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Abstract

:

The primary objective of this research was to open a promising avenue for designing new low-cost precipitation-hardened Al base alloys in semblance with the desired mechanical properties that can be exploited in the fabrication of lightweight exoskeleton frames, prosthetics, and wheelchair components. In multicomponent Al-Cu-based systems (2xxx), the substitution of elements such as copper (Cu), magnesium (Mg), and akin Cu/Mg ratio are mainly manipulated to improve the mechanical strength of these alloys. Nonetheless, these kinds of alloying optimizations are not well suited from the cost and sustainability points of view. The starting point of the present work is to screen out the optimum value of the Ag/Sn ratio, which can be a potential substitute for the conventional Cu/Mg alloy ratio in Al-Cu-Mg-based ternary alloys without sacrificing its key features of mechanical properties. Based on our microstructural and mechanical results, it was found that the chemical composition and microstructure were the most important variables influencing the mechanical properties. The increase in the mechanical strength of our alloys was mainly attributed to the precipitation hardening phenomenon. Typically, at peak-aged conditions, the correlation between the mechanical and subsequent microstructural analysis revealed that the synergistic increase in Ag and Sn content in the Al-Cu-Mg-based alloy led to an improvement in the mechanical strength and its trade-offs by changing the shape and distribution of the micron-scaled second phase in the matrix. From optical microscopy and subsequent scanning electron microscopy analyses, this continuous precipitated phase in the matrix is identified as the Mg2Sn phase, which is mainly elicited from the solid-state reaction during artificial aging treatment. Indeed, the presence of suitable microstructure at the peak aged condition that has uniformly dispersed, micron-scale Mg2Sn phase proved to be very useful in blocking the dislocation glide and increasing the mechanical strength of the alloys during tensile testing. This combination of precipitation-hardening phases has not been previously observed in alloys with higher or lower Cu/Mg ratios. Among the studied alloys, the alloy having Ag/Sn ratio of 23 (and chemical composition of Al-4 Cu-0.5 Mg-0.7 Ag-0.03 Sn (wt.%)-T6 (denoted as Al-loy-4) exhibited an average ultimate tensile strength of 450 MPa which is almost four times larger than the pure aluminum having an ultimate tensile strength of 90 MPa currently used in healthcare and medical industries.
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1. Introduction


In rehabilitative fields, the devices such as Prostheses (artificial legs and hands), orthoses (braces and splints), and/or healthcare instruments such as metal-framed transport wheelchairs are widely used to enable people with physical impairments or functional limitations to live healthy social life [1,2,3]. Prevalently, from the viewpoint of potential functional outcomes in the medical field, it is critical to substitute traditional heavy metal components of Iron (Fe) with some lightweight metal components [4,5]. For example, Aluminum (Al) components can substantially reduce the weight of many exoskeleton devices and will be far easier to propel when compared to their heavier counterparts [6,7]. Consequently, in the recent past, owing to the intrinsic property of being lightweight, aluminum and its alloys have garnered considerable potential in the medical industry, from laboratory-designed materials to advanced structural materials. Owing to the fact that the weight of Al alloys is one-third of the commercially available steel components, which makes it promisingly versatile for several applications, including wheelchairs, where less energy expenditure by the patient during service and cost are prevalent [8,9]. Unfortunately, the strength of Aluminum alloys is only half of that of commercial steel. The two common aluminum alloys used in the medical field are 7005 T-6 and 6061T-6 alloys; they have an ultimate tensile strength of 350 MPa and 310 MPa, respectively [8,9,10]. Hence for durability, the improvement in the mechanical properties, especially the strength-to-weight ratio of Al alloys, still remains a significant concern that needs to be resolved.



It is noteworthy to mention here that the most researched age-hardenable aluminum alloy in the past was the 2xxx series alloy, also known as the Al-Cu-(Mg) system. The development of many 2xxx series alloys was initiated as a result of early efforts to lighten auto body panels which are made from steel. The 2014 and 2024 high-strength alloys, on which these automobile 2xxx alloys were based, had their copper content drastically lowered to fulfill formability requirements while still keeping enough mechanical strength to meet steel’s dent resistance performance. The 2xxx series alloys are often more durable when aged and solutionized as compared to the 6xxx system (due to increased solid solution and precipitate fractions, respectively) [11,12]. Hence, owing to the very low cost per unit weight, they have stupendous potential to have emerged as a promising structural material in the fabrication of exoskeleton frames, prosthetics, and wheelchair components.



To date, the Al-Cu-based alloys commonly designated as the AA2xxx series are increasingly being studied over the years because copper has a significant in improving the mechanical properties of wrought Al-based alloys. Nonetheless, in any kind of Al-Cu-based alloy weather, it is in an as-cast or wrought state and responds to heat treatment, and its mechanical properties are influenced accordingly by the solution treatment and aging treatment condition as well. However, in most cases, the mechanical strengthening effect is more evident when Cu content is fixed below 6 wt.% [13,14]. Indeed, with copper as a major alloying element in the AA2xxx series and with heat treatment processes such as the age hardening or precipitation hardening methods, the hardness of the aluminum matrix could be significantly enhanced by the formation of Al2Cu precipitates [15]. From a view of ternary Al-Cu-Mg alloy, Liu et al. reported the mechanical properties of ternary Al-Cu-Mg alloy and reported the yield strength (YS) of 395 MPa and ultimate tensile strength (UTS) of 446 MPa. Interestingly, the mechanical properties of ternary Al-Cu-Mg were increased by the addition of 0.3 (wt.%) Si such that the quarternary Al–5.0Cu–0.3Mg–0.3Si (wt.%) alloy exhibited superior yield strength of 424 MPa and ultimate tensile strength of 466 MPa. They claimed that the improvement in mechanical properties was attributed to Si-containing Q″ precipitates pre-formed in the initial aging stage by virtue of Q″-type precipitates [16].



Likewise, the addition of Mg as a ternary element in Al-Cu-based alloys has the capability of further enhancing the strengths of this kind of alloy by virtue of adjustment in Cu/Mg ratio and resulting S-phase (Al2CuMg) precipitates during the aging process [17]. From the viewpoint of mechanical strength, another important criterion is the addition of ternary or quaternary micro-alloying in Al-Cu-based alloys. Several studies have been performed to examine the precipitation process and its consequent on mechanical characteristics by the influence of a small amount of alloying addition in binary Al-Cu alloys [18,19,20,21,22,23,24,25,26,27,28,29].



In the same fashion, the improvement in the precipitation aging responses was also enhanced by the introduction of Ag addition in Al-Cu-Mg alloys [30]. It is because adding Ag to Al-Cu-Mg alloys encourages the formation of Mg-Ag co-clusters which serve as an initial precursor for the nucleation of highly desirable well-known Ω- phase precipitates. This Ω phase exhibits an excellent combination of great strengthening ability and high thermal stability, making Al-Cu-Mg-Ag alloy an ideal candidate for aerospace applications at elevated temperatures. However, the optimum value of Ag in Al-Cu-Mg based shall be chosen to facilitate the formation of Ω- phase in Al-Cu-Mg alloys. It is because, in the previous literature, it is also claimed that the addition of Ag from 0.4–0.8% failed to enhance the Ω- phase precipitation formation [31]. Hence for the reason of having a positive outcome, the amount of quaternary element Silver (Ag) must be restricted between 0.3–0.6 wt.% [32,33,34].



Similarly, in this context, it has also been reported that the addition of Tin (Sn) in bi-nary Al-Cu alloys increases the hardness values, which is attributed to the refinement and homogeneous dispersion of the strength-providing θ′ precipitate phase (Al2Cu) [35,36]. At the same time, it was also reported that the addition of Sn content in Al-1.7 at. % Cu up to 0.01 at. % Sn dramatically shortens the time to reach peak hardness and increases peak hardness value [37,38,39,40,41,42,43]. For example, Banerjee et al. [44] added 0 to 0.1 wt.% of Sn in the as-cast Al-6.2% Cu-0.6% Mg alloy system. It was shown that the overall grain size was reduced when Sn was added beyond 0.06 wt.%., which ultimately resulted in the improvement of mechanical properties such as the ultimate tensile strength of Al-Cu-Mg-based alloy [45,46].



Quite recently, the addition of Ag and Sn has been taken synergistically to evaluate their advantageous effect on the precipitation kinetics and resulting mechanical properties. For instance, it has been demonstrated that the precipitation process in Al-Cu-Mg-Sn and Al-Cu-Mg-Ag-Sn alloys can be tuned for a suitable outcome [47,48]. From previous literature, it was claimed that Sn, when added simultaneously with Ag in Al-Cu-Mg-based alloys, has positive research significance [47]. For example, it was demonstrated experimentally that the trace amount of Sn, on the one hand, increases the hardness throughout the aging process when it is added in combination with Ag; it further increases the hardness and shortens the time to reach peak hardness. The increase in hardness via Sn is mainly attributed due to the homogenous distribution of the S phase. Sn element can also induce an excellent impact on the alloys by forming Mg2Sn precipitate. These precipitates, when distributed at sub-grain boundaries, inhibit the recrystallized grain growth during the solution treatment. Furthermore, Sn has dramatically stronger binding energy with vacancy, so it is beneficial in suppressing the natural aging process and also refines the precipitate by trapping the vacancies [48,49]. Collectively, all of these aforementioned studies are very helpful for understanding and utilizing the appropriate alloying design route for increasing the mechanical strength and its trade-offs together in the Al-Cu-Mg alloy system. Despite this fact, experimental results displaying the synergistic approach, i.e., the addition of Sn and Ag content and adjustment in Ag/Sn for acquiring optimized experimental results in terms of mechanical properties, have scarcely been presented in literature so far. Primarily, the main objective of the current study revisits and discusses the new design strategy based on the addition of two quaternary and quinary elements in a conventional Al-Cu-Mg alloying system in semblance with the desired mechanical properties.



From the viewpoint of alloy design, the selection of fixed content of the principal alloying elements, i.e., Cu and Mg, are chosen on the basis thermodynamic binary phase diagram carefully; actually, the concentrations of Mg and Cu were chosen in a way that chemical composition falls in the (α + θ + S) and (Ω) phase fields region at approximately 190 °C, respectively [19,20]. However, more importantly, in our alloy design strategy, the content of qua-ternary-element Ag and quinary element Sn were strictly varied between two levels to seek optimum balance in terms of chemical composition. Explicitly, the corresponding elemental content for Ag and Sn in our designed Al-Cu-Mg-xAg-ySn alloying system were as per the following sequence x = 0.3 and 0.6 wt.% and y = 0.01, 0.03, respectively. At the same time, the amount of quinary element Sn in this alloying system was chosen between 0.01 and 0.03 wt.%. This compositional design was basically aimed to explore the optimal value of the Ag/Sn ratio advantageous in accomplishing the optimal strengthening features such as solid solution strengthening and precipitation hardening. Consequently, on the other hand, a detailed investigation was performed to characterize the microstructural evolution of Al-Cu-Mg ternary alloy with different Ag/Sn ratios. From experimental results, it is found out that the Al-4 Cu-0.5 Mg-0.7 Ag-0.03 Sn-T6 (denoted as Alloy-4) exhibited excellent balance in the mechanical characteristics having the mechanical ultimate tensile strength of almost 450 MPa, which is superior to the commercially available 7005 T-6 aluminum (350 MPa) and 6061 T-6 aluminum (310 MPa) used in the medical field [4,7,8,9,10]. The formation of diffusion-controlled Mg2Sn precipitates was plausible to ascribe to the improvement of the mechanical properties. In summary, our present work provides new knowledge for the quantitative strength optimization of Al-based alloys for tailoring potential applications in the medical field. We show that the designed alloy with high Sn and intermediate Ag/Sn ratio has better mechanical properties due to the coexistence of immobile crystalline defects such as Mg2Sn and θ type precipitates. Interestingly, the peak hardness values and the ultimate tensile are much greater than the alloys in which the Cu/Mg ratio was manipulated to achieve the target of high strength in Al-based alloys. Thus, with the presence of intriguing properties combined with the low-cost design, our newly developed can create a new frontier of prominence from laboratory-designed materials to advanced structural materials orthotics and prosthetics applications, mainly in prosthetic pylons, orthotic up-rights, wheelchairs, and upper extremity devices.




2. Materials and Methods


To investigate the effect of Ag/Sn ratio contents in Al-4Cu-0.5Mg-xAg-ySn alloy (where x = 0.3 and 0.6 wt.% and y = 0.01 and 0.03, respectively). In this context, four compositions with two different levels of Ag/Sn ratio were designed. In the preparation of the four ingots, the raw materials (Al, Cu, Mg, Ag, and Sn) were melted in the induction furnace at 730 °C and then poured into a steel mold with a dimension of 100 mm (length) × 60 mm (width) × 16 mm (thickness). The samples were cooled at room temperature. After removing the samples from the mold, each sample was homogenized in an air furnace at 540 °C for 24 h, followed by furnace cooling. This homogenization is necessary to make sure that the composite elements have a full and uniform distribution of alloying elements. The chemical compositions of each ingot were checked using a metal analyzer (Spectromax machine) to confirm the individual percentage of respective alloying addition in the prepared alloy, respectively. Table 1 summarizes the nominal composition of the four prepared alloys with their designed Ag/Sn ratio investigated in the present study with their assigned nomenclatures. The nominal composition was Al-4 Cu-0.5 Mg-0.4 Ag-0.01 Sn (wt.%) (hereafter referred to as Alloy-1: Ag/Sn = 32), Al-4 Cu-0.5 Mg-0.7 Ag-0.01 Sn (wt.%) (hereafter referred to as Alloy-2: Ag/Sn = 63), Al-4 Cu-0.5 Mg-0.4 Ag-0.03 Sn (wt.%) (hereinafter referred to as Alloy-3 Ag/Sn = 13) and Al-4 Cu-0.5 Mg-0.7 Ag-0.03 Sn (wt.%) (hereafter referred to as Alloy-4: Ag/Sn = 23). After the homogenization process, the prepared four ingots were put through the mechanical hot rolling operation. Before the hot rolling treatment, the ingot with dimensions 15 × 40 × 100 mm was inserted inside the furnace of hot roll and heated to 450 °C for 2 h. Then, the ingot was removed from the furnace and directly hot rolled from 15 mm to approximately 2.5 mm (~84% reduction in thickness). The reduction of thickness was performed in multiple passes with a 0.4 mm reduction at each pass and an average speed of 1.75 m/min. The hot rolling steps were performed on the as-cast ingot, mainly to mitigate the vacancies, pores, and casting-related defects. It was expected that some defects, such as gas porosity, existed in the samples after die-casting. Thus, in roughly 18 passes, the samples were hot rolled from 15 mm to 2.5 mm (a thickness reduction of 84%). The Alloy-1, Alloy-2, Alloy-3, and Alloy-4 specimens underwent solid solution treatment (SST) at 520 °C for 8 h after the homogenization procedures and were subsequently water quenched to achieve the supersaturated solution of the phase at room temperature. After solution treatment, the artificial aging procedure was carried out on each specimen. Firstly, the preparation of the solute bath was performed by mixing 50% of Sodium Nitrate and 50% of Potassium Nitrate. The mixture was kept inside the furnace at 190 °C until it became fully liquid for around 3 h. Secondly, the preparation of the sample alloys was performed by cutting the sheet into small pieces of 20 × 20 mm.



To elucidate the influence of composition on age-hardening behavior, specifically hardness testing was carried out following the artificial aging treatment method, which is undertaken mainly to assess the peak hardening condition. Nondestructive hardness testing as a function of aging time can provide a hardness vs. aging graph that can predict the time required to reach maximum strength under the isothermal aging scenarios. In our particular case, hardness testing was performed to determine the peak aged hardening value concerning the compositional design; that is, the adjustment in Ag/Sn ratio in ternary Al-Cu-Mg alloy. The microhardness measurement is a well-known nondestructive technique that is widely used to evaluate the age-hardening response of the alloy both at the solution treated and after the artificial aging process. In the present study, the hardness measurement was undertaken while using Vickers hardness testing equipment (WOLPERT UH930, Wilson Hardness, Shanghai, China); eight indents were used to compute the average Vickers hardness number (VHN) of each specimen of Alloy-1, Alloy-2, Alloy-3, and Alloy4 that had been aged for a variable amount of time (WOLPERT UH930, Wilson Hardness, Shanghai, China). Each indentation was made by applying a 10 kg load for 15 s.



Then, tensile testing was performed at room temperature (RT; 25 °C) to determine how the compositional design (i.e., Ag/Sn ratio) affected the mechanical properties. Each set of the peak aged specimen from four alloys, i.e., Alloy-1, Alloy-2, Alloy-3, and Alloy-4, was subjected to uniaxial tension at room temperature. The well-known ASTM E-8 standard served as the guide for preparing the geometry of the tensile samples. The tensile testing on each specimen of Alloy-1, Alloy-2, Alloy-3, and Alloy4 was performed on a computer-controlled tensile testing apparatus (Instron, University Ave, Norwood, MA, USA). During the tensile testing, the parameter of strain rate was fixed at 10−3 s−1. Measurements of total strain were ascertained by utilizing an extensometer (epsilon 35420125M). The typical engineering stress-strain curves of each specimen were also sketched from the load and extension data recorded during the tensile testing. To interpret the important mechanical properties from the tensile testing, such as the yield stress (σYS), ultimate tensile stress (σUTS), and percentage elongation (ductility) of the designed alloy specimens at peak-aged state conditions, were recorded, respectively. The repeatability of the measured data and average were examined using at least four sets of samples for each composition at peak-aged state conditions.



In order to observe the microstructural features, such as the average grain size, optical microscopy observation was made for each specimen. Similarly, micro-level image analysis using ImageJ functions also has been utilized to explore and determine small precipitate sizes. For optical observation, the mirror-like surface finish for all the specimens for each alloy was prepared by 0.05 μm alumina particle polishing; before polishing, the surface specimen was also grounded by 500 to 1200 grit emery papers. The specimens were etched following ASTM E 407-99 standard (2 mL HF, 3 mL HCl, 5 mL HNO3, and 200 mL H2O). Microstructural observation etching is vital to distinguish between grain boundaries as well as to make the various phases visible through variations in brightness, form, and color. An optical microscope instrument (Olympus BX51M, Tokyo, Japan) was used to investigate the optical microstructures after surface etching treatment.



Scanning electron microscopy (SEM) was performed using a JXA-840A electron probe microanalysis (JEOL, Tokyo, Japan); this analysis was carried out to accomplish two purposes. Firstly, to analyze different particles and grain structures at higher resolution in the form of SEM images. Secondly, to have a quantitative analysis of the composition by utilizing the EDS analysis. The same samples of optical microscopy, which were mounted on the resin, were used. The sample for the SEM observations needs to be electrically connected to the sample holder to prevent the electron beam from “charging” the sample and distorting the image. This is usually performed through conductive tape. However, not only is the SEM used with the EDS and backscattered, but also it is used to clarify the content of the particles and/or precipitates.



Furthermore, the phase constitutions in the peak aged (PA) treatment were investigated while using an X-ray diffractometer (Model: D-8 Discover, Bruker, Berlin, Germany) with Cu K monochromatic X-ray radiation, tube current of 15 mA, and voltage of 30 kV; measurements were made at room temperature.




3. Results and Discussion


3.1. Age-Hardening Response of Al-Cu-Mg-Ag-Sn Alloys


In order to understand the age-hardening behavior of the presently studied alloy with respect to their compositional design, that is, the Ag/Sn ratio, microhardness testing was performed on Alloy-1, Alloy-2, Alloy-3, and Alloy-4 specimens. The curve revealing the age-hardening response is obtained after the completion of three heat treatment steps which includes solution treatment, quenching, and aging. Figure 1 shows the age-hardening curve of Alloy-1, Alloy-2, Alloy-3, and Alloy-4, respectively, after being aged artificially at 190 °C for varied periods. When comparing the results from the age hardening curve, it can be observed that among the four alloys, the hardness values of Alloy-4 in the solution-treated condition, which is for 0 h, is higher than Alloy-1, Alloy-2, and Alloy-3 specimens, respectively. This rise in hardness value may be attributed form the chemical composition impact, as Alloy-4 has a higher content of Ag and Sn elements. The solid solution hardening effect in Aluminum alloys is increased with the atomic size difference. It should be noted that the atomic sizes of Al, Ag, and Sn are known to be 0.143 nm, 0.144 nm, and 0.162 nm, respectively [50]. Thus as per the difference in atomic size, the quantitative solution hardening effect of Sn would be stronger than Ag in our alloying system. Thus, based on the aforementioned reason, it is reasonably conceivable that the higher hardness values, specifically in Alloy-4, are a result of localized lattice distortion from the solute content that subsequently generates a higher energy barrier against dislocation movement under the indentation and tweaks well-known solution-hardening phenomenon. A similar effect has also been observed in many metallic alloys [51,52].



Moving ahead, it is clear that all alloys exhibit a tendency to increase hardness values as the artificial aging process progresses, which is consistent with previously published research [14,17,18,47]. Nonetheless, the compositional design of the alloys, as well as the potential production of secondary precipitation phases from the supersaturated Al matrix, can be linked to the monotonic increase in hardness values shown in the case of our developed alloys. Ultimately the hardening propensity typically rises with aging time, reaching a maximum value (Peak aged state—PA), and then gradually declines with more aging, resulting in an overaged point (T7).



It can be observed that the hardness of all four alloys begins to decrease after a peak aging time of 2 h. Indeed, the peak aging time for Alloy-1, Alloy-2, Alloy-3, and Alloy-4 is almost the same, and it is attributed to be 2 h. However, the average value of hardness at the peak aging time was around 136 HV at 2 h for Alloy-1, 137 HV for Alloy-2, 138 Hv for Alloy-3, and about 142 Hv for Alloy-4. Thus this higher value of hardness at peak aging time for Alloy-4 could be inferred from the compositional effect, which is higher contents of Ag and Sn elements, and most importantly, the strengthening associated with grain boundary and precipitates could also not be neglected. The complex interactions of these defects are widely reported in the literature, revealing the influence of the dependence of age hardening behavior on precipitate geometry (e.g., shape, size) formed during age treatment [8,13,17,39,43,47,48,51,52]. For the same reason, a detailed study on the microstructure and phase analysis of each Alloy-1, Alloy-2, Alloy-3, and Alloy-4 specimens at peak aged condition were carried out, respectively, and will be discussed in the next sections.




3.2. Comparison of Room Temperature Mechanical Properties of Peak-Aged Alloys


Figure 2 shows the representative stress-strain curves of Alloy-1, Alloy-2, Alloy-3, and Alloy-4 specimens after the peak aged condition. Analysis of the tensile stress-strain curves from the present study allows us to determine the effect of compositional design on the room-temperature mechanical properties. As seen in Figure 2, typically, the ultimate tensile strength (σUTS) was strongly influenced by the compositional design as it gradually increased with increasing Ag and Sn contents. From Figure 2, the ultimate tensile strength (σUTS) for Alloy-1, Alloy-2, Alloy-3, and Alloy-4 specimens was recorded as 429 MPa, 435 MPa, 434 MPa, and 446. MPa, respectively. There was not a big statistical difference in the mechanical properties of each alloy, as the specimens were produced from the same initial ingot. Indeed, Alloy-4, containing a high concentration of Ag and Sn, led to positive synergistic effects in terms of mechanical properties. Among the alloys investigated in this study, the Alloy-4 displayed a balance in the mechanical properties, specifically showing the ultimate tensile strength (σUTS), yield strength (σYS), and percentage elongation (ε) are 446 MPa, 390 MPa, and 10% respectively. A comparison of the peak hardness value and Ultimate tensile strength values (σUTS) of the common purer Al and Al-base alloys, which are used in the medical field, is listed in Table 2. In addition, for the sake of comparison, the salient mechanical characteristics are also presented in the present study. Indeed, from comparison, the presently studied compositions revealed better mechanical properties. The improvement in our presently studied alloying system was very significant when compared to traditional lightweight Al-based alloys already applied in the medical field. For example, Al-4 Cu-0.5 Mg-0.7 Ag-0.03 Sn (wt.%)-T6 (denoted as Alloy-4) exhibited improvement in ultimate tensile strength of more than 300% when compared to pure Al [8], 44% when compared to 6061 T-6 aluminum [9] and 28 % when compared to 7005 T-6 aluminum [10]. From evidence from the past literature, it is convincing that the increase in tensile strength after peak aging for Alloy-4 can be explained by the coexistence of dislocation-precipitate (D-P) interactions theory [8,13,34,45,51,52,53]. Therefore, according to the subsequent synopsis, it is assumed that the presence of coherent or semi-coherent precipitates formed at peal aged condition has provided the resistance of dislocation movement and made the slip difficult to proceed, which has led to the increasing the mechanical strength of the Alloy-4. It is widely reported that precipitation of the second phase during the aging phase can tune mechanical properties by acting as an obstruction to the motion of dislocation by a well-known strengthening mechanism [13,51].



Thus, according to the present understanding, it can be recapitulated that the phenomenon of increasing strength in our presently studied alloys is strongly dependent on the presence of morphology, size, and volume of microstructural features at the peak aging condition. Therefore, to identify the correlation between the microstructure and mechanical properties at peak-aged conditions, the microstructural observation and phase constituent analysis was carried out for each peak-aged specimen of Alloy-1, Alloy-2, Alloy-3, and Alloy-4, respectively.




3.3. Comparison of the Microstructure of Al-Cu-Mg-Ag-Sn Alloys at Peak-Aged Condition


To elucidate and link the structure-property relationship at the peak aged condition, the optical microscopic (OM) observation was carried out. The optical micrograph reveals the panoramic view of microstructural features such as average grain size (dav) and average precipitate size (μm), which are engendered at the peak aged condition. The average grain size for each Alloy-1, Alloy-2, Alloy-3, and Alloy-4 specimen, respectively, was determined by utilizing the line intercept method. The particle size distribution was also determined by using ImageJ processing software. In general, all the Alloy-1, Alloy-2, Alloy-3, and Alloy-4 specimens revealed equiaxed grains at the peak aged condition, as shown in seen in Figure 3. The black arrows on the OM images, as shown in Figure 3, indicate the fractional number of precipitates within the α-Al (matrix). The average grain sizes for Alloy1, Alloy2, Alloy3, and Alloy4 were determined to be approximately 125 μm, 121 μm, 120 μm, and 106 μm, respectively. One should note that in the OM images of each Alloy-1, Alloy-2, Alloy-3, and Alloy-4 specimens, the multiphase microstructure of secondary phases (intermetallic compound) having different morphology is quite evident. While comparing the precipitate shapes and sizes for each Alloy-1, Alloy-2, Alloy-3, and Alloy-4 specimens, the Alloy-4 specimens reveal a relatively large volume variety of precipitate with different width D, inner precipitate spacing L, and precipitate aspect ratio β morphology and aspect ratio as evidently seen in Figure 3d. Secondly, these results show that the formation of intermetallic phases in our presently studied was mainly dependent on the Sn content and the Ag/Sn ratio. Optical microscopy also revealed micron-scale precipitates on grain as well as sub-micron intragranular precipitates in Alloy-4 specimens. In contrast, with the Alloy-1 specimen, the precipitated phase revealed less volume fraction as seen in Figure 3a. In the next section, the characterization of precipitates was carried out employing energy-dispersive X-ray spectroscopy (EDS). As per our current understanding, the Sn content and Ag/Sn ratio control the dissolution of primary intermetallic precipitates and the formation of precipitates.




3.4. Identification of Precipitates Using EDS Microanalysis


This section deals with the identification of micron-sized and sub-micron-sized precipitates by energy-dispersive X-ray spectroscopy (EDS). Figure 4, shows the SEM image revealing the precipitate morphology of peak aged treated Alloy-4 specimen. In addition, EDS point analysis measurements in selective areas are also included in tabulated form. Here, white arrows on the SEM image (as seen in Figure 4) indicate the point where EDS analysis was conducted to determine the chemical composition of each region, respectively. The EDS analysis was performed basically for elemental recordings at the locations described above. It can be observed clearly that the white phase (precipitates) is fewer in number, whereas the black phase (precipitates) is larger in number, but its size is in few microns, from the corresponding element weight% content of the most representative phases as summarized in Figure 4. It can be implied that the white precipitate is Cu-rich, and it tends to occur randomly, whereas the black precipitates are Mg-rich and Sn-rich Mg, and their presence are in the form of a network.




3.5. Comparison of Phase Constitution at Peak Aged Condition


Apart from the EDS analysis, XRD measurements were carried out to complement the description of the several phases as it develops in the presently investigated alloys at the peak aged condition. Figure 5 shows the corresponding XRD profiles of each Alloy-1, Alloy-2, Alloy-3, and Alloy-4 specimens, respectively, at the peak aged condition. From Figure 5, it can be observed that all the specimens exhibited prominent peaks that were indicative of a solid solution of the α-Al phase having a face-centered cubic structure (FCC). For each specimen of Alloy-1, Alloy-2, Alloy-3, and Alloy-4, the intermetallic phases could also be seen from the XRD profiles in addition to the matrix phase (Al) (as shown in Figure 5). These additional peaks could be identified as the Al2Cu (θ) phase and the Mg2Sn phase [49]. It is evident that both phases co-existed in Alloy-4 specimens. However, it is noteworthy that the peak intensity from the Mg2Sn phase became stronger as the Sn content increased in our designed compositions. It is suggested that the higher contents of Sn might have encouraged the formation of a more complex phase instead of the S-phase. A similar phase has also been previously observed in Al-Cu-Mg-Sn [49]. Overall, EDS and XRD observations were qualitatively correlated and were found to be consistent with each other. However, the EDX and XRD results corroborate the nature of the major phases present in the present study. However, we firmly believe X-ray diffraction patterns cannot record those phases with very small volume ratios or non-homogeneous distribution. Hence TEM is a very important tool, and it would certainly be considered in the further detailed investigation of this alloy and might be reported in our future works.



In summary, based on these important comparative microstructural observations, it is plausible that the enhanced mechanical properties, particularly in the case of Alloy-4 specimens, benefited from the existence of conjoint phases in the fcc matrix. Considering these factors, Table 3. enlists the comparative relationship of mechanical properties and the corresponding microstructural features at aged peak conditions for all four alloys, respectively. It is widely known that the mechanical properties of Al-based alloys can be manipulated by controlling the existence and mobility of microscopic crystalline defects [51,52,53,54,55,56,57]. In contrast, it is known that the mechanical strengthening phenomenon in Al-based alloys is controlled by immobile crystalline defects, such as precipitates, forest dislocations, and grain boundaries [58,59]. These studies claimed that the precipitation hardening and/or the Orowan bypass stress (τorwan) collectively depends on the size and shape of precipitates [60,61]. Thus, our preliminary results ubiquitously reflect that the improvement in age-hardening behavior and mechanical strength for the Alloy-4 is mainly due to the coexistence of plate-like Al2Cu (θ) phase and spherical micron-scaled Mg2Sn phase, which is resulted by tuning the Sn content (Alloy-4) and tailoring an intermediate Ag/Sn ratio compositional scenarios. Although, in this work, we devote efforts to optimizing the Ag/Sn ratio for improving the mechanical properties of Al-Cu-Mg-xAg-ySn alloy. However, further studies are required to statistically obscure the relationship between precipitation hardening on the dislocation-precipitate bypass mechanism attributed to our developed alloy and will be considered in the future objectives of the research.





4. Conclusions


We devoted our efforts mainly to unveiling a new alloy design approach that incorporation and adjustment of trace elements through Ag/Sn ratio. From our preliminary experimental results, we draw a new alloy design approach for improving the mechanical properties of Al-Cu Mg-based alloys by the incorporation of minor addition of Sn and Ag elements and tailoring the corresponding Ag/Sn ratios. Subsequently, later the focus of this study was on understanding the effect of composition on the mechanical properties of Al-Cu Mg-based alloys. To achieve this objective, the mechanical properties at the peak aged condition were evaluated using tensile testing. We utilize the precipitation-strengthening route to strengthen the fcc-structured Al alloy mainly by obtaining a dual-phase microstructure. Furthermore, the microstructure and phase constituent analysis of the peak aged condition were studied using optical microscopy and XRD. The role of the precipitation strengthening phase was also discussed and compared.



The following conclusions are summarized:



The Ag/Sn ratio has been investigated for the first time in ternary Al-Cu-Mg ternary alloy instead of the conventional Cu/Mg ratio alloy design route.



Among all developed alloys, typically, the Alloy-4, because of the high solute content, exhibited much high hardness and mechanical strength than those of its counterpart. All developed alloys, typically the Alloy-4, because of the high solute content, exhibited much high hardness and mechanical strength than those of its counterpart.



The effect of precipitation hardening effect was more evident in alloys having the highest concentrations of Ag and Sn content simultaneously.



The mechanical properties of our developed alloys were sensitive to composition and resulting strengthening mechanisms.



Optical microscopy and SEM identified the existence of conjoint phases in the fcc matrix.



From XRD profiles, the micron-scaled precipitates were identified as the Mg2Sn phase.



The Mg2Sn phase is more denominated in higher content and intermediate Ag/Sn ratio alloy (Alloy-4) when compared to its counterpart.



The Mg2Sn phase played a key role in increasing the tensile strength by providing the strengthening to the fcc matrix, which is associated with the obstruction to the motion of dislocation of our designed alloys.



The improvement in our presently studied alloying system was very significant when compared to traditional lightweight Al-based alloys already applied in the medical field. For example, Al-4 Cu-0.5 Mg-0.7 Ag-0.03 Sn (wt.%)-T6 (denoted as Alloy-4) exhibited improvement in ultimate tensile strength of more than 300% when compared to pure Al, 44% when compared to 6061 T-6 aluminum and 28% when compared to T-6 aluminum. Thus, it holds great promise to be used as a structural material in the fabrication of exoskeleton frames, prosthetic, and wheelchair components.
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Figure 1. Evolution of microhardness of Alloy-1, Alloy-2, Alloy-3 and Alloy-4 specimens as a function of aging time. 
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Figure 2. Representative Engineering stress vs. strain curves of the peak aged treated Alloy-1, Alloy-2, Alloy-3 and Alloy-4 specimens. 
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Figure 3. Optical micrographs of the of the peak aged treated: (a) Alloy-1; (b) Alloy-2; (c) Alloy-3; and (d) Alloy-4 specimens. The black arrows indicate precipitates with in the α-Al (matrix). 






Figure 3. Optical micrographs of the of the peak aged treated: (a) Alloy-1; (b) Alloy-2; (c) Alloy-3; and (d) Alloy-4 specimens. The black arrows indicate precipitates with in the α-Al (matrix).



[image: Crystals 12 01699 g003]







[image: Crystals 12 01699 g004 550] 





Figure 4. SEM image showing the characteristic features of the precipitate morphology of peak aged treated Alloy-4. Tables of EDS point analysis measurements in selective areas are also included. 
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Figure 5. X-ray diffraction (XRD) patterns of the of the peak aged treated Alloy-1, Alloy-2, Alloy-3 and Alloy-4 specimens. 
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Table 1. Results of the chemical composition and Ag/Sn ratio of the experimental alloys.
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Alloys: Nomenclature

	
Ag/Sn Ratio

	

	
Chemical Composition (wt.%)




	

	
Cu

	
Mg

	
Ag

	
Sn

	
Al






	
Alloy-1

	
32

	
4

	
0.50

	
0.30

	
0.01

	
Balance




	
Alloy-2

	
63

	
4

	
0.50

	
0.70

	
0.01

	
Balance




	
Alloy-3

	
13

	
4

	
0.50

	
0.30

	
0.03

	
Balance




	
Alloy-4

	
23

	
4

	
0.50

	
0.70

	
0.03

	
Balance
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Table 2. Comparison of hardness values (HV) and ultimate tensile strength (σUTS) of the presently studies alloys with some traditional Al-based alloys in medical field.
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	Alloy
	Peak Hardness

HV
	σUTS

MPa.
	Ref.





	Pure Al
	25
	90
	[8]



	7005 T-6 aluminum
	197
	350
	[9]



	6061 T-6 aluminum
	95
	310
	[10]



	Al-4% Cu-0.5% Mg-0.7% Ag-0.03%Sn(Alloy-4)
	142
	447
	Present study



	Al-4% Cu-0.5% Mg-0.3% Ag-0.03%Sn(Alloy-3)
	138
	434
	Present study



	Al-4% Cu-0.5% Mg-0.7% Ag-0.01%Sn(Alloy-2)
	137
	432
	Present study



	Al-4% Cu-0.5% Mg-0.3% Ag-0.01%Sn(Alloy-1)
	136
	429
	Present study
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Table 3. Comparative relationship of mechanical properties and the corresponding microstructural features at peak aged condition.
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	Alloy
	Avg. Yield Stress

σYS

(MPa)
	Avg.

Tensile—Stress

σUTS

(MPa)
	Avg. Fracture Stress

σf

(MPa)
	Avg.

Elongation

(%)
	Avg. Hardness

(HV)
	Avg.

Grain Size

(µm)
	Avg. Precipitate Size

(µm)
	Avg. Peak Aging

Time

(h)





	Alloy-1
	355 ± 9
	429 ± 11
	400 ± 3
	12
	136
	125
	5.83
	2



	Alloy-2
	384 ± 7
	432 ± 9
	348 ± 8
	8
	137
	121
	5.17
	2



	Alloy-3
	386 ± 4
	434 ± 7
	421 ± 5
	8
	138
	120
	5.43
	2



	Alloy-4
	387 ± 6
	446 ± 8
	415 ± 7
	9
	142
	106
	4.04
	2
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