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Abstract

:

Ultrafine-grained Al matrix nanocomposites, reinforced with Al2O3 nanoparticles, were produced from milled powders, either by equal channel angular pressing (ECAP), at room or high temperature, with or without back pressure, or by spark plasma sintering (SPS). Their microstructures, mechanical properties (compression, hardness, and sliding wear), and thermal stabilities (thermally induced softening and cracking) were compared, and the advantages and limitations of each process discussed on a scientific but also practical point of view. For the most successful set of process parameters, the yield stress in compression reached 380 MPa, the hardness, HV = 139, remained stable up to 500 °C, and the resistance to sliding wear was comparable to that of Al 5083, and better than that of Al 7075-T6. While the samples consolidated at high temperatures (by ECAP or SPS) showed a good thermal stability, those consolidated by ECAP at room temperature were prone to thermally induced softening and cracking, which was related to trapped and pressurized gases.
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1. Introduction


The widely used precipitation-hardened aluminum alloys exhibit a high hardness and yield stress (approximately HV = 137 and σ0.2 = 320 MPa for Al 2024-T4, HV = 175 and σ0.2 = 500 MPa for Al 7075-T6) at room temperature, but these parameters start to drop sharply as the temperature exceeds 200 °C, mainly because of an evolution of the precipitates. On the other hand, ultrafine-grained (UFG) aluminum and many UFG Al alloys also exhibit high strength and hardness at room temperature, but due to grain growth, these properties also decline above 200 °C [1,2]. Alloying of ultrafine-grained aluminum or Al-Mg alloys with scandium was shown to improve their thermal stability by precipitation of Al3Sc nanoparticles that pin the grain boundaries [3,4], but this is an expensive strategy.



Aluminum matrix nanocomposites, reinforced by various ceramic nanoparticles (Al2O3, SiO2, SiC, TiO2, Al4C3 and others) distributed both inside ultrafine grains, where they hinder dislocation glide, and along the grain boundaries (GBs), where they may induce Zener pinning [5], preventing GBs migration and sliding, have the potential to provide a high and stable hardness up to 400 °C, or even 500 °C [6,7].



Various techniques were proposed to obtain such materials from milled powders [8,9,10,11], each one with its own advantages and limitations, but with a common characteristic: the resulting microstructures and mechanical properties, as well as their thermal stability, are quite dependent on the process parameters. The present study focusses mostly on one of these techniques: severe plastic deformation of milled and encapsulated powder mixtures by powder-in-tube equal channel angular pressing (PIT-ECAP), which was successfully used by several teams to consolidate aluminum-based powder mixtures [12,13,14,15,16,17,18,19,20,21,22]. A few results on the same powders, consolidated by spark plasma sintering (SPS) as previously performed by several authors [23,24,25,26,27,28,29,30], will also be presented for comparison.



While the thermal stability of various ultrafine-grained Al alloys issued from ECAPed billets was substantially documented [2,31,32,33,34], very few studies considered the thermal stability of Al matrix nanocomposites issued from powders consolidated by ECAP [6,8], SPS [30], or direct extrusion [8]. An important difference between ultrafine-grained materials obtained from bulk metals or from powders, is that the former can only exhibit thermally induced recrystallization, grain growth, and a subsequent drop of hardness, while the latter can, in addition, exhibit thermally induced cracking, due to trapped gases, as observed and analyzed in this work. Paradoxically enough, apart the papers of Balog et al. [8], the literature about PIT-ECAP consolidation of Al-based powders does not evoke the problem of trapped gases, maybe because, as mentioned above, the thermal stability or mechanical behavior at a high temperature of so-consolidated materials has hardly been explored. Only when the powder was pre-sintered or pre-consolidated by hot isostatic pressing before ECAP (which no more corresponds to PIT-ECAP) was a degassing treatment applied (see for example [14]).



In the present work, Al-Al2O3 nanocomposites were mostly synthetized by ECAP, performed either at room temperature, with back pressure (ECAP-BP-RT), or at high temperature, without back pressure (ECAP-HT), but a few samples were also consolidated by SPS. The initial condition of as-consolidated materials (microstructure, residual porosity, presence of cracks) and initial microhardness, as well as their thermal stability, were compared and discussed, not only in terms of grain growth and resulting drop of hardness, but also in terms of thermally induced blister-type cracking, with an original observation of crack bridging by aluminum nano-filaments stretched into the superplastic domain. The presence of trapped gases, and their initial degree of compression, depending on the process parameters, are shown to be critical for the thermal stability or the nanocomposites.




2. Materials and Methods


2.1. The Al Powders and Alumina Nanoparticles


Two batches of aluminum powder were used, for a reason explained further on. The first one (denoted by Al-99.5) produced by gas atomization had a purity of 99.5%. The specifications provided by Thermo Fischer Scientific indicate maximum Si and iron contents of 2500 ppm and 3500 ppm, respectively. The particle size measured by analysis of SEM images ranged from 2 to 81 µm, with an average value of 8 µm. The more or less ellipsoidal-shaped powder particles (see Figure 1a) were constituted with approximately 500 nm-large Al grains, according to X-ray diffraction measurements (using procedures detailed below).



The second batch (denoted by Al-99.9), provided by GoodFellow (Goodfellow Cambridge Ltd., Huntingdon, UK), had a nominal purity of 99.9%. The specifications indicate maximum Si and iron contents of 400 ppm and 300 ppm, respectively. The particle size ranged from 4 to 101 µm, with an average value of 17 µm. This powder, produced by air atomization, exhibited more heterogeneity in the shape of its particles (see Figure 1b), made of 2.5 to 5 µm-large Al grains, according to SEM observations of powder grains cross sections (obtained by embedding the powder in resin and polishing it), on which the grain boundaries, decorated by iron-rich intermetallic particles, were readily visible. A colloidal suspension of γ-Al2O3 nanoparticles in isopropanol from Sigma-Aldrich (Sigma-Aldrich, St. Louis, MO, USA) provided the reinforcement, with a weight fraction between 2 and 6%. The effective diameter of the particles measured by dynamic light scattering using a Zetasizer nano-ZS Zen 3600 from Malvern (Malvern Panalytical, Malvern, UK) at 25 °C with a scattering angle of 173° ranging from 30 to 120 nm, with an average of 50 nm, as shown in Figure 1c. The suspension was sonicated during 1 h before use, hoping to reduce particle clustering.



The synthesis of Al—Al2O3 nanocomposites included two or three steps, depending on the consolidation process, namely: (1) powder mixing and ball milling (common to both processes), (2) powder encapsulation (for ECAP only), and (3) consolidation by ECAP or SPS.



All powder manipulations were performed in a glovebox, under a controlled argon atmosphere (H2O and O2 levels below 0.5 ppm). However, according to the literature [35], due to previous handling and storage by the providers, the presence of a few nanometer-thick amorphous and partially hydrated oxide layers on the Al powder particles cannot be avoided.




2.2. Powder Mixing and Ball-Milling


Ball-milling serves several purposes: (1) to fracture and disperse the native oxide on the powder particles, promoting direct metal-on-metal contact and bonding during ECAP or SPS, (2) to obtain a uniform dispersion of the added γ-Al2O3 nanoparticles, both inside the grains and along the GBs, and (3) to reduce the Al grain size in order to obtain harder nanocomposites, and efficient Zener pinning of the GBs by nanoparticles of radius r, and volume fraction fv, which requires that the grain size (assuming an equiaxed shape) is less than [5]:


   d  m a x   =   4 r   3  f v    ,  



(1)







Considering the mean initial radius of the present nanoparticles, r = 25 nm, and the volume fractions corresponding to weight fractions of 2%, 4%, 5% or 6%, Equation (1) yields dmax = 1.24 µm, 0.62 µm, 0.495 µm, and 0.415 µm, respectively. However, these values constitute overestimates, since, as shown below, milling tends to significantly reduce the size of the nanoparticles.



The mixed Al powder and Al2O3 suspension were first heated at 50 °C for 1 h inside the glovebox in order to evaporate the isopropanol. The blend was then poured into a hard steel grinding jar with 10 mm hard steel balls with a ball-to-powder ratio of 10:1. A small amount (2.5 wt.%) of ethanol was added as process-control agent. After sealing the jar in the dry argon atmosphere of the glovebox, milling was performed in a Retsch PM100 planetary ball mill (Retsch GmbH, Haan, Germany), by sequences of 30 min interrupted by 10 min pauses to limit the temperature rise. The total milling time, excluding the duration of the pauses, varied between 4 h and 16 h and the rotation speed between 100 and 400 rpm. The rotation direction was inverted after each pause. After milling, the blended powders (back in the glovebox) were heated again at 50 °C for 1 h to evaporate any residual ethanol. Vickers hardness measurements were made on the milled powders under a load of 10 g, maintained during 12 s (and averaged over 10 measurements) after embedding the powder in resin and lightly polishing the surface.




2.3. Powder Encapsulation for ECAP


Two types of blind tubes were used to encapsulate the powders. Externally square-shaped copper tubes, 19.8 mm × 19.8 mm × 95 mm, with a Φ16 mm cylindrical blind hole, were used for ECAP-BP-RT. Copper was chosen because of its adequate strength and ductility at room temperature, but brass was preferred for ECAP-HT (around 385 °C, as explained below) because it exhibits a much higher strength than copper at 350–400 °C, while showing a sufficient ductility to avoid failure during ECAP. For ECAP-HT, 115 mm long cylindrical brass tubes, with 19.9 mm and 15.9 mm external/ internal diameters, were thus used. The tubes were filled with milled powder blends inside the glove box, with repeated manual tapings in order to increase the relative density of the powders (typically in the range of 45–55%). The tubes were then sealed with a 5 mm long copper or brass plug, which was press-fitted with a manual press. The slight argon overpressure induced inside the tube by the press-fitting of the plug was hoped to hinder the entrance of moisture and oxygen.




2.4. Consolidation by ECAP


ECAP was realized either at RT (at LEM3, Metz) or at a temperature around 385 °C (at LMS, Palaiseau). In the first case, the ECAP channel had a 20 mm × 20 mm square section, a channel intersection angle of 90°, and an inner radius of 2 mm. A back pressure ranging from 88 to 311 MPa was applied, depending on the sample, by the plunger of a hydraulic actuator within the die exit channel. The tubes were greased with Mo2S, and extruded at a speed of 0.3 mm/s. At HT, the ECAP channel had a 20 mm cylindrical section, and inner and outer angles of 90°. Heating was performed by three 1500 W resistance heaters fixed on three external surfaces of the die. In order to induce some back pressure and make the sample re-introduction easier, the exit channel had a slightly reduced diameter (19.5 mm). The tubes were lubricated by a mineral oil suitable for high temperatures and were also extruded at speed of 0.3 mm/s. The Bc route was followed when more than one pass was done, on both types of ECAP processes. After ECAP, the copper or brass envelopes were removed by machining. Cylindrical samples of nanocomposites, approximately ϕ = 15 mm in diameter and 60 mm in length, were obtained after ECAP-HT, while the parallelepipedal samples issued from ECAP-BP-RT were approximately 55 mm × 12 mm × 12 mm. Longitudinal sections (cut in the XY plane of the last ECAP pass, where X and Y denote the exit and entrance directions, respectively) were prepared, for observations and micro-hardness measurements.




2.5. Consolidation by SPS (at ICMPE, in Thiais)


The milled powder mixtures were poured into a graphite mold, 15 or 20 mm in diameter and lined with grease proof graphite paper. A DR. Sinter Lab 515S SPS machine (Fuji Electronic Industrial, Saitama, Japan) was used, with 12 current pulses followed by two 3.3 ms long off times. The SPS chamber was first evacuated, then flushed with argon, and then evacuated again down to a residual pressure around 6 Pa. Then, a pulsed electric current, flowing through the graphite mold and the powder, allowed heating at a rate between 88 and 104 K/min, under a low axial compression (10–15 MPa), in order not to hinder powder degassing. Although the vacuum pump tends to moderate the transient pressure build-up inside the chamber due to the gas released by the powder, it does not completely prevent it, and the monitoring of the pressure evolution during the heating ramp (Figure 2a) provides useful qualitative indications on the progression of degassing. In this example, the pressure starts to rise as soon as the temperature increases, exhibiting two peaks at 280 and 360 °C, and then drops to recover its initial value near 550 °C. Powder degassing for these composition and milling conditions was thus assumed to be finished at this temperature, which was then held constant for 2 to 8 min (Figure 2), while the axial stress was ramped within one or two minutes to 75, 100, or 125 MPa, and held constant during the remaining duration of the temperature plateau. The power was then ramped down within 10 s to 1 min, under an axial compression progressively reduced to 10–15 MPa. Cylindrical samples of nanocomposites, ϕ = 15 mm or ϕ = 20 mm in diameter and 12 to 13 mm in height, were obtained after SPS consolidation. Longitudinal sections (r-Z plane, where r and Z denote the radial and axial directions, respectively) were prepared from the consolidated cylinders, for observations and micro-hardness measurements.




2.6. Microstructural Characterization Techniques


The densities of the consolidated samples were measured by Archimedes’ method at 20 °C in distilled water, and will be provided in percentage of the full density, estimated from those of Al and Al2O3, using a rule of mixtures. The density measurements were made on the entire consolidated specimens (for ECAPed samples, after removal of the copper or brass tube) before machining various samples for microstructural observations, annealing tests, compressive tests, or sliding wear tests. The measured values thus represent an average. Tomographic observations would be necessary for a full 3D characterization of potential density gradients in the samples.



After mechanical and electrolytic or ionic polishing, the longitudinal sections were observed with a Keyence digital optical microscope (Keyence, Osaka, Japan) and/or a ThermoFischer Scientific Quanta 650 FEG environmental scanning electron microscope (ThermoFischer, Waltham, MA, USA). Statistical data on the size of the iron-rich intermetallic particles, looking white on the SEM images captured from the back-scattered electron signal, was obtained by image analysis techniques. Electron back-scattered diffraction (EBSD) mappings of grains orientations were obtained using the AZtecHKL software from Oxford Instruments (Abingdon, UK) with a step size of 50 nm. A misorientation of more than 10° was used to detect the grain boundaries, and grains with an internal average misorientation smaller than 2° were considered as recrystallized. In a few samples, texture analysis was performed by X-ray diffraction (XRD), on a Bruker D5000 apparatus, using a Cobalt Kα source (λ = 1.793 Angstrom) at 40 kV and 30 mA, for a diffraction angle, 2θ, ranging from 0 to 75°, with a step size of 2.5° and an azimuthal step of 5°. The pole’s figures were plotted using the ATEX software [36] based on the (111), (200), (220), and (311) planes’ diffraction peaks. X-ray diffraction profiles were also obtained in order to determine crystallite size. Diffraction patterns were acquired with an angle, 2θ, ranging from 30 to 85°, with a step size of 0.03°, and 1 s data collection per step, using a Bruker Discover D8 apparatus equipped with a LynxEye XE-T linear detector (LynxEye AB, Stockholm, Sweden), a Soller split opening of 2.5°, a fixed slot opening of 0.5°, and an open receiving slot of 9 mm. Data post-treatment was performed using the Rietveld analysis program Maud (version 3.0, Luca Lutterotti, University of Trento, Italy, https://software.pan-data.eu/software/76/maud, accessed on 1 December 2021) [37]. The Delft model [38,39], which considers spherical grains, was used to analyze the line broadening, taking the instrumental broadening into account, and to deduce the mean grain size, which was feasible only up to 295 nm. The collected data were used to detemine the mean grain size (from EBSD when it was above 0.3 µm, from X-ray diffraction, below). For the finest microstructures, thin foils were machined, using a focused ion beam (FIB), and TEM observations were made at ICMPE on a Tecnai F20 apparatus along with EDS local chemical analyses (EDAX system, with a SDD Octane Optima 60 detector and the TEAM software), as well as crystal orientation and crystalline phase mappings using the PACOM technique [40].




2.7. Mechanical Characterization Techniques


Ten Vickers microhardness measurements were performed on each specimen (under 2N applied during 12 s) and averaged.



Cylindrical specimens, 4 mm in diameter, and 7 to 8 mm in height, were extracted from the macroscopically sound nanocomposite samples, for compression tests, normal to the die exit channel for those issued from ECAP-BP-RT, and parallel to the compression-axis for those issued from SPS. For comparison, additional compression samples were cut parallel to the axis of the square-shaped Al 1050 bar, whose microstructure is shown on Figure 1. The two ends of the samples were lubricated, and an alignment ball joint was used. The displacement rate in compression was chosen to yield an approximate strain rate of 2.10−3s−1. The axial strain was measured continuously by optical tracking of two black paint dots on a white background approximately 6 mm apart.



Pin-on-disc sliding wear tests were run, using cylindrical nanocomposite specimens 4 mm in diameter and 7 mm in height pressed against a rotating 40 CMD8 steel disc (HV > 340), with a normal pressure of 0.8 MPa applied by a 10 N hanged mass. The sliding rate was 0.5 m/s and the sliding radius 40 mm. The friction coefficient was deduced from the measured torque. The tests were stopped after 1000, 2000, and 3000 m cumulated sliding distances, and after accurate measurements of their mass, the samples were mounted again, with the wear tracks in the same position as during the previous run. The wear rate was obtained as the slope of the cumulated mass loss versus cumulated sliding distance curve.




2.8. Characterization of the Thermal Stability


A 1 h, annealing at 400 °C under an argon flux was applied to a few specimens with a heating rate of 6.3 °C/min. It was followed by natural cooling in the furnace. Finally, optical or SEM observations as well as Vickers hardness measurements were performed again, in order to assess the effects of the thermal treatment on the microstructure, cracking, and hardness.



A heating stage mounted in the Quanta 650 Environmental Scanning Electron Microscope was also used to perform in situ annealing on small cylinders (3–4 mm in diameter and 3 to 5 mm in height), cut from the hardest ECAPed samples, to monitor the appearance of cracks on the polished surface, corresponding to a longitudinal section.




2.9. Comparison with Bulk Al 1050 Alloy


Bulk Al 1050, which has nearly the same impurity content as the Al powders, was used for comparisons. The mean grain size was 20.4 µm and the hardness HV = 25, in the as-received 20 mm × 20 mm square-shaped bar, delivered in a strain-hardened, «H12», condition.





3. Results and Discussion


3.1. Compared Microstructures of the Nanocomposites, Depending on Their Consolidation Process


3.1.1. Specimens Consolidated by ECAP


About 20 samples were synthetized by ECAP-HT, and 15 by ECAP-BP-RT, with various nanoparticles contents (0 to 6 weight%), milling times (from 4 to 16 h), rotation speeds (from 160 to 225 rpm), and number of ECAP passes (1 to 6) so as to find an optimal combination of parameters in terms of mechanical properties. Rather than presenting results for 35 specimens, some examples and comparisons, chosen for the useful conclusions that they allow to draw, are highlighted below. Table 1 compares the process parameters and basic results for two pairs of specimens, with similar powder composition and milling conditions, produced with the same number of passes, either by ECAP-BP-RT or ECAP-HT.



At 385 °C, in one pass without back pressure, unmilled 99.5% pure aluminum powder was densified to 98.5% of its full density, with a peak pressing load around 50 kN. No damage was visible at the macroscale, but a lot of micropores, elongated in the shearing direction (Figure 3a), mostly located along the grain boundaries (GBs), sometimes forming intergranular microcracks by their coalescence, were observed with the SEM on a longitudinal section. Triangular-shaped cavities, typical of grain-boundary sliding, were observed at triple junctions (red squares on Figure 3b). The mean grain size and shape factor were 2.5 µm and 2, respectively. 38% of these grains were recrystallized. X-ray diffraction measurements (Figure 3c) revealed a mild texture (maximum texture index around 3.5), typical of aluminum simply sheared by ECAP [41].



The same unalloyed and unmilled Al-99.5% powder was consolidated to 98.5% also, in one pass by ECAP-BP-RT, with BP = 88 MPa, but this required a seven times higher peak-pressing load (350 kN). Again, no damage was observed at the macroscale, but SEM observations of a longitudinal section (Figure 3d) revealed microcavities. The latter were however much smaller than in the previous sample, although still located along GBs, and at their triple junctions. Although still visible, these signs of GB sliding were much less profuse. The hardness of the extruded sample was substantially higher than after ECAP-HT (HV = 64.6 ± 1.1, instead of 41.7 ± 0.6), in accordance with a smaller mean grain size (1.16 µm). The mean grain aspect ratio (2.0) was not different from that of the previous sample. Only 18% of these grains were recrystallized (as compared to 38% in the previous sample). The texture measured by XRD (Figure 3e) was less characteristic of shear deformation than in previous specimen, which was unexpected, considering the less profuse signs of GB sliding during ECAP-BP-RT. Furthermore, Arzaghi et al. [41] have shown that the ECAP-induced texture of aluminum is not different, with or without the activation of non-octaedral slip systems, which occurs at high temperature. Therefore, the difference observed here was attributed to some heterogeneity of plastic flow between the front, mid-length, and back areas of the sample, suggested by gradients in the grain elongation directions, which was around 45° only in the central part. The pole figures, obtained by EBSD (Figure 3f) in this area (where the grain size, elongation and recrystallization data mentioned above were collected) are actually typical of shear deformation [41]. No such heterogeneity was observed in samples subsequently extruded with a higher back pressure (180 to 310 MPa, instead of 88 MPa here).



The smaller grain size and recrystallized fraction after ECAP-BP-RT, and the more discrete signs of GB sliding and migration than after ECAP-HT, are consistent with less active dynamic recovery, grain growth, diffusion-assisted phenomena, and lower GB mobility at lower ECAP temperature. However, it must be kept in mind that, in spite of the denomination «ECAP-BP-RT», severe plastic deformation naturally induces thermal dissipation, and thus a non-negligible temperature rise. Based on numerical simulations of ECAP consolidation of precompacted 2124 Al alloy powder at room temperature, Elkhodary et al. [22] estimated that even at a moderate pressing rate, the temperature can rise locally up to 216 °C. Since the load (and thus the stresses) are nearly ten times higher during ECAP-BP-RT than during ECAP-HT, while the shear strains, controlled by the die geometry, are similar, the plastic deformation energy (partly dissipated as heat_ is thus much higher in the first case. The temperature differential between ECAP-BP-RT and ECAP-HT is thus probably less than the 360 °C nominal temperature difference.



A second comparison can be made for Al-99.5% powder blended with 2 wt.% alumina nanoparticles milled during 4 h at 225 rpm. After two passes of ECAP-HT at 385 °C, with a peak pressing load around 60 kN, a hardness of 92 ± 3.7 was obtained, but the sample exhibited so many cracks along the ECAP shearing planes (Figure 4a) that its density (which would have been meaningless) was not measured. Note the significant opening of these cracks, which would not be observed after purely shear-driven fracture, and whose origin will be discussed later. Such macroscale multiple cracking along the ECAP shearing planes, with a significant opening of the cracks, occurred systematically when the nanocomposite hardness was above 55. Hardnesses as high as 153 were obtained by ECAP-HT of the most severely milled powders, but at the expense of the sample integrity. The higher the hardness, the higher the density and length of the cracks. Such a problem, previously reported in the literature, was attributed to shear strain localization [17], a lack of ductility of hard, nanocrystalline, or severely milled powder [42], the inability of hard powder particles to increase their mutual contact surface by shear flow, and their tendency to roll on each other [18]. An additional explanation will be suggested further on.



By contrast, for the same powder mixture (Al-99.5% with 2 wt.% alumina) and milling conditions (4 h at 225 rpm), a macroscopically damage-free sample (Figure 4b) was obtained after two passes of ECAP-BP-RT with BP = 250 MPa (100 kN), but this required a nearly ten-times higher pressing load (562 KN). The hardness was not higher (HV = 91 ± 3.2) than for ECAP-HT, and the density was only 94.2% of the ideal value. The chip-like shape of milled powder particles, more or less folded and entangled, was still visible on the SEM images, where sub-micron intermetallic particles can also be seen. Long, but hardly open microcracks were present along their interfaces, often aligned in the shearing directions. The mean grain size (measured by X ray diffraction_ was 218 nm. While for the first pair of specimens issued from unmilled powder, the mean grain size increased and the hardness decreased significantly with the ECAP temperature, for this second pair issued from milled powder, the hardness and grain size were hardly affected by the ECAP temperature and were controlled by the milling conditions.



Figure 5 shows TEM observations of the latter sample, as well as crystalline phases and crystal orientation mappings, obtained with a step size of 15 nm, and the corresponding pole figures. It reveals that the Al grains are elongated along the ECAP shearing direction, and that their surface-weighted mean size (defined as the diameter of a circle of same area) is 175 nm, in reasonable agreement with the much more global value obtained from X ray diffraction peaks width. 46.5% of these grains are recrystallized. The pole figures reveal a significant simple shear local texture (maximum texture index around 6). The γ alumina nanoparticles that appear in green on Figure 5d have a mean size of 25 nm, twice smaller that their initial mean size before milling. They are mostly distributed along grain boundaries, where they align or form small clusters rather than inside grains. For a more objective assessment of the degree of spatial uniformity of their dispersion, the simplest quadrat-based method [43] was used. The TEM phase mapping image was subdivided in q quadrats, 5 × 5 pixels large, and the numbers xi of γ alumina nanoparticles falling in the ith quadrat were determined. Denoting by   x ¯   the mean value of the distribution of xi and by s its standard deviation, a dispersion index was defined as:


  D I =  (  q − 1  )     s 2    x ¯   ,  



(2)







The higher this index, the more heterogeneous is the dispersion. The results for this sample will be reported below and compared to those of other samples, issued from 16 h-milled powder and consolidated by ECAP or SPS.



Some interfaces seem to exhibit nanocavities aligned along the ECAP shearing direction.



Mappings of Al, O, and Fe atomic contents (Figure 6) reveal oxygen segregations along some interfaces, which probably correspond to remnants of the native amorphous oxide layer initially present on the powder particles that would not have been entirely fragmented and dispersed during the 4 h long milling.



Even with BP = 250 MPa, ECAP-BP-RT failed to produce macroscopically crack-free specimens when powder milling was too severe, leading to a nanocomposite hardness above 92. This is illustrated on Figure 7a for a sample issued from Al-99.5% + 2% Al2O3 powder, milled 16 h at 225 rpm (which yields equiaxed powder particles rather than chips) consolidated in one pass of ECAP-BP-RT (HV = 149 ± 3.7, density 95.5%). It was nonetheless interesting to characterize its microstructure. On the SEM images (Figure 7b,c), the interfaces between the former powder particles are much less visible than in the previous sample, but a few microcracks along the ECAP shearing plane as well as micropores often located at triple points between former powder particles can be observed. Such damage is often associated with local recrystallization and grain growth. Intermetallic particles can hardly be observed on the SEM images. The crystalline phases (Figure 7e) and crystal orientation maps (Figure 7f) were obtained in the TEM with a step size of 8 nm. In this sample, the Al grains, elongated along the ECAP shearing direction, have a mean size of 66.7 nm, in very good agreement with the value of 65.2 nm obtained by X ray diffraction. A total of 46% of these grains are recrystallized. The intensity of the shear-type local texture (maximum index around 5.3, Figure 7g) is not very different from that of the previous sample. By contrast, the mean size of the alumina nanoparticles is only 13.7 nm, which is twice as small than in the previous sample, and nearly four times smaller than their initial size, before milling.



For the previous sample (issued from 4 h milled powder and ECAPed twice) the nanoparticles dispersion index (Equation (2)) was 7655; it was 6149 (i.e., 20% smaller) here, in spite of a single ECAP pass. There is a clear tendency of the nanoparticles to cluster and align along the ECAP shearing direction, but a longer milling time (16 h instead of 4) tends to reduce it.



Mappings of Al, O, and Fe atomic contents (Figure 8) suggest that oxygen segregations along the former powder particles (or, in other words, remnants of unbroken native oxide) are substantially reduced after 16 h milling, compared to only 4 h.



Overall, while in the conditions described above and using Al-99.5%, ECAP-HT could not produce macroscopically sound specimens with a hardness above 55, ECAP-BP-RT with BP = 250 to 315 MPa shifted this limit up to a hardness around 92, allowing the mechanical characterization presented below. However, some pores and microcracks were still present at the microscale, the hardening potential of powder milling (approximately up to 150) was not fully exploited, and TEM observations showed that native oxide fragmentation and nanoparticles dispersion (which require more severe milling) were not fully achieved.



An attempt to overcome these difficulties was made by using the second batch of Al powder (softer than the first batch due to its larger crystallite size, and expected to be more ductile thanks to its reduced impurity content) and a smaller amount of native oxide (assuming a similar oxide thickness on larger powder particles). This attempt was unsuccessful, since very little difference between ECAPed samples issued from Al-99.5 and Al-99.9 was observed, for the same nanoparticles content and milling conditions. For example, for 2% Al2O3, 16 h milling at 225 rpm, and 1 ECAP-BP-RT pass, the mean grain size and hardness were 65 nm and HV = 149 ± 3.7 for a nanocomposite issued from Al-99.5%, and was 62 nm and HV = 153 ± 1.9 for that issued from Al-99.9%. In other words, severe milling erases the initial differences between these powders, so that it is not unreasonable to compare the properties of nanocomposites issued from batch 1 and batch 2 Al powders, as long as their nanoparticles contents and milling conditions are similar. Even though the density achieved in the second sample was slightly improved (96.6% instead of 95.5%), both samples showed macrocracks. That is why SPS consolidation was investigated. In this part of the study, only the second powder batch was used.




3.1.2. Specimens Consolidated by SPS


Six samples with the same composition -Al-99.9% + 2% Al2O3- were consolidated by SPS, according to the conditions reported in Table 2. While a simple temperature ramp of 6 min, up to the targeted value Tdwell = 550 °C (≈88 K/min), led to a transient over-heating up to 566 °C for the first two samples, splitting into a 5 min ramp to (Tdwell—10 °C), followed by a 1 min ramp to Tdwell, reduced the overheating to at most 4 °C. The radial and axial microhardness profiles measured on longitudinal sections after consolidation did not reveal any significant gradient in the specimens.



The disappointing hardness of the first sample, issued from Al-99.9% + 2% Al2O3 milled for 4 h at 225 rpm, HV = 54 ± 1.4, as compared to that obtained by two passes of ECAP-BP-RT or ECAP-HT on Al-99.5% + 2% Al2O3 milled in the same conditions (HV = 91 ± 3.2 and 92 ± 3.7, respectively) was due to substantial grain growth during SPS, as illustrated by the SEM observations and EBSD mappings on a longitudinal section (Figure 9).



The chip-like former powder particles are more or less aligned, normal to the compression axis, and a few defects (non-bonded powder particles) are visible here and there, in accordance with the imperfect density (96.5%). The mean grain size is 1.7 µm, as compared to 218 nm (7.8 times larger) for ECAPed samples (see Figure 5). Taking into account the milling-induced reduction in the mean nanoparticles size to 25 nm) as deduced from TEM observations on an ECAPed sample issued from the same powder, Figure 5) 2% such particles, according to Equation (1), should prevent grain growth beyond dmax = 1.23 µm provided that (1) they are uniformly distributed and (2) the grains are spherical. The fact that neither of these conditions is met after 4 h milling at 225 rpm (see Figure 5 and the dispersion index) probably explains the more substantial grain growth in this specimen during SPS. A total of 44% of these grains are recrystallized. The pole figures reveal the quasi absence of texture (max index 2.1).



The hardness of the five samples consolidated by SPS under various conditions, from powder milled 16 h at 225 rpm (Figure 10), ranged from 85% to 93.6% of that obtained after one pass of ECAP-BP-RT (HV = 149 ± 3.7) on the same powder. Some grain growth-induced softening (although less pronounced than on the same powder milled only for 4 h) thus also occurred, to various extents, during SPS. The shorter the dwell time at 550 °C (and the lower the overheating), the higher the hardness, but at the expense of the density, which decreased from 100%, for 8 min dwell-time, to 95.8%, for 2 min. The small cavities decorating the former powder particles seemed less numerous and smaller for longer dwell periods and higher compressive stresses. As expected, a reduction of the peak temperature to 535 °C also reduced grain growth-induced softening, yielding the highest hardness (HV = 139.5 ± 2.6); but again, in spite of an increase of the compressive stress to 125 MPa, this was at the expense of the sample integrity, as illustrated by the large cluster of non-bonded powder particles shown on Figure 10f. In the other samples, a few similar defects (although substantially smaller) were also observed. Contrary to the SPSed sample issued from powder milled only for 4 h, whose softer chip-like powder particles aligned more or less normally to the SPS compression axis, in the specimens shown on Figure 10, the 16 h milling time has produced hard and spheroidal powder particles, and the 75 to 125 MPa compression applied during SPS was not sufficient to induce a morphological anisotropy.



Figure 11 shows TEM observations of sample SPS0, crystal orientations, and phase mappings obtained with a step size of 8 nm, as well as pole figures. The grains are more equiaxed than in the ECAped sample issued from the same powder milled in the same conditions (Figure 7), and their mean size is larger (159 nm, instead of 66.7 nm, 2.4 times larger). A total of 72% of these grains are recrystallized (versus only 46% after ECAP-BP-RT), and little texture appears at this local scale (max index: 4). The spatial distribution of alumina nanoparticles is more heterogeneous than in the ECAped sample issued from the same powder milled in the same conditions (dispersion index 10239, as compared to 6149), probably because they were not redistributed by severe shear plastic flow, and thus remained clustered along grain boundaries without preferential orientation. However, the longer milling time at 225 rpm compared to the sample SPS4h (16h instead of 4 h) certainly improved the dispersion of the added nanoparticles in the powder, as well as the fragmentation of the native oxide layer (as deduced from TEM observations on Figure 6 and Figure 8), and led to more equiaxed grains, so that the Zener pinning of the grain boundaries was probably more efficient, and SPS-induced grain growth less pronounced (by a factor of 2.4, instead of 7.8) in spite of a longer dwell time at 550 °C (8 min instead of 5 min). The final mean grain size (159 nm) is indeed compatible with the maximum grain size predicted by Equation (1) (dmax = 679 nm), taking into account the reduced size of the nanoparticles (13.7 nm) after such milling.




3.1.3. Intermetallic Particles


Table 3 reports the mean and maximum size of the iron-rich intermetallic particles. In the as-received Al 1050 bar, a lot of heterogeneously distributed iron-rich intermetallic particles were observed, with mean and maximum sizes of 1.18 µm and 7.08 µm, respectively. According to Hannard et al. [44] “micron-sized iron-rich intermetallic particles constitute the main source of damage in aluminum alloys”. They constitute cavity nucleation sites, in ductile fracture [44], but also crack initiation sites, in fatigue [45]. Their fragmentation and more homogeneous dispersion is thus quite desirable.



By contrast, the mean and maximum sizes of the iron-rich intermetallic particles were only 0.25 µm and about 1 µm in the nanocomposites produced by ECAP from milled powder, which is an asset for the resistance to fatigue as well as for ductility. The same orders of magnitude were obtained in the nanocomposites produced by SPS, but only when overheating was avoided, and the dwell time at the peak temperature reduced to 4 min or less. When these conditions were not met, intermetallic particles as large as 2.05 µm (5 min dwell time at 550 °C + overheating) and 7.71 µm (8 min dwell time at 550 °C + overheating) were formed. On the other hand, shorter dwell periods decreased the density of these nanocomposites, due to remaining clusters of unbonded powder particles. A compromise between two opposite requirements has thus to be found.





3.2. Compared Mechanical Properties of the Materials, Depending on Their Consolidation Process


3.2.1. Compression Behavior


Figure 12a compares the true stress–true strain compression curves of various nanocomposites issued from ECAP-BP-RT (those with a sufficient integrity, and thus with HV < 92) or from SPS (HV = 126.5 to 139.5 with that of bulk Al 1050 in the as-received (grain size of 20.4 µm). The curves have been truncated at 10% strain, but most samples can sustain a much higher compressive strain, as illustrated on Figure 12b, for Al-99.9% + 4% Al2O3, milled 4 h at 160 rpm, 4 ECAP-BP-RT passes, strained by 57%, without fracture or strain localization. However, the main purpose of these compressive tests was not the determination of ductility (for which tensile tests will be performed at a later stage of the study) but just a characterization of plastic flow.



The flow stress of the nanocomposites issued from ECAP was approximately four times higher than that of bulk Al 1050 in the as-received condition. Even though the hardening stage is relatively short in these nanocomposites (ending after 2 to 4% strain), it is significant (their flow stress increases by up to 46% from their yield stress).



The flow stress of the nanocomposites issued from SPS is much higher: approximately nine times that of as-received bulk Al 1050, and comparable to that of Al 2024-T6. They also exhibit significant strain hardening (their flow stress increases by 17% to 44% above their yield stress).




3.2.2. Microhardness


The microhardnesses of all specimens, including bulk Al1050, exhibit a Hall–Petch-like affine correlation with the inverse square root of the mean grain size (Figure 13) over wide hardness and grain size ranges (HV= 25 to 153, and 20.4 µm to 65 nm, respectively).



No direct correlation of the hardness with the nanoparticles content emerges. In fact, for a direct hardening effect, the added nanoparticles would have to get inside the grains, and hinder dislocations glide, while the TEM observations reported on Figure 5, Figure 7, and Figure 11 show that it tends to remain along the GBs even after severe milling.



However, as shown by Table 4, their presence clearly contributes to Al grain refinement, and thus indirectly to an increase in hardness when ECAP is performed at a high temperature. For an intermediate milling condition (4 h at 225 rpm), the mean grain size is divided by five by the addition of 2% nanoparticles to Al-99.5% powder. The effect is less pronounced (although still significant) for severe milling (16 h at 225 rpm): the mean grain size is twice smaller when 5% nanoparticles are added, and similar to that measured by XRD on the milled powder mixture. This implies the absence of grain growth at 380 °C within approximately 40 min under severe plastic deformation.



By contrast, for ECAP performed at room temperature (Table 5) after a mild milling (4 h at 160 rpm), the Al mean grain size does not change significantly when the weight fraction of nanoparticles is tripled.



Beyond the prevention of grain growth during ECAP-HT or SPS, the alumina nanoparticles, when properly dispersed, play an important role for the thermal stability of all ultrafine-grained nanocomposites, as shown below.




3.2.3. Sliding Wear


The results of the pin-on-disc sliding wear tests are summarized in Table 6.



Significant differences in friction coefficient were observed between the materials, and even between the nanocomposites, without any correlation with their hardness. Bulk Al 5083 (HV= 92 ± 1.2) was the most resistant to sliding wear, but two of the relatively soft nanocomposites issued from ECAP-BP-RT (HV = 64.9 and 63.8) had quasi-similar performances, nearly twice better than those of bulk Al 7075-T6. The hardest nanocomposite (HV = 126.5) issued from SPS did not perform better than the softest ones. Indeed, the resistance to sliding wear does not depend only on the hardness, but also on the ductility or toughness of sheared asperities, as shown by Brach and Molinari [46].





3.3. Compared Conditions and Hardness of the Materials, after Static Annealing, Depending on the Milling and Consolidation Process


Table 7 summarizes the outcome of static annealing tests at 400 °C, in terms of thermally induced softening (discussed in part C.3.a) and thermally induced damage (part C.3.b).



3.3.1. Thermally Induced Softening


The percentage drop in hardness due to 1 h annealing at 400 °C is plotted versus the initial hardness of the nanocomposites over the whole range of consolidated samples hardnesses (HV = 63.9 to 153) in Figure 14a.



A striking difference appears between the nanocomposites consolidated either by ECAP-HT or SPS, whose hardness was not affected by 1 h exposure at 400 °C, and those consolidated by ECAP-BP-RT. For the latter, the percentage drop in hardness reached 36.6% for the softest specimen (HV = 63.9 ± 2.2), but decreased nearly to zero as the hardness rose up to 153. The better stability at 400 °C of the nanocomposites consolidated by ECAP-HT or SPS, as compared to those consolidated by ECAP at room temperature, is probably due to their prior exposure to high temperatures during their consolidation: ≈30 min at 380 °C, for 2 of ECAP-HT passes, and 8 to 12 min between 400 and 550 °C, for SPS.



Sample #6, ECAPed at 385 °C (HV = 92 ± 3.7) did not even soften when the annealing temperature was raised to 450 °C, and at 500 °C, its hardness drop was modest (HV = 86 ± 3.3). This was even more so for sample #10 (HV = 126.5 ± 2.2) and #12 (137.9 ± 2.5) obtained by SPS at 550 °C whose hardness after annealing at 500 °C (129.2 and 135.9, respectively) was not significantly altered. Figure 14b compares the annealing-induced evolutions of the hardness for ultrafine grained (UFG) 5083 and 6082 alloys (from billets ECAPed at room temperature [1,2]) and for samples #6, #11, and #12. Although the two UFG alloys are harder at room temperature, Al 6082 quickly softens above 150 °C, and Al 5083, more gradually, above 200 °C; the hardness of the nanocomposites consolidated by ECAP-HT or SPS remains stable up to much higher temperatures.



Regarding the samples issued from ECAP-BP-RT, a more and more efficient Zener pinning due to the size reduction of the nanoparticles, the improvement of their dispersion, and that of the fragments of the native oxide layer with the severity of ball milling might explain that their drop in hardness decreases as their hardness rises.




3.3.2. Thermally Induced Damage


The samples issued from ECAP-HT or SPS did not show any thermally induced damage after 1 h annealing at 400 °C, and neither did those issued from ECAP-BP-RT with an initial hardness lower than 91. By contrast, those with a higher hardness formed coalescing microcracks (HV = 127 ± 3.3, Figure 15a), or even regularly spaced macrocracks (HV = 149 ± 3.7, Figure 15b–e) along the ECAP shear plane. In spite of this orientation, these cracks do not exhibit any residual sliding displacements, but rather a crack-opening displacement, COD© which increases with the distance r to the crack tip, generally blunted (Figure 15d).



The presence of closely spaced nano-filaments, 70 to 200 nm in diameter, and up to 7 µm long, bridging the cracks, or detached from one crack face (Figure 15f,g), evoke crazing in cracked polymers. The further away from the crack tip, the longer the bridging filaments. Considering a final filament length, Lf = 7 µm, when it was broken or detached from one crack face, and assuming an initial length L0, of the same order of magnitude as the Al mean grain size, about 70 nm, their ductility at 400 °C is thus as high as 990%, which corresponds to a superplastic regime. Most filaments look straight, but some broken filaments are bent, maybe due to self-weight-induced creep, and some, still adherent to both crack faces, seem to have buckled, maybe due to a decrease in crack opening upon cooling. EDS chemical analysis showed that these filaments are indeed constituted of aluminum. Several such nano-filaments were extracted using a focused ion beam and were observed by TEM (Figure 16). Diffraction analysis showed that even though some curvature of the filaments slightly modifies the diffraction patterns captured at different places along their length, the differences are small enough to conclude that each filament corresponds to an Al single crystal containing dislocations. One of the filaments exhibits a local reduction of its diameter, evocative of a necking zone (Figure 16d).



After machining of the sample back side, in order to reduce its thickness, and thus increase the chance to obtain a through-thickness crack, one of the thermally induced cracks was forced open, allowing SEM observations of a crack face (Figure 15c). The borders of 10–20 µm-wide shallow cavities are decorated (see the red boxes on Figure 15c) by rows of more or less stretched aluminum nano-filaments, sometimes several microns long, and isolated, but most often shorter and not yet separated from the filament bundle delimiting the cavity. This suggests that the Al single crystals nano-filaments are formed by detachment along their grain boundaries from a highly stretched polycrystalline ligament separating neighboring cavities.



The direct observation of thermally induced cracks emerging at the surface of a hard sample issued from ECAP-BP-RT during in situ annealing in a SEM (Figure 17) provided an important element about the cracking mechanism. Some cracks started to emerge at the observed surface at temperatures as low as 328 °C. A careful monitoring of these cracks during the whole temperature ramp up to 400 °C, and the subsequent dwell period failed to reveal any significant increase in their opening. This, as well as the global «mode I-like» aspect of the fracture surface, is consistent with trapped gas pressure as the driving force for their growth: as soon as any point of the front of an internally initiated crack reaches the free surface, the gas escapes, the pressure drops, and the crack cannot develop anymore.



A scenario for the thermally induced cracking of the nanocomposites issued from ECAP-BP-RT, schematically illustrated in Figure 18, is now proposed.



After milling, the relative density of the powder encapsulated in tubes inside the glove box is no more than about 55%. Argon is thus present at the interfaces between loose powder particles. At that stage, the gas-filled «pores» do not have any specific shape or preferential orientation. When the powder is in the entrance channel of the die, the applied compression flattens the cavities. A part of the gas might then exit the powder and flow along the inner surface of the tube, but a part probably remains trapped inside the flattened cavities. The huge shear plastic deformation induced by ECAP transforms the cavities into penny-shaped cracks oriented along the highly sheared plane. Thanks to the overall compressive stress state, enhanced by the back pressure, these cracks are barely open. The nanocavities observed by TEM along some interfaces between former powder particles (Figure 5) might correspond to such «cracks». The pressure that the metal undergoes during ECAP is in equilibrium with that imposed to the trapped gas. If ECAP is performed at room temperature, the trapped gas pressure, P0, can reach 248 MPa, according to numerical simulations of Al powder consolidation by ECAP (in a die with the same geometry as the one used here) made by Hagighi et al. [21].



These simulations took into account some back pressure induced by a copper-made front stopper, but the corresponding value of the BP was not specified, and was probably smaller than in the present study where it reached 313 MPa. The trapped pressure after ECAP-BP-RT is thus likely to be here even higher than 248 MPa (2.48 bars). For ECAP-HT, the peak pressing load is 7 to 10 times smaller than at 20 °C (see Table 1), P0 should thus be 7 to 10 times lower than after ECAP-BP-RT. However, crack opening is less constrained, due to the absence of back pressure.



During annealing, the gas pressure P(T) is temperature-dependent. For a perfect gas, when the temperature rises:


  P  ( T )  V  ( T )  = n R T ,  



(3)




where V(T) stands for the temperature-dependent volume of a cavity, and n stands for the number of Argon moles inside. If the diffusivity of the gas in aluminum is neglected, n remains constant, so that the gas pressure is expected to rise with the temperature, according to:


   P T =  P 0        T  V 0     T 0  V  ( T )    ,   



(4)




where the subscript 0 denotes the initial state, after ECAP. The increase in the volume of the cavity, due merely to thermal expansion of the matrix during annealing can be estimated as:


  V  ( T )  =  V 0       ( 1 + α    A l    ( T   -     T 0   ) )   3  ,  



(5)




where    α  A l      = 23.10−6K−1 is the thermal expansion coefficient of aluminum. Inserting T0 = 393 K, and T= 673 K into Equation (3) for annealing at 400 °C yields less than 3% variation in volume, which is negligible. By contrast, due to the rising nominal gas pressure, the crack opens, which substantially increases its volume, and thus, reduces the actual gas pressure. For an elastic matrix, with a temperature-dependent Young’s modulus, E(T), the crack-opening displacement (COD) profile along the face of a penny-shape crack of radius a, is known at any distance r from the crack axis [47]:


  C O D  (  r , T  )  =   8 · P  ( T )  ·  (  1 −  υ 2   )    π · E  ( T )       a 2  −  r 2    ,  



(6)







The maximum opening displacement, at the center of the crack (r = 0), is thus:


  C O  D  m a x    ( T )  =   8 · P  ( T )  ·  (  1 −  υ 2   )  · a   π · E  ( T )    ,  



(7)







The volume inside the open crack can be deduced by integrating COD(r) over r between 0 and a, and over the angular position along the circular crack front, thus yielding:


   V  ( T )  =  ∫ 0  2 π    ∫ 0 a  C O D  ( r )  · r · d r d θ     =     16 P  (  1 −  υ 2   )   a 3    3 E  ( T )    ,   



(8)







Inserting V(T) and V0 = V(293) into Equation (2) yields:


  P =  P 0      E  ( T )  T   E  (  293  )   T 0    ,    



(9)







Equation (9) shows that the gas pressure reached upon annealing is proportional to P0. Since P0 was 7 to 10 times smaller after ECAP-HT, the risk of pressure-induced cracking upon annealing was much lower than after ECAP-BP-RT, in accordance with the conclusions of Balog et al. [8] that ECAP should preferentially be performed at high temperature to avoid thermally induced cracking likely to occur only above this processing temperature (since P has to rise above P0 to drive the microcracks further than during ECAP-HT).



After ECAP-BP-RT, according to Equation (9), in an elastic matrix with E(673) ≈ 0.93E(293) [48], the gas pressure inside the crack would reach 1.46 P0 =362 MPa (3.62 bars) at 400 °C, more than enough to propagate cracks, especially considering their multiplicity and interactions. According to Equation (7),   C O  D  m a x     would exceed 1 µm for a crack radius of 75 µm, and 5 µm for a radius of 375 µm. These elastic estimates are in the same order of magnitude as the measured lengths of the Al nano-filaments that bridge the cracks. In reality, the viscoplastic flow of aluminum during annealing at 400 °C, evidenced by the blunted crack tips, increases the COD above these values, slightly reducing the trapped gas pressure. A more accurate viscoplastic numerical analysis, which would require (1) a preliminary identification of constitutive equations and (2) taking into account the interactions between multiple cracks, is beyond the scope of this study.



Argon is probably not the only gas participating in thermally induced damage. Balog et al. [8] observed thermally induced cracking of aluminum produced from powder by cold isostatic pressing followed by direct extrusion or by ECAP at various temperatures and back pressures. They used dilatometry to highlight the presence of expanding gases trapped in micropores. According to Nylund and Olefjord [35], these gases would be released by the decomposition of the hydroxide layer present at the surface of Al powder, that is: mostly H2O between 100 and 310 °C, then H2 formed by the reaction between water vapor and aluminum above 310 °C. Note that water vapor and hydrogen release and pressurization (H2 cannot diffuse into the metal unless it dissociates) probably occur during ECAP-HT performed at 380 °C, which can make this process dangerous, in case the front or back plug of the tube is expelled by internal pressure, potentially leading to ignition (as this occurred once during this study). The release of these gases might also partly explain the cracking issues encountered during ECAP-HT. Several examples of «hydrogen blisters» (that is: near-surface cracks due to trapped hydrogen) in conventional Al alloys formed during casting or heat treatments [49,50,51] can be found in the literature.





3.4. Comparison of the Consolidation Processes on Practical Aspects


After the point-by-point comparison of the three consolidation processes in terms of microstructure, mechanical properties and thermal stability of the produced nanocomposites, a more practical comparison, in the perspective of their potential industrialization is now proposed.



ECAP-BP-RT is much more demanding in terms of necessary loads than ECAP-HT or SPS, and it requires a more complex device, with two actuators. This can hinder the scaling up of this technique. ECAP-BP consolidation at high temperature, as practiced by several teams [6,19,20,52], can however reduce the required loads, although with additional costs and a more complex device.



As concerns the volume of material obtained after consolidation, an extensive literature review shows that most laboratory-scale ECAP dies have channels at most 20 mm in diameter, or 20 mm × 20 mm large, and accept less than 110 mm-long specimens. The volume of uniformly consolidated powder after the removal of the tube, including its front and back plugs, is thus insufficient for many industrial applications. A few up-scaled ECAP dies able to produce billets up to 100 mm × 100 mm × 300 mm exist [53], but it is not clear whether these facilities include a second actuator for back pressure. On the other hand, a few industrial SPS facilities currently allow specimens up to 350 mm in diameter and more than 250 mm in height to be obtained, provided that thermal gradients in the sample are minimized, which is not so easy to achieve [54].



For the PIT-ECAP process, powder encapsulation in non-reusable tubes adds significant time (for machining the tubes before and after ECAP) as well as costs (for metal purchase and machining) while SPS does not require it. Gas pressure build up inside a closed tube during ECAP-HT also induces potential hazard, especially if the amount of powder is larger than in laboratory experiments, because part of this gas is hydrogen. A solution might be to just wrap the powder in an Al foil and insert it directly into the ECAP die, as a few teams do [6,19,51]. This might allow trapped gases to escape more easily than in a closed tube, but also increase the oxidation and hydration of the powder, in contact with moist air, especially during ECAP-HT.



Due to the number of passes necessary to achieve a good densification, ECAP consolidation requires more time and labor than SPS, which has the additional merit to include the powder degassing step, necessary for a good thermal stability of the material.



While SPS consolidation does not induce a significant texture, ECAP consolidation produces textured materials, whose properties will thus be anisotropic. This should complicate the mechanical design and forming of pieces from ECAPed billets.



Overall, on a practical point of view, the SPS consolidation of Al matrix nanocomposites seems more efficient and likely to develop at an industrial scale than ECAP consolidation.





4. Conclusions


Ultrafine-grained Al matrix nanocomposites reinforced with Al2O3 nanoparticles were produced from milled powders, either by ECAP at 20 °C with 88 to 315 MPa back pressure (ECAP-BP-RT) or at 380 °C without any back pressure (ECAP-HT), or by spark plasma sintering (SPS). Their microstructures, mechanical properties (compression, hardness and sliding wear), and thermal stabilities (thermally induced softening and cracking) were compared. The following conclusions were reached.



	
ECAP-HT without any back pressure could not yield macro-crack-free samples from hard powders (composite hardness higher than 55).



	
The application of a back pressure allowed harder powders to be consolidated without macroscale damage. However, ECAP-induced cracking was still observed for composites with a hardness above 91 (Al mean grain size below 218 nm).



	
Macrocrack-free samples with a hardness as high as 139 were obtained by SPS (Al mean grain size slightly above 65 nm).



	
The samples hardnesses correlate very well with their mean Al grain size without a clear and direct impact of the nanoparticles weight fraction. However, due to Zener pinning, these particles, if properly dispersed, prevent grain growth during ECAP-HT, SPS, or static annealing, allowing the hardness to remain stable up to 500 °C.



	
The flow stress in compression of the best nanocomposites issued from ECAP-BP-RT (Al-99.5%, 2% Al2O3 milled 4 h at 225 rpm, 2 ECAP passes) was approximately four times higher than that of bulk Al 1050, while that of those issued from SPS (Al-99.9%, 2% Al2O3 milled 16 h at 225 rpm, SPS at 535 °C, under 125 MPa) was nine times higher than that of Al 1050, and comparable to that of Al 2024-T6.



	
Some of the nanocomposites issued from ECAP-BP-RT were nearly as resistant to sliding wear as Al 5083 and more resistant than Al 7075-T6.



	
While the samples consolidated at high temperatures (by ECAP-HT or SPS) showed a good stability during 1 h static annealing at 400 °C, those consolidated by ECAP at room temperature were prone to thermally induced softening and cracking, which was clearly related to trapped and pressurized gases.



	
Even though in the literature about the synthesis of Al matrix nanocomposites by ECAP from powder mixtures, preliminary degassing and vacuum encapsulation of the powder are not considered as necessary, the present study suggests that it is indeed preferable in order to avoid thermally induced cracking upon subsequent high temperature exposure, and also to make ECAP-HT more successful. Powder consolidation should preferentially be performed at high temperature, to avoid thermally induced cracking, likely to occur only above this processing temperature.



	
The fact that the SPS process starts with the hot vacuum degassing of the powder is clearly an advantage for the thermal stability of the consolidated materials. This powder consolidation process is also much more time- and cost-efficient than ECAP, and more promising for industrial implementation. Nonetheless, it requires a careful optimization of its parameters, in order to avoid the presence of non-bonded powder grain clusters while minimizing the growth of the Al grains, as well as that of the iron-rich intermetallic particles, detrimental to ductility and fatigue resistance of Al alloys.
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Figure 1. Initial morphologies of (a) the Al-99.9 powder, (b) the Al-99.9 powder, and (c) distribution of the effective diameter of the alumina nanoparticles measured by DLS. 
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Figure 2. Evolution of (a) the chamber pressure, (b) the temperature and compressive stress, and (c) the actuator displacement during SPS consolidation of Al + 2% Al2O3 nanoparticles powder, milled for 16 h at 225 rpm. 
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Figure 3. Microstructures and pole figures of the first pair of samples mentioned in Table 1 (un-milled Al-99.5%): (a–c) after 1 pass of ECAP-HT (HV = 41.7), (d–f) after 1 pass of ECAP-BP-RT (HV = 64.6). The red squares on (b) show triangular cavities at triple points, typical of grain boundary sliding. 
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Figure 4. Microstructure and macro or microscale damage in the second pair of samples mentioned in Table 1 (Al + 2% Al2O3 nanoparticles, milled 4 h at 225 rpm): (a,b) after 2 passes of ECAP-HT (HV = 92), and (c,d) after 2 passes of ECAP-BP-RT (HV = 91). 
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Figure 5. TEM observations of an Al-99.5%+ 2% Al2O3 nanocomposite, milled 4 h at 225 rpm, after yeo passes of ECAP-BP-RT (HV = 91). (a) TEM image (c) TEM image and corresponding: (b) pole figures, (d) phase mapping, and (e) inverse pole figure, IPF-Z. 
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Figure 6. TEM-EDS chemical analyses of a Al-99.5% + 2% Al2O3 nanocomposite, milled 4 h at 225 rpm after 2 passes of ECAP-BP-RT (HV = 91). (a) TEM images and corresponding mappings of (c) oxygen atomic%, (d) aluminum atomic%, (e) iron atomic%, and (b) superimposed maps. 
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Figure 7. (a) Macroscale aspect, (b,c) SEM, (d) TEM observations, (e) phase mapping, (f) local inverse pole figure IPF-Z, and (g) local pole figures of an Al-99.5% + 2% Al2O3 nanocomposite, milled 16 h at 225 rpm, after 1 pass of ECAP-BP-RT (HV = 149). 
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Figure 8. TEM-EDS chemical analyses of an Al-99.5% + 2% Al2O3 nanocomposite, milled 16 h at 225 rpm after 1 pass of ECAP-BP-RT (HV = 149). (a) TEM image and corresponding maps of (c) oxygen atomic%, (d) aluminum atomic%, (e) iron atomic%, and (b) superimposed maps. 
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Figure 9. (a) SEM observation, (b) EBSD mappings, and (c) pole figures of an Al-99.9% + 2% Al2O3 nanocomposite, milled 4 h at 225 rpm, consolidated by SPS at 550 °C during 5 min, under 75 MPa (HV = 54). 
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Figure 10. SEM observations of nanocomposites consolidated by SPS from Al-99.9% + 2% Al2O3 milled 16 h at 225 rpm. (a) sample SPS16h-0; (b) sample SPS16h-1; (c) sample SPS16h-2; (d)sample SPS16h-3; (e,f) sample SPS16h-5. 
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Figure 11. TEM observations, phases map, and pole figures on sample SPS0 consolidated by SPS from Al-99.9% + 2% Al2O3 milled 16 h at 225 rpm. (a) TEM image and corresponding (b) phase map, (c) inverse pole figure, and (d) local pole figure. 
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Figure 12. Compared behavior of nanocomposites produced by SPS or ECAP-BP-RT and of bulk Al 1050 in compression. (a) True stress–true strain curves, (b) initial and final aspect of a sample. 
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Figure 13. Correlation between the microhardness and mean grain size of the nanocomposites and bulk Al 1050. 
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Figure 14. (a) Percentage drop in hardness after 1 h at 400 °C versus the initial hardness and (b) compared temperature evolutions of the hardness of ultrafine grained 5083 and 6082 alloys from billets ECAPed at room temperature, and those of nanocomposites from the present study. 
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Figure 15. Thermally induced cracking along the ECAP shear plane in (a) Al+ 2% NP milled 8 h at 225 rpm, 4 passes ECAP-BP-RT (HV = 127 ± 3.3), and (b–e) Al-99.5% + 2% NP milled 16 h at 225 rpm, 1 passe ECAP-BP-RT (HV = 149 ± 3.7). Pictures (d,e) show a blunted crack tip and bridging nanofilaments, picture (c) shows one face of such a thermally induced crack after opening. Nano-filaments are visible in the red boxes. 
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Figure 16. (a) Selection of a pair of Al nano-filaments bridging a thermally induced crack (same specimen as in Figure 7) (b) FIB extraction, and (c–e) TEM observations. 
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Figure 17. Surface monitoring of thermally induced cracks during in situ annealing in the SEM (a–d) 4 snapshots of the same area at different stages. (e,f) two snapshots of a different area at different stages. 
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Figure 18. Scenario for thermally induced cracking. 
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Table 1. Example of process parameters and outcome of extrusions, for two pairs of specimens with similar composition and milling conditions, produced either by ECAP-BP-RT, or ECAP-HT.
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Powder

	
Milling

	
ECAP T °C

	
Pressing Load (kN)

	
Back Pressure (MPa)

	
Number of Passes

	
HV

	
Density (%)

	
Mean Grains Size (µm)






	
Al-99.5%

	
No

	
375

	
50

	
≈0

	
1

	
41.7 ± 0.6

	
98.5 ± 0.5

	
2.5




	
20

	
350

	
88

	
64.6 ± 1.1

	
98.5 ± 0.5

	
1.16




	
Al-99.5% + 2%NP

	
4 h

	
385

	
60

	
≈0

	
2

	
92 ± 3.7

	

	
0.220




	
225 rpm

	
20

	
562

	
250

	
91 ± 3.2

	
94.2 ± 0.5

	
0.218
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Table 2. Parameters of the SPS consolidation of Al-99.9% + 2% NP and results.
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Sample Ref & Milling

	
Temperature Evolution

	
Compressive Stress Evolution

	
Density

	
Hardness






	
SPS4h

	
Ramp to 550 °C in 6 min

	
10 MPa until 550 °C

	
96.5%

	
54.1 ± 1.4




	
4 h, 225 rpm

	
5 min dwell period

	
Then 75 MPa within 2 min




	
Φ = 20 mm

	
1 min power ramp down

	
3 min dwell at 75 MPa




	
SPS16h-0

	
Ramp to 550 °C in 6 min

	
10 MPa until 550 °C

	
100%

	
126.5 ± 2.2




	
16 h, 225 rpm

	
8 min dwell period

	
Then 75 MPa within 2 min




	
Φ = 20 mm

	
1 min power ramp down

	
6 min dwell at 75 MPa




	
SPS16h-1

	
Ramp to 540 °C in 5 min,

	
15 MPa until 540 °C,

	
96.3%

	
132.2 ± 2.3




	
16 h, 225 rpm

	
Then to 550 °C in 1 min

	
Then 75 MPa within 2 min




	
Φ = 15 mm

	
3 min dwell at 550 °C

	
3 min dwell at 75 MPa




	

	
<10 s power ramp down

	

	

	




	
SPS16h-2

	
Ramp to 540 °C in 5 min,

	
15 MPa until 540 °C,

	
95.8%

	
135.4 ± 2.5




	
16 h, 225 rpm

	
Then to 550 °C in 1 min

	
Then 75 MPa within 1 min




	
Φ = 15 mm

	
2 min dwell at 550 °C

	
2 min dwell at 75 MPa




	

	
<10 s power ramp down

	

	

	




	
SPS16h-3

	
Ramp to 540 °C in 5 min,

	
15 MPa until 540 °C,

	
96.7%

	
137.9 ± 2.5




	
16 h, 225 rpm

	
Then to 550 °C in 1 min

	
Then 100 MPa within 1 min




	
Φ = 15 mm

	
2 min dwell at 550 °C

	
2 min dwell at 100 MPa




	

	
<10 s power ramp down

	

	

	




	
SPS16h-5

	
Ramp to 525 °C in 5 min,

	
15 MPa until 535 °C,

	
95.9%

	
139.5 ± 2.6




	
16 h, 225 rpm

	
Then to 535 °C in 1 min

	
Then 125 MPa within 1 min




	
Φ = 15 mm

	
2 min dwell at 535 °C

	
2 min dwell at 125 MPa




	

	
<10 s power ramp down

	

	

	











[image: Table] 





Table 3. Size of the iron-rich intermetallic particles.
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Sample

	
Mean Size (µm)

	
Max Size (µm)






	
Bulk Al 1050

	
1.18

	
7.08




	
Al 99.5%, unmilled

1 pass ECAP-BP-RT

	
-

	
-




	
Al-99.5% + 2% NP, milled 16 h @ 225 rpm

	
0.25

	
1.08




	
2 passes ECAP-HT




	
Al-99.9% + 2% NP, milled 16 h @ 225 rpm

	
0.35

	
2.05




	
SPS4h, 5 min @550 °C + overheating




	
Al-99.9% + 2% NP, milled 4 h @ 225 rpm

	
1.60

	
5.71




	
SPS16h-0, 8 min @550 °C + overheating




	
Al-99.9% + 2% NP, milled 16 h @ 225 rpm

SPS16h-1, 4 min @550 °C

	
0.32

	
1.15
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Table 4. Influence of the nanoparticles on Al grains refinement for ECAP-HT.
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Al-99.5%

	
Al-99.5% + 2% Al2O3






	
4 h milling, 225 rpm

2 ECAP passes at 380 °C

	
1 µm

	
218 nm




	
HV = 69 ± 1.4

	
HV = 92 ± 3.7




	

	
Al-99.5%

	
Al-99.5% + 5% Al2O3




	
16 h milling, 225 rpm

2 ECAP passes at 380 °C

	
132 nm

	
63 nm




	
HV = 101 ± 3.5

	
HV = 148 ± 3.3
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Al-99.9% + 2% Al2O3

	
Al-99.9% + 4% Al2O3

	
Al-99.9% + 6% Al2O3






	
4 h milling, 160 rpm

4 ECAP passes at 20 °C

	
1.16 µm

	
1.16 µm

	
1.08 µm




	
HV = 63.9 ± 2.2

	
HV = 66 ± 2.6

	
HV = 65 ± 2.4
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Table 6. Results of the sliding wear tests.






Table 6. Results of the sliding wear tests.





	Samples
	Hardness
	Friction Coefficient
	Wear Rate (g/m)





	Bulk Al 5083, strain hardened
	92 ± 1.2
	0.49
	0.8 × 10−3



	Bulk Al 7075-T6
	141 ± 1.5
	0.43
	1.7 × 10−3



	Al-99.9% + 4% NP, milled 4 h @195 rpm

4 passes ECAP-BP-RT
	64 ± 2.1
	0.44
	1.2 × 10−3



	Al-99.9% + 2% NP, milled 4 h @160 rpm

4 passes ECAP-BP-RT
	63.9 ± 2.2
	0.80
	4.8 × 10−3



	Al-99.9% + 4% NP, milled 4 h @ 160 rpm

4 passes ECAP-BP-RT
	66 ± 2.6
	0.78
	2.0 × 10−3



	Al-99.9% + 6% NP, milled 4 h @ 160 rpm

4 passes ECAP-BP-RT
	65 ± 2.4
	0.46
	1.0 × 10−3



	Al-99.9% + 2% NP, milled 16 h @ 225 rpm

SPS 550 °C, 8 min, 75 MPa
	126.5 ± 2.2
	0.46
	1.8 × 10−3
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Table 7. Outcome of 1 h static annealing at 400 °C in terms of hardness drop, and thermally induced damage.






Table 7. Outcome of 1 h static annealing at 400 °C in terms of hardness drop, and thermally induced damage.





	Samples Number

Composition

Milling Conditions

ECAP Process
	Initial

Hardness
	Post Annealing

Hardness
	% Drop in

Hardness
	Annealing-Induced Damage





	1: Al-99.5%,

no milling

2 passes, BP-RT
	66 ± 1.1
	47 ± 1.1
	28.7
	None



	2: Al-99.9% + 2% NP

4 h @ 160 rpm

4 passes, BP-RT
	63.9 ± 2.2
	41 ± 2.0
	36.6
	None



	3: Al-99.9% + 4% NP

4 h @ 160 rpm

4 passes, BP-RT
	66 ± 2.6
	43 ± 2.2
	35.2
	None



	4: Al-99.5%,

4 h @ 225 rpm

2 passes, 386 °C
	69 ± 2.5
	68 ± 2.4
	0.01
	None



	5: Al-99.5% + 2% NP

4 h @ 225 rpm

2 passes, BP-RT
	91 ± 3.2
	92 ± 3.1
	0
	None



	6: Al-99.5% + 2% NP

4 h @ 225 rpm

2 passes, 386 °C
	92 ± 3.7
	92 ± 3.4
	0
	None



	7: Al-99.9% + 2% NP

8 h @ 225 rpm

4 passes, BP-RT
	127 ± 3.3
	115 ± 3.4
	9.4
	Microcracks



	8: Al-99.9% + 2% NP

8 h @ 225 rpm

2 passes, BP-RT
	139 ± 3.6
	129 ± 3.3
	7.2
	Microcraks



	9: Al-99.5% + 2% NP

16 h @ 225 rpm

1 pass, BP-RT
	149 ± 3.7
	144 ± 3.4
	3.6
	Severe craking



	10: Al-99.9% + 2% NP

16 h @ 225 rpm

1 pass, BP-RT
	153 ± 1.9
	150 ± 2.0
	2
	Severe cracking



	11: Al-99.9% + 2% NP

16 h @ 225 rpm

SPS 550 °C, 8 min, 75 MPa
	126.5 ± 2.2
	133 ± 2.7
	0
	None



	12: Al-99.9% + 2% NP

16 h @ 225 rpm

SPS 550 °C, 3 min, 100 MPa
	137.9 ± 2.5
	137 ± 2.3
	0
	None
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