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Table 1  Application of characterization methods based on synchrotron radiation (SR) in additive manufacturing

Technique Facility Beamline Material Method Study field
Melt pool dynamics™"
E
Hropean . Powder dynamics™"*"
Synchrotron D19 Ti6Al4 V= Imaging SR-XRD
LPBF - . ). . Pore evolution™
Radiation Facility 1D-31 Inconel 6257 wCT

(ESRF)

Phase transformation™”

Surface defects™”
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(830
Technique Facility Beamline Material Method Study field
) Melt pool dynamics™?"?"
Diamond [24-26] . . [2426]
LPBF ) 112-JEEP Invar 316L~" Imaging Powder dynamics™"*
Light Source .
Pore evolution*"*"
Melt pool dynamics™?*"
$S31657 Pore evolution"”
Diamond - Imaging ,
DED . 112-JEEP Ti6 Al2Sn4Zr2Mo™" Phase transformation™"
Light Source ) SR-XRD -
Inconel 718" Stress evolution™
Micro-cracks evolution™"
Ti6 Al4 V317
Al6061 71044 Melt pool
AllOSngBO'““(O'“’48"“ dynamicsrﬁ,sn,az—srs.33—11. 13-44,46-49,51,53,56]
17-4 PH SSF? Imaging Powder
Advanced 32-1D-B 3161 [50,53] SR-XRD dynamics[s'w’w'“ 37,40,42-43,47,49,50,52]
LPBF Photon Source 35-1D ) ) 6313535, 5741 4647 40.52]
AISI 4140 Dynamic X-ray Pore evolution" " =777 27 202892
(APS) 2-BM o ] o
Inconel 7185°-°4 radiography Phase transformation!®****%*:%¢
SS316MH6-°4 Cracks evolution®*™
Al alloys"™ Surface defect™
Til0V2Fe3 AlF"
Powder dynamics™"
Advanced TisAl4VEY Melt pool dynamics™**"
DED Photon Source 32-1ID-B MoNbTiV" Imaging Pore evolution ™ ®”
(APS) CoCrFeMnNi" Mixing of high entropy alloys
during laser remelting™"
Deutsches CMSX4172 7 .
Elektronen - WAXS Phase transformation™ %
HEMS- Inconel 625" ,
LPBF Synchrotron ) ) SAXS Stress evolution™**"
beamline P07 v-TiA]" L
(DESY) 067 SR-XRD Lattice spacing™*”
PETRA Il Pure Ti
Deutsches
Elektronen ) e
HEMS- 3 Microstructural evolution™
DED Synchrotron . X40CrMoV5-1 steel™” SR-XRD .
(DESY) beamline P07 Lattice parameter evolution of v-Fel®™
PETRA [l
Stanford Ti6 Al4 Vo7 Melt pool dynamicsw'7“'72’m
Synchrotron Ti5Al5V5Mo3Cr™ ) Pore evolution™® 77"
o 2—2 oy Imaging .
LPBF Radiation SS316L.17 7 Lattice dynamics™ "
10-2 SR-XRD o
Laboratory Al6061™" Phase transformation %7
(SSRL) Ni400"™" Stress evolution™”
Swiss Light i Ti6 Al4 VT . Phase transformation'™ """
MicroXAS & MS - Imaging .
LPBF Source . CM247LCH" Stress evolution'’™
TOMCAT SR-XRD N
(SLS) AlSc(Zr) Cracks evolution™™
Cornell High
Energy Inconel 6257 Imaging .
DED ID3A . Lattice strain””
Synchrotron 883047 SR-XRD
Source
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Table 2 Partial application of characterization methods based on neutron diffraction in additive manufacturing

Technique Facility Material Detector Study field
Explore evolution of
. phase stresses,
LPBF J-PARC AlSi3.5Mg2. 55" TAKUMI . . .
dislocation density,
and crystallite size!™”
] ) VULCAN engineering i 1]
Oak Ridge National . . . [s182) Measures residual stresses
Inconel 625 materials diffractometer™ "~ . ) .
LPBF Laboratory i | Jfs2 T  flich Characterizes crystallographic
304 L stainless st - ime-of-flight neutron )
(ORNL) stainiess stee g ] texture®?
diffraction instrument™*"
The Australian Nuclear Measures residual stresses'™
. Science and Technology I | 7180 KOWARI engineering Visualize and quantify the
’ Organization neone diffractometer distribution of internal defects
(ANSTO) and macrofporositicsrém
Revealed mechanical and
LPBF ISIS 316L stainless steel *" ENGIN-X _ o
microstructural responses
BTS residual stress Measures internal
LPBE NIST' s CNR Stainless diffractometer Ordela residual stresses
. 1 s . .
steel 17-4 PH™ 1150 position sensitive Measures lattice
neutron detector strainsm‘-"
The Australian
Nuclear Science
LPBF and Technology Ti-6 Al-4 V59 KOWARI-strain scanner Measures residual stresses™"
Organization
(ANSTO)
Helmholtz-Zentrum
fiir Materialien o o
LPBF Inconel 7187 2D detector Measures residual stresses™

und Energie,

Berlin (HZB)

Cold spray

additive
facturs ANSTO Ti/Fe coated sample™* KOWARI Measures residual stresses™
manufacturing
(CSAM)
WAAM ANSTO TiAl®) KOWARI Measures residual stresses™
WAAM ISIS Inconel 718" GEM Measures texture’")
WAAM ISIS Ti-6 Al-4 V! ENGIN_X Measures residual stresses™"
DED J-PARC CoCrNi™ TAKUMI Measures lattice strain™”
Measures residual
Oak Ridge National ) ) [o3-94]
DED Laborator Inconel 6250+ VULCAN engineering stresses
nconel 625
(ORNI )y materials diffractometer Characterizes crystallographic
) texture“yﬂ
Nickel-base super . Measures residual elastic strain
DED 1SIS o To6] ENGIN_X - [96]
alloy C263 and crystallographic
Measures crystallographic
Oak Ridge | | 71807 VULCAN . . texture*®
’ . engineerin
EBM National Laboratory neone ) ) g g Measures peak positions of
materials diffractometer o
(ORNL) individual planes and

lattice strains™”
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(83
Technique Facility Material Detector Study field
National Institute of

Standards and ) . BT8 residual stress ) (o9

EBM . Ti-6 Al-4 V™" . Measures residual stresses™”
Technology diffractometer
(NIST)
Canadian Neutron ) Measures thermal

EBM Ti-6 Al-4 V1 L3 diffractometer

Beam Center

. 100,
residual stress™"”

Direct metal Los Alamos Neutron

JLon

Science Center GP1 stainless stee

(LANSCE)

laser sintering

(DMLYS)

101]

HIPPO instrument Measures texture-

Direct metal . )
Canadian Nuclear

1tz

laser sintering 316L stainless stee

(DMLS)

Laboratories

_[102]

L3 diffractometer Measures residual stresses
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Fig. 1 Time-series radiographs acquired during laser additive manufacturing (LAM) of Invar 36 single layer melt track. The

effect of recoil pressure on metal powder movement and trajectory of pores under Marangoni convection were
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Fig. 2 Controlling instability during metal additive manufacturing™™ .

(a) X-ray images showing liquid breakup during laser

melting of Al6061, where the broken liquid is indicated by dashed circle; (b) X-ray images showing laser melting of
Al6061-+4.4% TiC, the pressure in liquid is stable and the liquid will not break; (c) vapor depression depth and width

evolution with time during laser melting
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Fig. 3 Time-lapse images of samples at different numbers of cycles , where the first, second, and third rows show three-

dimensional images of voids, virtual slice at neckdown position, and longitudinal section. (a) AlSil0Mg sample (HT105)
tested at 250 °C and peak load of 105 MPa; (b) AlSil0Mg sample (RT260) tested at room temperature and peak load of
260 MPa
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neutron diffraction device for residual stress measurement in experiment" - ; (c) schematic of in-situ neutron diffraction
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Abstract

Significance  Metal additive manufacturing ( MAM ) processes can directly produce fully dense near net shape
components, which are widely used in aerospace, medical, and defense applications. Due to its unique fabrication
benefits, additive manufacturing has become one of the fastest-growing and most-active research directions worldwide.
However, MAM is carried out under extreme thermodynamic conditions that involve metal melting and solidification,
interactions among different elements, and generation of thermal stresses. Hence, various internal defects, such as lack
of fusion porosity, pores, cracks, and internal stresses, will inevitably be generated during the MAM process. Normally,
defects and residual stresses will significantly affect the quality and mechanical properties of the MAMed components. To
eliminate the defects and control the residual stresses, researchers have been focusing on the kinetic behavior of the
molten pool, formation mechanism of defects and unstable solid-state phase transformations, and the evolution of the
residual stresses. It is wildly recognized that in situ characterization of the defect formation mechanisms in the molten
pool and monitoring of the residual stress changes during the MAM process is very challenging. Because the traditional
measurement techniques, such as X-ray detection, X-ray diffraction, and ultrasonic detection, can only analyze defects
and residual stresses after the components have been manufactured, it is necessary to find a technique capable of
performing in situ analysis during the MAM process.

The rapidly developing synchrotron radiation and neutron diffraction-based characterization technologies have proven
to be some of the most effective methods for in situ analysis of defect formation mechanisms, crack initiation, phase
transformation, and stress evolution during the AM process. This paper reviews the principles of synchrotron radiation
and neutron diffraction technologies and their advantages and practical applications in AM, and summarizes the recent
progress and future prospects of their applications in AM.

Progress Over the past decade, with the rapid development of characterization techniques based on synchrotron
radiation and neutron diffraction, a large volume of research has been carried out to investigate the formation mechanisms
and distribution of internal stresses during the AM process ( Tables 1 and 2). The synchrotron radiation-based
characterization methods can broadly be divided into the following three different types: synchrotron X-ray imaging,
synchrotron X-ray diffraction, and synchrotron computed tomography. The synchrotron X-ray imaging can characterize
in situ the formation process of internal three-dimensional defects in materials and analyze in situ the molten pool
dynamics. The synchrotron X-ray diffraction can be used to analyze the internal stress states and phase transformation
processes in materials, and works with the tensile test to dynamically analyze in situ the internal dislocation density of
parts. The synchrotron computed tomography can reconstruct three-dimensional models of additively manufactured
components to analyze surface defects, and can assess the impact of internal defects during the service process of
components using in situ mechanical tests. The neutron diffraction technologies can be divided into non-in-situ neutron
diffraction, in situ neuron diffraction, and electrically neutral nuclear scattering techniques. In addition to examining the
macroscopic residual stresses in additive components, the characterization based on the neutron diffraction technologies
can also measure the metal texture, crystal lattice parameter changes, strain, grain size, density of dislocations, and
other parameters. It can also detect the concentration and the location of light elements, such as hydrogen and lithium, in
the crystalline structure. Using the synchrotron X-ray imaging, Qu of the University of Wisconsin-Madison, has
discovered that nanoparticles can be adopted to eliminate all types of large spatters by simultaneously stabilizing molten
pool fluctuations and controlling liquid droplet coalescence. They have also demonstrated that the control of laser powder
bed interaction instabilities by TiC nanoparticles is feasible, which has led to the elimination of large spatters and printing
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of lean-defect samples with good consistency and enhanced properties (Figure 2). Beese of the Pennsylvania State
University and Oak Ridge National Laboratory performed in situ neutron diffraction studies of lattice strain evolution and
offered a new perspective on the understanding of dislocation-solute interactions and their impact on work-hardening
behavior in high-temperature alloys. These observations can pave the way for a fundamental understanding of the
abnormal increase in strength at elevated temperatures commonly observed in a wide range of high-temperature structural
alloys and may have important implications for tailoring thermomechanical properties using microstructure control
in MAM.

Conclusions and Prospects  Although the characterization techniques based on synchrotron radiation and neutron
diffraction have been widely used in the AM process, further development is still needed to expand their applications in
AM along the following directions. In situ detection techniques still need improvements, and the temperature field,
velocity field, cooling rate, and solidification parameters must be considered in real-time models to reduce the internal
defects and improve the quality of additively manufactured components. In addition, in situ inspection of the deposition
processes should combine high-resolution and ultrafast synchrotron X-ray imaging, high-speed light photography, and
infrared thermometry to develop in situ AM characterization techniques with higher resolution and contrast sensitivity.
Furthermore, molten pool dynamics models should be established, which can then guide the design and optimization of AM
process parameters. Meanwhile, taking the advantage of the synchrotron radiation and neutron-based X-ray diffraction
techniques, the internal stress distribution and microstructure evolution during metal forming and servicing processes can
be analyzed. Moreover, the advantages of adopting the synchrotron radiation and neutron-based techniques for measuring
the three-dimensional stress field at the crack tip can help to establish the elastoplastic nonlinear micromechanical models
of additively manufactured components, which can be used to analyze the fatigue and fractures caused by the multiscale
stress field variations.

Key words laser technique; additive manufacturing; synchrotron radiation; neutron diffraction; material
characterization
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