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Abstract

:

Rapid technological advancements and the growing focus on sustainable practices have significantly expanded the potential applications of aluminum (Al) and its alloys, leading to a steady increase in demand over the years. This study investigated the densification of Al and Al-based materials using pressure-less liquid-phase sintering. Samples with 4–20 vol.% AlSi12 sintered at 640 °C for 1 h achieved the highest relative density (RD) and the lowest global porosity (GP) without exhibiting any shape deformation. In general, increasing the amount of sintering aid improves the density of the samples. This was confirmed by microstructural analysis using SEM, which revealed the progression of density—from initial particle coalescence at 4 vol.% AlSi12 to the development of microstructures with filled pores and well-defined grain boundaries at 20 vol.% AlSi12. X-ray diffraction (XRD) analysis also revealed an expanded lattice parameter, with minimal microstrain and a crystallite size closely resembling those of the initial Al powder. Samples with a relative density greater than 90% demonstrated thermal conductivities ranging from 170 to 200 W/mK and an average hardness of 29 HV5. Densification was further enhanced by increasing the compaction pressure from 50 MPa to 100–200 MPa for samples containing 12–20 vol.% AlSi12. The Al-based material compacted at 200 MPa and with 15 vol.% AlSi12 achieved the highest RD of approximately 99%. It exhibited a thermal conductivity of 195 W/mK at 30 °C and 190 W/mK at 70 °C, along with a hardness of 30 HV5.
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1. Introduction


Aluminum (Al) has been the most widely used non-ferrous metal for several years [1,2], holding an over one-third share of the total type-based non-ferrous metals market in 2022 [2]. The standout properties of Al—such as low density, excellent corrosion resistance, good machinability, and high thermal and electrical conductivity—make it essential for diverse applications across aerospace, automotive, machinery and tools manufacturing, building construction, packaging, and electronics industries [1,3]. However, similarly to any other metals, pure Al lacks the mechanical properties needed for structural integrity. This is usually addressed with the addition of other elements to improve the strength of lightweight Al alloys [1,4,5,6].



There are several processes to prepare Al and its alloys; one of which is via the powder metallurgy (PM) route. The PM route is a net- or near-net-shape manufacturing process that brings added advantages to the Al and Al alloys market, offering both economic and environmental benefits [1,3,7,8]. However, despite these benefits, the market and research progress for this process stagnated from the 1970s, until gaining renewed momentum in the last decade. One identified limitation is the oxidation susceptibility of Al and Al alloy powders, which hinders bonding among particles and, thus, affects the densification and, so, the properties of the alloy. High reactivity of Al with tooling materials leads to increased manufacturing costs due to degradation. Another limitation is the insufficient wear resistance and tensile strength of many Al alloys [1,3,4,7,8,9]. Finally, another limitation is the high pressure generally applied during the sintering. Indeed, this high pressure generally increases a lot the manufacturing costs [10].



Liquid phase sintering (LPS) is one of the approaches that have been used to solve the inevitable formation of Al oxides. This process is a type of sintering in which both liquid and solid phases coexist during part of the sintering step. The liquid phase originates one of the alloying elements through a eutectic formation. The LPS process offers several advantages: it enables a lower sintering temperature for the liquid phase of the sintering aid, enhances densification by lowering the activation energy for atomic diffusion, improves particle bonding through surface wetting, allows for controlled porosity and microstructure by adjusting composition and sintering conditions, and shortens processing times due to improved densification kinetics. [3,8,11,12].



Similarly, to conventional press-and-sinter methods, the sintering step in LPS dictates the properties of Al materials. Sintering conditions, such as temperature, dwell time, cooling rate, and alloying elements or additive composition are the common parameters being modified to achieve certain sets of desired properties. An optimized sintering temperature is crucial, as it provides enough thermal energy to overcome intermolecular forces and accelerate particle diffusion without causing coarsening or potential shape deformation [13]. Alloying elements or additive compositions, on the other hand, can significantly influence the properties of the final material and enhance the densification process [9,14]. While sintering time is a minor variable, optimizing it can positively impact material properties and yield economic benefits in the process [12,13]. Compaction and sintering pressures play crucial roles in both the densification and the microstructure development, which, in turn, affect the final properties of the material.



Despite past setbacks in the process development of the PM route of Al and its alloys, the previously mentioned benefits have led to renewed interest in these materials. This resurgence aims to overcome existing limitations and explore the potential for producing aluminum materials with properties tailored to specific applications. The aim of the work described in this paper is to densify Al and Al-based materials using a pressure-less LPS. The effects of the process on the material’s microstructures and thermal and mechanical properties were investigated.




2. Methodology


2.1. Sample Preparation


Spherical Al powder with an average particle size of 7 μm (ULT0665, Néochimie, Cergy-Pontoise, France) and pre-alloyed Al-Si 12.2 atomic%, referred to as AlSi12 powder, with a melting temperature of 577 °C and an average particle size of 18 μm (Toyo Aluminum KK, Kosan, Japan) were the raw materials used in experiments. Due to high compositional uniformity, AlSi12 was used as the sintering aid or additive instead of a pure silicon to improve sample homogeneity, prevent possible segregation in the matrix, and increase the major phase solubility [15].



The Al and AlSi12 powders were blended and homogenized for 5 min at 1200 rpm using a planetary mixer (Thinky ARE250CE, Tokyo, Japan). For initial consolidation of the loose powders, compaction using a cold uniaxial press was performed and verified in a pressure range of 50 to 200 MPa.




2.2. Sintering Parameters Optimization


Al-based compacts with varied compositions (4–20 vol.%) of AlSi12 were sintered (Beijing JinYeHong Metallurgical Mechanical Equipment Corp Ltd., Beijing, China) at 620, 640, and 650 °C for 30 and 60 min in an argon atmosphere with 5 vol.% hydrogen. The overall system pressure was maintained at ≤0.2 bar, with the following steps. A first ramp with a rate of 5 °C/min from 20 to 410 °C and a 10 min dwell allowed the lubricant to be removed. Then, another ramp with a rate of 10 °C/min from 410 °C to the sintering temperature (between 620 and 650 °C) and a dwell time of 30 min or 1 h was used to sinter the parts. Finally, a cool rate of 10 °C/min was applied to cool down the furnace.




2.3. Characterization


Phase and composition identification was performed using X-ray diffraction (XRD) using a Philips PANalytical X’Pert Pro, Madison, WI, USA, equipped with a copper source (λKα1 = 0.15405 nm and λKα2 = 0.15443 nm). Measurements were taken between 2θ = 10 and 80 °, with a 0.02 ° (2θ) step and a 2.022 ° (2θ) active width in the detector. Microstructural analysis of the samples was also performed using a scanning electron microscope (SEM; Tescan, VEGA © II SBH, Brno, Czech Republic). The density of the composite materials was measured using the Archimedes method [Sartorius Analitic® balance (d = 0.1 mg)].



To determine the effect of varied AlSi12 compositions on the mechanical and thermal properties of the material, a Vickers hardness test with a 49 N load (Wilson Vickers hardness tester–WILSON Hardness, New York, NY, USA, Vickers 452 SVD) and thermal diffusivity tests at 30 and 70 °C using laser pulse method (MicroFlash NETZSCH LFA 457®, Selb, Germany) were performed.



For each characterization, the measurement was made 3 times to ensure the accuracy and repeatability of the results.





3. Results and Discussion


Densification of the Al-based material via free LPS began with preliminary powder compaction at 50 MPa, followed by optimization of the sintering aid composition, temperature, and dwell time. Initial consolidation of the samples resulted in an average green RD of 75%. As shown in Figure 1, the RD of the pellets without AlSi12 remained unchanged after sintering. In contrast, all the samples mixed with the pre-alloyed powder exhibited higher RD, and consequently, lower GP when sintered at temperatures of 640 and 650 °C for a 1 h dwell time. Although AlSi12 was expected to melt at its eutectic temperature of 577 °C [16,17], the pressure-less sintering environment impacted the particle diffusion, necessitating higher thermal energy to enhance atomic mobility. The effect of the dwell time was highlighted by the 4% AlSi12 pellets sintered at 640 and 650 °C. With limited amount of sintering aid, the samples were provided with sufficient diffusion time for effective pore filling and elimination.



Figure 1 indicates that as the AlSi12 composition increased, the RD also increased, while the GP decreased. This outcome is logical, as the addition of more sintering aid promotes particle bonding, leading to improved packing and lesser pores. However, shape deformation began to appear in samples with higher AlSi12 composition (15 and 20 vol.%) when sintered at 650 °C, for both 30 min and 1 h dwell times (cf. Figure 2 framed pellets).



The substantial large amount of the sintering aid, combined with sufficient thermal energy, may have caused AlSi12 to leak from the samples. A better set of results was achieved with the densified pellets sintered at 640 °C for 1 h; therefore, further experiments and characterizations were conducted on these samples.



The quantitative assessment of RD and GP was further supported by SEM micrographs of cryo-fractured samples (Figure 3). The evolution of the sample density was observed starting from the Al matrix with 4 vol.% AlSi12, where sintering necks formed and initial grain growth began, up to the sample with 20 vol.% AlSi12, which displayed a more homogeneous microstructure. Additionally, the chemically etched samples in Figure 4 revealed a gradual filling of pores and grain boundaries as the AlSi12 composition increased. The reduction in pore number and size, along with observed grain growth, provides a clear picture of the densification progress as influenced by the amount of sintering aid. In contrast, the sample containing only Al powder, processed under the same conditions as the other Al-based pellets, exhibited a high level of porosity.



Qualitative assessment using XRD analysis confirmed the presence of alumina (Al2O3) layers in the Al powders used (Figure 4). The peaks corresponding to the oxide phase noticeably decreased and eventually disappeared as the relative density (RD) of the samples increased. This can be attributed to the LPS process, which improves the wetting of the Al2O3 layer, increasing its dissolution in the liquid. The XRD data also confirmed an increasing amount of Si in each sample, evidenced by the rising intensity of the peaks corresponding to silicon. The overall peak pattern aligned with the previously reported data from several studies [18,19,20,21,22,23,24].



The evolution of cell parameters in all samples was also determined using the Le Bail pattern decomposition method. If an alloy forms during the process, substitutional alloying is likely, given the relative similar atomic radii of Al (1.43 Å) and Si (1.32 Å). However, the unit cell parameter expanded for all samples, approaching the reference value of Al as measured by XRD (4.0495 Å) as the RD increased.



Additional information was obtained from the microstrain and crystallite size measurements using the Williamson and Hall method. Regardless of the initial pressure conditions (50 and 100 MPa), Al-based samples had an average crystallite size of 51 nm (46–58 nm) and a microstrain of 0.021% (0.012–0.040%). These are close to the crystallite size (50 nm) and microstrain (0.033%) of the pure Al powder used. This is consistent with the absence of broadening of peaks observed relative to the peaks of the starting Al powder.



Moreover, the narrow range of unit cell parameter values indicates consistent sintering conditions, which led to improved packing without inducing extensive grain growth [25,26,27]. The lack of a clear trend among samples may be attributed to the absence of external pressure in the LPS process used. Densification mainly depended on the liquid phase and atomic diffusion, which were influenced by particle arrangement and the presence of pores. Based on the microstructural analyses performed, the sintered pellets showed enhanced particle bonding and pore filling rather than alloy formation.



The thermal conductivity (TC) of pure Al, as reported by Ho et al. (1972), is 237 W/mK at 30 °C and 240 W/mK at 70 °C, while for pure Si it is 148 W/mK at 30 °C and 119 W/m K at 70 °C [28]. Excellent thermal conductivity of Al, combined with its lightweight, makes it ideal for applications such as heat dissipation in electronics. However, the addition of a sintering aid, along with its amount and distribution within the matrix, negatively affects the TC [29,30]. The Si content mixed in all samples was limited to low concentrations (0.5–2.4 atomic% Si, which correspond to 4 to 20 vol.% of AlSi12) to prevent significant loss of the thermal properties in the Al material. This was observed from the samples containing 4–20 vol.% AlSi12 with TCs measured to be 170–200 W/mK at 30 and 70 °C (Figure 5). The sample with no sintering aid, on the other hand, exhibited a very low conductivity of about 15 W/mK at 30 and 70 °C, which is attributed to the low densification. The significant improvement in TC by adding AlSi12 is mainly due to the density increase and pore reduction, which enhanced the interparticle bonding to facilitate a more efficient heat transfer. Additionally, since a solid solution of Si likely did not form, the negative effect of the additive on TC was reduced, as there was no interference with electron thermal conduction within the Al matrix [29]. While the obtained TC values were lower than those of pure aluminum, they were still higher than other reported measurements for Al-Si alloys [14,30,31,32].



The addition of AlSi12 in the Al-based samples had an overall positive effect on hardness, attributed to the improved material density compared to samples without a sintering aid. This was evident with the results shown in Figure 5, which demonstrate that as the density of samples increased, hardness also increased. However, these hardness values were lower than those reported for other Al-Si alloys (>40 HV) [33,34,35,36,37] and were closer to the hardness of commercially available pure Al (~30 HV5) [34]. This is because the Al-based materials fabricated in this study were only densified rather than alloyed. Alloying is a common technique employed to strengthen metals by impeding dislocation movements. Its effectiveness is influenced by several factors, such as the alloying process, amount of alloying element, and the manner in which it dissolves within the matrix [34,35].



Processing of the Al and Al-based materials was further improved by increasing the compaction pressure from 50 MPa to 100, 150, and 200 MPa on samples containing 12 to 20 vol.% AlSi12. Similar sintering conditions and characterizations were employed on the densified pellets. The green RDs obtained for samples compacted at 100, 150, and 200 MPa were 80, 85, and 87%, respectively. As shown in Figure 6, no change in RDs was observed from Al samples without the sintering aid, while 95–98.6% RDs and GPs smaller than 5% were obtained from samples containing 12–20 vol.% AlSi12. Cracks formed at the bottom of the pellet compacted at 200 MPa and containing 20 vol.% AlSi12. This is likely due to the excessive compaction pressure and the amount of additive used, which introduced stresses into the material.



SEM analysis revealed tightly packed structures with fewer and smaller pores in samples compacted at higher pressures. Additionally, the XRD results for samples compacted at higher pressures were similar to those compacted at 50 MPa, with the exception of some small peak broadening observed in the (111) and (200) planes for samples compacted at 100 MPa with 1, 5, and 20 vol.% AlSi12, and at 150 MPa with 20 vol.% AlSi12. However, all other parameters, such as the lattice parameter, crystallite size, and microstrain, showed similar behavior to their equivalent samples compacted at 50 MPa. Moreover, the thermal property and hardness of these materials did not significantly change as well. It can be observed from Figure 7a that the thermal conductivity at 30 °C (180–200 W/mK) was of the same range as what was observed for samples compacted at 50 MPa. Meanwhile, the average hardness for the Al-based materials containing 12–20 vol.% AlSi12 that were compacted at higher pressures (100–200 MPa) was 30 HV5. This value is very close to the average hardness (29 HV5) of the densified samples with the same AlSi12 composition but compacted only at 50 MPa (Figure 7b).




4. Conclusions


This study successfully densified Al and Al-based materials using the pressure-less LPS process, with AlSi12 serving as the sintering aid. The samples densified and compacted at 50 MPa and containing 4–20 vol.% AlSi12 at 640 °C for 1 h exhibited RD of 81–96% and GP of 4–20%. SEM characterization revealed that the process induced grain boundaries and pore filling, effectively consolidating the Al and Al-based materials. Additionally, comparison of XRD results between samples and raw materials showed no broadening of the Al peaks for all the sintered pellets. All samples exhibited expanded cell parameters, with average crystallite size and microstrain values similar to those of the initial Al powder. Effects of the densification process on the thermal and mechanical properties of the materials were also evaluated. Samples with a relative density (RD) greater than 90% exhibited thermal conductivity in the range of 170–200 W/mK, a competitive value comparable to that of Al-Si alloys. The average hardness of these materials was 29 HV5, close to that of a commercially available Al (30 HV5). The density was further improved by increasing the compaction pressure from 50 to 100–200 MPa, achieving a maximum RD of about 99%, a thermal conductivity about 190 W/m K, and a hardness of 30 HV5.
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Figure 1. Effect of AlSi12 composition on relative density and global porosity of Al and Al-based samples sintered at 640 °C for (a) 30 min and (b) 1 h in an Ar-H2 gas mixture. 
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Figure 2. Pellets (diameter 6 mm) with high AlSi12 compositions: (a) before and after sintering at (b,c) 620, (d,e) 640, and (f,g) 650 °C for 30 min and 1 h in an Ar-H2 atmosphere. 
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Figure 3. SEM micrographs of cryo-fractured samples with varying AlSi12 composition: (a) 4%; (b) 7%; (c) 10%; (d) 12%; (e) 15%; and (f) 20%, compacted at 50 MPa and sintered at 640 °C for 1 h under Ar-H2 gas. 
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Figure 4. XRD analysis of densified Al-based pellets with varying AlSi12 compositions (4–20 vol.%), sintered at 640 °C for 1 h under Ar-H2 atmosphere. 
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Figure 5. Hardness and thermal conductivity of pellets sintered at 640 °C for 1 h. 
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Figure 6. Effect of compaction pressure on relative density and global porosity of Al and Al-based samples sintered at 640 °C for 1 h under Ar-H2 atmosphere. 
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Figure 7. Thermal conductivity at (a) 30 °C and (b) hardness of densified Al and Al-based pellets compacted at higher pressures and with varying AlSi12 compositions. 
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