small pop-ins. Attempting to assign the amount of pop-ins to the microstructural feature has not revealed a trend of either more or less regarding indenting obvious LPSO lamellae. Lamellae will be responsible for the pop-ins, but so will strain bursts due to dislocation movement in other microstructural regions. Blocky LPSO phases also show no outstanding characteristic features. Figure 3b also presents twin boundaries. The microstructure around twins shows a high scattering of hardness values, and obvious statistical outliers are not considered.



The bar charts in Figure 4 show the dependence of the grain size on the heat treatment duration compared to the extruded state. The grain size increases during solution heat treatment up to 43.8 ± 27.7 µm at 72 h and then decreases towards longer heat treatment durations, see Figure 4a. The overall nanohardness (average of all hardness values) also shows a peak value, and at 24 h a value of 1.74 ± 0.19 GPa is reached, as seen in Figure 4b. Figure 4c shows that the area fraction of Mg matrix grains with LPSO lamellae becomes higher with increasing solution heat treatment duration: solution heat treating for 0.5 h results in 45% of grains showing LPSO lamellae; this value increases to 73% for 120 h, which is higher than that for the as-extruded state (68%). The bar chart in Figure 4d shows the nanohardness values separated in Mg matrix grains with and without LPSO lamellae (mostly measured in the Mg matrix in between the LPSO lamellae), where the grain without LPSO lamellae shows higher values. However, an indent directly at an LPSO lamellae shows high hardness values, whereas nearby or at the edge there is a lower harness value.



The graphs in Figure 5a–d show clustered nanohardness values of indents in blocky LPSO phases, presented in red and classified first; shown are Mg matrix grains including indents direct at LPSO lamellae (separated provided and shown by an example in Figure 3b: bottom row, second indent from the left), presented in green; also shown are Mg matrix grains without obvious LPSO lamellae, presented in blue (“Matrix solid”). Each cluster belongs to one grain. The blocky LPSO show the highest hardness values for all solution heat treatment durations (24 h, 72 h, 96 h and 120 h), and the Mg matrix grains without obvious LPSO phases (Matrix solid) show higher hardness values than the LPSO lamellae-containing grains. However, the difference reduces towards longer heat treatment durations, as does the number of indents in grains free of LPSO lamellae (see area fraction in Figure 4c).



Even though the nanohardness of the blocky LPSO phases after solution heat treatment of 72 h was found to be 2.41 ± 0.30 GPa, and after 96 h was read at 1.84 ± 0.48 GPa, the nanohardness of the blocky LPSO phases decrease in an overall trend with increasing heat treatment duration. The nanohardness of the blocky LPSO phases in the as-extruded state was found to be 2.43 ± 0.21 GPa, and after solution heat treatment of 120 h a nanohardness of 2.21 ± 0.37 GPa was established.



To investigate the influence of the cooling rate, the samples heat-treated for 0.5 h and 1 h were, beside quenching in 55 °C warm water, also cooled in air. Figure 6a,b show the microstructure, observed by light microscopy, and Figure 7a–c and Figure 8 present the grain size, number of LPSO phases and grains with and without LPSO lamellae as well as nanohardness compared to the data for quenching in 55 °C warm water. According to Figure 7a, the grain size increases towards the solution heat treatment duration and in water quenching conditions, whereas the number of blocky phases reduces (Figure 7b). Figure 7b shows that the number of grains per area of Mg matrix grains with LPSO lamellae is slightly higher in water quenching conditions and at 1 h heat-treating.



The nanohardness of the microstructure after solution heat treatment and cooling in air for grains classified into Mg matrix grains, both with LPSO lamellae and without obvious LPSO lamellae (solid), is shown in Figure 8 (note that the x axis starts at 1.1 GPa) and compared to overall hardness, as well as to the nanohardness of the as-extruded state. Taking the error bars into account, the difference is very small—however, there is a slight increase in nanohardness for “solid” grains in the water quenched microstructure compared to cooling in air and compared with the average/overall value (black bars).




4. Discussion


Similar to reports of others [4,11,20] the as-extruded microstructure of the Mg-Dy-Nd-Zn-Zr alloy used in this study consists of Mg grains with LPSO lamellae in a parallel arrangement throughout the single grains (either seen by the lamellae itself or by the grey, darker appearance of the Mg grains), blocky LPSO phases within the Mg grains, mostly at the grain boundaries and Mg grains free of LPSO lamellae (which appear very bright). As described in the literature [19], all alloying elements in these “brighter” grains are expected to be in solid solution. According to Figure 1a, the area fraction of the grains free of LPSO lamellae is estimated to be less than 20%. Solution heat treatment shows grain growth already after 0.5 h, with an increase up to a duration of 72 h. This goes along with a reduction of blocky LPSO phases [see also 43] and growing amount of LPSO lamellae within the Mg grains. This shows that solid solution heat treatment causes a dissolution of the blocky LPSO phases and a precipitation of LPSO lamellae, as has also been reported by [2,10,12,25]. The blocky phases reduce slightly in nanohardness during dissolution. An increasing amount of LPSO lamellae seem to trigger the formation of new grains: at 96 h and 120 h, a decreasing grain size has been found. This is usually only found after deformation and recrystallization. Zhang et al. [4] and Liu et al. [45] found that LPSO phases (fragmented LPSO lamellae) trigger the particle-stimulated nucleation mechanism and that the newly formed grains are free of LPSO lamellae. This may be the reason why the ratio of the Mg grains with and without LPSO lamellae hardly changes towards 120 h (~30%/~70%)—the new grains forming are rather free of LPSO lamellae, while the existing grains are assumed to contain increasing amounts of LPSO phase.



Our results make clear that the blocky LPSO phases have the highest hardness and that the grains without obvious LPSO lamellae are harder than the grains with LPSO lamellae. Additionally, according to [43], the Mg matrix in between LPSO lamellae shows the smallest hardness value. That means that even with the LPSO lamellae within the grains, which can be when closely indented be much harder than the “in between Mg matrix”, these grains do not reach the hardness value of the solid solution state. Towards the heat treatment duration of 24 h the overall nanohardness reaches a peak value of 1.74 ± 0.19 GPa. Interestingly, this peak value is nearly reached already after 1 h (1.73 ± 0.19 GPa). With further increasing heat treatment duration, the overall hardness decreases. Due to the lower area fraction of the harder Mg grains in a solid solution state, they provide a smaller contribution to the overall value, and they even decrease in area fraction and hardness with increasing heat treatment duration up to 96 h. Agreeing to the similar results for 96 h and 120 h according to the area fraction, the hardness values also do not change much. It seems that the microstructure has reached a homogenization stage: the overall hardness comes the closest to the hardness values of the Mg matrix grains with LPSO lamellae. It should be pointed out that the hardness values are sensitive to the (sub)surface condition. Even dislocations in the sub-surface range can generate a variance.



It can be concluded that the microstructure does not cause significant pop-ins, the force–displacement curves show small pop-in, but not in an amount and degree known from Mg-alloys, when twinning under nanoindentation or consisting of inhomogenously distributed particles [46,47,48]. The twins seen in the microstructure are not from nanoindentation itself, but rather they have been in the microstructure from either extrusion or preparation. The results reveal no apparent discontinuities within the microstructure (the influence of the Mg hydrides are excluded from this discussion and they rather cause sliding along the surface than pop-in, also resulting in wrong hardness values). The small amount of strain-bursts, caused by accumulation of dislocation [49], are in a similar amount in grains with or without LPSO lamellae or even in blocky LPSO phases.



When paying attention to different cooling conditions, we expected different results, in accordance with the results in [42]: a higher amount of precipitated LPSO lamellae for slow cooling. However, first we need to clarify that quenching in 55 °C warm water left the sample longer at a “higher” temperature (a few minutes) than cooling in air: here, room temperature was reached within seconds, due to the small size of the samples. So, cooling in air has the faster cooling rate or, in other words, the shorter exposure to a “higher” temperature. This short variation in temperature exposure did not make a difference to the ratio of the Mg grains with and without LPSO lamellae (for 0.5 h: 55%/45%), but slightly on the average grain size and number of blocky LPSO phases. Both increasing grain size and reduction in numbers of blocky LPSO phases agree with the trend seen up to 72 h. The microstructure consisting of Mg grains with and without LPSO lamellae changes also slightly from 0.5 h to 1 h heat-treating: the number of grains with LPSO lamellae increases. So, in agreement to the as-cast state in [42] the grains become larger with increasing heat treatment duration and slow cooling, leading to additional grain growth. What we learnt is that none of the two cooling conditions lead to a microstructure, whereas all the grains consist of LPSO lamellae. This constitutes a clear difference between initially starting with as-cast and as-extruded states, like also seen in [10]. The nanohardness does not differ much due to either heat treating for 0.5 h or 1.0 h or cooling in air or water, but some small changes are found and the slightly higher nanohardness values of the Mg grains free of LPSO lamellae in the water quenched microstructure will be some result of ongoing solid solution strengthening. Since at this low heat treatment duration the area fraction of Mg grains free of LPSO phases is still near 50%, their nanohardness values play a bigger role on the overall nanohardness than seen after long heat treatment durations with ~30% area fraction. The determination of hardness by nanoindentation has proven to be a good method to make small local hardness changes determinable and to nanomechanically accompany the transformation of LPSO phases by solid solution heat treatment.




5. Conclusions


The study of nanomechanical analysis of an extruded and heat-treated Mg-Dy-Nd-Zn-Zr alloy in correlation with microstructural changes during solution annealing allows the following conclusions: (1) the initially fine-grained microstructure with blocky and lamellar LPSO structures within the Mg matrix and blocky LPSO phases at the grain boundaries first transformed into coarser grains with fewer LPSO lamellae, whose amount then increased again at higher annealing durations, accompanied by decreasing grain size. (2) The blocky LPSO phases, which have the highest hardness compared to the matrix grains, steadily decrease in quantity, as does the trend of their hardness value. (3) The Mg matrix grains with LPSO lamellae show a lower hardness compared to the Mg matrix grains without or with only a few lamellar LPSO phases as with increasing annealing durations the microstructure homogenizes with respect to the nanohardness values. (4) For long heat treatment durations, the overall hardness of the microstructure is essentially determined by the grains containing LPSO lamellae, since their area fraction is 70%; for short heat treatment durations, the hardness value is influenced proportionally. (5) The overall nanohardness reaches the highest value at 24 h and the grain size does so slightly later at 72 h, as decreasing nanohardness after reaching the peak value goes along with an increasing amount of LPSO lamellae. (6) Cooling in air and quenching in 55 °C for 0.5 h and 1.0 h water influences the microstructure and nanohardness—showing that nanoindentation offers the possibility to determine small changes in solid solution strengthening. (7) The extruded Mg-Dy-Nd-Zn-Zr alloy first undergoes a dissolution of LPSO lamellae, followed by re-precipitation. Finally (8), the LPSO lamellae-containing microstructure does not lead to remarkable pop-in effects.
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Figure 1. Light micrographs of Mg-Dy-Nd-Zn-Zr alloy in (a) as-extruded state, showing LPSO lamellae within the grains, precipitates and grain boundary LPSO phases after heat treatment at 500 °C for (b) 0.5 h, (c) 1 h, (d) 24 h, (e) 72 h, (f) 96 h and (g) 120 h, followed by quenching in 55 °C warm water, showing LPSO lamellae within Mg matrix grains and blocky LPSO within grains and at grain boundaries of different quantities. 
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Figure 2. Micrographs of Mg-Dy-Nd-Zn-Zr alloy in extrdued state (a), after heat treatment at 500 °C for 0.5 h (b,c), 24 h (d) and 96 h (e,f) followed by quenching in 55 °C warm water, (a,b,e) SEM and (c,d,f) light microscopy, all images show the grits of 15 × 15 indents, in (d) marked in red. 
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Figure 3. SEM micrographs of Mg-Dy-Nd-Zn-Zr alloy after heat treatment at 500 °C for (a) 120 h and (b) 96 h—magnified section of Figure 2a—and followed by quenching in 55 °C warm water. (c) Force–displacement curve of blocky LPSO and Mg matrix grains with LPSO lamellae and without obvious LPSO lamellae (solid), taken from indents shown in Figure 3b. 
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Figure 4. Microstructure depending on (a) grain size, (b) overall nanohardness, (c) area fraction of Mg matrix grains without LPSO lamellae (solid) and with LPSO lamellae, and (d) nanohardness of individual grains compared to overall hardness: Mg matrix grains with LPSO lamellae and without obvious LPSO lamellae (solid)-solution heat treatment and quenched in 55 °C water (numbers stand for heat treatment duration). 
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Figure 5. Nanohardness of individual indents organized according to the grains and locations they belong to. The first classified group comprises indents (<10) within the blocky LPSO phases, followed by Mg grains without LPSO lamellae (Matrix solid) and Mg matrix with LPSO lamellae, at different heat treatment durations: (a) 24 h, (b) 72 h, (c) 96 h and (d) 120 h. 
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Figure 6. Micrographs of Mg-Dy-Nd-Zn-Zr alloy after heat treatment at 500 °C for (a) 0.5 h and (b) 1 h followed by cooling in air, showing LPSO lamellae within Mg matrix grains and blocky LPSO within the grain and at grain boundaries in different quantities. 
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Figure 7. Microstructure depending on (a) grain size, (b) number of blocky LPSO and (c) number of grains per area of Mg matrix grains without LPSO lamellae (solid) and with LPSO lamellae—given solution heat treatment and cooled in air. 
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Figure 8. Nanohardness of individual grains clustered to Mg matrix grains with LPSO lamellae and without obvious LPSO lamellae (solid) compared to overall hardness—given solution heat treatment and cooled in air and water quenched (numbers stand for heat treatment duration). 
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