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Bound Powder Extrusion (BPE) is increasingly gaining popularity and makes metal additive manufacturing easier and more accessible for industrial production. The Markforged-Metal X technology with debinding and sintering, also called Atomic Diffusion Additive Manufacturing (ADAM), is a newcomer in the field of extrusion additive manufacturing. The main objective of this work is to investigate the mechanical properties of 17-4PH stainless steel samples produced by ADAM. Moreover, the effects of a mechanical post-treatment (SMAT) on surface and mechanical properties are also analyzed. The macroscopic tensile response and superficial residual stresses of as-fabricated and SMATed samples are compared.

Introduction

Initially, additive manufacturing (AM) was mainly developed with polymers. The most widespread additive manufacturing technology is material extrusion (with a wide range of materials), such as fused filament fabrication (FFF), also known as fused deposition modeling (FDM) [START_REF] Gao | Fused filament fabrication of polymer materials: A review of interlayer bond[END_REF]. Conversely, the powder bed-based process is the predominant technology for Metal Additive Manufacturing (MAM), such as Laser Powder Bed Fusion (L-PBF), also known as Selective Laser Melting (SLM) [START_REF] Nagarajan | Development of Micro Selective Laser Melting : The State of the Art and Future Perspectives[END_REF]. Over the last decades, AM technologies are continuously being developed [START_REF] Ngo | Additive manufacturing ( 3D printing ): A review of materials , methods , applications and challenges[END_REF] and new applications are currently emerging especially through the development of MAM. In addition, according to the Global Metal Additive Manufacturing Market 2020-2024 [START_REF] Technavio | Global Metal Additive Manufacturing Market 2020-2024[END_REF], the interest of industries in many sectors (e.g., aeronautics, automotive, medical, energy) on MAM is growing exponentially. Such processes may be divided into two main categories, namely, direct and indirect metal additive manufacturing [START_REF] Pragana | Hybrid metal additive manufacturing : A state -of -theart review[END_REF]. The first category is based on powder fusing techniques, such as Laser Powder Bed Fusion (L-PBF) and Direct Energy Deposition (DED). The second one is combining printing with debinding and sintering such as Material Extrusion [START_REF] Thompson | Fused filament fabrication, debinding and sintering as a low cost additive manufacturing method of 316L stainless steel[END_REF] or Metal Binder Jetting [START_REF] Ziaee | Binder jetting : A review of process , materials , and methods[END_REF]. Each method has its own advantages and drawbacks [START_REF] Bikas | Additive manufacturing methods and modelling approaches : a critical review[END_REF]. On the one hand, common to both LPBF and DED processes, thermal gradients are due to the solidification of each layers [START_REF] Casati | Microstructure and Fracture Behavior of 316L Austenitic Stainless Steel Produced by Selective Laser Melting[END_REF] in direct MAM, which result in anisotropic properties and residual stresses based on the build direction [START_REF] Michailidis | Comparison of Additively Manufactured vs . Conventional Maraging Steel Conference , after France Maraging Comparison of Additively Manufactured Steel in Corrosion-Fatigue Performance various surface treatments in Corrosion-Fati[END_REF]. On the other hand, indirect MAM is increasing in popularity as an alternative non-fusion-based method [START_REF] Mun | Indirect additive manufacturing based casting of a periodic 3D cellular metal -Flow simulation of molten aluminum alloy[END_REF], in which the powder is lightly bonded as a powder bed (Metal Binder Jetting) or as filaments (Material Extrusion). In this case, sintering via indirect AM induces a relatively uniform temperature profile throughout the part compared to direct AM, which may reduce the anisotropy of the obtained material properties.

Moreover, the needed equipment for direct metal AM processes is very costly to purchase and operate [START_REF] Thompson | Fused filament fabrication, debinding and sintering as a low cost additive manufacturing method of 316L stainless steel[END_REF]. The focus of this article is on the second method, and presents a recently developed indirect additive manufacturing process "Metal X" by Markforged Inc. [12], which combines metal injection molding (MIM) and fused filament fabrication (FFF) technologies into Bound Powder Extrusion (BPE) [START_REF] Galati | Analysis of density, roughness, and accuracy of the atomic diffusion additive manufacturing (ADAM) process for metal parts[END_REF]. This process, which is called Atomic Diffusion Additive Manufacturing (ADAM), provides enhanced design freedom and simplified solutions compared to other direct AM processes.

The first metal powder introduced by Markforged is made of 17-4PH martensitic stainless steel. It is one of the most popular materials thanks to its high-strength and high corrosionresistance [START_REF] Lashgari | Microstructure , Tribological Properties and Corrosion Behaviour of Additively Manufactured 17-4PH Stainless Steel : E ff ects of Scanning Pattern , Build Orientation, and Single vs . Double scan[END_REF]. However, there are limited data on final properties that can be expected, as well as data related to residual stress distributions and their impact on the mechanical properties of the processed parts. Hence, the goal of this study is to investigate the mechanical properties of 17-4PH parts made with the ADAM technology. In addition, since surface features affect the behavior of metallic materials, a mechanical post-treatment (i.e., surface mechanical attrition [START_REF] Portella | Materials Characterization In fl uence of Surface Mechanical Attrition Treatment ( SMAT ) post-treatment on microstructural , mechanical and tensile behaviour of additive manufactured AISI 316L[END_REF]) was performed in order to enhance the surface characteristics and also improve the mechanical properties of printed parts [START_REF] Maleki | Surface post-treatments for metal additive manufacturing : Progress , challenges , and opportunities[END_REF].

Material and methods

Additive manufacturing

The Metal X process consists of four basic steps viz. design, printing, debinding and sintering:

1. The first step converts the virtual model into a series of printable layers using the slicer code "Eiger," and transfers that information to the Metal X printer. 2. Then, printing consists in selectively extruding the fused filament through a nozzle to obtain the "green" part of 17-4PH metal powder bound in a polymer matrix. 3. Next comes debinding with the immersion of this green part in a specialized solvent that dissolves the primary binder to obtain the "brown" part. 4. After solvent debinding all parts were dried before the thermal debinding using the Sinter-1 of the Metal X system for complete removal of the remaining binder. The final step is to sinter that part in a high temperature horizontal tube furnace to obtain a relatively dense metallic form.

As PBF, SLM imposes some restrictions on the 3D model and requires an escape hole for unused powder. However, for the ADAM technology, as the powder burns away during the sintering process, it allows for the fabrication of complex and enclosed internal structures to obtain light parts without sacrificing the part strength (since the powder is contained in a polymer binder, which is removed after printing completion). Then, the polymer eliminates the toxicity and flammability inherent to powders and makes 3D MAM more accessible and faster while reducing manufacturing costs [12]. In this work, the printing parameters were adjusted to produce mechanically stable and dense metallic parts (Table 1). As illustrated in Fig. 1(a), the filling strategy adopted herein is 45° plus 90° with interval rotating. The geometry presented in Fig. 1(b) corresponds to a notched specimen loaded in tension in accordance with the ASTM E1820 [START_REF] Astm Standard | Standard Test Method for Measurement of Fracture Toughness[END_REF] standard. This type of geometry was selected to study the fracture properties of such materials. Preliminary analyses will be discussed hereafter. 

Mechanical Surface treatments details

Surface Mechanical Attrition Treatment (SMAT) is based on the vibration of spherical balls using a high frequency ultrasonic generator [START_REF] Eyzat | Characterization and Mechanical Properties of SLM Ti-6Al-4V subjected to surface mechanical post-treatment[END_REF]. SMAT induces strain hardening on the surface induced by plastic deformation via multidirectional and random shot impacts [START_REF] Lu | Nanostructured surface layer on metallic materials induced by surface mechanical attrition treatment[END_REF]. The principle of SMAT is illustrated in Fig. 2. Only few investigations have been performed on similar mechanical surface treatments of manufactured metallic materials such as titanium alloys [START_REF] Eyzat | Characterization and Mechanical Properties of SLM Ti-6Al-4V subjected to surface mechanical post-treatment[END_REF] or 316L stainless steels [START_REF] Sun | Surface finish and properties enhancement of selective laser melted 316Lstainless steel by surface mechanical attrition treatment[END_REF]. They show that SMAT may significantly affect the microstructure of treated MAM alloys, increase the microhardness, reduce the roughness, improve their mechanical properties [START_REF] Portella | Materials Characterization In fl uence of Surface Mechanical Attrition Treatment ( SMAT ) post-treatment on microstructural , mechanical and tensile behaviour of additive manufactured AISI 316L[END_REF], induce compressive residual stresses [START_REF] Portella | Residual Stresses Analysis in AISI 316L Processed by Selective Laser Melting (SLM) Treated by Mechanical Post-Processing Treatments[END_REF], and increase the fatigue resistance [START_REF] Yan | Fatigue strength improvement of selective laser melted Ti6Al4V using ultrasonic surface mechanical attrition[END_REF]. SMAT method may also reduce anisotropy on the surface of MAM samples by inducing high-strain-rate plastic deformation in multiple directions.

The efficiency of such deformation-based process depends on several parameters such as the size and material of the balls, the processing time, frequency, and power of the generator. SMAT was applied to each face of as-fabricated specimens. The SMAT parameters reported in Table 2 were selected based on previous experiments [START_REF] Chemkhi | Effect of SMAT Parameters on Microstructural Features using DOE Technique[END_REF]. 

Material characterization

The surface roughness of the As-Fabricated (AF) samples was measured by surface profilometry using a Surtronic 3+ equipment from Taylor Hobson. The mechanical properties of AF and SMATed samples were evaluated via tensile tests performed at room temperature using an Instron testing machine. The crosshead velocity was set to 3.5 µm/s.

The samples were also characterized via X-ray diffraction (Seifert PTS-3000) using Cr Kα radiation. The superficial residual stresses were evaluated using the sin²ψ method.

Results and discussions

Surface roughness and topography

The surface of an additively manufactured part is frequently rough and is not suitable for many engineering applications where surface contact [START_REF] Kc | Tribological behavior of 17 -4 PH stainless steel fabricated by traditional manufacturing and laser-based additive manufacturing methods[END_REF], friction [START_REF] Sun | Surface finish and properties enhancement of selective laser melted 316Lstainless steel by surface mechanical attrition treatment[END_REF], and especially fatigue phenomena are significant [START_REF] Nezhadfar | Fatigue behavior of additively manufactured 17-4 PH stainless steel : Synergistic effects of surface roughness and heat treatment[END_REF]. Rough surface profiles may induce stress concentrations and thus become sites for crack initiation. In order to have some indication on how SMAT affects roughness and the surface topography of AF-samples, roughness measurements [START_REF] Gadelmawla | Roughness parameters[END_REF] were conducted on 8 different locations in the samples (Fig. 3).

In accordance with the ISO 4287 [START_REF]Geometrical Product Specifications (GPS) -Surface texture: Profile method -Terms, definitions and surface texture parameters[END_REF] standard, the measured roughness parameters Ra and Rt are reported in Fig. 3(a). The surface topography of the specimens is compared in Fig. 3(b). The surface of AF-samples is rough with many peaks as high as 30 μm and valleys as deep as 20 μm. The average Ra value is about 4 μm, and Rt is about 33 μm. Both Ra and Rt were reduced by more than 90% after SMAT. One interesting feature of Fig. 3(b) is that after SMAT, most of the roughness peaks were removed or flattened such that the surface became smoother with some of the original valleys remaining.

Superficial residual stress

It is known that compressive residual stresses are favorable to hinder crack initiation [START_REF] Coules | The effects of residual stress on elastic-plastic fracture propagation and stability[END_REF]. To understand the influence of SMAT on the level of superficial residual stresses of AF samples, both sets were analyzed via XRD. The AF-samples exhibit tensile stresses up to 500 MPa. After SMAT, compressive residual stresses down to -700 MPa were measured.

Tensile test

In this section, the mechanical behavior of 17-4PH samples before and after SMAT is investigated. Tensile tests were performed with the same testing conditions up to specimen failure [START_REF] Bouaziz | Microscale mechanical characterization of 17-4PH stainless steel Microscale fabricated by by Atomic Atomic Diffusion Diffusion Additive Additive Manufacturing (ADAM)[END_REF]. The tensile data reported in Fig. 4 were carried out to assess basic properties. As SMAT induces plastic deformation, it changes the thickness of treated samples and given that the specimens were notched, the net section stress is plotted as a function of average engineering strain. The responses are very close for each category of samples with a slight shift. The final elongations for AF samples are 7.4 %, 7.8 % and 8.9 %, and 6.6 %, 7.1 % and 8.4 % for SMATed samples. The net section stress calculated for equal engineering strain is higher for SMATed samples all along the test. This trend is also true for the ultimate strength, which reaches 774 MPa for SMATed samples while it does not exceed 742 MPa for AF samples. These experimental results show that SMAT improves the tensile strength and slightly reduces the final elongation of 17-4PH stainless steel obtained via ADAM. All these observations are significant enough to serve as basis for further comparison between tests.

Conclusion

In this paper, different characteristics of 17-4PH stainless steel samples fabricated via Bound Powder Extrusion (BPE) using the Markforged Metal X technology were studied. SMAT was performed with the aim of improving surface properties. The average surface roughness of SMATed samples decreased by about 90%.

Superficial residual stresses were evaluated before and after the mechanical treatment via XRD. SMAT significantly changed initial tensile stresses (up to 500 MPa) into high compressive stresses (down to -700 MPa), which are beneficial for the lifetime of such parts.

Last, tensile tests were carried out on notched samples in order to investigate the effects of mechanical post-treatment on the ultimate strength and elongation to failure. The former was higher for SMATed samples. Conversely, the elongation to failure was slightly higher for AF-samples.

Further experiments are currently under way in order to evaluate the relationship between printing parameters (e.g., number of wall layers, layer height) and resulting sample properties (e.g., dimensional accuracy, mechanical properties).

The sample geometry selected herein will also allow fracture mechanisms to be investigated thanks to full-field measurements (via digital image correlation). When compared with data obtained on un-notched samples, the notch sensitivity of such materials will be evaluated. 
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 1 Fig. 1. (a) Schematic illustration of filling strategies. (b) Shape and dimensions of the tensile samples with 1.5 mm thickness.

Fig. 2 .

 2 Fig. 2. Illustration of SMAT. (a) Samples and balls placed in the treatment chamber. (b) Vibrating part.

Fig. 3 .

 3 Fig. 3. (a) Surface roughness parameters. (b) Surface profiles of As-Fabricated and SMATed samples.

Fig. 4 .

 4 Fig. 4. Macroscopic stress/strain curves of As-Fabricated and SMATed samples.

Table 1 .

 1 AM processing parameters used in this work.

	Steps	Processing parameters	As-Fabricated Samples
		Filament Material	17-4PH stainless steel
		Metal Temperature	218° ±2 °C
		Infill Pattern	Solid Fill
	Design /	Type of filling	45° plus 90° with interval rotating
	Printing	Raft	Printing with no raft
		Wall layers (contours)	2 walls
		layers height	50 µm
		Print bed	Heated, vacuum-sealed print sheet
		Solvent type	Opteon SF-79
	Debinding	Wash time	12 h
		Dry time	4 h
	Sintering	Peak internal temp. Duration	1300° C 27 h

Table 2 .

 2 Mechanical post-treatment conditions.

	Post-treatment parameters	SMAT High
	Ball	100Cr6 steel
	Ball diameter	3 mm
	Processing time	30 min
	Power and frequency of the generator	30% and 20 kHz

Acknowledgements

The authors wish to thank the FabAdd Platform of EPF Troyes for manufacturing the samples. The 'Troyes Champagne Métropole' and the Aube Department Council (France) are also acknowledged for their financial support of Markforged-Metal X System.