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Abstract
The present work revealed that equal-channel angular pressing (ECAP) deformation combined with appropriate annealing could represent as an efficient route to modify immiscible as-cast microstructure of a monotectic Al-8Bi alloy by a complete redistribution of immiscible Bi particles and grain refinement of alloy matrix. Especially, we found that the mean size of Bi particles in the 4-pass ECAPed Al-8Bi sample decreases after annealing at 200 oC for 8 h, due to inverse coarsening driven by the reduction of elastic energy and interfacial energy induced by change of morphology and distribution of Bi particles. 
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Hypermonotectic Al-X (Pb/Bi/In) alloys consisting of soft particles have been considered as candidate bearing materials for a long time [1]. However, since phase separation occurred in the liquid state, and as large density differences between Al and soft phase X [2], it is difficult to obtain a homogeneous distribution of the minority phase by conventional casting methods 3-7

[ ADDIN EN.CITE ]
. 

During deformation, as-cast alloys containing heterogeneous distributions of particles may undergo redistribution of reinforcing particles along with microstructure refinement of the matrix [8]. Recently, modifying the distribution of constituent particles via shearing and/or fragmentation by severe plastic deformation (SPD) such as equal-channel angular pressing (ECAP) has received increased attention [9]. For example, ECAP has been demonstrated to affect significantly the morphology and distribution of hard coarse Si+Al5FeSi- [8], Al2O3- [10] particles and rod-like MgZn2 precipitates [11] in Al-matrix composites. In addition, our previous work revealed that the size, shape and distribution of soft Bi particles could be substantially modified via shearing, fragmentation, coalescence and ripening of particles by room temperature ECAP [12]. 
Nevertheless, the major challenge in the application of Al-matrix composites and alloys containing non-deformable particles is their limited ductility and formability, as cracks and voids tend to form and grow around the matrix-particle interface, which will normally lead to decreased ductility and fracture toughness [13]. Note that almost all available literature has been concentrated on ductile Al matrix strengthened by either hard coarse particles or fine dispersoids. In contrast, to the best of the authors’ knowledge, seldom has any effort been devoted into Al alloys containing soft particles upon deformation, although previous work [12,14] revealed that soft Bi particles have a similar effect to that of the hard particles, e.g. Al13Fe4, in promoting grain refinement of Al matrix [15].
Furthermore, a normal coarsening process of constituent particles was often observed during heat treatment [16], which is driven by a decrease in particle-matrix interface area and a reduction in interface free energy [17,18]. However, as reported by Voorhees et al [19], inverse coarsening can be stimulated by elastic strain energy associated with misfitting particles,  where small particles grow at the expanse of large ones. Currently, inverse coarsening in solid state has been only verified by computational simulation [19,20], seldom any observations of inverse coarsening of particles in a metal matrix have been reported in literature.
The present work is initiated to investigate the microstructure evolution of a hypermonotectic Al-8Bi alloy containing soft Bi particles subjected to room temperature ECAP and subsequent annealing. Especially, the main effort has been directed towards elucidating the combined influence of ECAP and annealing on the size and dispersion of Bi particles. The present work reveals that ECAP deformation at low to moderate strains (< ~4) combined with an appropriate annealing at moderate temperatures (~200 oC) is a potential approach to prepare monotectic Al-X (Pb, Bi, In) alloys with well-dispersed fine soft second phase particles.
Materials used for the present work were produced by melting 99.999 wt.% purity Al and Bi in a fiberfax coated clay-graphite crucible to a composition of Al-8Bi (wt. %), and cast in an insulated, bottom-chilled Cu mold with a diameter of 30 mm. Samples were machined to bars with dimensions of 19.5×19.5×50 mm3. The bars were deformed in a 90° ECAP die giving a strain = 1 for each pass, employing the Bc route at ambient temperatures [21]. A thin layer of a graphite lubricant was covered in the samples to lower friction during pressing. Post-ECAP annealing was performed on the samples subjected to 4 passes ECAP using oil furnaces. The temperature was controlled within ±5°C in the furnaces. Immediately after annealing, the samples were water-quenched to room temperature. 
Samples for hardness measurement and microstructure observations were cut from longitudinal sections in centre regions of the ECAP bars, and prepared by standard metallographic techniques followed by electro polishing and ion milling, employing established procedures as given in ref. 

[12,22] ADDIN EN.CITE . Microstructural studies were carried out in a Zeiss 55VP FEG-SEM equipped with a Nordif electron backscatter diffraction (EBSD) detector. EBSD characterization was performed with 20 kV acceleration voltage, 20 mm working distance, 70° tilt, and with 0.05-0.2 μm scan steps. TSL OIM software [23] was used for the analysis of the EBSD images. Diameters of Bi particles are measured using the Image J software [24] on 4 BSE images at 500
[image: image1.wmf]´

magnification for each sample. 

Transmission electron microscopy (TEM) observations were carried out using a JEOL 2100F operating at 200 kV. The specimens for TEM investigation were cut from the center of ECAPed billets in ED-ND section. TEM foils were prepared by twin-jet electropolishing in a solution of 33% nitric acid in methanol at -30 oC.

Vickers micro hardness measurements were preformed under a 500g load applied for 15 s. At least six separate measurements were conducted for each condition.
The as-cast Al-8Bi alloy has a coarse elongated heterogeneous microstructure with grain size of 100 - 500 m and the second phase Bi particles distribute quite inhomogeneously (Fig. S1(a) and (b)). After 1 pass ECAP, the original grains become elongated and split into volumes and deformation bands (DBs) of various orientations (Fig. 1(a)), where sub boundaries are frequently observed. In addition, some discontinuous short HABs segments distributed inhomogeneously among sub-boundaries together with a few equiaxed sub grains formed locally (Fig. 1(b)), which indicates a grain refinement mechanism associated with the operation of continuous dynamic recrystallization (CDRX). After 2 passes ECAP, extensive microshear bands formed in the coarser DBs further divide the original coarse grains (Fig. 1(c)). Also, more new HABs are seen located around coarser Bi particles (Fig. 1(c)), which become more visible in the 4 pass sample where more equiaxed (sub) grains become predominated (Fig. 1(d)). 

Figure 2 shows representative TEM micrographs of the 1- and 4-pass Al-8Bi alloy. Dislocation tangle zones (DTZs) in grain interiors are observed in both samples (Fig. 2 (a) and (c)), and there is little difference in dislocation density between the two samples, i.e. ~6 × 1012 m-2 and 5 × 1012 m-2 for 1- and 4-pass samples, respectively, which indicates an almost saturated dislocation density after 1 pass ECAP. It also should be noted that the dislocation density is somewhat underestimated for the presence of DTZs that are hard to be included in the calculations. The as-deformed microstructure consists of both equiaxed ultrafine (sub) grains of ~ 250-500 nm and slightly elongated coarser grains of ~ 400-800 nm in width and ~1000-2000 nm in length (Fig. 2(a) and (c)). Most of the equiaxed ultrafine grains are almost free of dislocations. Note that Bi particles maintain spherical after 1-pass ECAP (Fig. 2(b)), while elongated and irregular Bi particles are observed in the 4-pass sample (Fig. 2(d)). Also, the average size of Bi particles decreases with increasing passes, which should be resulted from fragmentation of coarser Bi particles due to the large shear stress introduced by ECAP.

Typical EBSD maps of the 4-pass sample upon annealing at 150 oC and 200 oC are presented in Fig. 3, where the black dots represent Bi particles. After annealing at 150 oC for 8h, the microstructure is quite heterogeneous, which consists of fine HAB grains coexisted with large abnormal grains >50 m (Fig. 3(a)). This heterogeneous grain structure indicates straightforward that discontinuous recrystallization occurred locally. Upon annealing at 200 oC for 5 min, partial discontinuous recrystallization occurred rapidly (Fig. 3(b)), where most grains grow rapidly and only a few fine grains retained locally along boundaries of coarse recrystallized grains. However, Bi particles disperse more evenly (Fig. 3(c)). After annealing for 8 h at 200 oC (Fig. 3(c)), the deformation structure is consumed almost completely by equiaxed recrystallized HABs grains. Though the average grain size of the as-annealed sample is larger in comparison to the as-ECAPed sample, which is much refined in comparison to the as-cast sample (Fig. S1). Moreover, one can see that most of Bi particles are engulfed by recrystallized grains and Bi particles becomes more dispersive that almost close to a uniform randomly distribution (Fig. 3(c)). 

Typical BSE micrographs of Al-8Bi samples of different states and grain size distribution of Bi particles are shown in Fig. 4. The area fraction of Bi particles was calculated by using Image J software and their equivalent diameter was estimated accordingly. The data are summarized in Table 1. A comparison of Fig. 4(a) and (b) reveals that ECAP indeed represents an efficient route to modify as-cast microstructure of immiscible alloys via redistributing particles. After 4 passes ECAP, the dispersion of Bi particles are more or less uniform and some of the original spherical Bi particles become elongated or irregular shapes (Fig. 4(b)). As Bi atoms are immiscible in the Al matrix, the change in the distribution and shape of Bi particles should be mainly attributed to the coalescence and fragmentation process of original spheres upon deformation. In contrast, a 4-pass ECAP deformation causes no change in particle size or distribution of TiAl particles in an Al-TiAl composite, as TiAl particles do not deform or break [25]. It is also reported that room temperature deformation to a large plastic strain (~ 9) does not necessarily result in a well-dispersion of fragmented Si particles in an Al-Si alloy, although it may lead to shearing and fragmentations of Si particles [8]. 

Moreover, the annealing treatment at 150 and 200 oC after ECAP deformation also brings remarkable change in shape and spatial distribution of Bi particles. Upon annealing at 150 oC, no obvious change in size of Bi particles is observed, while most of the elongated and irregular Bi particles become spherical despite a few elongated Bi particles are still observed (Fig. 4(c)). Surprisingly, the average size of Bi particles in the sample after annealing at 200 oC is much smaller as compared to the 4-pass sample, i.e. 0.55 m vs. 0.75 m (Tab. 1). It means that, in the present ECAPed Al-Bi alloy upon annealing, the finer Bi particles actually grow at the expense of larger ones, which is inverse to the well-known Ostwald ripening [26].
Here, one may be curious that inverse coarsening rather than Ostwald ripening occurred under this circumstance, as inverse coarsening in general creates more interface, which could lead to an increase in interfacial energy. As reported by Voorhees et al [27], the decrease in the sum of interfacial energy and total elastic energy would drive the inverse coarsening process. Note that elongated Bi particles in as-ECAPed alloy become spherical again after annealing, which could cause a reduction in both elastic self-energy and interfacial energy [27]. Fig. S2(b) and (d) show the kernel Average Scalar of the 4P and 4P-200-8h sample, where orange/green area represents high/low weighted average image quality (low/high strain) [28]. It is obvious that the non-uniform distribution of Bi particles in ECAPed sample induces an inhomogeneous elastic stress fields (Fig. S2(b)) and stimulates the redistribution of Bi particles upon annealing (Fig. 3), which lower the total elastic energy between matrix and constituent particles (Fig. S2(d)).
Note that atom diffusion plays an important role in inverse Ostwald ripening. Because of the difficulty in diffusing into the matrix for immiscible Bi atoms, the inverse Ostwald ripening in Al-8Bi can only occur by the Bi atoms diffusion along grain/phase boundaries. On one hand, the fraction of HABs increases from 49.9% to 71.4% (Fig. S2(a) and (c)) after annealing. The higher fraction the HABs, the more the short circuit diffusion paths of immiscible Bi atoms. On the other hand, the decreasing sizes of Bi particles in the alloy upon annealing ((Fig. 4(d)) means an increase in the phase boundary, which also increases the short circuit diffusion paths of Bi atoms. Therefore, it is kinetically favorable for Bi atoms diffusion along grain/phase boundaries and allow inverse Ostwald ripening to occur during annealing. The higher the annealing temperature, the faster the diffusivity of Bi atoms along boundaries. Therefore, a more obvious inverse Ostwald ripening is observed in the 200 oC-annealed sample with a smaller average particle size of ~0.55 m, in comparison to the 150 oC-annealed sample with an average particle size of ~0.68 m (Fig. 4(c) and (d)).

Table 2 and 3 show the hardness evolution of the 4 passes Al-8Bi alloy with increasing annealing time. Upon annealing at 150 oC, the hardness decreases slightly and then keeps constant of ~31 Hv. In contrast, a rapidly decreasing trend is observed during annealing at 200 oC. The hardness declines to ~26 Hv after annealing about ~1 min and maintains stable at ~21 Hv with annealing time prolonged to several hours. The significant decrease of hardness is attributed to recrystallization and abnormal grain growth during annealing. 

The present work reveals that ECAP at room temperature and appropriate annealing can modify profoundly the microstructure of a hypermonotectic Al-8Bi alloy, by a complete redistribution of the immiscible soft Bi particles and refinement of matrix grains. Especially, the mean size of soft Bi particles become smaller and better dispersed via inverse Ostwald ripening, which is driven by the reduction of total elastic energy and interfacial energy induced by change of morphology and distribution of Bi particles during annealing. The present work demonstrated that ECAP deformation combined with appropriate annealing could represent an efficient route to disperse fine soft particles in monotectic Al-X (Pb, Bi, In) alloys. 
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Fig. 1. EBSD maps taken from the longitudinal section of (a) 1 pass and (b) is the high magnification of (a); (c) 2 passes and (d) 4 passes Al-8Bi alloy, where narrow gray and coarse black lines depict differences between neighboring grid points 2°<<15° and 15°<<180°, respectively. Inserted in (d) is the color code for the orientation maps.
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Fig. 2. Representative TEM images of Al-8Bi alloys at different states: (a) and (b) processed by 1 pass ECAP, (c) and (d) processed by 4 pass ECAP
[image: image4.jpg]



Fig. 3. EBSD maps of the 4 pass ECAP Al-8Bi with subsequent annealing at (a) 150 oC for 8h, (b) 200 oC for 5 min and (c) 200 oC for 8h, respectively, where narrow gray and coarse black lines depicts differences between neighboring grid points 2°<<15° and 15°<<180°, respectively. Inserted in (c) is the color code for the orientation maps.
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Fig. 4. BSE micrographs of the Al-8Bi alloy and grain size distribution of Bi particles at different states in the longitudinal section: (a) as-cast, (b) processed by 4 pass ECAP, processed by 4 pass ECAP with subsequent annealing for 8h at (c) 150 oC and (d) 200 oC, respectively.
Tab. 1. Parameters of the Bi particles in the Al-8Bi alloy at different states.
	Materials
	As-cast
	4P
	4P-150-8h
	4P-200-8h

	Average diameter (m)
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	Volume fraction of Bi particles
	1.05
	1.15
	1.04
	0.99


Tab. 2. Hardness variation of 4 passes Al-8Bi alloy upon annealing at 150℃

	Annealing time (s)
	0
	3600
	7200
	10800
	14400
	28800

	Hardness (Hv)
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Tab. 3. Hardness variation of 4 passes Al-8Bi alloy upon annealing at 200℃

	Annealing time (s)
	0
	60
	300
	600
	3600
	14400
	28800

	Hardness (Hv)
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