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Abstract. A stainless steel test artifact produced by Direct Metal Laser Sintering and similar to a proposed standardized test artifact was examined using neutron diffraction. The artifact contained a number of structures with different aspect ratios pertaining to wall thickness, height above base plate, and side length. Through spatial resolutions of the order of one millimeter the volumetric distribution of stresses in several was measured. It was found that the stresses peak in the tensile region around 500 MPa near the top surface, with balancing compressive stresses in the interior. The presence of a support structure (a one millimeter high, thin walled, hence weaker, lattice structure deposited on the base plate, followed by a fully dense AM structure) has only minor effects on the stresses. 
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introduction
Additive Manufacturing (AM) describes processes for fabricating parts layer-by-layer directly from a digital 3D model.  AM is a technology in its early stages, and many process parameters that affect functionality and mechanical properties have yet to be explored. One of the central questions surrounding the process is the fidelity between the digital model and part metrics. This is also where residual stresses play a decisive role both in the sense that stresses can and do create substantial distortions and deviations from the intended shape, and with respect to the interaction of existing residual stresses with stresses imposed through in-service conditions. In this work, we analyze the residual stresses in a test artifact made of a high-strength stainless steel with respect to effects of size, dimensions and aspect ratios of the structures in the artifact. In order to allow further processing of the undisturbed AM-specimen neutron diffraction was used to evaluate non-destructively the three-dimensional distribution of stress fields.

Experimental
The particular process used in this work is a powder bed fusion (PBF) process called Direct Metal Laser Sintering. It is shown schematically in Fig. 1. A small-region or point-like heat source provided by a 200 W Yb-fiber laser fuses a region of a powder bed. A layer is built by moving the point (100 m to 500 m diameter) according to the digital model using an optical deflection (mirror) and focusing system (f- lens). After completion of the layer, a recoater spreads a new powder layer (0.02 mm) over the built structure which is then lowered by that thickness to keep the focal range constant. The process is repeated. 
The layer-by-layer “build” occurs through moving (“scanning”) the laser focus within the build-plane whereby neighboring scan lines fuse together by a slight overlap of the laser focus. By thermally quenching small, hot (1700 K)  zones where fusing of particles occurs on top of a structure that is at a much lower temperature (<400 K) quenching strains arise that are only partially plastic, with a small fraction of elastic strains that give rise to residual stresses. However, this represents only a qualitative understanding, with the actual three-dimensional distribution of residual stresses depending on structure geometry and on machine-dependent parameters such as scan speed, focal diameter and laser power. The AM machine was operated with build parameters that include both “skin” and “core” modes. The skin mode featured a smaller laser focus diameter and closer scan lines within a range of  4 mm from the top surface and any one of four side surfaces of the parallelepiped structures (bottom surface skin: 0.04 mm thickness) fused to the build-plate (Fig. 1).



[image: Figure2]      [image: ]

[bookmark: _GoBack]FIGURE 1.  Left: Schematic of the powder bed fusion process [2]. Right: Test artifact used in the neutron diffraction stress measurements [2]. Blue indicates a build that is fused directly to the build-plate (no support structure – red circle). The structure marked blue is the only one without support structure.

The “skin” zone receives a higher thermal input with the goal of reducing porosity and increasing strength. Structures with different aspect ratios and dimensions several times that of the “skin” thickness exhibit different stress fields, depending on the relative volumes of “core” and “skin”. In order to assess the influence of geometry and size on residual stresses several structures fused to a build-plate were investigated and two different types of fusing the structures to the build plate were considered. The inset in Fig. 1, top right, shows one bottom surface (after cutting) with a support structure (blue dot) consisting of 0.1 mm thick walls arranged in a 1 mm by 1 mm pattern with 1 mm height. All structures but one (blue dot) on the actual sample were built with such a support structure. The purpose of the support structure is to allow easier removal after the build, and to reduce residual stresses through thermally insulating the structure from the build-plate during the build.
The stainless steel powder used in the build is chemically equivalent to 17-4 stainless steel with the composition given in Table 1 [4].


	TABLE 1. Weight fractions for constituents in 17-4 stainless steel. 

	Constituent element
	Weight fraction [%]

	Cr
	15…17.5

	Ni
Cu
	3…5
3…5

	Mn
Si
Mo
Nb
C
Fe
	1
1
0.5
0.15…0.45
0.07
bal.



Neutron Diffraction Measurements
Neutron diffraction is an excellent tool for the non-destructive evaluation of tri-axial residual stresses. Through diffraction, the orientation and location dependent elastic changes of lattice spacings d are detected through the measurement of the diffraction angle 2 (Fig. 2). Depth information can be obtained because of the large penetration of neutrons which diffract along the entire path through the material. The attenuation length in the material used here is  8 mm, thus allowing the use of small neutron beams for the gage volumes of 111 mm3. The neutron experiments were done at the NIST Center for Neutron Research using the BT8 Stress Diffractometer [1].
                    [image: ]

FIGURE 2.  Measurement of the spatial distribution of tri-axial stresses by neutron diffraction. Through Bragg’s law (=2d sin) changes in the position 2 of the diffraction peak are related to changes in the d-spacing.  is the wavelength of the neutron beam. The dark grey shape labeled “gage volume” is the intersection of the primary and diffracted beams, both of which are defined by the openings of neutron absorbing apertures. The gage volume is the region over which an average d-value is measured; it is a three-dimensional parallelepiped in shape with dimensions 111 mm3.

In order to obtain a tri-axial stress for a particular location d-spacings must be measured in at least three orientations expressed as directions () (spherical polar angles in a sample based xyz-coordinate system – see Fig.2) of the scattering vector q. The conversion from d-spacing to the stresses ij is done through [3]


	(1)




Equation (1) contains the diffraction elastic constants and. Both (=6.91 TPa-1,s1=‑1.60 TPa-1)were calculated using the IsoDEC software [5] using the inverse Kröner model [7], with the single crystal elastic constants for iron (C11=237 GPa, C12=141 GPa, C44=116 GPa) [6] and the bulk elastic constants for a 17-4 stainless steel (E=197 GPa, =0.272) [4].
The choice of the value for the reference d-spacing d0 represents a common problem in neutron diffraction. Generally accepted procedures for determining d0 either require the macroscopic stresses to be relieved (near corners or edges, or even measurements on small coupons) or one has to rely on mechanical boundary conditions [8)]. Here, the latter method was used with the integral condition (force balance)


						(2)

Here, ii are the stresses normal to an intersecting plane and is the oriented surface element in that plane. For measurements no more than 0.5 mm under a free surface the point-wise condition (3) was used:

=0 							(3)

Equation (3) enforces that, in the absence of external forces, stresses normal to a free surface must be zero directly at the surface at every point. The volumetric stress balance condition is given in Equation 4.


 						(4).	

Equation (4) was applied where the measurement locations covered the entire volume of a structure.

Neutron Texture Measurements
Preferred crystallographic orientation (texture) measurements were desirable because texture affects both bulk mechanical properties (through elastic/plastic anisotropy of the constituent grains) and diffraction measurements (through effects on the intensity of the diffracted beam). Texture can also serve as an indicator of the type of processes that give rise to texture in the first place, chief among them thermal quenching strains and initial preferred orientation of the powder particles.
The measurement of texture is done though pole figures in which a small (5 mm), cube-shaped specimen wholly bathed in a neutron beam is rotated through a set of directions (), and at each direction the integrated intensity of a diffraction peak (hkl) is recorded (Fig. 3). The thus measured distribution reflects the fraction of grains in the specimen that fulfilled the diffraction condition for a given ().

[image: ]
FIGURE 3.  Texture measurement using neutron diffraction. The specimen orientation is changed using an Euler Cradle (left).

The measurements were done on one of the corner structures (cube with central hole, see inset in Fig. 1, right, top). The cube was cut into smaller pieces that allowed the assembly of a cube like structure with dimensions 5 mm 5 mm 5 mm without the central hole.


results and discussion
Residual Stresses
Features and purposes of the support structure were discussed earlier, and the differences in terms of residual stress for structures fused directly to the build-plate and with an intermediate support structure are shown in Fig. 4.

[image: ]

FIGURE 4.  Average stresses ((xx+yy)/2) along a horizontal path (left) and along a vertical path (right). The structure (25 mm x 25 mm x 10 mm) marked with black, blue and red is fused directly to the build-plate; the structure with scans marked green, purple and orange is separated from the build plate by a 1 mm support structure as shown in Fig. 2. The uncertainty (1sigma) is 20 MPa.

Some reduction in stresses is observed if the build is thermally separated from the build-plate by a support structure. Fusing the build directly to the plate (which is a thermal “sink”) causes the maximum possible quenching strains, hence stresses are more tensile; however, the differences in stress diminish with increasing distance from the build-plate. The latter conforms to expectations, since for both structures, with increasing build height, deposition of new material occurs now on a substrate with elevated temperature with the effect of reducing the quenching strains. 

[image: ]

FIGURE 5.  Stresses in the vertical direction zz for three structures with different ratios of thickness to height. The plot for the 2 mm thickness structure shows through-thickness average stresses (1.4 mm gage volume diagonal vs. 2 mm thickness). Plots were generated from a mesh of 66 locations, with a spacing shown in overlay on the 2 mm structure. The measurement uncertainty (1  sigma)  is 20 MPa.

As mentioned before, the proximity of a free surface is an important factor for the formation of stresses. Due to the “skin” thickness of 4 mm, both structures shown in Fig. 5 are all “skin” throughout the volume but the interior stress profile of the structure with 5 mm thickness is distinctively different from that of the near surface regions of both the 2 mm structure and the 5 mm structure. The finding of interior compressive stresses and near surface tensile stresses is even more pronounced in the structure with 10 mm thickness shown in Fig. 6. This structure also has a small (2 mm “core” + 2 4 mm “skin”) “core” region. It appears that in structures with increasing volume to surface ratios the stress differential of compressive interior to tensile near-surface region also increases. In other words, the tensile stresses near the surface increase, and stresses in the interior become more compressive. This trend is amplified if there is an actual distinction between “skin” and “core” regions in the context of build parameters. With thermal quenching as the main mechanism for stress formation it can be speculated that not only the fast quenching right after passing of the laser focus is responsible for stress formation but also the slower cooling of the entire structure in the powder bed. These cooling conditions will be different depending on the volume to surface ratio of the particular structure.
[image: ]

FIGURE 6.  Stresses in the vertical direction zz for three height levels in the 10 mm  10 mm (base)  90 mm (height) structure. The measurements were done with a nominal 1 mm  1 mm  1 mm gage volume in a square arrangement of 9  9 locations with centroids 1 mm apart. The inset on the left is a magnification from Fig. 1.

For structures with larger thickness a more complex interplay between the stress effects of skin and core mode on one hand and the roles of balance and boundary conditions must be considered. A comprehensive set of measurements on a 10 mm cube structure included almost the entire volume of the structure. The results are shown in Fig. 7.

[image: ]

FIGURE 7.  Stresses in a 10 mm 10 mm 10 mm cube structure. In each layer a mesh of 9 9 locations was measured with 1 mm separation and a  1 mm gage volume. The 1 measurement uncertainty is 20 MPa.

With a ratio of width to length to height of 1:1:1 this structure is fully symmetric but this feature is not reflected in the symmetry of the stresses. High tensile stresses are found on the top skin but only for the x-direction, with much lower stresses in the y-direction. The height variation of the z-stresses points to a clamping effect of the support structure and the down skin that is not found in other structures investigated here.
Prevalence for high tensile stresses at and near the surface is found throughout the build, thus raising concerns about both tensile and fatigue properties of a build in general. Available remedies are stress relief through heat treatments and stress modification through mechanical surface treatments such as shot peening. Such measures are costly, and there are possibilities for avoiding them if more control can be exerted over the formation of stresses during the build. Adjustable build parameters are the diameter of the focal spot (determines power density), laser power, scan line density and scan speed, all of which are likely to be correlated to the residual stresses. The nature of the correlation has yet to be investigated.

Texture
The graphical representation of the measured pole figures is shown in Fig. 8, with the build direction (z from Fig. 1) in the center, and (x,y) corresponding to (east, north). The type of preferred orientation found here resembles that of a plane-strain or equi-biaxial deformation of other fully or partially austenitic steels with a {111}<110> type slip. This finding is notable because the texture generating mechanism is most likely grain rotation from glide. Glide requires plastic strain and the only straightforward mechanism capable of generating plastic strains of the order of  10-2 is the thermal quenching from the sintering temperature ( 1700 K) to the temperature of the substrate ( 400 K). Assuming an average coefficient of thermal expansion of 1.5  10-5 K-1 [4] one obtains an equi-biaxial plastic strain of  3 %. The equivalent von Mises strain is defined as


			(5).
The von Mises strain has a value of  4 % which appears to be too low to generate the level of preferred orientation shown in Fig. 8, top. In comparison, the bottom of Fig. 8 shows difference pole figures for TRIP590 (3 % austenite) representing a strain change (from as-received to 5 % equi-biaxial strain) of vonMises  8 % while exhibiting lower maximum values. Thus, thermal quenching strains do not fully account for the preferred orientation found here. The overall features of the texture in the AM sample is consistent with slip of the type {111}<110>.
 It is worth noting that in the build process the scan pattern of the laser changes with each layer ( 0.02 mm layer thickness). Neutron diffraction texture measurements use large, fully illuminated samples (555 mm3), therefore averaging over hundreds of layers. Hence, in neutron diffraction there should be no preferential strain from the scanning direction visible. 
A limited investigation regarding the presence of a ferrite phase and nickel oxide NiO was also performed using the technique described in [9)]. None were found within the detection limit ( 1 %) of this measurement.

[image: ]

FIGURE 8.  Top: Pole figures obtained from an additive manufacturing (AM) build that used the same material and build parameters as the specimen investigated here for residual stresses. The numbers given on the lower right corner of each pole figure denote the minimum and maximum in units of multiples of random density. Bottom: Difference pole figures of the austenite phase of a TRIP590 steel. The difference was taken between the pole figures of an equi-biaxially deformed sample with 8% von Mises strain and the as-received state.
conclusions
This study presents results of measurements of residual stresses and texture on a stainless steel build produced by a powder bed fusion additive manufacturing technique. A distinctive stress pattern is found, consisting of high tensile stresses near the top surfaces, reduced tensile stresses on the side surfaces, and balancing compressive stresses in the interior. In larger structures the formation of that stress pattern is linked to the skin and core modes of the build process. Smaller structures without distinction of skin and core have lower stresses where the surface to volume ratio is larger. The transitioning distance from high tensile surface stress to near constant compressive core stress is approximately 2-3 mm.
Preferred orientation was found, and the results indicate that thermal quenching strains can only partially explain the level of preferred orientation. However, the glide mechanism is consistent with {111}<110> slip.
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