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Additive manufacturing (AM) has opened many opportunities for structural design and optimisation in several sectors, including aerospace, automotive and medical applications. AM offers more design opportunities, flexibility and material saving features [1]. Despite these potential advantages, there are also limitations related to the nature or the novelty of the technology, such as microstructural inhomogeneity and the presence of porosity. These specific shortcomings restrain the use of metal AM in structural components. In particular, the severe requirements imposed by the aerospace industry, notably in terms of damage and fatigue resistance, are not yet met satisfactorily immediately after the AM process. These poor performances are reported to be mainly due to microstructural inhomogeneity and excessive porosity [2].

In order to tackle these issues, several approaches are possible, such as new alloy development or optimisation of manufacturing parameters. Post-treatments also play an important role and are often necessary to reach the required mechanical performances. They range from heat treatments to reduce residual stress [START_REF]EOS GmbH -electro optical systems, Material data sheet for EOS Aluminium AlSi10Mg[END_REF] or to homogenise the microstructure [START_REF] Brandl | [END_REF], to surface finishing techniques to decrease roughness and thus to enhance fatigue resistance [2].

Other processing stages can be seen as particularly suitable solutions. One of them is hot isostatic pressing (HIP), which combines high pressure and elevated temperature to efficiently reduce porosity. The HIP process is now successfully implemented in the manufacturing strategy of AM Ti6Al4V parts [5]. Nevertheless, the use of the HIP technique also presents strong limitations. The relatively long time spent at high temperature during the HIP process ultimately coarsens the AM microstructure, leading to poor strength. Furthermore, the application of a HIP stage does not seem to bring any beneficial influence on AM AlSi10Mg parts [6][7][8][9][10], motivating the quest for new post-treatments.

The present work shows that friction stir processing (FSP) can be used for improving the mechanical behaviour of AM parts, particularly in the case of AlSi10Mg alloy processed by selective laser melting (SLM). FSP is derived from friction stir welding [11]. Using a rotating non-consumable cylindrical tool composed of a shoulder with a pin at the tip that penetrates through the material, a local thermomechanical treatment is applied, bringing microstructural changes such as particle breakdown and redistribution, homogenisation or refinement [11]. FSP can be applied locally in regions of stress concentration of critical parts.

FSP has been shown as a very effective way of improving mechanical behaviour in several materials, including cast [12][13][14][15] and wrought [16] Al alloys and Ti alloys [17]. For instance, huge improvement of ductility (i.e. increase of the elongation at failure from 0.01 before FSP to 0.15 after FSP) together with a fivefold increase of fatigue life have been reported after performing FSP on an F357 cast alloy (a hypoeutectic Al-Si alloy), while maintaining the yield strength and enhancing the ultimate tensile strength by 10% [14]. Hannard et al. [16] demonstrated the ductility enhancement brought about by FSP thanks to its ability to break down and redistribute Fe-rich intermetallic particles. However, its use on AM parts has only been reported by Ref. [18,19] for AlSi10Mg, where the authors essentially studied the influence of FSP on several microstructural features, observing promising microstructural homogenisation, and by Huang et al. [20] for Ti6Al4V, in which ductility was increased due to the elimination of the brittle phase by FSP. The nature of FSP, characterised by a short heat exposure time, avoiding microstructure coarsening, is thus expected to improve mechanical performances of SLM AlSi10Mg. SLM AlSi10Mg 150x35x5 mm plates were manufactured using an EOS M290 set-up with standard optimised parameters (Laser power = 390 W; layer thickness = 30 µm; hatch spacing = 0.19 mm; scanning speed = 1300 mm/s; scan rotation = 67°). Plates were manufactured with a build platform temperature of 35 °C. It is worth mentioning that using a higher build platform temperature during the SLM process decreases residual stresses, which can be problematic during the manufacturing process (causing part deformation and manufacturing interruption), but using higher temperature also leads to lower post-manufacturing strength. Therefore, to mimise the effect of residual stress, a stress relief heat treatment (SRHT) at 300 °C for 2 h, was performed under Ar atmosphere on some samples after the AM process. These SRHT samples were used for comparison purposes. To study the effect of FSP post-treatment on SLM processed AlSi10Mg, FSP was performed on some as built (AB) samples using a Hermle UWF 1001 H milling machine at a rotational speed of 1000 rpm and a traverse speed of 500 mm/min. Fig. 1a-c illustrate key microstructural features of AB, SRHT and FSP samples. The characteristic Si-rich eutectic interconnected network surrounding the α-Al phase of AB microstructure (Fig. 1a) is clearly broken down after FSP as presented on Fig. 1c. In both the SRHT (Fig. 1b) and FSP (Fig. 1c) samples, the Si-rich eutectic phase becomes more globular, but the very fine nature of the microstructure is preserved. Regarding the fine Si precipitates found inside the α-Al cells of the AB material [21], observable on Fig. 1a, their evolution is different after SRHT and FSP treatments. While the SRHT seems to increase their size, the fraction and number of these fine particles are lower in the FSP material. This could be due to a solutionising effect induced by the temperatures reached during FSP, which can be of the order of 80% of the melting temperature of the Al alloys [11]. Indeed, a thermocouple introduced in the centre of the FSP tool 3 mm above the shoulder gave a reading of 447 °C during the course of FSP suggesting a temperature above 500°C in the processed material. Thus, the SRHT, only reaching 300 °C, remains significantly lower than the solutionising temperature. X-ray tomography measurements were performed at the European Synchrotron Radiation Facility (ESRF) ID11 beamline (Grenoble, France) on specimens extracted from AB, SRHT and FSP plates. The voxel size was 0.75 µm. In the final analysis porosities presenting volumes smaller than 3 voxels (i.e. ⌀eq ≤ 1.3 µm) were rejected from the population. Comparison of Fig. 1d, e and f illustrates the decrease of the proportion of observable porosities from about 0.13% for the AB and SRHT samples to 0.03% for the FSP sample. In the context of fatigue resistance enhancement, it is worth noting that the most important effect of FSP is the complete elimination of the larger porosities, which can reach up to ⌀eq = 50 µm. Indeed, after FSP the remaining porosity has an equivalent diameter below 10 µm. The volume fraction of porosity larger than 5 µm equivalent diameter is about 0.09% for AB and SRHT and 0.02% for FSP. Furthermore, large Fe-rich intermetallic particles that may act as damage nucleation sites were found to be broken down and dispersed, which is also expected to be beneficial for ductility enhancement [16].

Uniaxial tensile tests were performed following ASTM E8 / E8M -15a standard. Horizontally oriented round tensile specimens were extracted by machining from the AB plates and from the FSP region. Fig. 2 presents the true stress -true strain curves of the three states. Continuous lines correspond to the uniform deformation of the specimens up to necking, which is observable on FSP and SRHT specimens, but not on AB ones. The deformation at fracture, estimated by the final size of the fractured sample (εf = ln (A0 / Af)) and the final force applied (σf = Ff / Af), are represented with a cross. The post-necking tensile behaviour of the FSP and SRHT samples until fracture are estimated using a linear extrapolation.

All samples fulfil the Considère criterion. FSP results in a decrease of the strength level. Nevertheless, the FSP material presents similar yield and ultimate tensile strength levels to the SRHT material, thus showing a satisfactory mechanical behaviour. SRHT samples show more strain hardening at an earlier stage that could be attributed to more dislocation storage by the Orowan mechanism due to the fine (⌀eq ≈ 100 nm) Si-rich precipitates observed on Fig. 1b [22,23]. A significant improvement is observed in the fracture strain of SRHT and FSP samples. They present a fourfold increase in fracture strain (εf) compared to the SLM AB material. Taking into account the necessary compromise between strength, uniform elongation, ductility and residual stress relief, these treatments can be considered as significantly positive.

The fracture strain enhancement provided by SRHT and FSP compared to AB samples can be related to the significant changes of the micro and mesostructures. The damage mechanisms were analysed using SEM imaging along the longitudinal plane (i.e. section at mid-thickness along the loading direction) of tensile samples after failure (Fig. 3a-c). The observation of the damaged area close to the fracture surface reveals differences depending on the processing conditions. Damage originates predominantly through fracture of the Si-rich eutectic network for the AB material, as depicted on Fig. 3a. In the FSP and SRHT samples, damage is also related to the Si-rich eutectic phase, but it consists of both Si-rich particle fracture and particle-matrix decohesion (Fig. 3b for SRHT and Fig. 3c for FSP). Furthermore, damage events are more numerous and larger voids are observed on the FSP material, due to larger deformation before failure allowing more cavity growth.

At a mesostructural level, the melt pool boundaries seem to have a negative effect on the mechanical behaviour. This can be observed on Fig. 3d, which shows that the crack leading to failure partially followed a melt pool boundary. As more void nucleation occurs in the coarser microstructure within the reheated regions of the melt pool boundaries, the crack tends to preferentially follow these zones. These boundaries are reported as being softer [24] and thus experiencing deformation localisation. Therefore, damage concentrates in these regions leading to more nucleation of cavities in the Si-rich eutectic phase network. FSP eliminates the melt pool structure and the differentiated zones, thus bringing an homogenisation effect at the mesostructural level. Indeed, Fig. 3e shows that melt pools apparent on the right side of the figure, unaffected by the FSP process, have disappeared in the FSP zone.

Final fracture results from the succession of damage mechanisms involving nucleation of cavities on Si-rich particles, their growth and coalescence. In the AB sample, the Si-rich interconnected network acts as a source of numerous nucleation sites for cavities. This brittle network breaks down with increasing strain since it cannot follow the α-Al matrix deformation, which is more ductile. FSP and SRHT lead to a globularisation of this network. Thus, the behaviour of these samples is expected to be driven by the ductile aluminium network that can now deform more to accommodate external loading, allowing for higher ductility.

Fatigue testing was performed following ASTM E466 -15 standard (force controlled constant amplitude). Tensile -tensile tests (R = 0.1) with a frequency of 45 Hz were carried out on an Instron E10000 stress rig.

Specimens were polished down to an arithmetic roughness Ra < 0.1 µm in order to get rid of any surface state related effects. Table 1 gives a fatigue life comparison between AB, SRHT and FSP samples tested at a stress level of 250 MPa, i.e. slightly above the yield strength of the SRHT and FSP specimens and lower than the one of the AB samples. Slight strain hardening effects are thus expected [25]. SRHT state is used as a reference in addition to the AB state since it presents a similar yield strength to the FSP state. Tests were conducted up to a maximum of 10 7 cycles. These results show that FSP samples have a fatigue life up to at least two orders of magnitude longer than AB or SRHT ones.

Although SRHT brings a similar level of ductilisation to FSP, the fatigue life is much shorter for the former condition. This suggests that porosity plays a predominant role over the microstructure on fatigue resistance. The relative density of the material is satisfactory, being well above 99.5%. However, the presence of pores of a size larger than the very fine microstructure obtained after the SLM process becomes a critical factor. The large porosities found at surface or subsurface level act as fatigue crack nucleation sites. This can be appreciated through fractography analysis of the fractured fatigue samples. Fatigue cracks were found to systematically originate on sub-surface defects for AB and SRHT materials, as extensively described in the literature [2,26,27].

Low cycle fatigue testing of continuous radius samples was performed in various steps interrupted by X-ray tomography observations (i.e. ex situ). These observations were also performed at ESRF ID11 beamline. The samples had a curvature radius r = 2.5 mm, a minimum diameter of ⌀min ≈ 1 mm, and were polished with 1200 grit SiC paper down to an Ra ≈ 1.5 µm. They were tested at a maximum stress of 195 MPa and a stress ratio of 0.15. Compared to the tests reported in Table 1, the samples used for these ones had a rougher surface and a geometry leading to a higher triaxiality, justifying the lower applied maximum stress. Tomography allows monitoring the fatigue crack growth, which occurs under mode I (Fig. 4). To obtain the data for this figure, the voxels belonging to the cracks are projected onto a plane perpendicular to the loading direction. This results in a projected view of the crack, allowing to measure its length (i.e. maximum depth of the crack front). Fatigue crack nucleation is delayed after FSP while the final growth seems slightly affected. The elimination of the large porosities after FSP essentially acts on fatigue crack nucleation and is thus a decisive factor in the fatigue life improvement. FSP on SLM AlSi10Mg alloy brings not only excellent ductility similar to SRHT material but also very significant fatigue life enhancement (see summary table on supplementary material). FSP leads to the breakdown of the Si-rich eutectic phase interconnected network, resulting in a drastic increase of ductility. FSP also leads to porosity reduction and elimination of the large defects that are the nucleation sites for fatigue cracks in AB or SRHT materials. FSP also eliminates the melt pool structure and the presence of heat affected zones in the contour of the melt pools. These inhomogeneities lead to strain localisation at melt pool boundaries, so the FSP process helps to mitigate this effect.

The benefits brought by FSP allow its postulation as a potentially viable post-treatment for SLM AlSi10Mg and other AM parts in general. As a local surface treatment, its use can be recommended for parts presenting specific zones submitted to high mechanical loads, e.g. zones of stress concentration. Considering that these parts (or specific zones alone) are to go through a final machining or surface finishing step to avoid poor fatigue resistance derived from low surface quality, a good practice would be to implement FSP just before machining. It can be carried out in a milling machine or machining centre, in the same manufacturing step, in contrast to other potential methods, such as HIP, which would need an extra step. 
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 1234 Fig. 1. SEM micrographs depicting the microstructural features and 3-D X-ray synchrotron tomography reconstructions showing porosity of SLM AlSi10Mg as built (a,d), after SRHT at 300 °C during 2 h (b,e) and after FSP at 1000 rpm rotational speed and 500 mm/min traverse speed (c,f)

  

Table 1

 1 Fatigue testing data for SLM AlSi10Mg AB and after SRHT or FSP (2 tests per state)

	State Max stress [MPa] Min stress [MPa]	Cycles to failure
	AB	250	25	7.6-10.1 • 10 4
	SRHT	250	25	6.6-8.0 • 10 4
	FSP	250	25	No failure after 5.5-10.0 • 10 6
			Supplementary	

Table 1

 1 Porosity, tensile properties and fatigue life for SLM AlSi10Mg AB and after SRHT or FSP. σy represents the yield strength, UTS represents the ultimate tensile strength, εf represents the fracture strain.

		Porosity (%)	σy [MPa]	UTS [MPa]	εf	Fatigue cycles to failure at σmax250 MPa R0.1
	AB	0.13	287±2 473±2 0.1±0.03	7.6-10.1 • 10 4
	SRHT	0.13	212±12 319±16 0.42±0.06	6.6-8.0 • 10 4
	FSP	0.03	189±5 312±8 0.4±0.06 No failure after 5.5-10.0 • 10 6
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