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Abstract:



The influence of a minor strontium (Sr) modifier on the microstructures and mechanical properties of 7075 Al alloys was investigated in this paper. The grain size of cast 7075 Al alloys was refined from 157 μm to 115 μm, 108 μm, and 105 μm after adding 0.05 wt. %, 0.1 wt. %, and 0.2 wt. % Sr, respectively. The extruded 7075 Al alloys was refined with different degrees of Sr modifier. The mechanical properties were optimum when adding 0.1 wt. % Sr. The ultimate tensile strength (σb) increased from 573 to 598 MPa and the elongation-to-failure (δf) was raised from 19.5% to 24.9%. The microhardness increased from 182 to 195 Hv. The tensile fracture surface via scanning electron microscopy (SEM) revealed a transition from brittle fracture to ductile fracture as Sr increased from 0 wt. % to 0.2 wt. %. The result in this paper proved that the modifier can improve the properties of 7075 Al alloy.
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1. Introduction


The insufficient mechanical properties of conventional steel drill pipes pose a challenge to the deep and ultra-deep well industry because of the high density of steel. High-strength aluminum alloys, such as 7075 and 2024 Al alloy, are preferred over steel for making drill pipes for deep oil and gas wells due to their better strength to weight ratio, lower stiffness, and higher corrosion resistance [1,2]. At present, aluminum alloy drilling pipes (ADP) have been proved promising for making drilling pipes worldwide, especially in countries such as America, Japan, France, and Russia. ADP has been successfully applied in some world record deep wells, such as SG-3 in Russia, the BD-04A well in Qatar, and the OP-11well on Sakhalin Island.



The 7075 Al alloy, which is one of the 7000 series (Al–Zn–Mg–Cu) ultra-high strength alloys, have been extensively used for structural components in aerospace and automobile industries [3,4]. Generally, the casting methods to produce 7075 Al alloy are simple and economical due to the possibility of utilizing conventional casting equipment without limitation in size and shape of the components [5]. Fine-grain strengthening during casting, including ultrasonic vibrations [6,7], electromagnetic stirring [8], and modification [9], is a good way to simultaneously achieve higher tensile strength and ductility for alloys at present.



Modification during casting is a simple and effective way to control grain size, through which the growth of crystal is inhibited by poisoning its surface with the help of certain modifying elements and, thus, refine the grain size. It is advantageous for increasing the tensile strength and ductility at the same time after extrusion by decreasing the grain size during casting. In 1921, Pacz [9] first applied modified treatment to melted Al–Si alloys with alkali fluoride. For the last decades, modification with other elements has been widely applied for grain refinement, plasticity improvement, phase transformation, and many other fields [10,11,12,13]. Sr, which is in the form of conventional Al–10Sr master alloy, exhibits a relatively good and long-lasting modification effect and has, therefore, been extensively studied in both Al and Mg alloys [14,15,16,17]. It is well known that the microstructures of Al–10Sr master alloy is composed of α-Al and Al4Sr phase which is a body-centered tetragonal structure (a = 4.46 Å and c = 11.07 Å) [17]. However, Al4Sr phase could not directly influence the refinement unless the free Sr could be obtained by the dissolution of the phase [18]. Unfortunately, to the best of our knowledge, there are only a few reports on the modification effect of Sr on 7075 Al alloy [19,20].



The goal of the present study is to clarify whether Sr modification has effect on the microstructures and mechanical properties of 7075 Al alloy, then reveal the reinforcement mechanism of the Sr modifier preliminarily. It is expected that the results could be helpful in promoting the development of high-strength 7075 Al alloy, thus providing guidance for manufacturing high-strength aluminum alloy drilling pipes for ultra-deep exploration, as well as other industries.




2. Experimental Procedure


Commercial 7075 Al alloy ingots and Al–10Sr master alloy rod were used as starting materials to prepare experimental alloys. First, a 2.5 kg commercial 7075 Al alloy ingot was melted at 720 °C for 10 min in a clay crucible in an electric resistance furnace of 5 kW. Then Al–10Sr preheated at 200 °C in the box-type resistance furnace was added to the melt. The melts were manually stirred for about 2 min using a stainless steel impeller to facilitate incorporation and uniform distribution of Al–10Sr in melts. After that, the melts were held at 720 °C for about 20 min, during which time the melts were stirred every 5 min and deslagged before finally being poured into a cylindrical steel mold which had been preheated at 200 °C to produce 7075–Sr alloy with the primary sample size of 90 mm in diameter and 100 mm in height. The 7075 alloy with different Sr contents were prepared in the same way by adding different amount of Al–10Sr. The designed composition of Sr in melts were 0, 0.05 wt. %, 0.1 wt. %, and 0.2 wt. %.



Cylinder samples with diameter of 90 mm and height of 100 mm were prepared for extrusion process. The samples were homogenized at 460 °C for 6 h, and then extruded at 480 °C to obtain 40 mm × 5 mm plates. After that the samples were solution treated at 470 °C for 1 h and then aged at 120 °C for 24 h. Metallographic samples of cast sample with a size of 10 mm × 10 mm × 10 mm and the ND–TD (normal direction–transverse direction) of extruded T6 heat-treated 7075 Al alloy with a size of 10 mm × 10 mm × 4 mm were prepared in accordance with standard procedures used for metallographic preparation of metal samples. Then the samples were etched with Keller reagent (1.0 mL HF + 1.5 mL HCl + 2.5 mL HNO3 + 95 mL H2O) for about 15 s at room temperature. The microstructures and phase were investigated by optical microscopy (OM) (Carl Zeiss–Axio Imager A2m, Gottingen, Germany). The statistics grain size is obtained by the Nano Measure 2.1 (SJTU, Shanghai, China) and simply fitted with a Gaussian curve with Origin 8.0 software (OriginLab, Hampton, MA, USA). The scanning electron microscopy (SEM) (ZEISS EVO18, Mainz, Germany) fitted an Oxford Inca energy dispersive spectrometer (EDS) (Oxford Instruments, Oxon, London, UK) for further microanalysis. Phase constituents of extruded T6 samples were analyzed by X-ray diffraction (XRD) (D/Max 2500PC, Rigaku, Tokyo, Japan) using Cu Kα radiation in step mode from 20° to 80° with a scanning speed of 4°/min. Thermal analysis was carried out using a SDT-Q600 differential scanning calorimeter (DSC) apparatus (TA Instruments Inc., New Castle, PA, USA) to obtain the freezing temperature of alpha-Al and secondary phases of the extruded samples at a cooling rate of 10 °C/min. Samples of the material (30 mg) were put into an alumina pan and then heated to 700 °C and then cooling at 10 °C/min under air atmosphere. The dimensions and morphologies of the precipitates are only a few tens of nanometer which can only be revealed by the Transmission electron microscopy (TEM) technique (JEM-2100, JEOL, Tokyo, Japan) equipped with an EDS analyzer (Oxford Instruments, London, UK). TEM sample preparation was performed by successive mechanical grinding, with an operated voltage of 200 kV.



The tensile strength and fracture elongation were tested at room temperature by an electronic universal test machine (DDL 100, CIMACH, Changchun, China) at the speed of 0.18 mm/min. The tensile specimens were obtained parallel to the extruding direction, and at least three specimens were tested for each condition. The 7075 with 0.1 wt. % Sr sample was analyzed by SEM (Hitachi S–4800, Tokyo, Japan) and electron backscatter diffracting (EBSD) (NordlysNano, London, UK). The fracture morphology was observed by SEM (EVO18, ZEISS, Mainz, Germany) and the microhardness of extruded 7075 T6 Al alloy were tested by a microhardness tester (1600–5122VD Microment 5104, Buehler Ltd., Chicago, IL, USA) under an applied load of 50 g for 15 s on the Al matrix. At least seven measurements were done for each condition to ensure the accuracy of results.




3. Results and Discussion


As-cast microstructures of 7075 alloys without and with 0.05 wt. %, 0.1 wt. %, and 0.2 wt. % of Sr addition are shown in Figure 1a–d. The grain size distribution is obtained from OM images by Nano Measure 2.1 (SJTU, Shanghai, China) and fitted by Origin 8.0 software (OriginLab, Hampton, MA, USA) with a Gaussian curve (seen in the inset of Figure 1). As can be seen, the grain size decreases by different degree after adding minor Sr modifier. The refined grain can benefit for improving the mechanical properties of extruded 7075 Al alloy subsequently. As the alloys have not been solution or aging heat-treated, no MgZn2 can be found in the OM microstructures.


Figure 1. OM microstructures of as-cast 7075 Al alloys without and with various contents of Sr addition: (a) 0; (b) 0.05 wt. %; (c) 0.1 wt. %; and (d) 0.2 wt. % Sr (The grain size distribution is obtained from OM images by Nano Measure 2.1 and fitted by Origin 8.0 software with a Gaussion curve).
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Figure 2 shows the change of the mean grain size of as-cast 7075 Al without and with different contents of Sr based on the statistical result of Figure 1. By adding 0.05 wt. %, 0.1 wt. %, and 0.2 wt. % Sr, the mean grain size of 7075 Al reduces from 157 μm to 115 μm, 108 μm, and 105 μm respectively. The equation to measure grain size in Nano Measure 2.1 is:
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where A and P are the area and perimeter of the grains, respectively, and N is the number of grains. For each sample, measurements are taken from the 100 times magnified images.


Figure 2. The change of the mean grain size of as-cast 7075 Al alloys without and with various contents of Sr addition: (a) 0 wt. %; (b) 0.05 wt. %; (c) 0.1 wt. %; and (d) 0.2 wt. % Sr.
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Figure 3a–d shows the microstructures of ND–TD surface of extruded 7075 T6 Al alloys without and with different contents of Sr (0.05 wt. %, 0.1 wt. % and 0.2 wt. %). After extrusion and T6 heat treatment, the globular grains of the alloys are compressed to lamella in the ND–TD direction. The thickness of α-Al lamella and the sizes of strength phase (AlCuMg, MgZn2) decrease and are better distributed (Figure 3b–d) than 7075 Al alloy without modification (Figure 3a).


Figure 3. OM microstructures of ND-TD surface for 7075 T6 alloy without and with different contents of Sr addition: (a) 0 wt. %; (b) 0.05 wt. %; (c) 0.1 wt. %; and (d) 0.2 wt. % Sr.
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Figure 4 shows the SEM images of 7075 Al alloys without and with various contents Sr addition. The precipitates are identified as AlCuMg by EDS with a size of ~1–5 μm, which agrees well with the result of OM in Figure 3. It is well known that when the Zn:Mg ratios are between 1:2 and 1:3 in the 7075 aluminum alloys, MgZn2 precipitates are produced at aging temperatures below 200 °C and are the main strengthening factor in 7075 alloys [19], so further experiments are needed to prove the existence of MgZn2.


Figure 4. The SEM images of 7075 Al alloys without and with various contents Sr addition: (a) 0 wt. %; (b) 0.05 wt. %; (c) 0.1 wt. %; and (d) 0.2 wt. % Sr (the inserts are EDS results for strengthen phases).
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The TEM micrographs of 7075 Al alloys after T6 treatment with 0.1 wt. % Sr are shown in Figure 5. We found that only the finer dark portion (~30–100 nm) is MgZn2. A great amount of polygon MgZn2 precipitates are found in both samples. It has been concluded that Orowan dislocation bypassing is the operative mechanism, and the increase in strength can be determined [21]. It can be seen that the precipitation plays a key role in strengthening the alloy. Some coarse phases in the grains makes parts of precipitates transform and grow, which is beneficial for the ductility of the specimen [22,23]. However, the relationship between the size of MgZn2 and the ultimate tensile strength is not discussed in this paper.


Figure 5. The TEM images of 7075 Al alloys without (a) and with 0.1 wt. % Sr (b).
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Figure 6 shows the DSC curves of the 7075 T6 aluminum sample without and with 0.05 wt. %, 0.1 wt. %, and 0.2 wt. % Sr. Based on the DSC curves, the solidification temperatures of α-Al were 634, 631, 630, and 629 °C, respectively, which may indicate an increase in undercooling with the addition of Sr. Barrirero et al. has proved that the Sr promote the formation of ternary compound nanometre-sized clusters at the Si/liquid interface near the binary eutectic phase by APT method. They observed that, ahead of the growing Si crystal, a diffusion profile is formed by segregation leading to constitutional undercooling, thus altering the microstructure and obtained finer grain sizes [24]. The microstructural refinement observed in the present study can be attributed to the fact that Sr increased undercooling of the alloys and interacted with the growing α-Al.


Figure 6. DSC curves for 7075Al T6 heat treated samples with various contents of Sr: (a) 0 wt. %; (b) 0.05 wt. %; (c) 0.1 wt. %; and (d) 0.2 wt. % Sr.
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The constitutional undercooling usually promotes structural refinement [25]. The growth of α-Al is accompanied by the adsorption of Sr to the steps of a solid-liquid interface. Sr prevents Al atoms from attaching to their crystallographic sites and, thus, hinders the growth of the preferential direction, namely the <100> crystal orientation. As a consequence, the grain size is refined and the mechanical properties are improved. The effect of Sr contents on the grain size of extruded 7075 T6 alloy agrees well with the results of the as-cast alloys, even though the grain of 7075 Al changed from nearly globular to lamellar after extrusion.



In order to elucidate the effect of minor Sr addition on the mechanical properties of 7075 T6 Al alloys, tensile tests are performed for the extruded 7075 T6 Al alloys. Figure 7 presents the engineering stress–engineering strain curves of extruded 7075 T6 Al alloy without and with different Sr additions at room temperature.


Figure 7. Engineering stress–stain curves of 7075 T6 alloy without and with different contents of Sr (wt. %).
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Other mechanical properties such as average yield strength, ultimate tensile strengths, elongation, elongations-to-fracture, and the microhardness are shown in Table 1. From Table 1 we can see that the mechanical properties of the alloy are improved when Sr addition increased from 0 wt. % to 0.1 wt. %, but the improvement is subsequently degraded as the Sr addition reaches 0.2 wt. %. The tensile yield strengths, tensile strengths, elongation, and microhardness achieve their maximum value with 0.1 wt. % Sr addition. The yield strength and ultimate tensile strength increase from 490 to 526 MPa and from 573 to 598 MPa, respectively. Elongation and fracture elongation increase from 11.4% to 11.7% and from 19.5% to 24.9%, respectively. Microhardness improves from 182 to 195 Hv. In a word, 0.1 wt. % Sr can achieve the optimal modification effect for 7075 Al alloys. Our tensile strength is higher than the result reported by Chen et al. [26], as they gave a true stress–strain curve in their research with a true stress of about 600 MPa. The microhardness of 195 HV is the same value with the research reported by M. Tajally et al. [27], which is supplied by Alcoa, USA. However, their tensile strength is only 370 MPa.



Table 1. Mechanical properties of 7075 T6 alloys without and with different contents of Sr (wt. %).







	
Sample

	
σs/MPa

	
σb/MPa

	
δ/%

	
δf/%

	
Hardness/Hv






	
7075
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7075 + 0.05%Sr
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7075 + 0.1%Sr
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7075 + 0.2%Sr
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The XRD patterns of the ND-TD surface for extruded 7075 T6 Al alloys without and with different Sr addition are shown in Figure 8a–d. According to XRD results in Figure 8, only Al is identified by XRD in alloys without and with Sr addition. No MgZn2 (η phase) and Al4Sr are found after adding different Sr to 7075 Al alloys. The result reveals that the addition of different contents of Sr has no obvious influence on phase compositions of the alloy. The possible reason may be that the XRD technique is not sensitive enough for studying the low content of MgZn2 and Al4Sr intermetallic phases. Some Zn and Mg atoms dissolving in the Al matrix, thus, the content of nanosized MgZn2 was too small to be detected.


Figure 8. XRD results of ND-TD surface for 7075 T6 alloy without and with different contents of Sr addition: (a) 0 wt. %; (b) 0.05 wt. %; (c) 0.1 wt. %; and (d) 0.2 wt. % Sr.
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To clarify the mechanism of Sr addition improving the mechanical properties of extruded 7075 T6 Al alloy, the sample with 0.1 wt. % Sr addition is analyzed by EBSD.



Figure 9 shows the EBSD image of as-cast 7075 T6 Al alloys without and with 0.1 wt. % Sr. Al4Sr (yellow dot in the image) is detected both in grain boundary and grain interior (seen in Figure 9b) in the sample contained 0.1 wt. % Sr. This result indicate that minor Al4Sr is formed when adding 0.1 wt. % Sr in 7075 Al alloy.


Figure 9. EBSD images of 7075 T6 Al alloy without (a) and with 0.1 wt. % Sr additions (b) (yellow dots in the image are set as Al4Sr).
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The distinctive feature of the tensile properties of the alloys obeys the Hall–Petch law qualitatively, as Equation (1) shows:
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(1)




where σ0 and k are constants that are related to the crystal type and d is the average grain size. Thus, the finer the grain size, the better the mechanical properties. Unfortunately, the grain of 7075 Al changed from nearly globular to lamellar after extrusion; thus, a quantitative statistic of the grain size is difficult to obtain.



When the Sr addition increases to 0.2 wt. % in extruded 7075 Al alloy, the mechanical properties are inferior than the alloy with 0.1 wt. % Sr addition. SEM microstructures of as-cast 7075 Al alloy without and with 0.2 wt. % Sr modification is showed in Figure 6. Microporosity in the alloy with 0.2 wt. % Sr modification in show in Figure 10b, which is the main reason for the reduction of mechanical properties after extrusion and T6 heat treatment. While the grain boundary of 7075 Al alloy without Sr addition was very clear (Figure 10a). The increase in the Al4Sr volume fraction increases the overall porosity area of the gas pores from 6.2% to 9.6%, compared with the sample without Sr. This porosity decreases both the yield and ultimate tensile strength values of the produced samples, as Tekman et al. have reported [28,29]. Porosity parameters, namely, the total porosity area is analyzed using Pixcavator IA 4.3 software (Marshall University, Huntington, WV, USA).


Figure 10. High-magnification SEM images of as-cast 7075 Al alloy without (a) and with 0.2 wt. % Sr (b).
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The typical SEM images of the fracture surfaces in Figure 11 reveal a transition from brittle to ductile fracture mode by adding different contents of Sr. The alloy before modification has high fragility, which may cause low tensile strength and elongation. By contrast, the fracture surface of Sr-modified alloy (Figure 11c) shows more and finer dimples, which is to say the rupture has a ductile nature, indicating that the cracks hardly propagated through these precipitates. The morphology of MgZn2 has a critical effect on the mechanical properties of the alloy. The MgZn2 particles become finer, and the mechanical properties of the alloy are improved.


Figure 11. The SEM fracture morphology of 7075 T6 alloy without and with different contents of Sr: (a) 0 wt. %; (b) 0.05 wt. %; (c) 0.1 wt. %; and (d) 0.2 wt. % Sr.
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4. Conclusions


Minor Sr additions have effects on the microstructures of as-cast and 7075 T6 Al alloy. The grain size of both cast and extruded T6 treated 7075 Al alloy was refined by different degrees after adding 0, 0.05, 0.1 and 0.2 wt. % Sr. The growth of α-Al was accompanied by the adsorption of Sr atom to the steps of a solid-liquid interface. The strength phase MgZn2 in extruded 7075 T6 alloy was also refined and well-distributed after different Sr addition.



Minor Sr addition have effects on the mechanical properties of extruded 7075 T6 Al alloy. The mechanical properties of extruded 7075 T6 Al alloy were improved at first and then decreased as the Sr addition increased from 0.05 wt. % to 0.2 wt. %. By adding 0.1 wt. % Sr, the ultimate tensile strength of extruded 7075 T6 increased from 573 to 598 MPa. Fracture elongation increased from 19.5% to 24.9%. Microhardness improved from 182 to 195 Hv. The fracture mode revealed a transition from brittle fracture to ductile fracture as Sr addition increased from 0.05 wt. % to 0.2 wt. %. The improvement of the mechanical properties was mainly ascribed to the reduction of the grain size and the formation of high melting point phase Al4Sr, which could act as barriers for dislocation movement.
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