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Abstract

Fatigue in selective laser melted (SLM) and conventionally manufactured stainless steel (SS) 316 dogbones

was studied with neutron imaging methods for attenuation, diffraction, and scattering. Neutron attenuation

tomography and Bragg edge imaging did not reveal crack formation. Conversely, to efficiently detect the

microcrack evolution, two methods of grating-based neutron interferometry, Talbot-Lau and far-field, were

employed. Both interferometry methods detect early crack formation via the dark-field (scattering) images,

especially for porous microstructures in the range of 0.6 µm to 2 µm. The dark-field image combines sensi-

tivity to micrometer-sized scattering centers at crack formation with sub-millimeter imaging resolution. The

crack formation observed with neutron interferometry dark-field was validated post-imaging with additional

fatigue cycles to fracture. Further inspection was performed by scanning electron microscopy (SEM) and

optical photography. In the two fatigued dogbones, SLM and conventional crack formation was identified to

within 1 mm.
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1. Introduction

Additive manufacturing (AM) of metals has gained recent traction in many industrial fields. In partic-

ular, the stainless steel alloy 316 (SS316) is an austenitic steel that has properties of good ductility, a low

deformation rate during cooling, and easy manipulation (bending or stretching) [1]. While there are many

advantages to SS316, one common problem is fatigue, where thermal fatigue damage can be seen from a

network of surface cracks propagating throughout the sample [2]. Grain size can also play a detrimental role

in stainless steel parts with a reduced fatigue life from chromium carbide precipitation and inter-granular

corrosion [3]. With tension-compression fatigue tests, it is possible to observe mechanical property changes,

estimate fatigue damage in the microstructure, and determine the remaining lifetime of conventional and AM

stainless steel dogbone samples [4, 5].

While there are many different AM methodologies, selective laser melting (SLM) is a key AM technol-

ogy capable of producing complex three dimensional (3D) metallic parts with a wide range of applicability

[6]. For SLM, multiple laser line scans (molten tracks) form the desired two dimensional (2D) section shape

and then multiple powder deposition/laser-irradiation cycles generate complex 3D metal/alloy parts. During

the SLM process, upon laser irradiation, the powder material is heated so that it melts and forms a liquid

pool. Afterwards, the molten pool solidifies and cools quickly. Due to fast heating, melting and solidifi-

cation, and multiple passes of laser scans, as-fabricated SLM parts usually contain residual stress. Defects

such as a lack of fusion [7] or porosity are likely the result of the process being highly stochastic and highly

non-equilibrium, which create concerns for weaker mechanical strength and shorter service life.

One way to observe these defects in a non-destructive manner is through imaging [8]. X-ray imaging,

diffraction, and microscopy have shown great promise in visualizing steel and titanium pores from tensile

stress damage [9, 10, 11]. Related experiments with neutron sources have employed diffraction [12], diffrac-

tion contrast imaging [13, 14], residual stress imaging [15, 16, 17], and dark-field imaging [18, 19].

Two techniques are under development for the non-destructive imaging of AM parts. Neutron Bragg edge

imaging has been used for mapping torsional strain in conventional samples and could be optimized for large

AM printed parts [20, 21, 22]. Recent achievements in observing sub-micron features with a large field-of-

view have been possible via grating-based interferometry [23]. Of the attenuation, differential phase contrast

and dark-field datasets generated through grating-based interferometry, the dark-field modality, which is

synonymous with small angle scattering, has shown the most promise [18]. The grating-interferometry

instrumentation setup currently designed for Talbot-Lau interferometry only has the ability to probe a small

range of autocorrelation scattering lengths, ξ. Under development, another grating-based imaging technique

called far-field interferometry [24] can be optimized for AM samples. Originally realized for X-ray systems

[25], the benefits of the far-field setup with neutrons include the use of two phase gratings for high flux,

high sensitivity to small angle scattering, and the ability to probe a wide range of autocorrelation lengths

[24]. By scanning a range of autocorrelation lengths, information is obtained for the size, shape, and volume

fraction of scattering centers [26], where scattering may come from pores or precipitates within the AM

sample [27, 7].

This report describes a search for non-destructive neutron imaging methods for observing fatigue and

failure in SS316 dogbones prepared conventionally and with selective laser melting additive manufacturing.
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If one could pin-point the evolution of internal microstructure failure in an AM SS316 sample without

destruction, this would be very beneficial to the AM community. Prior to imaging, some dogbones were

fatigued by bending to fracture or to half of the fatigue cycles required to fracture. To examine crystal

grain structure at fracture and stress regions, neutron Bragg edge imaging was performed. To examine the

microcracks at the fracture and stressed regions, neutron Talbot-Lau interferometry imaging was performed

at a set autocorrelation length. Lastly, far-field interferometry was utilized to probe scattering features over

a wide range of autocorrelation lengths. The AM parts reported in this paper are as-fabricated samples,

where future research can be conducted on heat treated AM parts. The results show, in broad terms, the

utility of neutron imaging to examine fatigue in conventional SS316 and SLM AM. In particular, dark-

field interferometry at autocorrelation lengths near 1 µm may show the initial formation and evolution of

microcracks under bending fatigue testing.

2. Experimental

The following section describes background into the SLM process and imaging theory to help with the

analysis of the results.

2.1. Materials and Specimens

Bending tests are performed on both machined and SLM SS316 specimens (compositions and material

properties are shown in Tables 1 and 2).12 The geometry of the specimens used in this study is shown in

Figure 1. The dimensions of the specimens are recommended by the manufacturer of the fatigue bending

apparatus, which are according to ASTM STP 566 [28]. The SLM and the conventionally manufactured

specimens are polished longitudinally up to P2000 to eliminate any depression and/or elevation on the surface

for all of them to be in the same condition. The SS316 powder is non-magnetic, indicative that any scattering

observed during imaging is likely from porosity and not magnetic domains [29].

Table 1: Compositions of conventional and SLM SS316 samples by percent weight

Element
Symbol

Cr Ni C Mn Cu Mo Si S P N Ti Fe

SLM
(%)

16.5–18.5 10.0–13.0 0–0.030 0–2.0 —- 2.0–2.5 0–1.0 0–0.030 0–0.045 —- —- Balance

Conv.
(%)

16–18.5 10–15.0 0–0.08 0–2.0 0–1.0 0–3.0 0–1.0 0.35 0–0.045 0–0.1 0.7 Balance

Commercial stainless steel plates of 3 mm thickness were used to machine dogbone samples (Fig. 1). A

Concept Laser Mlab-cusing-R SLM system was used in this study to prepare rectangular shaped plates with

a thickness of 3 mm. Austenitic stainless steel 316L powders from Concept-Laser (CL 20ES) were used with

Concept-Laser’s “Speed-cusing” processing parameters. Upon creation of a computer aided design model

1CL20-ES, www.concept-laser.de
2Certain trade names and company products are mentioned in the text or identified in an illustration in order to adequately specify

the experimental procedure and equipment used. In no case does such identification imply recommendation or endorsement by the
National Institute of Standards and Technology, nor does it imply that the products are necessarily the best available for the purpose.
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Figure 1: Schematic illustration of a flat dogbone specimen. All dimensions are in millimeters.

of the desired geometry, two-dimensional slice and support structure information is created by AutoFab

software for input into the Mlab system. During the building process, the Mlab system is purged with argon

(Ar) down to an oxygen level less than 0.7 % by volume. For each layer, after lowering the building platform

by 25 µm, a re-coater blade moves across the build platform and deposits an even layer of SS 316L powder

onto the build platform. After the rectangular plates were built, a wire electron discharging machine (EDM)

(Mitsubishi MV series) was used to cut out the dogbone samples, Fig. 1, per ASTM E8/E8M–16a.

2.2. Fatigue Testing

Fully-reversed cyclic bending fatigue tests are performed using a laboratory apparatus manufactured by

Fatigue Dynamics, Inc. (Michigan, USA) and according to the Handbook of Fatigue Testing [28]. It is a

compact, bench-mounted unit with a variable speed motor (the load frequency is adjustable) that actuates a

crank connected to the reciprocating platen, and a cycle counter shows the number of cycles of the cyclic

load. The actuated crank is adjusted by choosing a constant strain value on the pulley connected to the end

of the crank which determines the load level applied to the specimen in the form of bending force.

First, experiments are performed to determine the fatigue life of both types of specimens at a certain

stress level (500 MPa). 500 MPa stress was calculated from 11.43 mm movement of the dogbones via a

displacement machine. Also, 500 MPa is beyond the yield stress in both samples (Table 2). At this stress

level, the fatigue life for both specimens is found to be nearly the same (60,000 cycles). Then, fatigue tests

are performed at the same stress level with interruption at half-life of the specimens to examine their internal

Table 2: Mechanical properties of conventional and SLM SS316 samples

Mechanical Yield Tensile Hardness Construction Material
Properties Strength Strength Condition
SLM (%) 470 MPa 570 MPa 98 HRB (20 HRC) SLM Unannealed
Conv. (%) 206 MPa 515 MPa 93 HRB (13 HRC) Cold Rolled Annealed
Mechanical Nominal Modulus of Elongation Thermal Melting
Properties Density Elasticity Conductivity Range
SLM (%) —- 200 GPa >15% 8.3 W/m —-
Conv. (%) 8030 kg/m3 196 GPa 10%–69% 8.1 W/m–9.1 W/m 1371.1 ◦C–1482.2 ◦C
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microstructure characteristics. The three conventional and three AM dogbones are referred to as pristine,

half-life, and fractured for the following.

2.3. Neutron Tomography, Interferometry, and Bragg Edge Spectroscopy (HZB CONRAD2)

Conventional neutron attenuation tomography, Bragg edge spectroscopy, and grating-based interferom-

etry were performed on the conventional and AM dogbones at the HZB CONRAD2 imaging beamline

[30, 31]. The beamline operated with an aperture of 3 cm providing neutron fluence rate of 2.4×107 cm−2 s−1

at the detector (5 m, L/D value of 167). A 100 µm thick 6LiF/ZnS scintillator was used to convert neutron flux

into visible light. An Andor Ikon L-936 camera (2048×2048 pixels) was used for imaging. For the neutron

attenuation tomography, all six dogbones mounted together and separated by aluminum spacers. Attenua-

tion projections were measured over 180◦ in 0.5◦ increments. The projections were reconstructed in TomoPy

with Gridrec and visualized in Avizo. For Bragg edge imaging, experiments required exposure times of 100

seconds with monochromatic beam from 0.2 nm to 0.45 nm with steps of 0.002 nm. The monochromator

bandpass was ∆E/E ≈ 3%. To improve the contrast-to-noise ratio, binning of 2×2 was performed.

Grating interferometry of 3 mm thick SS316 AM and conventional samples was also performed using

20 second exposures with the source grating, G0, stepped over 1.2 mm with 14 steps. Twenty images were

collected at each grating step and the median value selected on a pixel-by-pixel basis. The effective pixel size

was 30 µm for interferometry. The source grating, G0, had a period of 790 µm with 20 µm Gd thickness, the

phase grating, G1, a period of 7.96 µm with 38 µm thick Si for a π phase shift at 0.35 nm, and the analyzer

grating, G2, a period of 4 µm with 10 µm thick Gd. The distance for G0-G2 was 4,500 mm, G1-G2 was

22.7 mm (1st Talbot distance for 0.35 nm), and G2-detector distance was 4 mm [32].

2.4. Far-Field Interferometry Radiography (NIST NG6)

Far-field grating interferometry imaging experiments were performed at the NIST reactor, cold neutron

imaging instrument (NG6) [33]. A sample setup of the far-field grating-based interferometry is shown in

Fig. 2 [24].

The beamline operated with an aperture of 1.5 cm, allowing sufficient neutron fluence rate with a double

monochromator, 5.0×105 cm−2 s−1 at the detector ≈9 m downstream at a wavelength, λ, of 0.54 nm. An

Andor Neo sCMOS camera (2160×2560 pixels, pixel size 6.5 µm) cooled to -30 ◦C was used for imaging.

The camera was optically coupled with a reproduction ratio of 4.3 to a 20 µm thick gadolinium oxysulfide

(GadOx) scintillator (7.6 mg/cm2 Gadox:Tb). The effective pixel size was 28 µm and 120 s exposures

provided enough neutron flux to observe fringes. At each grating step, three images were acquired and the

median value selected on a pixel-by-pixel basis.

The interferometer was operated in stepped-grating mode, typically with nine G1 positions evenly spaced

over 3 µm, slightly more than the 2.4 µm periods, pg, of G1 and G2. The period of the source grating, ps,

was 354 µm. The total length of the system, L, was 4.6 m. For radiography, the sample was first imaged

with a sample-to-detector distance, z, of 1.58 m. After a sample was imaged in one location, the sample

was translated towards the detector by 5 steps of 275 mm or 13 steps of 91.66 mm dependent upon the

experiment.
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Figure 11: The half-life SLM (top) and conventional (bottom) dogbones when fatigued to fracture after neutron imaging. For the
AM sample, the dark-field scattering observed throughout Fig. 9 roughly predicts the fracture. In the conventional sample, the crack
occurs at the larger of the two “Potential Cracks” in the left image of Fig. 7.

3.5. SEM of Fractured AM Dogbone

Figure 12 shows the SEM images taken on the fatigue fractured AM dogbone sample at three different

locations. Spot one is very close, within 0.3 mm, to the fracture front; Spots two and three are about 5

and 8 mm from the fracture front respectively. Stresses and strains in the tested samples vary at different

locations, and the fracture front is usually associated with the maximum stress/strain. Our testing results

reconfirm a well-documented grain refinement phenomenon caused by large strain deformation [41, 42].

Clearly, near the fracture front, a region with many fine grains is developed over the course of the fatigue

tests. This supports the dark-field autocorrelation results, where small scatterers were detected near the

crack, as shown in Fig. 8 for the lower sample labeled “AM Fractured”.

Figure 12: SEM images showing grain refinement (spot #1) near the fracture front on the fractured AM SS316 sample.
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4. Conclusions

Crack formation in SLM and conventionally machined 3 mm thick SS316 dogbones was discovered

using neutron Talbot-Lau and far-field interferometry. Traditional neutron attenuation imaging did not reveal

features of interest in the AM or conventional samples, resulting in a focus on dark-field imaging obtained

by grating interferometry. Neutron Bragg edge spectroscopy indicated the SLM parts were of the austenite

phase rather than the originally desired α-martensite phase. However, the Bragg imaging did not show the

expected changes between pristine, half-life, and fractured samples.

Traditional neutron Talbot-Lau interferometry, with a set autocorrelation length, ξ of 1.97 µm, revealed

crack formation in the half-life and fractured conventional samples but not the AM dogbones. A microstruc-

ture of small cracks was discovered surrounding the large crack in the fractured conventional sample. In the

case of the conventional half-life sample, two small cracks not visible to the human eye were observed by

interferometry to penetrate 1 mm into the 3 mm thick samples.

As the Talbot-Lau interferometer did not reveal crack formation for the AM dogbones, a neutron far-

field interferometer probing a wide range of autocorrelation lengths (606 nm - 1.99 µm) did show several

features of interest. During imaging, the dark-field signal was found to change drastically for each of the

AM samples. At 606 nm, the pristine sample had inhomogeneous scattering across the neck region, likely

due to a lack of fatigue conditioning. In the half-life sample, evidence of crack formation can be observed at

840 nm and 960 nm when the sample stress axis is perpendicular to the scattering plane.

In studying the dark-field images for the pristine, half-life, and fractured samples, a model of dilute, non-

interacting spheres enabled extraction of the scatterer size and pore volume fraction. The pristine sample had

the smallest scatterer radius near 0.72 µm, the fractured sample the widest range of sizes (0.70 - 1.05 µm), and

the half-life sample in-between (0.88 µm). The grip regions at the ends of the half-life and fatigued samples

had larger sizes in comparison to the neck regions, implying grain refinement as the samples underwent

fatigue. In an ideal world, experiments to look further at crack formation will possess the low blur of Talbot-

Lau interferometry with the wide scanning range of ξ from the far-field interferometer. The combination of

the two techniques can reveal microcrack location and scatterer size in both AM and conventional samples.
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